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SUMMARY

The demand for higher bandwidth has created a need for fiber optics in a widé
variety of commercial, industrial, and military applications, such as Fiber-to-the-Home,
In-Flight entertainment systems, and tactical communication systems: For bi-directional
communications, some of these fiber optic communication systems have used two optical
cables. To simplify the network and reduce costs, it is advantageous to provide bi-
directional communications over a single fiber. For example, in military and aerospace
applications the reduction in the ﬁumber of cables would reduce the weight, thereby,
reducing the fuel costs.

| As the demand for single fiber bi-directional optical communication continues to
increase, there will be an increasing demand for affordable optical network units (ONUs).
The main component of ONUE is the optoelectronic transceiver, and the cost of the ONU
is critical. To better understand the challenges in designing affordable ONUs, this
research investigated previous work aimed at building optoelectronic transceivers for
short haul bi-directional single fiber optical links.

To provide a more integrated, compact, higher performance, alignment tolerant
alternative to previous solutions, the fabrication of thin film LEDs and MSM PDs, and
also the development of a process for stacking the thin film devices onto host substrates
such as SiO; coated silicon and silicon CMOS circuits to form a optoelectronic

transceiver, were demonstrated.

xi



CHAPTER 1

INTRODUCTION

1.1 Problem Definition

Traditionally, bi-directional optical communication has been carried out using'two |
optical cables with an emitter/detector pair at the ends of the link. . This architecture
allows for full duplex operation with the incoming signal propagating on one cable and
the outgoing signal on the other. However, in some optical communication applications
such as optical data distribution systems, fiber-to-the-curb/home/building/desktop
(FTTX), and in military and aerospace ﬁbef applications (MAFA), it would be
advantageous to provide bi-directional communiéation using a single optical fiber. Most
network architectures for FTTX, such as async;hronous transfer mode passive optical
network (APON) and Ethernet passive optical network (EPON) support single fiber bi-
directional communication because it reduces the amount of fiber, therefore, reducing the
cost of each link [1], [2], [3], [4]. Moreover, in MAFA systexﬁs the reduction in the
number of cables reduces the weight, thereby, reducing the fuel cost [5], [6].

The telecommunicatiohs baékboﬁe has texfpéfijcrjiéqd‘con:'si’dér'able grdwth over the
last 10 years. However, little haS‘: éhanged in thei écce;s rll;etwo'rk. Thévinéredible growth
of Internet traffic has highlighted the aggravatiné lag of aécess netwérk capacity, which
has made the ‘last mile’ the bottleneck between h;igh capacity local area networks and the
backbone network [1]. In response to the dél?nands for Interﬁet services, telephone
companies have deployed digital subscriber linei (DSL) technology. DSL utilizes the

same twisted pair as telephone lines, but requires a DSL modem at the customer’s

premise and a digital subscriber line access multiplexer (DSLAM) in the central office



[1]. With DSL, subscribers can reach speeds in the range of 128 kb/s to 1.5 Mb/s. Cable
television providers responded to Internet sérviée demands by integrating data s'ervices
over their coaxial cable networks, which were initially designed for analog video
broadcast [1]. A drawback to this approach is that the approximately 36Mb/s bandwidth
which is provided by the cable companies is typically divided between 2000 homes,
which leads to very slow speed during peak hours [1]. In spite of this, DSL and cable
modems are an improvement over 56 kb/s modems, but they are not capable of providing
enough bandwidth for up-and-coming services such as IP telephony, video on demand
(VoD), interactive gaming, or two-way videocbnferencing [1]. To provide virtually
unlimited bandwidth to residential customers, Bellsouth installed the first APON fiber-to-
the-home (FTTH) system in North America in 1999 and began offering video and high-
speed data services to trial customers [2]. However, EPON, which represents the
convergence of low-cost Ethernet equipment and low-cost fiber infrastructure, is
emerging as the best candidate for next-generation access networks [1]. When the Full
Service Access Network initiative began in 1995, ATM was positioned to become the
prevalent technology in the Local Area Network (LAN), Metropolitan Area Network
(MAN), and backbone. Since that time, howe\:/er, Ethernet technology has surpassed
ATM.

