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Abstract

Detecting single photons with high efficiency and timing resolution opens up new possi-
bilities for various technologies such as light detection and ranging (LIDAR), long-distance
secure communication, singlet oxygen detection for dose monitoring in cancer treatment,
optical coherence tomography (OCT) for eye imaging and quantum computing. For in-
stance, the image quality for analysis of biological tissue or precision of LIDAR systems
can be significantly improved with quantum sensing technologies. OCT imaging systems
can be improved for higher resolution mapping of human retina leading to early detection
of blinding diseases. Detecting single photons at a high bandwidth can also enable high
speed quantum communication technologies by improving the detection speed.

Currently, the two leading technologies for single-photon detection are superconducting
nanowires and semiconductor-based avalanche photodiodes. Superconducting nanowires
have excellent detection efficiencies (>90%) and precise timing resolution (<50 ps); how-
ever, they require cryogenic temperatures, bulky compressors and pumps to operate (typi-
cally <4K), which results in a serious limitation for practical and portable applications. In
contrast, semiconductor-based single-photon avalanche diode (SPAD) technology exists for
portable applications, nonetheless, the high efficiency is achieved for a small wavelength
range and at the cost of timing resolution (200-500 ps).

This work offers a novel approach to improve the quantum efficiency of semiconductor-
based avalanche photodiodes by taking advantage of the remarkable optical and electrical
properties of semiconductor nanowires. Embedding a photodiode architecture in nanowire
arrays shows great promise for improving device performance, leading the way towards next
generation quantum detectors. In this work, we designed a near-unity absorber from ar-
rays of InGaAs nanowires with a truncated cone shape using finite-difference time-domain
(FDTD) simulations. We optimized the nanowire taper angle and geometry of the array
to achieve an average absorptance of 97% from 400 nm to 1650 nm. Next, we developed
and optimized a nanofabrication recipe to realize highly ordered truncated cone shaped
InGaAs nanowire arrays. Fabricated InGaAs nanowire arrays exhibited near-unity absorp-
tion (average of 93%) for an unprecedented wavelength range from 900 nm to 1500 nm
when the nanowire shape and geometry is optimized. Fabricated nanowire arrays with
a 350 nm top diameter, 880 nm bottom diameter and 900 nm pitch resulted in the best
absorptance spectrum.

Previously developed InP based nanowire quantum sensors exhibited single photon
sensitivity and a fast response with 0.6 ns rise time and only 17 ps timing jitter at room
temperature. In this thesis, our aim was to extend the single photon sensitivity towards the
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near infrared and short-wave infrared wavelengths by using InGaAs as an active material.
Our novel nanowire pin photodiodes based on InGaAs displayed remarkable improvement
in quantum efficiency (from a typical value of 40% to 287% at 900 nm), including the
wavelength band called the “valley of death” (800-1000 nm) where OCT imaging systems
operate for enhanced sensitivity and axial resolution for eye imaging. Near-unity absorption
combined with a gain mechanism in the nanowires was found to be the driving factor behind
this high performance. We also built nanowire-based avalanche photodiodes to introduce
a high gain mechanism that is able to detect single photons efficiently in the short-wave
infrared. A separate absorption, charge and multiplication avalanche photodiode design
based on InGaAs and InAlAs in individual nanowires to avoid band-to-band tunneling in
devices made with low bandgap semiconductors only. The devices exhibited an avalanche
gain of 40 showing promise towards detecting single photons.

The thesis describes the approach to design nanowire arrays to achieve near-unity ab-
sorption, optimization and creation of process recipes to realize nanowire arrays and devices
and electrical and optical characterization of fabricated nanowire arrays demonstrating high
quantum efficiency with avalanche gain.
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Chapter 1

Introduction

The cluster of devices and systems that include many consumer electronics from lamps to
�ber-optic networks, from cameras to displays and solar cells is called optoelectronics due
to the fact that they can make conversions between optical and electrical energy. Being
the second most abundant element on earth, Silicon (Si) is the biggest driver behind all
consumer electronics ever since scientists and engineers perfected the way to grow and pro-
cess Si substrates in a cost-e�ective way. Today, every appliance uses an integrated circuit
that contains millions to billions of transistors and every cell phone carries an embedded
camera that are made out of Si. However, Si has an indirect bandgap, therefore, fails to
perform e�ciently in the optical domain. The optical absorption is weak and generat-
ing light is troublesome. Alternatively, III-V compound semiconductors have established
themselves over the last 30 years and play a key role in the optoelectronic device industry
owing to their excellent electron mobilities, direct band gap and low exciton binding en-
ergy. Light emitting devices such as lasers [1, 2, 3] and light emitting diodes (LEDs) [4, 5],
record breaking solar cells [6] and other components like modulators [7] and ampli�ers
[8] as well as various types of photon detectors [9, 10, 11] dominantly comprises of III-V
semiconductor compounds at their core when high e�ciency is a must.

III-V semiconductor-based photodiodes are key components of optical receivers used
in today's �ber optic communication networks operating at 1300 nm and 1550 nm owing
to low dispersion and low loss. The optical receivers require photodiodes capable of de-
tecting weak optical pulses travelling over long distances to handle high transmission rates
of digital information. Data transmission rates must continue to increase as the global
Internet tra�c increases exponentially [12], where the electric wires and wireless systems
hit physical limits. High quality streaming services, photo sharing applications, Internet of
Things (IoT) and increasing usage of internet around the world necessitate better internet
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infrastructure and data centers that introduces challenges to engineers for developing more
sensitive optical receivers. Without a doubt, the central piece to the optical receivers, the
III-V semiconductor-based photodiodes need to evolve to ensure the increasing tra�c is
properly managed.

1.1 Broad range of applications

Improving the sensitivity of existing III-V semiconductor photodetectors goes way beyond
�ber optic communication. There is a broad range of technologies from healthcare to au-
tonomous cars and from CMOS defect inspection to satellite communication. For instance,
free space satellite to satellite communication technology needs extremely sensitive detec-
tors since the information has to 
y vast distances to arrive intact to the receiver. The
large distances between satellites or probing deep into the space are referred to as photon
starved applications; detecting extremely weak signals down to the level of single photons
proves critical.

Optical quantum information is an emerging �eld where single photon detection is
essential. Transmitting a quantum object over a quantum channel ensures near perfect
encryption between the sender and receiver. Any eavesdropping attempt decoheres the
quantum nature of the travelling object. Quantum Key Distribution (QKD), a protocol to
encrypt the information, guarantees a secure channel and relies on single photon detectors
to properly detect arriving quantum objects if the information is encoded into photons.
This protocol was demonstrated to securely transmit data over long distances [13]. The
QKD systems need high e�ciency and precise temporal resolution for proper operation.
In addition, the system can bene�t from being compact and portable in order to extend
the applications to satellite based QKD systems [14].

There are other upcoming systems that could signi�cantly bene�t from more e�cient
photodiodes. Light detection and ranging (LIDAR) systems utilize light detectors that
work at NIR and SWIR ranges. A LIDAR system typically uses a laser that scans a
particular geographical feature and photodiodes collect the severely attenuated re
ection
signal. Correlating the time of 
ight yields the distance of the object with precision. The
precision largely depends on the detection performance of the photodiode used, therefore,
a more sensitive detector can collect weaker re
ected signals. In addition, faster detectors
(excellent temporal resolution) can record the arrival time of the re
ected light more ac-
curately. LIDAR modules typically are mounted on airplanes to access the geographical
information that helps with planning and management of land, evaluation of the sea 
oor
and riverbed elevation as well as detection of hazardous natural disasters like 
ooding. A
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detector capable of registering single photons with near-unity e�ciency is highly sought
after for these applications. Furthermore, a new class of LIDAR systems could potentially
revolutionize the autonomous car industry. Currently, LIDAR systems also o�er a safe
driving experience by ensuring accuracy and precision. They are able to generate 3D map-
ping of the features surrounding the car during driving. However, LIDAR modules are
bulky and expensive increasing the cost of automobiles. It is believed that the cost will
go down as the autonomous car technology matures and the market share grows. How-
ever, autonomous cars do not yet constitute a big market in car sales since the LIDAR
technology cannot scan more than a radius of 100m to avoid collision. On the other hand,
Geiger mode LIDAR systems (avalanche photodiodes operated above breakdown) that are
capable of detecting single photons could improve the detection of less re
ective objects
such as black cars. It could also improve the range from 100 m to 400 m which would
improve the precision of the objects such as identifying whether a person is facing forward
or backward helping the arti�cial intelligence system to navigate safely [15].

E�cient single-photon detection can also improve technologies for health monitoring.
Photodynamic theraphy (PDT) to cure skin cancer is a great example. PDT relies on
monitoring molecular oxygen, which is an essential part of life and plays a major role in
various biological processes such as cell maintenance and cell termination. Singlet oxygen,
an excited state of molecular oxygen, is highly reactive toward organic compounds which
makes it attractive to exploit in treatment of cancer and vascular diseases. PDT process re-
lies on electronic energy transfer between a photosensitizer molecule and molecular oxygen.
In the photosensitization process, a sensitizer chemical absorbs high-energy photons (VIS
or UV); in return, it creates singlet oxygen. The photosensitizer is excited from its ground
state to singlet states (higher energy states), then, kinetic energy reduces to its triplet state
(or ground state directly) with an internal transition mechanism [16]. Consequently, the
triplet state of the photosensitizer relaxes to its ground state while transferring the energy
to ground state oxygen and exciting it to singlet state oxygen [16]. Singlet state helps
termination of tumor cells; this process can be monitored when oxygen molecule returns
to its ground state by emitting photons at a wavelength around 1270 nm. Hence, singlet
oxygen luminescence is monitored to elicit and gauge accurate dose of the drug applied to
patients. In addition, a microscope-based imaging system can locate the position of singlet
oxygen generation [16]. Nonetheless, detection of the direct luminescence calls for high
e�ciency single-photon detectors that operate at 1270nm. The emission probability of
singlet oxygen is very low [17], therefore, singlet oxygen luminescence monitoring requires
photon detectors that are sensitive to low intensity light illumination.

Another health-related application of quantum detection can also aid optical coherence
tomography (OCT). OCT systems inspect the biological tissue of distinctive layers in
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the human retina to detect early signs of blinding diseases. OCT systems operate in a
wavelength range from 600 nm to 1300 nm [18]. A detector with high e�ciency that can
work within this entire wavelength range does not yet exist, a spectral range scanning from
800 nm to 1000 nm is called the \Valley of Death". This limitation reduces the bandwidth
and axial resolution of OCT systems operating in this wavelength range. Si detectors have
excellent quantum e�ciencies in the visible range, however, the quantum e�ciency drops
to 40 % at 900 nm. On the other hand, InGaAs reaches to its maximum quantum e�ciency
of 82% above 1000 nm; only 40% is achieved at 900 nm using InGaAs photodetectors. High
e�ciency detectors working within 800 nm to 1000 nm range will enhance the sensitivity
and axial resolution for eye imaging.

1.2 III-V photodiodes at NIR and SWIR

III-V semiconductors are the common material system of choice for applications demanding
high e�ciency and fast detection. This choice is governed by the electronic properties of
III-V semiconductors, as they possess direct band gap with high absorption coe�cients
accompanied by their high electron mobilities. Si and Ge are the alternative options since
they o�er cost e�ective solutions. Nonetheless, the active material of Si and Ge must be
made much thicker than III-V materials to fully absorb the same intensity of light, which
comes at the cost of a slower device response. In addition, Si has an indirect bandgap of
1.24 eV corresponding to a cut-o� wavelength of 1100 nm. Thus, Si becomes transparent to
any photons with wavelengths longer than 1100 nm. Unlike Si, Ge based photodiodes can
operate at telecom bands. Ge has an indirect bandgap energy of 0.67 eV corresponding to
a cut-o� wavelength of 1.84� m at room temperature; however, Ge photodiodes are more
susceptible to temperature changes and exhibit high dark current and lack the e�ciency of
III-V based detectors. These shortcomings make Si and Ge detectors inapt for detecting
weak optical signals at NIR and SWIR. III-V semiconductor technology can address these
shortcomings better but there are other limitations of III-V semiconductors that needs
improvement.

The overall performance of III-V semiconductor devices has been steadily improved
over the last 30 years by advancement in growth technology. However, defect density
is still a major issue in III-V based devices compared to Si. The current performance
of photodetectors based on III-V semiconductors is directly dependent on the bottleneck
of growth technology. As of today, improving the quality of III-V semiconductor growth
still presents a challenging task for researchers, therefore, alternative approaches are needed
until the quality of �lms substantially improve. Our approach is to reduce the total number
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of defects by etching away material while also boosting the absorption e�ciency by creating
tapered nanowire arrays.

1.3 State-of-the-art single photon detectors

The early-stage technology to detect single photon detectors were photomultiplier tubes
(PMT). PMTs work on the principle of multiplication of photon induced electrons in a
vacuum environment. Cascaded electrodes multiply the electrons by means of impact ion-
ization. This technology is currently seen as archaic, the detection e�ciency of (2%) is
poor in the infrared (1300 and 1550 nm), it requires high bias voltage (-1750 V) and the
timing resolution (1.5 ns) is behind leading state-of-the-art systems [19]. The two leading
technologies for single photon detection are semiconductor-based single photon avalanche
photodiodes (SPAD) and the superconducting nanowire single-photon detectors [20]. The
major problem for semiconductor-based avalanche photodiodes is that the high e�ciency
is only achieved for a relatively narrow wavelength range and the temporal performance
degrades as the e�ciency is improved [20]. For instance, commercial Si and InGaAs single-
photon avalanche photodiodes have limited e�ciencies of only 50% (@ 830 nm) [21] and 20%
(@ 1550 nm) [22] for high speed operation. On the other hand, state-of-the-art supercon-
ducting nanowire based single-photon detectors overcome this limitation, exhibiting over
90% e�ciency with excellent timing jitter ( < 20 ps) and fast rise times (< 1 ns); however,
they need to be cooled to cryogenic temperatures below 4K [23]. The need for cryogenic
cooling severely restricts the practicality and portability of such detectors.