In addition to access networks, optica:l communication has become a very
important technology in advanced military, aviorlics, shipboard, and aerospace systems.
This technology can be foundv on different platfqnns. Table 1, which is categorized by

platform, highlights a few of the applications.



Table 1: Optical communication in different non-telecommunications platforms [6]
| '

Platform

Applications

Tactical communications systems

Land Based Fiber optic guided missile (EFOGM)
AEGIS network backbone
Marine and Shipboard PHALANX close-In Weapon System (CIWS)
Towed sensor arrays
Eurofighter
Military Avionics F-22 Raptor tactical fighter

RAH-66 Comanche helicopter
Fiber optic towed decoys (FOTD)

Commercial Avionics

Boeing 757 In-Service Program (Fly-by-light testbed)
Boeing 777 Optical Local Area Network
In-Flight Entertainment (IFE) systems

- Space

NASA X-Ray Timing Explorer (XTE)
NASA Hubble Space Telescope (HST)
International Space Station
Laser initiation systems




In MAFA systems the ﬁain advantages of fiber optics over copper or coax cables
are small size, lightweight, ultra high bandwidth, high bandwidth-density product,
EMU/RFI isolation, radiation resistance, and resistance to obsolescence [6]. To quantify
the size and weight advantage, consider that the life-cycle cost of 1 pound of payload is
about $1000 for a commercial aircraft, the majoﬁty of which is fuel cost. With a fiber
optic-based landing gear system, the overall weight of a jumbo jet can be reduced by
approximately 250 pounds, representing a saviﬁgs of $250,000 per jet [6]. Other
platforms that can take advantage of this savings acquired from switching to a fiber-based
system are satellites and spacecrafts. The fuel cost per pound per launch is $20,000 to
$50,000 [6].

As the demand for FTTX and MAFA continue to increase, there will be an
increasing demand for affordable optical network units (ONUs). The main component of
ONUs is the optoelectronic transceiver, and the cost of the ONU is critical. One
approach to affordable ONUs is single fiber bi-directional communications. There are
several different approaches to making an optoeiectronic transceiver for single fiber bi-
directional communications.

The first approach used biconical couplers and’ an emitter/ detector pair at both
ends of the optical fiber to communicate [7]. A jsimpler approach, which eliminated the
need for a coupler, used a bi-functional devicei such as an LED, edge-emitting laser
(EEL), or vertical cavity surface emitting laser (ViCSEL) at.both ends of the link [8], [9],
[10]. These bi-functional devices are capabile of operating as light emitters or
photodetectors, depending on how they are biased. Because these devices ére inherently

light emitters, the optimum structural designs have to be altered to improve the



sensitivities of these devices in detection mode, which compromises the performances of
the devices in light emission mode. Another approach used a new structure containing
two p-n junctions, which operated as an LED and a ‘heterojunctior.l phototransistor,
alternately [11]. Two similar approaches used a photonic integrated circuit (PIC) at each
end of the optical link [12], [13]. The two p-n junction device and the PICs were grown
monolithically. Even though the emitter and‘ the detector were separated using a
monolithic approach, the growth material and structure was limited due to the lattice-
matching conditions. To avoid this limitation, a hybrid integration method was used to
integrate a thin film GaAs-based LED onto a- large silicon CMOS bipolar junction
detector [14]. In order to increase the responsivity and speed of the detector, a material
other than silicon needed to be used. The research herein uses a heterogeneous integratiqn
method to stack two independently grown and customized thin film devices onto SiO,-
coated silicon and a silicon CMOS transceiver circuit to form a 3D integrated

optoelectronic transceiver.



1.2 Dissertation Outline

This dissertation presents the results of an experimental study of thin-ﬁlm
emitters and ldetectors that are stacked and 3D heterogeneously integrated onto SiO,-
coated silicon and silicon CMOS transceivef circuitry to form an optoelectronic
transceiver for single optical fiber bi-directional communication. The emitters and
detectors were designed and grown independently, separated from their growth substrate
using selective etching and stacked in 3D on top of one another, with the detector on the
bottom. The thin-film devices that were fabriceted and studied in detail were resonant
cavity light emitting diodes (RCELEDs) and inverted metal-semiconductor-metal (I-
MSM) photodetectors (PDs).