In addition to the aforementioned semiconductor and superconducting nanowire de-
vices, there are emerging technologies as well but they lack the required all-round de-
vice performance essential for detecting single photons. These emerging devices include
quantum-dot-resonant tunnel diode devices [24] and quantum dot gated �eld e�ect tran-
sistors [25], which do not reach the performance level of superconducting nanowire and
avalanche photodiode devices. For instance, the detection e�ciencies of these emerging
technologies are weak. The e�ciencies of quantum-dot-resonant tunnel diode devices and
quantum dot gated �eld e�ect transistors are 6% and 2% [24, 25], respectively, and su�er
from low temperature operation. Moreover, there are notable recent work on graphene to
detect low intensity light. Graphene-based studies either showed high speed photodetection
[26] or high e�ciency [27] but not both, and they did not show single photon operation.
On the other hand, other types of graphene-based devices showed that they can detect
single photons but they are still in their infancy. Therefore, it is not possible yet to com-
pare to them with existing metrics. They also require cryogenic temperatures because of
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bolometric-based detection [28].

1.4 Semiconductor nanowire photodetectors: Path to
near-unity absorption

Semiconductor nanowires have been subject to extensive research in the �elds of optoelec-
tronics and photonics for the last two decades owing to their remarkable optical and elec-
trical qualities that o�er potential improvements to the existing technologies [29, 30, 31].
Miniaturization of the active volume o�ers higher absorption, lower noise, less power con-
sumption as well as wider range of freedom to tune their properties as compared to their
bulk counterparts. The size, shape and number of nanowires can be readily changed thanks
to the current state of nanofabrication techniques. Nanowires can be fabricated as a single
nanowire structure for ultrasensitive bio-detection [32], for an e�cient entangled photon
source for quantum repeaters [33] or for a nanophotonic system to improve e�ciency of
integrated optics [34]. On the other hand, nanowire structures can be utilized in an ar-
ray form to realize an e�cient solar cell [35] and to detect single photons [36]. Nanowire
structures can be fabricated either by top-down etching or can be grown from a substrate
[37, 38] depending on the requirements. They can be made very long to make use of the
length and high surface area for biosensors [39] or very short [40] to take advantage of
metamaterial properties. They can be fabricated in various shapes such as cones [36],
inverted cones [41, 42], hourglasses [43] and cylinders [44]. They can be grown horizon-
tally [44] or vertically [45] depending on the advantage it brings to the speci�c application.
Nanowire growth can also accommodate lattice mismatch as the built-up stress can be
relaxed laterally, therefore, integration of III-V on Si platform is possible [46].

Nanowires are low-dimensional structures which can be utilized to adjust the band gap
[47] for applications like LEDs [48] and photodetectors [49]. The nanowire shape could
help to control beam propagation, absorption and transmission spectra, which lasers [50],
waveguides [51], solar cells [52] and photodetectors [46] could take advantage of. Nanowires
are also excellent candidates for single photon emitters, when a quantum dot is embedded
in the nanowire. The nanowire could also act as a waveguide to direct the beam in desired
directions [33].

Nanowire photodetectors are, in particular, one of the most sought-after domains of op-
toelectronic devices. Nanowires are great tools in terms of manipulating light in the visible
and the infrared range, therefore, photodetectors can demonstrate near-unity absorption
with proper nanowire array design. In particular, nanowire arrays can be designed such
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that they can reduce the Fresnel re
ections at the air-semiconductor interface by means of
forward Mie scattering and coupling into waveguide modes [53]. Moreover, the geometrical
shape of the nanowire can perform natural �ltering, i.e., they can be selective or unselective
based on the designed geometry [54, 55]. Cylindrical nanowire arrays can achieve narrow
band absorption with high e�ciency, whereas tapered nanowire arrays can absorb a much
wider range of the spectrum [54]. The nanowire geometry, taper angle, top and bottom
diameter as well as nanowire separation are some of the parameters used to optimize the
absorption pro�le (detailed analysis is presented in Chapter 3).

Single nanowire photodetectors are actively being researched. A single nanowire will
limit the dark current and noise due to the miniscule volume. Thus, due to the low dark
noise, it can achieve very high sensitivity (I photo/ I dark ) down to single photons [56, 57]. In
addition, the small volume of the nanowire can lead to excellent temporal resolution thanks
to the highly con�ned nanowire geometry. However, the e�ciency drops dramatically since
the optical beam is much larger than the nanowire due to the di�raction limited spot
achieved by the objective lens. Therefore, practicality of those sensors becomes an issue.
Furthermore, electrical contact fabrication is a challenge for a single nanowire since the
contact area is a tiny fraction of the already minuscule volume. As a result, the high
contact resistance limits the bandwidth of the photodetectors.

In contrast to single nanowire-based photodetectors, arrays of nanowires is a promising
alternative. Typical devices contain hundreds to thousands of nanowires, so the device
diameter can be scaled up to be comparable to typical beam sizes used in optical �ber or
free-space communication for near-unity coupling to the device area. The e�ective contact
resistance improves signi�cantly because of contacting thousands of nanowires. In addition,
the device capacitance drops to a much smaller value as compared to bulk counterparts as
a result of reduced active-device area. Therefore, the bandwidth can be above 100 GHz,
which is desirable for �ber optic communication systems.

Similar to bulk photodiodes, the sensitivity of nanowire photodiodes can be improved
by introducing a gain mechanism. In general, photoconductive gain and avalanche gain are
the two main types of gain mechanisms for high e�ciency photodetection. Photoconductive
gain is a slow process limiting the bandwidth and response time to milliseconds [58, 59]
but avalanche gain can enable fast response times in the order of picoseconds with high
e�ciency [36, 60, 61]. Nanowire-based photodiodes operating as free running single photon
avalanche diodes was also demonstrated [62], however, the photon detection e�ciency was
a major issue and still needs improvement. Room temperature operation is desired but
single photon avalanche diodes require very sensitive detection, therefore, photodiodes are
cooled down to 200K to suppress dark current/dark count sources.

7



1.5 Motivation

There is an ever growing need for detectors of light from the visible (VIS) to long wave
Infrared (LWIR) that are sensitive enough to detect single photons possessing a miniscule
energy of 10� 19 J. Current technologies o�er high performance only on a few avenues of
device metrics but all-around capability of quantum detection is lacking in the majority of
existing systems and are mostly overlooked. Applications excelling in one category can be
impractical, where use of practical systems proves futile in certain situations. For instance,
the requirement of cryogenic cooling for superconducting nanowire single photon detector
(SNSPD) technology limits their use in applications such as LIDAR systems in aircrafts,
autonomous cars, and quantum communication systems deployed in satellites. Satellite
quantum communication, in particular, bene�t from single photon detectors with high
detection e�ciency and precise timing resolution at 1550 nm. As good as SNSPD devices
perform at 1550 nm, their deployment in space shuttles and satellites is infeasible. Due to
portability issues, semiconductor SPADs must be used. However, InGaAs SPADs detection
e�ciency of 10% in free running mode, timing resolution of 0.2 ns and only a bandwidth
of 100 MHz restricts QKD operation [22]. Furthermore, a one size �ts all type of detector
could be of help to many technologies. Higher detection e�ciency semiconductor SPADs
can replace some of the SNSPDs thanks to their lower cost and mild temperature cooling
that do not need bulky and costly equipment.

The art of engineering demands bridging superior performance traits with practicality
by introducing alternative perspectives to enhance performance metrics and to eliminate
limiting aspects. Semiconductor nanowire avalanche photodiodes o�er an alternative path
toward enhancing the performance metrics and eliminating the limiting aspects. Semi-
conductor nanowires exhibit remarkable optical and electrical properties that enhance and
repair some of the limiting aspects of semiconductor-based photodiodes. Nanowire ar-
rays can greatly help photon starved situations bene�ting from high sensitivity without
trading-o� fast time response and precise timing resolution. They can be a footprint for
photodetectors and CCD cameras used to inspect biological systems in the NIR range or
so called \valley of death" range. This thesis presents an alternative approach towards de-
vices that can overcome the low quantum e�ciency and low timing resolution drawbacks
by developing a novel semiconductor nanowire array photodiode capable of detecting light
with high e�ciency over a broad wavelength range from the visible to SWIR and at tem-
peratures compatible with thermo-electric cooling only.

In this thesis, we have optimized In0:53Ga0:47As (hereafter InGaAs) tapered nanowire
array structures capable of achieving near-unity absorption by performing FDTD simula-
tions. Next, we have successfully developed a novel top-down nanofabrication recipe to
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create highly ordered, high yield, low surface roughness tapered nanowire arrays using In-
GaAs with an ability to tune the optical absorption spectra by optimizing the nanowire
shape and spacing. The InGaAs nanowire arrays demonstrated a near-unity absorption
property with wide detection range spanning from the visible to SWIR. Next, the p-i-n
photodiodes were built using InGaAs nanowire arrays and the performance of the photo-
diodes were optically and electrically characterized. The results obtained were compared
with existing commercial devices.

Furthermore, the gain mechanism that is exploited in avalanche photodiodes to achieve
single-photon detection can easily be incorporated into the nanowire geometry. The gain
mechanism can further increase the sensitivity of InGaAs nanowire arrays with enhanced
absorptance. However, using InGaAs photodiodes for gain will result in high leakage
currents due to band-to-band tunneling. Thus we have implemented separate absorption,
charge and multiplication avalanche photodiodes as a nanowire array. We have used a
wider band gap material (In0:52Al 0:48As, hereafter InAlAs) as the multiplication layer in
conjunction with InGaAs as the absorption layer. We have characterized the performance
of the nanowire array avalanche photodiodes at from 100K to 250K.

1.6 Organization of the thesis

The organization of the rest of the thesis is as follows:

Chapter 2 provides the necessary technical background of the semiconductor device
physics to explain photodiode operation, performance metrics and design considerations.
It involves device operation of p-i-n photodiodes, avalanche breakdown, gain mechanism
to detect weak optical signals and path to detecting single photons. The chapter ends with
the considerations applied to the design of the fabricated devices from the perspective
of nanowire arrays and the modi�cations to the common design principles to successfully
demonstrate higher performance with nanowire arrays.

Chapter 3 focuses on the optical properties of nanowire arrays and design principles to
achieve near-unity absorption. It also investigates the behavior of light coupling and high
absorption using optimized nanowire arrays based on InGaAs.

Chapter 4 describes the methodology of realizing III-V semiconductor nanowire arrays
in the cleanroom facility, recipe optimizations and end-to-end device fabrication.

Chapter 5 presents the results and discussion on InGaAs p-i-n photodiodes based on
tapered nanowire array geometry. The analysis of the results are also included as well as
the improvements and shortcomings.
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Chapter 6 extends the design idea of nanowires to single photon avalanche diodes
based on separate absorption, charge and multiplication layer design. It brie
y describes
the device fabrication, then discusses the �ndings of optical and electrical characterization.

Chapter 7 concludes the thesis by providing a summary of the results, their implications
and potential next steps to improve the state-of-the-art devices. It gives a comparison of
the developed technology with existing photodetection systems.
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Chapter 2

Design of p-i-n and avalanche
photodiodes for nanowire arrays

This chapter summarizes the fundamentals of semiconductor device physics in order to
realize high sensitivity photodiodes using the remarkable properties of nanowires. Basic
principles of the photodiode operation are described and performance metrics and strate-
gies to maximize those metrics are discussed. The discussion also touches upon the unique
properties of nanowires and key considerations when designing a nanowire based photodi-
ode. The design of the nanowire based photodiodes slightly di�ers from bulk photodiodes
based on planar or mesa structures. Embedding the photodiode design into a nanowire
geometry provides improvement in more than one metric, o�ering a pathway towards real-
izing a new class of more sensitive devices that could be used in various technologies such
as optical communication and health monitoring as discussed in Chapter 1.

Photodiodes operate based on creation of electron-hole pairs upon photo excitation
(photoelectric e�ect) and successful arrival of those pairs to the device electrodes. In
principle, the chain of events starts with absorption of a group of photons or a single
photon and subsequent generation of electron-hole pairs. Then, the electron-hole pairs
are separated with the built-in electric �eld and transported (if exists, accompanied by
ampli�cation using internal gain mechanism) to device electrodes. Next, the electrons and
holes are collected by the electrodes and device current increases in the external circuitry
with respect to optical excitation. The quality of this operation is determined by the success
rate of the absorption and collection of the carriers, the speed of the detection event and
the level of noise. Nonetheless, trade-o� exists as one cannot achieve the best metric in all
categories. Nanowire arrays aid to alleviate the trade-o� by increasing the absorption and
collection e�ciency while also increasing the speed of the detection event. The noise level
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can also be reduced with the nanowire geometry provided that the nanowires have proper
surface passivation.

2.1 Photodetector evaluation metrics

To properly evaluate and compare photodetectors, a set of performance metrics is used.
The common key metrics are responsivity/external quantum e�ciency, temporal response
and noise characteristics.

2.1.1 Responsivity/External Quantum E�ciency

Responsivity is a measure of the generated photocurrent in response to power of the incident
light. Similarly, the external quantum e�ciency is a parameter that describes the ratio
of photogenerated carriers to the number of photons incident onto the detector. It gives
detailed information on the absorption and carrier collection e�ciency when plotted as a
function of wavelength at di�erent voltage biases. The responsivity is given by:

R = �
q

h�
=

I ph

Popt
; (2.1)

where � is the external quantum e�ciency, q is the elementary charge,h is the Planck's
constant, � is the frequency of the light,I ph is the photocurrent andPopt is the incident
optical power. The responsivity has units of A/W, whereas the external quantum e�ciency
is a unitless number between zero and one.� = 1 represents \perfect" photodetection,
whereby every incoming photon is successfully converted into an electron-hole pair and
collected by the external circuitry. Less than 1 means that some portion of the photons
are re
ected, transmitted or recombined via non-radiative or radiative decay channels.

2.1.2 Noise/dark current

In an ideal diode model, it is assumed that the current is zero when the diode is reverse
biased. In real devices; however, a non-zero \dark current" is always observed. The dark
current arises from electrons making a leap from valence band to conduction band due
to semiconductor imperfections. Once electrons jump to the conduction band via imper-
fection sites (also leaving holes behind in the valence band), they are inseparable from
photogenerated electrons that make direct transition to the conduction band (similarly
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photogenerated holes). As a result, they raise the photodetection 
oor, introducing noise
to the incoming photons and reduce the contrast between light and dark conditions. Pho-
todiodes are in general more sensitive when they have lower dark current. It is a designer's
goal to minimize the dark current. There are three major noise sources, which are back-
ground radiation noise, thermal noise and shot noise as shown in Figure 2.1a [63, 64].
Background radiation noise can be eliminated if the photodiode is placed in an optical
enclosure. Thermal noise arises from the internal resistance of the external circuitry or
ampli�er before the �nal output. The equivalent circuit is given in Figure 2.1b. i p is the
photocurrent, i s is the shot noise as given as the root mean square,Cj is the junction
capacitance,Rj is the junction resistance which represents the shunt resistance that causes
leakage current,Rs is the series resistance which is a combination of space-charge resistance
and contact resistance,iT is the RMS thermal noise current,RL is the load resistance and
RI is the input impedance of the external circuitry.

Figure 2.1: Schematic of noise sources of a photodetector. a) The photodetection process
with the addition of noise sources. Photodiodes absorb an optical signal and background
radiation. Electron-hole pairs are generated. Dark current is generated internally by the
photodiode. Shot noise arises from the statistical nature of dark, signal and background
current. Thermal noise is added to the external circuitry. b) The equivalent circuit of a
typical photodetector including the noise sources. The �gure is reproduced from reference
[64].

The shot noise originates from the discreet nature of photons and electrons. Photon
pulses consist of a discreet number of photons, and photons cannot arrive at a detector with
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perfect synchronization. The average number of photons can be the same but individual
pulses have little 
uctuations. These 
uctuations induce 
uctuations in the electrical
current resulting in noise. The shot noise, also known as quantum noise, arises from the
random arrival time of photons that produces a 
icker e�ect in device current. Similar to
photons, dark current generation in a semiconductor behave similarly. Dark current sources
in a semiconductor is of statistical nature, random generation in time causes additive noise
to the detector. The noise power spectral density of shot noise combining the photon and
dark current is

� 2
shot = 2q(I photon + I dark ) = 2 q(RPopt + I dark ); (2.2)

whereq is the elementary charge,I photon is the photocurrent, I dark is the dark current, R
is the responsivity,Popt is the optical power. The root mean square noise current is

hi 2
shot i = � 2

shotBW; (2.3)

where BW is the bandwidth of the receiver. The thermal noise, also known as Johnson
noise, is generated by the load resistor of the photodetector. Contact resistance also
contributes to the total thermal noise. The noise power density due to thermal noise is

� 2
th =

4kB T
Req

; (2.4)

where kB is the Boltzmann constant, T is the temperature andReq is the equivalent
resistance of the circuit in Figure 2.1b. The mean square noise current is similarly

hi 2
th i = � 2

th BW: (2.5)

The signal-to-noise (SNR) ratio of a detector is de�ned as:

SNR =
hI 2

photon i

hhi 2
shot i + i 2

th i + hi 2
amplif ier i

=
(2qRPopt)2

2q(I photon + I dark )BW + 4kB T BW
Req

; (2.6)

wherehi 2
amplif ier i is generated by the transimpedance ampli�er connected to the photode-

tector. The numerator is the mean photocurrent originating from the optical signal and
the denominator is the statistical variations of that photocurrent due to the sources of
noise mentioned above.

A metric called noise equivalent power (NEP) describing the minimum detectable power
of a photodetector is also commonly used to evaluate the sensitivity [65]. NEP is described
as the optical incident power onto a detector that produces a signal to noise ratio of 1
per unit bandwidth. In other words, it is the noise 
oor where the optical signal is barely

14



detectable on the waveform. The bandwidth term comes into the picture since the majority
of applications require modulated signals. The NEP is given by:

NEP =
Poptp
BW

=

s
4kT

R2Req
: (2.7)

2.1.3 Temporal response

The response time of a detector to an optical signal and the time duration it restores to the
dark state determines the temporal response of the detector. In general, the rise/fall time is
given to describe the temporal response speed of a photodetector. The transient response is
determined by the time of photogenerated carriers traveling through the device structure,
reach the electrodes and contribute to the electrical current in the external circuitry. In
terms of the photodiode operation, carriers move with drift reaching to saturation velocity
under su�ciently high electric �eld in the depletion region. To increase the quantum
e�ciency, the thickness of the depletion region is extended. However, extension of the
depletion region thickness will translate into a delay in the response time due to the longer
path that the photogenerated carriers have to travel. In addition, a carrier generated in
the quasi-neutral regions within the Debye length of the depletion region will di�use into
the depletion region and then travel to the contacts. Di�usion is a much slower process
than drift. As a result, the carrier collection through di�used carriers will further delay the
response time. Finally, the photodetector response is a�ected by the RC time constant of
the system, where the depletion region capacitance and the equivalent resistance dominate
the RC time constant. The device capacitance and the equivalent resistance determines
the device bandwidth. The 3 dB cut-o� frequency is given as:

f c =
1

2�RC
: (2.8)

The device capacitance can be reduced by increasing the intrinsic layer but this comes at
the cost of increasing the carrier travel time, or the device area can be made much smaller
but this will limit the optical spot size that can be detected. Additional factors such as the
stray capacitance and leakage current (shunt resistance) play a signi�cant role in the total
response time. Ideally, the stray capacitance should be minimal and the shunt resistance
should be in�nity. Trade-o�s have to be considered based on the speci�c needs of the
project when a conventional photodiode structure is used.
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2.2 P-I-N photodiodes

Figure 2.2: Principle operation of a p-i-n photodiode. a) Cross-sectional view of a hypo-
thetical p-i-n photodiode illuminated from the left hand side. The intrinsic region de�nes
the depletion region, therefore, the absorption region. b) Energy band diagram of the p-i-n
photodiode depicting the detection of a photon under reverse bias. c) The intensity of light
decays with respect to the absorption coe�cient (distance). The �gure is reproduced from
reference [64].

P-i-n photodiodes are a special class of p-n junctions to maximize light detection and
still operate at high bandwidth. The layer i (intrinsic layer) is sandwiched between p-
doped and n-doped layers giving ample freedom to extend the absorptive region as shown
in Figure 2.2. Photogenerated carriers upon absorption in the i region are swept to the
opposite sides of the junction. The incoming optical signal is dominantly absorbed within
the depletion region, which is determined by the thickness of the intrinsic region (i region).
The absorption process can also take place in the quasi-neutral n and p bu�er layers. The
generated carriers in those regions will di�use to the depletion region if they are within
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the di�usion length and are swept by the electric �eld. On the other hand, the expanded
intrinsic region introduces a trade-o� between quantum e�ciency and response time of
the photodiode, therefore, one has to decide on the intrinsic region thickness based on
the application. The general p-i-n photodiode operation relies on the incoming photons
absorbed within the intrinsic region that needs to be fully depleted to achieve the highest
quantum e�ciency possible as shown in Figure 2.2b.

The energy band diagram of a typical p-i-n diode is depicted in Figure 2.2b. The
electrical current under reverse bias (Drift current) is dominated by minority carriers being
transported with the electric �eld. In general, the heavily doped top region where the
excitation arrives (p-type in Figure 2.2a) is chosen to be short enough as to not absorb a
signi�cant portion of the optical input. The primary reason for that is carriers generated
by absorption will be outside of the depletion region where they will recombine. They can
also slowly move towards the depletion region by di�usion but slow di�usion will delay
the response time of the optical detection. Figure 2.2c shows how the carrier generation is
dependent on the material depth. The absorption in bulk materials follows an exponential
decay as a function of the absorption coe�cient� . Some portion of the generated carriers
in the p and n type of the junction can also contribute to the photocurrent. If the carriers
are within the Debye length of the junction, those carriers can 
ow into the depletion
region via di�usion where they will be swept under the electric �eld to opposite sides of
the junction.

The created carriers due to photon excitation can then give rise to a photocurrent which
has to be higher than the dark current. Aside from carriers created by photon absorption,
there are other sources of carrier generation in the semiconductor in the absence of light
excitation. These sources are di�usion current, thermal generation-recombination current
(also known as (SRH) Shockley-Read-Hall current), tunneling current and avalanche cur-
rent. Each dark current mechanism and the associated carrier action is depicted in Figure
2.3.

The di�usion current arises from the thermally generated minority carriers outside of
the depletion region but di�using into the depletion region. The di�usion current is given
by:

I dif f = I s
�
e

qV
kT � 1

�
; (2.9)

whereI s is the saturation current, V is the applied voltage,q is the electronic charge,k is
the Boltzmann constant and T is the temperature. This equation also describes the diode
forward bias current since the diode current at forward bias is dominated by the di�usion
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Figure 2.3: Dark current sources of a p-i-n photodiode shown within the energy band
diagram. Free carriers can be generated without the absence of light through thermal
generation (direct or via traps), tunneling (band-to-band or trap-assisted) or di�usion
(from quasi-neutral regions) in a p-i-n junction. The generated carriers will contribute to
the device current. The �gure is reproduced from Reference [66].

current. The saturation current for a mesa punch-through p-i-n structure can theoretically
be calculated as [67]:

I s = qn2
i

�

� 1=2
d

�
(
D 1=2

n

NA
)
d2

4
+

D 1=2
p (Wd)
ND

�

� qn2
i �

r
Dp

� d

Wd

ND
;

(2.10)

whereni is the intrinsic carrier concentration,Dn and Dp are the minority carrier di�usion
coe�cients, NA and ND are the acceptor and donor doping concentrations,d is diode di-
ameter,Wd is the depletion region length and� d is the minority carrier lifetime of electrons
and holes (assuming equal for electrons and holes). Intrinsic carrier concentration is one
of the variables in the Equation 2.10 that can signi�cantly change the di�usion current. n2i
increases the Idif f quadratically; the intrinsic carrier concentration increases exponentially
as the material band gap decreases.� depends on the quality of the �lm (defect density),
depletion region thickness and doping concentrations are within the control of designers.
The equation for the intrinsic carrier concentration is
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ni = 2(4� 2memhk2=h4)3=4T3=2exp(� Eg=2kT); (2.11)

whereme is the mass of electrons,mh is the mass of holes,k is the Boltzmann constant,
T is the temperature andEg is the material band gap.

Another important dark current mechanism is the generation-recombination current.
This current arises due to traps caused by semiconductor defects and impurities during
growth. At low voltages, the trap levels located at the midgap dominantly contribute to
the excess dark current. It can be calculated as

I gr =
qni AW

� ef f
(eqV=2kT � 1); (2.12)

where� ef f is the e�ective carrier lifetime, A is the junction area,W is the depletion region
thickness,V is the applied voltage,k is the Boltzmann constant andT is the temperature.
The recombination generation current changes with the depletion layer volume, given the
speci�c defect density of the material. For an abrupt junction, the depletion layer thickness
is calculated for a one sided junction.

W(V) =

r

�
2� s

qND
(V � Vbi); (2.13)

whereq is the elementary charge,Vbi is the built-in potential, � is the dielectric constant,
ND is the donor concentration,V is the applied bias. When excess electric �eld is applied,
diodes exhibit non-ideal behaviors such as breakdowns. Band-to-band tunneling a�ects
direct band gap semiconductors with small band gaps. Mostly breakdowns are recovarable
as soon as the device doesn't generate excessive heat. In most cases, the

I tun
�= 
Aexp (�

� m1=2
o � 3=2

g

q~Em
); (2.14)

wherem0 is the mass of electron,� g is the material energy band gap,Em is the maximum
electric �eld in the junction, ~ is the reduced Planck constant and � is a �tting parameter
and found to be around 0.3 for InGaAs [68] and 0.15 for InP [69]. The prefactor
 is
dependent on the number of traps. It can be found as [67]


 =
�

2m�

Eg

� 0:5�
q3EmV
4� 2~2

�
; (2.15)

wherem� is the e�ective mass.
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Another source of dark current comes from device surface. Semiconductor surface has
dangling bonds and process induced defects. Presence of depletion region reaching to the
surface of the semiconductor in turn gives rise to surface generated carriers and promote
leakage current. For a circular mesa photodiode the surface generation current can be
approximated by

I s� g ' qni soAs = qni so�dW s; (2.16)

whereso is the surface recombination velocity,As is the device surface areaAs = �dW s, Ws

is the depletion region width. Minimization of surface generation current is necessary to
ensure high performance. In general, two distinct approaches were used to suppress surface
generation and recombination current. The �rst method is to grow a heterojunction with a
wider band gap material covering the surface for planar type photodiodes [70]. Wider band
gap materials are typically chosen so that light is only absorbed in the absorption region as
well as to reduce surface generation that scales with the intrinsic carrier concentrationni .
In addition, lattice constant of the each side on the heterojunction has to be the same to
eliminate dangling bonds at the interface. Heterointerfaces can act as a surface generation
centers unless the epitaxy quality is perfect. The second method to reduce surface genera-
tion current is to passivate the semiconductor with an insulating material. It is not feasible
to grow epitaxial �lms on top of already patterned structures. Device con�gurations like
mesa type p-i-n diodes have active regions where the depletion region reaches to the sur-
face. Proper surface passivation can reduce surface recombination velocity. Silicon based
photodiodes are advantageous since they can be passivated with thermal oxidation that
results in very low recombination velocities [71]. However, oxides of III-V result in poor
quality causing high surface recombination velocities. Instead, materials such as SiO2, SiNx

[72] or Al2O3 is deposited to reduce the dangling bonds. The e�ective surface passivation
techniques to reduce surface recombination velocity is discussed in Chapter 4.5.

2.2.1 Avalanche multiplication

Avalanche photodiodes o�er at least 5-10 dB more sensitivity than p-i-n photodiodes by
taking advantage of their internal gain mechanism provided that the multiplication doesn't
introduce additional noise that lowers the overall sensitivity [73]. However, higher sensi-
tivity increases the cost of the growth due to more complex device structures. It also
introduces heterojunctions where advanced growth techniques are needed. After the dis-
covery of low dispersion and low loss characteristics of optical �bers at 1300 and 1550 nm
wavelengths, researchers transitioned from Si p-i-n and APD technology to InGaAs, which
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is capable of detecting photons at those wavelengths unlike Si. InGaAs p-i-n photodiodes
reigned the market until they are found to su�er from excess dark currents due to band-
to-band tunneling (BBT) when the electric �eld is increased to achieve impact ionization.
Later, the problem is alleviated by using a wider band gap material for the multiplication
region while still using InGaAs for the absoption region.

The avalanche multiplication starts by a photogenerated carrier gaining enough energy
under strong electric �eld. The carrier accelerates due to the electric �eld until it collides
with the crystal lattice or an impurity site, transferring its energy to the lattice. If the
energy is high enough to bump an electron from the valence band to the conduction band,
a secondary electron hole pair forms. This is called impact ionization. Since the secondary
carriers are also under the in
uence of the strong electric �eld, they also accelerate the
same way the primary carrier did, therefore, they gain su�cient energy and transfer their
energy to the tertiary electron hole pairs. The primary carrier along with consequent
carriers can also contribute to additional ionization events. The process keeps expanding
to an increased number of carriers as the electric �eld is sustained. Some of the carriers
may recombine and some travel through without ionization due to its statistical nature
but overall the gain mechanism creates a macroscopic current from a single carrier. The
overall operation is depicted in Figure 2.4a. Figure 2.4b shows how carriers are multiplied
in a p-i-n junction.

Figure 2.4: Avalanche multiplication. a) A hole enters the avalanche region from the left
and creates an extra electron hole pair via impact ionization. The secondary electron and
hole will similarly trigger impact ionization events. Therefore, the total number of carriers
will multiply. Inspired from Reference [74]. b) Avalanche breakdown demonstrated within
an energy band diagram of a p-i-n junction. Taken from reference [75].

The rate which the carrier undergoes impact ionization is characterized by the inverse
mean distance between two consecutive collision events that leads to the creation of sec-
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ondary electron hole pair. � and � represent the impact ionization rate of electrons and
holes, respectively [76, 77]. For a hole initiated avalanche multiplication process, as shown
in Fig 2.4, the initial current at the x = 0 is I p(x = 0) = I po. I p will increase as it travels
towards the x = WD . Assuming� = � , at x = WD , the hole current I p(x = WD ) = M pI po

[64]. Similarly, the electron currentI n (x = WD ) = 0 and I n (x = 0) = I total � I po where the
total current I = I p + I n [64]. The multiplication factor or the gain can then be calculated
by

M n =
I n (WD )
I n (0)

=
I total

I no
: (2.17)

In the discussion above,� and � were assumed equal, meaning the electrons and holes are
equally likely to undergo impact ionization. However, this case is very rare, the majority
of the materials have uneven ionization coe�cients. Designing an avalanche photodiode
requires careful consideration of the� and � or more commonly the ratiok = �=� (or
k = �=� ). The value of k can determine type of the carrier that initiates the avalanche
multiplication. In addition, the di�erence between � and � may introduce a statistical
noise to the avalanche photodiode operation called excess noise. The noise power density
due to avalanche process is

� 2
excess = 2qM2F (I photon + I dark ) = 2 qM2F (RPin + I dark ); (2.18)

where excess noise factor F is de�ned by McIntyre's expression [76] as

F (M ) = hM 2i =hM i 2

= khM i + (1 � k)(2 � 1=hM i ):
(2.19)

The SNR of an avalanche photodiode with the addition of gain and excess noise to the
previously discussed noise model can be calculated as:

SNR =
hI 2

photon i

h� 2
th i + h� 2

excessi
=

(M RPin )2

�
2qM2F (RPin + I dark ) + 4kB T

RL
Fn

�
BW

; (2.20)

NEP can be derived from �ndingPin =BW when SNR = 1. Choosing M for the best SNR
depends on the k dependence of M as in Equation 2.19.

The early avalanche photodiodes working at 1300 and 1550nm wavelengths were based
on InGaAs p-i-n structures. However, these p-i-n structures exhibited poor gain and high
leakage current relative to the Si and InP based APDs due to the existence of soft knee
characteristics in the breakdown current. The studies showed that the soft knee behav-
ior is a result of band-to-band tunneling (BBT) mechanism, which is more prominent in
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narrow band gap materials [68, 69]. To illustrate the tunneling issue, Figure 2.5a shows
the simulated band-to-band tunneling current for InGaAs (0.75eV) and InAlAs (1.5eV)
based on Equation 2.14. In InGaAs device, the BBT onset (1.5� 105 V/cm) arrives at a
smaller bias than avalanche breakdown �eld (2� 105 V/cm) leading to high dark current
and low sensitivity above 1.5� 105 V/cm. To alleviate the problem, a heterostructure was
proposed that separates the absorption and multiplication layer in avalanche photodiodes
[78, 79]. A wider band gap material was chosen for the multiplication layer where band-
to-band tunneling probability is small and was used in conjunction with the small band
gap material for absorption. That method separates the absorption and multiplication
regions in the device, limiting the band-to-band tunneling current. Moreover, a heavily
doped �eld control layer was later introduced in between the absorption and multiplication
layers to keep the electric �eld low in the absorption region to avoid band-to-band tun-
neling and high in the multiplication region to ensure sustained avalanche breakdown [80].
Furthermore, grading layers, quaternary alloys between the absorption and multiplication
regions are used to avoid blockage of carriers at the conduction and valence band discon-
tinuities between heterojunctions. Transit times of carriers were improved notably when
grading layers were introduced [81]. Currently, most majority of the avalanche photodiodes
incorporate separate absorption, charge and multiplication layers (SACM).

Figure 2.5: Electrical simulations of band-to-band tunneling and separate absorption, mul-
tiplication and charge layers device energy band diagram. a) Analytical simulation of band-
to-band tunneling current in InGaAs and InAlAs. b) Energy band diagram of a typical
separate absorption and multiplication avalanche photodiode, with charge (�eld control)
and grading layers.

In InGaAs-InAlAs SACM APDs, electrons trigger the avalanche breakdown. To illus-
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trate, an electron-hole pair is generated in the absorption region which is shown in Figure
2.5b. The primary electron drifts to the left towards the �eld control and multiplication
region whereas the hole drifts to the right side of the device. The electron is injected into
the multiplication region traversing through the grading and charge layer. The charge
layer ensures the electric �eld in the multiplication region is su�ciently high for avalanche
breakdown as well as it keeps the electric �eld in the absorption region su�ciently small
to suppress tunneling current. A non-zero electric �eld is still required to drift carriers
with saturation velocity to ensure fast detection. Once the electron is injected into the
high �eld multiplication region, it gains enough energy to impact ionize with acceleration.
Throughout this process, secondary electron hole pairs will be generated. As the multi-
plication continues for sequentially generated carriers, a self sustaining avalanche will be
created. When the avalanche is self-sustaining and the gain su�ciently high, single photon
can be detected.

The diode thermal generation recombination current will also get multiplied with the
photocurrent; the total current will change with respect to the internal gain mechanism.
The dark current then will be rewritten as:

I g� r = qA(
ni

� ef f
)B W; V� Vp

I g� r
�= qA[

1
2

(
ni

� ef f
)B x I (1 + M p) + (

ni

� ef f
)T (W � x I )M p]; V > Vp;

(2.21)

whereq is the elementary charge,A is the junction area,ni is the intrinsic carrier concen-
tration, � ef f is the e�ective carrier lifetime, W is the depletion layer thickness,M p is the
avalanche gain. The subscriptA represents the absorption material whereas subscriptM
represents the multiplication material.

2.2.2 Single photon avalanche diodes

Avalanche photodiodes can also be used to detect single photons with the help of gain
mechanism. The separate absorption, charge and multiplication layers architecture is used
for single photon avalanche diodes. SPAD devices operate above the breakdown so the
operation and design di�er from linear mode APDs. APDs work at moderate gains 10-100
below the breakdown voltage in order to keep the SNR at its maximum achievable point
[73]. In APDs, thinner multiplication regions yield higher gain-bandwidth product and
more deterministic response to input pulses, whereas, SPADs need longer multiplication
regions to promote higher probability of breakdown leading to increased gain [82]. In
addition, the linear mode APDs can leverage low punch-through voltage to have high
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dynamic range, on the other hand,Vp for SPADs is only considered to ensure that the
absorption layer is fully depleted at low temperature operation (to minimize the noise).

Since single photon detection using SPADs is a digital event due to counting individual
photons, the device characterization is done by inspecting di�erent set of metrics to quan-
tify the detector performance. Photon detection e�ciency, dark count rate, afterpulsing,
maximum count rate, timing jitter and spectral range are considered the most prominent
metrics to quantify the performance [20].Photon detection e�ciency de�nes the ef-
�ciency of successfully registering single photons. With a single photon injected into the
device, the photon will be absorbed and converted into an electron-hole pair. Then, the
electron and hole will be separated by the electric �eld, each carrier will trigger subse-
quent impact ionization events and reach to the contacts. After a macroscopic current is
detected, the quenching circuit and photon counter will register the photon. The whole
process needs to be optimized as to not miss any incoming photon.Dark count rate
is the false counts in the absence of incoming photons. It has to be minimized since the
dark counts are the leading noise source for single photon detection. Theafterpulsing is
another type of noise mechanism. When a large current passes through the device after a
detection event, some carriers get trapped in the semiconductor defects. The detrapping
time of those carriers is much longer than the photon detection time, so trapped carriers
will trigger a false count by starting an avalanche event. To ignore afterpulse dark counts,
long dead times are used. As a result, the maximum count rate decreases. Themaximum
count rate is the maximum number of photons counted per unit time (typically per sec-
onds or Hz). This excludes any dark counts, so higher maximum count rate is a measure of
detection speed of the SPAD.Timing jitter is the statistical uncertainty in time between
the photon absorption to the detection of the pulse with the electronics. This includes the
location of absorption of individual photons, how fast carrier can move inside the device
and how fast can the quenching electronics respond.Spectral range is another important
metric. It represents the range of wavelengths which the detector is sensitive to. A wider
range can improve the 
exibility of the detection system.

2.2.3 Material selection and growth

A critical part of designing a photodiode is choosing the right material for the active region
of the diode. Strong absorption can only occur when the incoming photons have higher
energy than the energy band of the absorptive material. To make a photodiode responsive
to 1550 nm for instance, the energy band gap of the material should be at most 0.8eV
according to the Equation 2.22. However, other parameters need to be considered as well
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to design an e�cient photodiode. Absorption coe�cient is determined by �nding the lattice
match growth, optical absorption and energy band gap, mobility, absorption coe�cient.

Eg =
hc
�

; (2.22)

whereEg is the material band gap,h is the Planck constant,c is the speed of light and� is
the wavelength. The absorption coe�cient of each material can be calculated theoretically
by calculating the transition rate of electrons from valence band to conduction band using
Fermi's Golden Rule and calculate the rate for the occupancy of the valence and conduction
bands. The theoretical calculation of the absorption coe�cient is beyond the focus of
this thesis. Instead, measurement of the absorption coe�cient of various semiconductors
are readily available in the scienti�c literature [83]. Absorption coe�cient is a function
of wavelength (or energy) and temperature, therefore, a material with high absorption
coe�cient within the wavelength range of interest should be selected.

Table 2.1: Critical material parameters of some semiconductors considered for avalanche
photodiodes in this study: Energy band gap, intrinsic carrier concentration, electron and
hole mobilities, ionization coe�cient ratio k = �=� (or k = �=� ), saturation velocity
[84, 85, 73].

Material Eg 300K n i (cm � 3) � e( cm 2

V:s ) � h ( cm 2

V:s ) k vsat ( cm
s )

InP 1.344 1.3x107 5400 200 0.4-0.5 0.67x107

GaAs 1.424 2.1x106 8000 9400 - 0.72x107

GaSb 0.726 1.5x1012 3000 1000 - -

In0:53Ga0:47As 0.74 6.3x1011 10000 300 - 0.75x107

In0:52Al 0:48As 1.48 1.3x107 5400 200 0.29-0.5 0.35x107

Si 1.12 1.5x1010 5400 200 - 1x107

Ge 0.66 2x1013 3900 1900 - 0.6x107

Successful fabrication of optoelectronic devices requires single crystalline and defect
free epitaxial layers. This is possible using high end systems such as molecular beam epi-
taxy (MBE), metal-organic chemical vapor deposition (MOCVD) and liquid phase epitaxy
(LPE). Even though each system uses a di�erent phase of the material to grow, all can
successfully grow single crystal �lms. In each process, a substrate is needed to supply a
platform for the thin �lms to grow in a preferable crystal structure. Therefore, the sub-
strate has to have the same lattice constant to avoid dislocations at the interface. There
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are only a few available wafers as the substrate for the growth, the lattice constant of the
material to be grown has to match the lattice of the substrate to avoid crystal defects such
as dislocations and dangling bonds at the interface. For the designer, Figure 2.6 is very
useful to select the right material. Lattice constant of the stack has to match to avoid
stress in the �lm which changes the semiconductor parameters, also to avoid trap centers
forming due to the stacking faults, etc.

Figure 2.6: Energy gaps and lattice constants of commonly used III-V semiconductors.
The calculated energy band gap of typical semiconductors and their corresponding lattice
constants at room temperature. The left vertical axis shows the corresponding wavelength
based on Equation 2.22. The �gure is taken from reference [64].

Aside from the optical properties of the semiconductor, electrical properties such as
mobility, critical breakdown �eld, dielectric constant and intrinsic carrier concentration
etc. constitute a big role in determining the right semiconductor. Please refer to Table
2.1 some of the materials considered for this work. In this work, InGaAs is chosen for
the active material. InAlAs is chosen for the multiplication layer for separate absorption,
charge and multiplication layer architecture. InGaAs is the best material to work in NIR
considering the excellent electron mobility and high absorption coe�cient among other
candidates that displayed in Table 2.1. InAlAs is another promising material that has a
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better k value than InP and has a slightly wider band gap. It can be grown lattice matched
to InGaAs. In addition, MBE system in ou laboratory has an expertise with arsenides than
phosphides, therefore, InAlAs was picked.

2.3 Nanowire p-i-n diode design

The design of the diode structure for nanowire arrays follows a similar approach to de-
signing planar/mesa photodiodes. There should be a thick intrinsic region enough to
absorb and collect majority of incoming light, the bu�er regions should be thin to limit
light absorption and di�usion of minority carriers into the depletion region. The twist in
the nanowire design procedure hinges on the feedback from FDTD simulations showing
where the absorption locally focuses inside the bulk of the nanowire. Unlike planar/bulk
structures, photons are forward scattered and coupled into the nanowire cores with the
help of nanowire arrays (Detailed discussion can be found in Chapter 3). The depletion
region must fully overlap the localized position of the optical beam so that maximum de-
tection e�ciency can be attained with much thinner intrinsic region. Therefore, maximum
absorption can be achieved without trading o� the bandwidth and transit delay.

2.3.1 Optical design considerations

Detailed analysis of how light interacts with InGaAs nanowire arrays and how to design
near-unity absorbers is discussed in Chapter 3. Firstly, nanowires bene�t from a truncated
cone structure which minimizes the optical re
ections from the air-semiconductor interface
[86]. When the truncated cone shaped nanowires are present, the e�ective refractive index
increases gradually as the light traverse from air into the nanowire as opposed to having a
barrier of refractive index di�erence. The gradual change of the e�ective refractive index
eliminates the light re
ecting from the surface and couples into the nanowire with minimal
re
ection. Moreover, using a nanocone structure assures the incoming optical mode to
couple into the localized radial resonant modes [54], where multiple frequencies can be
absorbed given the continuum of the diameters increasing from the top to the bottom.
This is not possible with uniform diameter nanowire arrays, since the discrete nature of the
resonant modes can lead to a narrow wavelength range near the resonance [87]. Secondly,
the nanowire length and the pitch should be optimal. The nanowire density should be
sparse enough to ensure that the radial waveguide modes exist in the nanowires. However,
the pitch cannot be too large, as the light cannot interact with the adjacent nanowires,
therefore, absorption diminishes. Therefore, the pitch value should be chosen such that the
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light interacts with the nanostructure. Thirdly, an optimal value for the nanowire length
needs be found. If the nanowire is too tall, it will increase the chance to absorb more
photons, but this will degrade the temporal response because the photogenerated carriers
should travel long distances before reaching to the electrical contacts. Conversely, if the
nanowire is too short, there is a danger of increased re
ection or transmission of the light
through the nanowire without getting absorbed.

The parameters of the nanowire array such as nanowire diameter, taper angle and pitch
are not fully independent. Therefore, optimizing the nanowire geometry requires multiple
simulations. Simulations were focused on obtaining the highest absorption around 900
nm, 1300 nm and 1550 nm which are used as the optical telecommunication bands. The
InGaAs tapered nanowire arrays were able to achieve more than 97% of the light within
a nanowire height of 1.5� m with top diameter of 350 nm, 900 nm pitch and 6o taper
angle. The simulations revealed that the cylindrical nanowire arrays can achieve near unity
absorption, but over a narrow band while the tapered nanowires can achieve an absorption
value close to unity over a broader wavelength range which is discussed in Chapter 3.

The simulation results also showed that the higher absorption is observed by increasing
the nanowire thickness since the longer wavelengths are absorbed deeper in the nanowire.
However, the nanowire thickness is inversely proportional to the high speed operation.
Hence, we selected a nanowire length around 1.5� m to operate in an optimal regime. With
the optimal parameters from the simulation results, the absorption spectra is signi�cantly
improved by carefully designing the parameters of the nanowire array compared to the
planar structure. The nanowire array outperforms the slab device even though it contains
less volume of material.

The optical absorption of the resulting absorption is given in the Figure 2.7. The optical
mode inside the nanowire shows that the dominating mechanism is the leaky radial modes
[54, 88]. The majority of the intensity of the optical mode is concentrated in the top half
of the nanowire and there are other modes which resonate at di�erent altitude. The longer
wavelengths are absorbed deeper into the nanowires, so the p-n junction should be placed
such that the highest detection e�ciency and lowest timing jitter is obtained. Since the
majority of the incoming light is concentrated at the top and contained in a small volume,
timing jitter performance is likely to improve.

2.3.2 Electrical design considerations

Design of the electrical structure is done through adjusting the doping level and thickness
of each layer in the layer stack. The aim is to attain a maximum photon detection e�ciency
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Figure 2.7: Simulated cross-sectional absorption pro�le in an InGaAs nanowire array.
FDTD absorption simulations of a 1.5� m long InGaAs nanowire array showing the optical
absorption inside an individual nanowire when illuminated with wavelengths of a) 900 nm,
b) 1310 nm and c) 1550 nm, respectively. The color bar shows the number of carriers
generated per m3. The top nanowire diameter is 400 nm with a 6o nanowire taper angle
and 900 nm separation between nanowires.

(external quantum e�ciency) with minimal timing jitter and low noise (low dark current,
low excess noise, low dark counts and minimal afterpulsing). It is also important to consider
the growth limitations since the background doping can change the e�ective doping density
of the layers. The optical mode pro�le inside the nanowire shows that the photons at
di�erent wavelengths are absorbed within the 1.5� m thickness of the nanowire. In addition,
the majority of the incoming light is focused in the top 300-400 nm of the nanowires.
Therefore, the p+ to i (� region) junction should be placed such that the intrinsic region
encapsulates the optical modes as much as possible. Moreover, the intrinsic region thickness
should be as long as the longest wavelength optical mode spreads verically, therefore, the
transit time of the carriers can be minimized for fast detection. Target absorption e�ciency
can be attained with much thinner material further contributing to a fast transit time.

Nanowire arrays o�er other advantages such as reduced device capacitance for high
bandwidth operation due to reduced active area of the devices and reduced �ll factor (less
device volume). Since capacitance is idirectly proportional to the device active area, the
nanowire devices have lower capacitance compared to same area planar device. Similarly,
reduced area will proportionally reduce the junction current that can increase the detec-
tivity of the detectors. However, increased total surface area in nanowire arrays could give
a rise to high leakage current due to the fact that the nanowire surface may lead to higher
surface generation current. There are strategies to limit surface generation and reduce
surface recombination velocity with proper surface passivation [89].
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The p-i-n diode structure in this study starts with a heavily n doped (1018 cm� 3) InP
substrate. As a start, 200 nm of InGaAs with the same doping density is deposited by
molecular beam epitaxy (MBE) system as a n bu�er layer which also forms a seed layer
for the subsequent layers. Then, a 2000 nm (1600 nm) thick lightly doped InGaAs region
is grown to form the intrinsic region. The thickness is selected in order to accommodate
di�erent nanowire heights depending on the location of the absorption with respect to
incident wavelength. In order to avoid unintentional doping, the intrinsic layer is lightly
doped with 5 � 1015 cm� 3 using silicon (Si) atoms. As a p bu�er, 300 nm (200 nm)
thick heavily p doped region is then grown with a carrier concentration of 1018 cm� 3.
Beryllium (Be) is used to create the p type doping. Finally, 50 nm (30 nm) thin p++
layer is formed with a concentration of 1019 cm� 3 at the top of the structure to help with
low contact resistance for the top electrode. The bu�er layers help to deplete the lightly
doped region (� region) sandwiched between n+ and p+ regions even when there is no
bias. This diode structure is a p-i-n diode, where the intrinsic length is fully depleted
due to the highly doped p and n regions under reverse bias. The p and n bu�er regions
are chosen to be much shorter than the length of the intrinsic region since the depletion
layer forms mostly in the lowly doped part. Besides, the thin p and n regions help to
reduce the rate of recombination in the quasi-neutral regions then the di�usion of carriers
into the depletion region. For nanowire array photodiodes, a shorter top bu�er layer is
desired since a shorter bu�er increased the e�ciency of InP nanowire array solar cells [35].
Unlike commercial diodes which contain InGaAs sandwiched between InP bu�er layers to
limit surface generation and di�usion current [90, 91, 92], our structure is fully made out
of InGaAs to avoid heterointerfaces and ease of fabrication. The InGaAs electrical layer
stack and corresponding band diagram based on Silvaco TCAD simulation are illustrated
in Figure 2.8.

2.3.3 Avalanche photodiode based on p-i-n structure

To create avalanche multiplication, p-i-n photodiodes will have to be operated with higher
bias than usual to promote avalanche multiplication. Once the breakdown �eld is reached,
then the photogenerated carriers can multiply by means of impact ionization. The intrinsic
region will serve as not only the absorption region but also multiplication region. The
photogenerated electrons and holes will immediately see the high electric �eld and will
accelerate towards to opposite sides of the junction. If the absorption takes place close to
the p-i (i-n) junction, holes (electrons) will not �nd enough distance to gain su�cient energy
to multiply. In this case, the electrons (holes) will trigger the self-sustaining avalanche.

As previously discussed, the nanowire structure reduces the �ll factor of the device
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Figure 2.8: Designed InGaAs photodiode structure. a) The layer stack and doping concen-
trations of the InGaAs p-i-n photodiode and thicknesses of the designed InGaAs device.
b) The corresponding energy band diagram of the designed layer stack shown in a).

and consequently, there are less number of mobile carriers inside the junction. Having a
low �ll factor also shrinks the active device volume which reduces the probability of dark
counts since the total number of defects is signi�cantly reduced [62]. This means that the
afterpulses due to the bulk defects are expected to lessen greatly. There is less chance for
carriers to be trapped by the existing trap levels, so less number of afterpulses is expected
rooted from bulk defects. If the afterpulsing is reduced, then the maximum count rate will
improve. Therefore, the nanowire structure can boost the overall performance of the single
photon avalanche diodes. We have to note that, however, the reduced �ll factor also leads
to increased surface area, therefore, high surface area could potentially create new trap
centers for afterpulses. Proper surface passivation is critical in order to limit afterpulses
arising from surface traps.

A meticulous consideration must be given to the electron and hole ionization coe�-
cients for p-i-n avalanche photodiodes. Electrons and holes have di�erent probabilities to
initiate an impact ionization event. For InP, for instance, holes have a higher probability
of impact ionizing than electrons. In contrast, for InGaAs and InAlAs, holes are less likely
to impact ionize than electrons, i.e., holes have a lower ionization coe�cient than elec-
trons. Depending on the value of k (k = �=� or k = �=� ), avalanche operation should be
initiated with the more likely carrier type to maximize the chance to reach self-sustaining
avalanche. Ideally, if both types have the same ionization coe�cients, the device could
generate a higher avalanche gain as well as low excess noise then a device with asymmetric
ionization coe�cients for electrons and holes. In most cases, though, due to variance in
impact ionization coe�cients of holes and electrons, devices exhibit high noise (poor timing
jitter and high excess noise). This trade-o� between gain and noise can be mitigated by
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using a nanowire geometry [36]. If we design the stack layer such that the carrier type with
the higher ionization coe�cient to have a larger space available to create a self-sustaining
avalanche, we can achieve high gain along with low timing jitter and low excess noise. For
instance, we can set the top part of InP diode as n-type. Therefore, photogenerated holes
(higher ionization coe�cient) will move downwards where the trajectory is long enough to
create a self-sustaining avalanche. The photogenerated electrons, on the other hand, can-
not participate in a signi�cant multiplication due to a limited space up to the top contact.
This will ensure the timing jitter is not signi�cantly a�ected by those electrons.

The collection e�ciency bene�ts from fully depleted nanowire core which is dominantly
the intrinsic region. A fully depleted nanowire core increases the probability of absorption
of photons, lowers the device capacitance and provides enough space that leads to a self-
sustaining avalanche. In avalanche mode for single photon detection (Geiger mode), the
reverse bias is above the breakdown voltage, and the depletion length is much wider than
the zero bias width. Therefore, the length of the lightly doped region needs to be optimized
for the trade-o� between gain and temporal response. In principle, an avalanche path larger
than 0.5 � m is needed to create a self-sustaining avalanche in planar InP/InGaAs SPADs
[93]. Nanowires are con�ned radially (not should be confused with quantum con�nement
even though when diameters are small enough they also experience quantum con�nement)
due to their 1D-like nature; hence, a longer distance may be required to allocate enough vol-
ume so that the di�usion assisted avalanche spreading can expand to create a macroscopic
current [94].

2.3.4 Surface states of nanowires

Nanowires are high surface to volume ratio structures. As a result, high surface area
can have a big impact on device operation. For InP, this e�ect is more pronounced as
Fermi pinning can even change the majority carrier type at the surface. For a bulk device,
this e�ect can be negligible, nonetheless, the radial band bending should be calculated
for the nanowires devices. To investigate the radial band bending due to Fermi pinning,
we performed analytical simulations and identi�ed that the depletion region extends the
entire diameter of the nanowires, thus, potentially leading to a reduced dark current. We
simulated the nanowire core depletion of cylindrical p-InP structure caused by the surface
states by solving the Poisson's equation in cylindrical coordinates [95]. According to the
simulations, the p-InP nanowires have a critical nanowire diameter of 344 nm when the
carrier concentrations of the actual device (array of InP nanowires with a top diameter of
150 nm and a bottom diameter of 350 nm [36]) is used as in Figure 2.9a. InP nanowires with
a smaller diameter than 344 nm would have a fully depleted core due to strong radial band
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Figure 2.9: Simulated band bending due to the nanowire surface states. The energy band
diagram of the cross section for the simulated InGaAs nanowire with diameters a) 344 nm
and b) 400 nm. Fully depleted core in a) and partially depleted core in b) are illustrated.
The surface band bending depletes the core fully when the InP nanowire diameter is smaller
than 344 nm.

bending. Thus, the simulation result is in agreement with the prediction of a fully depleted
nanowire core, which reduces the device dark current. We also included a simulation result
of a p-InP nanowire with a diameter of 400 nm, which is greater than the critical diameter.
Here, the nanowire is not fully depleted as illustrated by the presence of the 106 nm long
quasi-neutral region at the core as shown in Figure 2.9b.

34



2.4 SACM avalanche diode design for nanowire arrays

The motivation behind using a separate absorption, charge and multiplication (SACM)
con�guration is to maintain low electric �eld intensity ( < 1:5� 105 V/cm) in the absorption
region to suppress dark current due to band-to-band tunneling and to use a wide band gap
material to achieve high gain [96, 93, 97, 98, 99]. The same approach can be applied to
nanowire arrays to achieve high gain with low dark current and high detection e�ciency.
This approach could be a gateway to the next generation of single photon avalanche diodes.

To operate at telecom wavelength bands (1300 nm and 1550 nm) InGaAs o�ers the
best electrical and optical performance combination among other candidates. InGaAs has
a narrow band gap of 0.75 eV with high absorption coe�cient (See Table 2.1), has high
electron mobility and reach to a high electron saturation velocity. Moreover, In0:53Ga0:47As
can be grown epitaxially on InP wafers without lattice mismatch. These material properties
make InGaAs the front runner material candidate for NIR and SWIR photodiodes. Once
InGaAs is picked as the absorption material, we have to consider a few angles for a success-
ful design. Firstly, we determine the nanowire absorption layer parameters using InGaAs
which include nanowire height and doping density. Typical values of InGaAs thickness
in SPAD devices vary between 0.5 to 3� m for the absorption region [93]. The thickness
value is determined based on the quantum e�ciency requirement of the application. In
our study, we aim to maximize the optical absorption of 1310 and 1550 nm bands. Based
on our optical absorption simulations (see Figure 2.7), the target wavelengths of 1310 nm
and 1550 nm are absorbed within the �rst 1.5� m height of InGaAs nanowires; therefore,
there is no need to make the InGaAs layer thicker than 1.5� m. A longer thickness would
only provide marginal improvement of the quantum e�ciency in exchange for undesirably
high timing resolution and long transit times. With the help of enhanced absorption prop-
erties of nanowire arrays, a shorter absorption region can be used. Secondly, we believe
that the timing jitter of photodiodes would signi�cantly bene�t from narrowly focused
absorption location, reducing the spread in carrier travel times. Furthermore, a short In-
GaAs thickness as well as the reduced �ll factor (the total volume of active material) of
InGaAs thanks to the nanowire geometry can lower the thermal recombination-generation
limiting the dark counts (dark count rate for single photon avalanche photodiodes) [93, 62].
Thirdly, the electric �eld in the InGaAs absorption region should be kept below< 1:5� 105

V/cm at all times, above which a signi�cant �eld assisted tunneling current is present in
InGaAs [67]. The device cannot operate e�ciently at zero �eld in the absorption region
since carriers will fail to reach to the multiplication layer. Small �eld will help with carrier
drift, however, short transit times and e�cient carrier transit requires high electric �elds
where the carriers move with saturation velocity. Therefore, the electric �eld value has
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to optimized for operation bias. Moreover, the doping density should be below 5� 1015,
which ensures high mobility and keeps the probability of tunnneling low.

The multiplication region needs to function properly under high electric �eld with
limited tunneling current and high gain. Firstly, the material has to have a wide band gap
to ensure avalanche breakdown onset is earlier than band-to-band tunneling resulting in
Zener breakdown. Simulated band-to-band tunneling current for InGaAs and InAlAs in
Figure 2.5 shows the critical electric �eld intensities for consideration. The epitaxy should
be devoid of crystal defects in the bulk and at the heterointerface to limit trap-assisted
tunneling. Threading dislocations, high impurity density or other crystal defects could
cause trap assisted thermal generation, or worse, trap assisted tunneling at high �elds
deteriorating device operation. Secondly, a high carrier saturation velocity is desired to
support high speed detection. For that purpose, the material has to have high electron
mobilities and high saturation velocity. Furthermore, the anode and cathode orientation
should be carefully designed such that the carrier type with higher breakdown probability
should initiate the avalanche breakdown. For instance, anode (p side) of the diode should
be at the top if electrons are more likely to impact ionize since electrons will be drifted to
the cathode (n side) side. Multiplication layer thickness presents another trade-o� between
timing resolution and multiplication gain. A thicker multiplication region results in higher
thermal generation due to increased volume and worse temporal resolution but tunneling
current would decrease as the self-sustaining avalanche can start at lower �elds lowering
the dark count rate [93]. Moreover, multiplication region thickness also determines the
breakdown voltage, a long multiplication region will result in high breakdown voltages
which may be not practically helpful. Additionally, thermal generation can be suppressed
with low temperature operation but afterpulsing would be more pronounced below certain
temperatures, therefore, optimal operating temperature needs to be determined at the
design stage.

Two candidates for multiplication region that could work with InGaAs are In0:52Al 0:48As
(hereafter InAlAs) and InP, both can be epitaxially grown without lattice mismatch on
readily available InP wafers. InP is a commonly used material in SPAD technology and
has been under intensive research over the years. Nonetheless, InAlAs is an alternative to
InP, since recent research showed InAlAs has higher breakdown probability with increased
overbias and lower dark count probability than InP, although InP can achieve a better
timing jitter [100]. InAlAs has wider band gap than InP and has lower intrinsic carrier
concentration; InAlAs will su�er less from di�usion of thermally generated carriers entering
into the high �eld zone. In linear APDs, multiplication excess noise is suppressed with
shorter multiplication layer thickness; InAlAs having lower k values than InP for equal
thicknesses yield lower noise [73]. In addition, the surface recombination generation (r-g)
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scales exponentially with the energy band height [70], so surface r-g current is expected
to be less in InAlAs than InP. Furthermore, InAlAs exhibits smaller thermal coe�cient
of breakdown voltage allowing to use the detector at lower temperatures to minimize
thermally generated dark current [101]. For all things considered, InAlAs is a clear material
of choice.

Figure 2.10: Reverse bias current and electric �eld pro�le simulations of separate absorp-
tion, charge, and multiplication layers of an avalanche photodiode for di�erent charge
layer doping densities and punch-through voltages. a) Simulated diode current for di�er-
ent charge layer doping densities demonstrating the shift in punch-through voltage. b)
Corresponding electric �eld pro�les of the varying doping densities in a). c) Simulation
of electric �eld at -22 V and -26 V showing the onset of punch-through in the InGaAs
absorption layer.

Field control layer plays a key role in avalanche photodiodes. It regulates the electric
�eld between absorption layer and multiplication layer, therefore, determines the punch-
through voltage, breakdown voltage and band-to-band tunneling current in InGaAs. To
ensure low dark count rate and high detection e�ciency, optimization of the charge layer is
needed. For that purpose, device current of a device with di�erent doping concentrations
for a 100 nm thick charge layer were simulated to demonstrate the electric pro�le change.
Figure 2.10a shows the e�ect of doping concentration on the punch-through voltage. As
the doping density of charge layer increases, the punch-through voltage shifts to the higher
voltages. The shift indicates the reduced electric �eld in the InGaAs absorption layer and
increased electric �eld at the InAlAs multiplication layer at the same applied voltage(Figure
2.10b). This shift also points out to a reduced breakdown voltage since the electric �eld
intensity will be higher for a given voltage with a higher charge layer doping concentration.
If not designed carefully, this may lead to under depletion of the absorption layer leading
to a poor quantum e�ciency. On the other hand, a low value of charge layer will increase
the electric �eld intensity in the InGaAs, the punch-through will be reached at a smaller
voltage. In that case, possibly of giving rise to signi�cant band-to-band tunneling increases.
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Figure 2.10c displays the onset of punch-through voltage which is around -22V. The electric
�eld intensity in InAlAs is still below the critical breakdown �eld since the current does
not show breakdown characteristics but the InGaAs region has started to be depleted. The
ideal design should aim for a fully depleted InGaAs absorption region with a �eld intensity
enough to create saturation velocity for electrons but low enough to ensure the tunneling
current is negligible when the InAlAs has electric �eld above the critical breakdown �eld.

Figure 2.11: Designed avalanche photodiode parameters and the corresponding electric
�eld pro�le at the breakdown voltage of -44V. a) Designed layer stack of separate absorp-
tion, charge and multiplication regions device employing InGaAs as the absorption region
material and InAlAs as the multiplication and charge layer materials. b) The correspond-
ing electric �eld pro�le of the stack layer displayed in a).

The designed device structure again starts with a heavily n doped InP wafer (1� 1018

cm� 3). 50 nm seed layer of n+ InP and 200 nm n+ contact InAlAs layer were subsequently
grown with the same doping density. A 500 nm of unintentionally doped InAlAs was
added for multiplication layer, followed by a p doped 150 nm �eld control layer with a
doping density of 2.85� 1017 cm� 3. Next, a 50 nm grading layer of InAlGaAs, which is the
interpolation of InGaAs and InAlAs was deposited. A 1000 nm of unintentionally doped
InGaAs absorption layer and a second InAlGaAs grading layer of 50 nm were grown.
Finally, a heavily p doped (1� 1018 cm� 3) InAlAs bu�er layer and 50 nm of InGaAs p+
contact layer (1� 1019 cm� 3) were formed. Similar to the previous growth, Be and Si were
used as p and n type dopants, respectively. A number of growth processes were performed
to reach the desired speci�cations in terms of surface morphology and crystal quality. The
growth study was initially done at University of Waterloo MBE laboratory and then the
�nal device were fabricated from the thin �lms grown by Intelliepi Epitaxy Technology
Inc. located at Richardson, Texas, USA.
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2.5 Experimental methods and optical characteriza-
tion setups

2.5.1 Dark current-voltage characteristics

To characterize the InGaAs based p-i-n and avalanche diodes, I performed a dark current
voltage measurement at various temperatures. This measurement not only tells about
the electrical characteristics, but also proves the existence of the avalanche breakdown as
opposed to the Zener breakdown.

The avalanche multiplication is known to exhibit a positive temperature coe�cient. At
higher temperatures, hot carriers (highly energetic) passing through the depletion region
loses more energy to the phonons by the collisions and the scattering which results in
a smaller ionization rate. Therefore, there should be higher electric �eld to overcome
the small ionization rate. As a result, the breakdown voltage increases by increasing the
temperature of the device. Conversely, the Zener breakdown (tunneling) happens when
there is a thin energy barrier. In that case, the carriers can make band-to-band tunnelling
which results in a high current before the depletion region reaching to avalanche breakdown
�eld. The breakdown voltages less than4Eg

q are referred to the existence of the tunneling,

where, the voltages in the excess of6Eg

q are identi�ed by the avalanche breakdown [64].
Since the energy band gap decreases by increasing the temperature, the breakdown voltages
due to the tunneling are getting smaller, so we observe a negative temperature coe�cient
VBR / 1

Eg
.

The results of the dark current-voltage measurements at di�erent temperatures can be
seen in Figure 5.3. There are two regions which shows the two di�erent properties of the
device characteristics. In the region 1, where it corresponds to the voltages up to 10 V, the
dark current values increase with the elevated temperatures. The increase in current can
be explained by the increased number of carriers by higher energy at higher temperatures.
In the region 2, there is a shift towards the higher current with decreasing the temperature,
since the avalanche breakdown happens at smaller voltages when the temperature is lower.
According to the curve, we can say that the device has a positive thermal coe�cient. It is
also a signature of the avalanche breakdown as opposed to the Zener breakdown in which
the breakdown voltages shift to the lower voltages by increasing the temperatures.

39



Figure 2.12: The optical characterization setup used to measure the single photon detection
characteristics of the fabricated nanowire array avalanche photodiodes. The laser pulses
are attenuated down to single photon per pulse and focused on the device active area. The
signal is collected by the quenching electronics. The sample is cooled

2.5.2 Optical setups for characterization

The measurement setup for single photon detection measurements is shown in Figure 2.12.
This system can characterize the metrics such as photon detection e�ciency, dark count
rate, alterpulsing, maximum count rate and spectral range. The laser is used as the single
photon excitation source. Before shone onto the device active area, the intensity is reduced
through a set of neutral density �lters. This ensures that each laser pulse is attenuated
down to a single photon per pulse level. The intensity of the laser is monitored continuously.
The devices under test are placed in a cryostat chamber in order to test the devices at
di�erent ambient temperatures. The devices are connected to a quenching circuit and a
counter module in order to count the photon pulses and dark pulses.

The timing jitter is measured using a measurement di�erent system. Similar to the
setup above, there is an incoming pulsed laser focused onto the device. We use high
resolution timing electronics to measure the time delay between the time when the photon
hits the device and the time when the output signal is detected. Then, a histogram is
obtained from the measurements of multiple cycles which gives the timing jitter of the
detector.

We use a passive quenching resistor to detect the single photons. This resistor is con-
nected to the photodiode in series. The avalanche photodetector is kept at a voltage above
the avalanche breakdown. When a photon is absorbed and converted into a macroscopic
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current by the avalanche multiplication process (the trigger), the current passing through
the device increases signi�cantly. The voltage on the resistor increases as well, which is
governed by the Ohm's Law. The resulting signal is detected by a comparator circuit and
the photon count is registered. Since the applied voltage is constant, the voltage on the
photodetector starts to decrease and drops below the threshold value (breakdown volt-
age) as a result of the voltage division by the resistor. Therefore, the resistor quenches
the voltage on the photodetector and brings the photodetector into its initial state. The
photodetector can detect another photon after quenching when the voltage comes to the
initial level. The timing of the process depends on the electrical properties of the photode-
tector and the quenching resistor (quenching resistance, junction capacitance, parasitic
capacitance etc.).

The active quenching circuits are designed to cancel the large transient signals by a
complex circuitry and they quench the single photon avalanche diode for a certain period
of time [62]. However, these detectors cannot register another photon within the time
interval, which limits the photon count rate. We want to use the so-called \free running
mode" which is ideal for a system when the photon arrival time is unknown. The nanowire
based devices show a great promise to reduce the noise mechanisms (namely afterpulsing
which limits the photon count rate) by using the low �ll factor nanowire structure, thus
eliminating the need for an active quenching circuit [62].
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Chapter 3

Near-unity absorptance nanowire
arrays

Chapter contributions: Brad van Kasteren provided the initial design of the nanowire
metamaterial through numerical calculations. Sasan V. Grayli performed FDTD optical
simulations. Daozhi Shen helped with the FTIR measurements. Man C. Tam and Zbigniew
Wasileski provided the MBE grown InGaAs wafers. Dayan Ban provided scienti�c support.
Adan W. Tsen provided the FTIR experimental setup. Michael E. Reimer supervised the
project.

This chapter is adapted from the publication:

Tekcan, B. , van Kasteren, B., Grayli, S.V., Shen, D. Tam, M.C., Ban, D., Wasilewski,
Z., Tsen, A.W., and Reimer, M.E. (2022). Semiconductor nanowire metamaterial for
broadband near-unity absorption.Scienti�c Reports, 12, 9663.

3.1 Nanowires for near-unity absorption

Photonic metamaterials is a promising �eld of study owing to the unorthodox interaction
and manipulation of light by a speci�c arrangement of subwavelength sized structures,
namely, metaatoms [102, 103, 104, 105, 106, 107, 108]. A metaatom is the smallest re-
peatable structure, a unit cell of a metamaterial; it produces a unique response to optical
excitation when placed in an array with special arrangement. Therefore, the cumulative
response of metaatoms exhibits di�erent characteristics than the individual units. To take
advantage of those capabilities, metamaterials have been extensively scrutinized recently;
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interesting demonstrations emerged such as super-lenses, negative refraction, asymmetric
transmission, and cloaking [102, 103, 104, 105, 106, 107, 108, 109, 110, 111]. Initially,
metamaterials were shown to exploit collective oscillations of electrons in metals as in
surface plasmons, where electromagnetic oscillation of light couples into a metal struc-
ture by creating electron dipoles leading to light absorption [102, 103, 111, 112, 113]. In
addition, the desired response from the dipoles was controlled with the size, shape, and
orientation of plasmonic structures, enabling the use of plasmonics for di�erent require-
ments [111, 112, 113, 114, 115]. However, the obtained enhancement was not useful due
to the high loss caused by the high-rate conversion of light into heat. Dielectric metama-
terials, on the other hand, could overcome the high loss using highly absorptive or high
transparent semiconductors [102, 103, 116, 117, 118, 119]. The ability to create highly ab-
sorbing or highly transmitting materials by controlling the electromagnetic �eld was highly
sought after for many exikillsting technologies such as sensing and imaging applications
[88, 104, 106, 109, 110, 116, 120, 121, 122, 123].

Examples of near-unity absorption with metamaterials have been previously demon-
strated using nanowires and Mie resonators, nonetheless, the near-unity absorption is
limited to a narrow wavelength range in the reported studies [110, 124, 125]. In this
study, we design a new metamaterial structure using InGaAs nanowire arrays by carefully
designing the geometry of individual wires and wire separation (lattice constant). The
designed InGaAs metamaterials exhibited a near-unity absorption over an unprecedented
wide wavelength range from 400 nm to 1650 nm, averaging 92% absorptance. After the
nanowire arrays were fabricated having high resemblance to the designed structure, FTIR
measurements yielded an average absorptance of 93% from 900 nm to 1500 nm, while the
simulations estimated an average absorption e�ciency of 97% . The comparison of the
absorption e�ciency between the InGaAs nanowire array and a thin InGaAs �lm with the
same thickness as the nanowire array showed a 2-fold enhancement. The designed and
fabricated InGaAs nanowire arrays show great potential of enhancing the existing tech-
nologies where near-unity absorptance is crucial. The result can be of particular interest in
quantum detection systems for quantum key distribution or satellite communication and
in health applications such as dose monitoring for cancer treatment and optical coherence
tomography for eye imaging to diagnose potentially blinding diseases.

3.2 Enhanced absorption by nanowire arrays

Near-unity absorption with cylindrical nanowires have been studied extensively; however,
the function of the spacing between nanowires was not properly investigated [53, 54, 126].
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In this study, the role of periodicity on the absorption pro�le was investigated to design
a broadband near-unity absorber. The light absorption in nanowire arrays is governed by
two separate mechanisms that work collaboratively leading to enhanced absorption in a
wide spectrum as demonstrated in Figure 3.1a. Firstly, incoming light can couple into
individual nanowires via leaky guided resonance modes, namely hybrid electric and hybrid
magnetic modes (HE11 and EH11) [54, 124, 126]. Secondly, light can excite fundamental
transverse electric (TE) and transverse magnetic (TM) modes after exiting from a neighbor-
ing nanowire. In leaky guided modes, the mode can exit (due to its leaky characteristics)
the primary nanowire as light propagates in the direction of the nanowire longitudinal
axis similar to light propagation in an optical �ber. The exiting light subsequently in-
teracts with the neighboring nanowire giving rise to TE and TM modes in the secondary
nanowires (neighboring nanowires). As a result, a strong interaction between neighboring
nanowires enhances the light absorption signi�cantly. Figure 3.1b shows the leaky nature
of the guided mode with a FDTD simulation. The direction of the electric �eld changes as
the light wave propagates. In this �gure, the diameter of the nanowire was taken as 200
nm and 833 nm separation between nanowires was used. The nanowire height was 1400
nm. Figure 3.1c shows the absorption pro�le when the nanowire array was illuminated
with 1020 nm, exhibiting a leaky guided mode resonance and localized absorption in the
nanowire.

Solving Maxwell's equation with cylindrical boundary conditions yields the eigenvalue
equation that describes the angle dependence of the supported modes in a cylindrical
waveguide [127] also given here as Equation 3.1. For grazing angles of incident light, light
couples into the EH and HE modes and the absorption is governed by the leaky guided
modes. When the excitation is perpendicular to the cylinder, fundamental TE and TM
modes are excited. In nanowires, when the light decouples from the primary nanowire and
is directed at the secondary nanowire perpendicular to the nanowire longitudinal axis, it
couples into TE and TM modes to enhance the absorption.
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(3.1)
wherek1 andk2 represent the transverse components of the wave vectors (inside and outside
of the nanowire, respectively),n and n0 are the refractive indices (inside and outside of
the nanowire, respectively),� and k0 are wave vectors along the nanowire axis and in free-
space, respectively, andJm and Hm are the mth -order of the Bessel function and the Hankel
function of the �rst kind, respectively. The prime indicates the derivative of these Bessel
and Hankel functions. The transverse components in Equation 3.1 are angle dependent,
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Figure 3.1: Enhanced light absorption with nanowire arrays. a) Graphical representation
of enhanced absorption in nanowire arrays. Incoming light couples into leaky guided modes
in the nanowires. The coupled mode decouples from the nanowire due to its leaky guided
nature, then the decoupled wave is absorbed by the adjacent nanowire by excitation of
transverse (TE and TM) modes. b) Simulated electric �eld vectors inside the nanowires
with a periodicity of 833 nm, nanowire diameter of 200 nm and height of 1400 nm. The
color bar displays the strength of the electric �eld normalized to the maximum value.
c) Simulated absorption pro�le of the nanowire array when illuminated with� =1020 nm
(nanowire geometry with the same dimensions as b)). Similarly, the color bar shows the
strength of electric �eld normalized to the maximum value.

where k1 = k0

p
n2 � cos2� , k2 = k0sin� , and � = k0cos�. Thus, changes in the angle of

incidence govern which modes are excited in the neighbouring nanowires. There are two
main incident angles that we consider, perpendicular (� = 90� ) and parallel (� = 0 � ) to
the nanowire axis. First, with an incident angle corresponding to the wave vector being
perpendicular to the nanowire axis,� becomes 0. This results in the excitation of purely
TE or TM leaky resonant modes. Alternatively, deviation of the wave vector angle from
90� results in the excitation of HE and EH leaky guided modes.

3.3 Narrowband absorber

Simulated absorptance of a single InGaAs nanowire as a function of nanowire radius is
shown in Figure 3.2a. For nanowire radii smaller than 175 nm, the InGaAs nanowire can
only support a single leaky guided resonant mode. With increased nanowire radius, the
supported mode shifts to longer wavelengths that is also observed in other studies [126].
Moreover, the absorption pro�le broadens as the radius is further increased due to the
excitation of multiple modes. The absorption response approaches to the bulk absorption
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spectrum as the nanowire radius is above 660 nm. However, the wider response of a single
nanowire still remains far from high absorption e�ciency.

Figure 3.2: Finite-di�erence time-domain (FDTD) simulations of narrowband near-unity
absorptance of 1400 nm tall InGaAs cylindrical nanowire arrays. a) Surface plot of ab-
sorptance in cylindrical nanowire arrays with respect to the nanowire radius and excitation
wavelength. b) Shift in absorption peak wavelength (resonant wavelength) as a function
of periodicity. The nanowire diameter to periodicity ratio is kept as 0.24. c) Absorption
spectra of nanowire arrays with varying periodicity while the ratio of the nanowire diam-
eter to periodicity kept as 0.24. d) Surface plot of absorptance for cylindrical nanowire
arrays as a function of periodicity with a 200 nm nanowire diameter.

The near-unity absorptance can be achieved by placing the nanowire in an array and
�nding the optimal separation distance. For that purpose, we have simulated the absorp-
tance of InGaAs nanowire arrays for a range of separation (periodicity) from 800 nm to
1.6 � m as shown in Figure 3.2 b and c. Figure 3.2b shows that the maximum absorption
shifts to longer wavelengths with the separation while the nanowire diameter to periodicity
ratio is kept constant (0.24). Figure 3.2c shows the absorption spectra of nanowire arrays
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with varying periodicity. Each periodicity curve shows clearly that the resonance wave-
length shifts with the change in periodicity. The 0.24 ratio gives the narrowest full-width
half maximum and the maximum resonance resulting in 99% maximum absorptance. A
remarkable wavelength selectivity is achieved by changing the separation distance while
keeping the nanowire diameter to separation ratio constant. A small decay in the max-
imum absorption was observed after 1500 nm, with a high absorptance of 80% at 1650
nm.

To dissect the speci�c contribution of periodicity for enhanced near-unity absorption,
we selected a nanowire diameter of 200 nm and height of 1400 nm, then varied the pe-
riodicity. The simulated absorptance were obtained for periodicity values ranging from
0.3 � m to 1.8 � m as shown in Figure 3.2d. Near unity-absorptance (> 99%) was observed
for separations in the range between 676 nm and 885 nm. High absorption in this range
corresponds to enhanced absorption by excitation of TE and TM modes in the adjacent
nanowires from decoupling of leaky guided modes in the primary nanowire. In cases where
the separation is out of this range; however, the spectral sensitivity degrades and the
maximum absorptance value worsens. Smaller nanowire periodicity leads to a broader
absorption spectrum, nonetheless, the maximum absorptance gets smaller since the mate-
rial approaches to bulk InGaAs from the nanowire geometry. On the other hand, narrow
absorption spectra were observed for larger periodicity of nanowires, but the maximum
values drop since the interaction between neighboring nanowires decreases.

3.4 Route to broadband absorption

While cylindrical nanowire metamaterials o�er narrow bandwidth, near-unity absorption
capabilities, certain sensing applications require broad spectral range detection. One suc-
cessful approach with a nanowire metamaterial utilizes tapered nanowire metaatoms to
accommodate the coupling of a broad range of frequencies [36, 54, 55, 86, 128]. In this
strategy, the nanowire tapering provides a continuum of diameters for all wavelengths to
couple to resonant HE and EH leaky guided modes. This broadband behaviour combined
with a proper choice of semiconductor material can produce a desirable broadband meta-
material absorber in the infrared.

To design a near-unity broadband absorber in the infrared, we �rst optimize the tapered
InGaAs nanowire shape of a single nanowire by varying the height and bottom radius for a
�xed top radius. The top radius was selected (r = 170nm) to coincide with the cylindrical
nanowire radius that produced the highest resonant spectral response near the edge of the
InGaAs bandgap (1650 nm). The bottom radius of the tapered nanowire was increased
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Figure 3.3: Finite-di�erence time-domain (FDTD) simulations of the broadband absorption
e�ciency for tapered InGaAs nanowires. (a) Calculated absorption e�ciency (color bar)
of a single tapered nanowire as a function of bottom nanowire radius with a �xed top
radius of 170 nm and height of 1400 nm. (b) Two-dimensional slices of the absorption
e�ciency from (a) of a single nanowire with varying bottom radius (170 nm, 270 nm, 385
nm, 441 nm) and a �xed top radius of 170 nm. The nanowire is cylindrical at r = 170
nm as indicated by the bottom inset. Increasing the bottom radius leads to a nanowire
tapering as indicated by the top inset for r = 441 nm. (c) Calculated absorption e�ciency
(color bar) dependence on the nanowire periodicity for a nanowire height of 1400 nm, top
radius of 170 nm and bottom radius of 441 nm. (d) Calculated absorption e�ciency over
an extended wavelength range for an optimized nanowire metamaterial, demonstrating
near-unity absorption over an unprecedented wavelength range from 400 nm to 1650 nm.
The optimized dimensions (shown in the inset) were found to be: lattice constant: 900 nm;
bottom diameter: 882 nm; top diameter: 340 nm; and height: 1400 nm.
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in size until the absorption was enhanced over a broad spectral range (see Figures 3.3a
and 3.3b). The optimal combination of parameters that we found included a top nanowire
radius of 170 nm, bottom nanowire radius of 440 nm and height of 1400 nm.

Next, the optimal nanowire metaatom from Figure 3.3a was placed in a two-dimensional
square lattice to form a metamaterial where the lattice constant can be leveraged to achieve
broadband, near-unity absorption. In Figure 3.3c, we plot the calculated absorption ef-
�ciency as a function of periodicity. For this metaatom, we determine that broadband,
near-unity absorption is achieved at a lattice spacing of 900 nm. Increasing the periodicity
leads to a decrease in the absorption e�ciency as the interaction between neighbouring
nanowires weakens. Similar to cylindrical nanowire metamaterials, this behaviour implies
that the larger lattice constant reduces the e�ective recollection of the scattered �eld by
the tapered nanowire array. We note that a lower bound of 900 nm was set for the period-
icity since a smaller separation would result in the nanowires overlapping, reducing their
selected height.

In Figure 3.3d, we plot the calculated absorption e�ciency over an extended wavelength
range (400 nm to 1650 nm) at the optimal periodicity to highlight near-unity absorption
over an unprecedented bandwidth. The calculated average absorption e�ciency is found
to be 92%, with peak e�ciencies of 99% at 909 nm and 98% at 1406 nm. We note that the
observed peaks in Figure 3.3d result from the nanowires being suspended in air; however,
these peaks are later found to be less prominent in our updated model after including a
substrate to better compare with the experimental results.

3.5 Device measurements

A scanning electron micrograph of the fabricated optimized nanowire metatoms is shown
in the inset of Figure 3.4a. This image illustrates the uniformity of the tapered nanowires
that was achieved during the fabrication process. The high absorption e�ciency of the
nanowire metamaterial is apparent in the optical image of Figure 3.4a as the array appears
black when compared to the blue-grey InGaAs �lm. We performed FTIR spectroscopy to
measure the absorption e�ciency of the nanowire array. A tungsten light source was used
to illuminate the sample, and a liquid-nitrogen-cooled Mercury-Cadmium-Telluride (MCT)
detector was employed to measure the intensity of the re
ected and transmitted spectra.
To achieve a spot size smaller than the nanowire metamaterial dimensions in these mea-
surements, a Schwarzschild re
ective objective with a numerical aperture of 0.5 was used.
The measured re
ectance as a function of wavelength is shown in Figure 3.4b, illustrating
the low re
ection from the nanowire metamaterial. The re
ectance is found to be below 4%
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Figure 3.4: Near-unity nanowire metamaterial absorption. (a) Optical microscope image
of the fabricated InGaAs tapered nanowire metamaterial (black square) on an InGaAs
�lm (blue-grey). The lack of contrast in the 100 � m x 100 � m active area is indicative
of high absorption. The inset shows a scanning electron micrograph of tapered InGaAs
nanowires that is representative of the selected area from the high absorbing metamaterial
region. (b) Comparison of the simulated and experimentally measured re
ectance for the
nanowire metamaterial as a function of wavelength. The fabricated (modelled) nanowire
metamaterial dimensions are similar with a top radius: 175 nm (170 nm), bottom radius:
440 nm (441 nm), height: 1300 nm (1400 nm), and a pitch: 900 nm (900 nm). (c)
Comparison of the simulated and experimentally measured absorption spectra of an InGaAs
tapered nanowire metamaterial with the same dimensions as (b), which demonstrates the
near-unity absorption over an unprecedented wavelength range. The measured (simulated)
average absorption e�ciency from 900 nm to 1500 nm is 93% (97%). (d) Measured and
calculated absorption spectra of a planar InGaAs �lm on an InP substrate for various
thicknesses - Measured �lm: 2250 nm; Modelled �lms: 1000 nm, 1300 nm, and 2250 nm.

over the entire wavelength range from 900 nm to 1650 nm, with an average re
ectance of
3%. These results are compared to simulations of the same nanowire metamaterial dimen-
sions, which show excellent quantitative agreement. We note that the fabricated nanowire
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metamaterial dimensions closely resemble the optimized structure from the numerical cal-
culations. The fabricated nanowire metamaterial (modelled metamaterial) was found to
approximately have a top radius of 175 nm (170 nm), bottom radius of 440 nm (441 nm),
height of 1300 nm (1400 nm), and a pitch of 900 nm (900 nm). We therefore updated
the dimensions in our model for a direct comparison with experiment. We also note that
the re
ective objective in the FTIR experimental setup introduces a range of angles for
light incident on the nanowire array from normal (0°) to 30°. Additionally, the nanowire
array is fabricated from an InGaAs �lm on an InP substrate; however, up to this point the
numerical models only considered InGaAs nanowires suspended in air. Thus, these factors
were accounted for in our improved model for a more realistic comparison (further details
in Appendix B).

We now bring attention to the measured broadband near-unity absorption, as shown
in Figure 3.4c. Remarkably, we measure an average absorptance of 93% from 900 nm to
1500 nm, with a peak e�ciency of 95%. Comparing these experimental results with the
simulated data in Figure 3.4c, an excellent agreement is attained with minimal discrepancy.
The small deviation that is observed between simulation and experiment may be due to
the di�ering sidewall geometries of the fabricated and modelled nanowires. To obtain the
absorption e�ciency from the measured results, we utilize A = 1 { R { T, where A, R and T
are the absorptance, re
ectance, and transmittance, respectively. In our measurement, we
found that the transmission data also comprises of thin �lm interference due to the presence
of the re
ective objective. We therefore corrected for this interference in the measured
absorptance. Details of this correction procedure is presented in Appendix B5. We note
that the process we implemented to correct for the thin-�lm interference underestimates
the measured absorptance, thus providing a conservative lower bound to the absorption
e�ciency of the nanowire metamaterial.

To demonstrate the enhanced absorption in tapered nanowire metamaterials we com-
pared it to an unprocessed bulk InGaAs �lm with a thickness of 2250 nm. The measured
bulk InGaAs �lm absorptance is shown as a function of wavelength in Figure 3.4d (red solid
curve). This experimental data is compared to the simulated bulk InGaAs �lm with an
identical thickness of 2250 nm and demonstrates excellent agreement (black dashed cross).
The enhancement of the absorption towards unity when utilizing the tapered nanowire
geometry is evident when comparing tapered nanowires (Figure 3.4c) and the planar bulk
material (Figure 3.4d). We also simulated bulk InGaAs with an identical thickness (1300
nm) to the thickness of the tapered nanowire array (green dashed circle) and a thickness
(1000 nm) of commercially available InGaAs photodetectors for reference (blue dashed
diamond). Numerical calculations and the measured performance for a series of varied
nanowire geometries were also studied (see Appendix B). Despite deviating from the opti-
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mized structure, measurements show the reproducibility of enhanced absorption.

3.6 Conclusion

We investigated the governing mechanism of enhanced absorption in InGaAs nanowire
array metamaterials. We showed that enhanced absorption is achieved by the collective
response of nanowires when the nanowire shape, height, diameter and periodicity is spe-
cially designed. Incoming light initially couple into the nanowires by means of hybrid leaky
guided modes. As the light is guided vertically, a portion of the wave decouples due to
its leaky nature. As the wave decouples, they subsequently excite transverse modes (TE
and TM) of neighbouring nanowires. We have reported that these two mechanisms can
lead to near-unity absorptance in InGaAs nanowires, provided that the nanowire separa-
tion (periodicity) is carefully selected to ensure a strong interaction between neighboring
nanowires. Moreover, we have demonstrated a design guide to achieve near-unity absorp-
tance for a broad wavelength range using tapered nanowires. With this design guide, we
fabricated InGaAs nanowire arrays with a tapered nanowire geometry. We demonstrated
experimentally that the fabricated InGaAs nanowire arrays exhibited near-unity absorp-
tance of 93% in average for an unprecedented wavelength range from 900 nm to 1500 nm.
The fabricated devices in this study is a demonstration of a design methodology of realizing
near-unity absorptance for a desired wavelength range, and the wavelength range can be
tailored for other spectral regions using the same principles. The �ndings here are hoped
to help improving photon starved technologies such as quantum information, biomedical
applications and LIDAR technologies.
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Chapter 4

Fabrication of Nanowire arrays

This chapter presents the optimized method of fabricating nanowire array based photodi-
odes from InGaAs semiconductor thin �lms grown on InP substrates.

4.1 Process Flow

Fabrication of the nanowire array photodiodes are schematically shown in Figure 4.1. The
device fabrication starts with an MBE growth of InGaAs stack layer precisely laying the
doping pro�le to create pin structure on top of InP wafers (Figure 4.1a). The substrate
is a S doped InP wafer (100) with an etch pit density of< 100 cm� 2. The wafers with
grown layers are then cleaned and a silicon nitride layer is subsequently deposited to form
nanowire masks (Figure 4.1b). After the silicon nitride deposition, e-beam lithography is
used to transfer the nanowire pattern onto the wafer. Following the e-beam exposure and
development, a bilayer metal structure (Al/Cr) is deposited that creates a protective mask
to pattern SiNx nanowire masks. A lift-o� process leads to the metal masks that protect
the SiNx under the Al/Cr mask from reactive ion etching as in Figure 4.1c. Next, SiNx is
etched with Inductively coupled plasma - reactive ion etching (ICP-RIE) creating the mask
for nanowire etching as shown in Figure 4.1d. Consequently, InGaAs �lm is etched while
the InGaAs under the mask is protected. This creates tapered InGaAs nanowire arrays
with the designed top diameter (See in Figure 4.1e).Next, the back contact metal stack
is deposited and annealed for improved contact resistance (also in Figure 4.1e) Then, the
SiNx hard mask (nitride and metal) is removed with chemical etching (See Figure 4.1f).
Planarization will be done by initially depositing SiO2 with PECVD, then �lling the empty
space between nanowires with a polymer called Benzocyclobutene (BCB), curing the BCB
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for solidi�cation, etching BCB until the nanowire tips are exposed and �nally removing
the SiO2 from the tips (See Figure 4.1g). Next, ITO is be deposited as a transparent
conductive oxide and it forms the top contact of the device as shown in the 4.1h. As a
�nal step Ti/Au metal stack is deposited for wirebond pads (See Figure 4.1i).

Figure 4.1: Process 
ow of InGaAs nanowire array photodiode fabrication: a) Molecular
beam epitaxy (MBE) deposition, b) SiNx hard mask deposition, c) E-beam lithography,
Al/Cr hard mask deposition and lift-o�, d) Inductively Coupled Plasma - Reactive Ion
Etching (ICP-RIE) of SiN x , e) ICP-RIE of InGaAs, f) SiNx removal and back-contact de-
position, g) Surface passivation, planarization with Benzocyclobutane (BCB) and removal
of SiO2, h) Photolithography and Indium Tin Oxide (ITO) deposition i) Photolithography
and Ti/Au wirebonding pad deposition.

4.2 MBE growth of semiconductor layer stack

Molecular beam epitaxy (MBE) system is a common choice to grow high quality epitaxial
layers with low defect density. More speci�cally, optoelectronic devices based on III-V
material system can be grown with high quality thanks to high vacuum MBE systems.
The source materials are heated to the gas form and sent to the heated substrate in a high
vacuum chamber. With the help of this technique, monoatomic precision can be achieved.
MBE is a time consuming and a costly method to grow single crystals compared to other
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epitaxy systems such as MOVPE and MOCVD, nevertheless, it is ideal for prototyping,
often achieving a better crystal quality. For our research, the high quality InGaAs and
InGaAs-InAlAs thin �lms were grown with Veecco GEN10 MBE system in the Quantum
Nano Centre Molecular Beam Epitaxy Laboratory managed by Prof. Zbigniew Wasilewski
at University of Waterloo. The second generation of InGaAs-InAlAs thin �lms for separate
absorption and multiplication region devices were grown by Intelliepi Inc (Richardson,
Texas, USA).

The process starts with the selection of 3" InP wafers that were purchased from AXT
Inc (Fremont, CA, USA). InP was chosen to grow lattice matched In0:53Ga0:47As layers.
A high carrier concentration of 1018 cm� 3 (Sulfur doped) was selected for InP wafers to
minimize the back contact resistance since the cathode of the diodes were formed on the
back side of the wafers. Heavily n doped wafers are also found to have lower defect density
[99]. A p-i-n diode structure was designed and grown for InGaAs photodiodes. An lightly
doped n- region is sandwiched between two heavily doped n+ and p+ layers. Beryllium
(Be) and Silicon (Si) atoms were used as the p type and n type dopants, respectively.
The carrier concentrations and respective thicknesses of each layer is presented in Figure
4.2a. A more intricate design of single photon avalanche diodes requires multiple layered
heterostructure, therefore, demands further optimization to achieve the required quality
in terms of optical and electrical performance. However, the nanowire array and device
fabrication were done with the same recipes.

Figure 4.2: Device layer stacks of InGaAs pin and InGaAs-InAlAs separate absorption,
charge and multiplication avalanche photodiodes layer stack deposited by molecular beam
epitaxy.

After the growth, our analysis showed that the thin �lms contain minimal number of
defects and have single crystalline atomic structure. InGaAs based p-i-n diode growth
showed excellent quality as seen from the narrow X-ray di�raction (XRD) peaks and the
smooth surface morphology in Figure 4.3a and c, respectively. Indium 
ux was overshot by
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roughly 3% during the growth of G0821, which resulted in a compressive strain resulting
in a minor lattice mismatch. There is a tiny split of InGaAs layer peak positions which
is attributed to not only In 
ux drift but possibly also lattice expansion due to heavy
Si/Be doping. An attempt to correct the In 
ux for InGaAs-InAlAs SPAD structure
yielded tensilely strained InAlAs as seen from right shifted InAlAs peak on XRD plot
in Figure 4.3b. The strained �lms are still considered up to par as seen by the smooth
surface morphology as in Figure 4.3d; a further optimization can always be done for higher
performance, however, this optimization is not the focus of this thesis. For the InGaAs-
InAlAs thin �lm, the wide tails in the XRD image suggests further optimization is left for
future studies.

We have also purchased custom MBE grown thin �lms of InGaAs-InAlAs from Intelliepi
Inc when University of Waterloo MBE system was undergoing a major upgrade/maintenance.
Similar avalanche photodiode structure to our APDs was grown by the same company for
a di�erent research group and the results are reported elsewhere [?]. The avalanche pho-
todiodes based on the �lms from the company also showed high crystal quality.

4.3 Preparation of hard masks for nanowire creation

After the �lm growth, the wafer was diced into 0.75 x 0.75 cm square pieces to work
with small individual chips. A standard solvent cleaning was applied to remove organic
contaminants and residing dust on the chip surface: Diced wafer pieces were dipped into
beakers �lled with Acetone then Isopropyl alcohol (IPA) in ultrasonic agitation tank for 10
minutes each sequentially. After solvent cleaning, the chips were dried with Nitrogen blow
gun. Next, the chips were submerged into a Bu�ered Oxide Etch (BOE) 10:1 solution to
remove any native oxide residing at the surface. The samples were kept in BOE around
30-60 seconds until the surface shows hydrophobic nature.

After removal of the native oxide, the samples were transferred to our plasma enhanced
chemical capor deposition (PECVD) (Oxford 100 PECVD/ALD) chamber to deposit Si3N4.
Si3N4 was the choice of hard mask material for its chemical sturdiness during InGaAs
etching and ease of removability with the bu�ered oxide etchant without damaging the
InGaAs, therefore, it is used to etch protect InGaAs to create nanowires. A 500 nm Si3N4

layer was deposited on the top side of the chips; a thickness enough to achieve an etch
depth nanowire height of 2� m without fully etching Si3N4. PECVD SiO2 was also tried
as an alternative hard mask for nanowire fabrication, however, the surface quality of the
nanowires were found to be poor (rough surface) after the process.
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