Chapter 2 provides background information about different devices used to
providing single fiber bi-directional optical communications. It discusses the approach of
using bi-conical couplers along with an emitter/detector pair on each end of the link to
provide full duplex communication. Also covered in this chapter is a review of bi-
functional devices such as LEDs, edge—emitting léeers, and VCSELSs that are used for half
duplex single fiber bi-directional communieations.k In addition, moneiithically grown
photonic integrated circuits and co-located emitter and detector devices are highlighted.

Also included in this chapter is the deviceiphysics for the integrated devices. This
section gives a brief review of p-n and metal-semiconductor junction theery. These
theories are then extended to light emitters and photodetectors. The light emitters
discussed are LEDs, RCELEDs, and VCSELs. The coupling efficiency of the LED light
into an optical fiber is also covered. The photodetectors discussed are PINs and MSMs.

A capacitance comparison between the two photodetectors is included.



The last few sections of chapter 2 describe different optoelectronic integration
techniques. More established hybrid integration techniques such as flip-chip, bridge, and
wire bonding, are discussed first. Following these approaches is a review of more
recently developed techniques such as epitaxial liftoff (ELO), appliqué, and fluidic
assembly integration techniques. The fabrication of thin-film LEDs and I-MSM PDs
using a thin film heterogeneous integration process is discussed for the research in this
thesis.

Chapter 3 covers the process used to fabricate the 3D stacked optoelectronic
transceivers. This chapter highlights the ability to fabricate devices of different size,
shape, and material using the thin film heterogeneous integration process. Some
measurement results are included with each demonstration.

Chapter 4 describes a geometrical optics approach used to provide the theoretical
analysis of coupling efficiency between an LED and a multimode optical fiber, and
between a multimode fiber and a photodetector. The longitudinal and lateral alignment
tolerance is-also discussed.

Chapter 5 compares the experimental results to the calculated results. The results
include the responsivity of the‘:I-M‘SM PD withjLED shadowing, LED and I-MSM PD
bandwidth, and LED coupling ‘efﬁciency. Also eovered is the alignment tolerance of the
stacked device. |

The final chapter summarizes the goal of this research and the contributions made

to the field. It also points out how this research cén be extended into the future.



CHAPTER 2

BACKGROUND

2.1 Literature Review

2.1.1 Biconical Tapered Coupler

The development of full duplex bi-directional communication over a single fiber
was hindered by the lack of suitable access or .directional couplers to couple the light
source and photodetector to a single fiber [7]. High quality full duplex transmission of
analog-modulated video over a single multiluodc fiber was achieved in 1977 [7]. The
transmission link employed fused biconical taper couplers, a device that exhibited low
insertion loss, high coupling to the transmission line, and highb isolation, which were
required for high performance bi-directional comlnunication. The coupler was fabricated
using two sections of multimode fiber that were twisted around one another, then heated
using a torch to fuse the two fibers for a short distance along the side where they were
contacted. The fibers were simultaneously pulled during the heating to form twin
biconical sections, which were fused side by side over the entire length of the tapered
sections. Optical power transfer :Qccur;red by the conversion of guiding modes to

cladding modes in the decreasirlé :tapjcr;fsection 1n the input arm, transfer of a portion of
these cladding modes across the‘lfus'eid' lrégion of Ethe structure to the other fiber, and the

w;-!l.z

subsequent conversion of these claddmg modes to core-guided modes by the i mcreasmg

tapers of the two output arms of the couplers [7] Up to 50% of the optical power in a
:“l l
line was coupled, and excess 1ns_c{tlorlaloss was —0.5 dB when 30% coupling occurred [7].
' o ‘
The directional isolation was very high, which minimized the cross coupling between the



downstream and upstream signals. The biconical taper coupler, which is shown in Figure
1, made single fiber full duplex bi-directional communication possible, which reduced
the amount of fiber need for fiber optic links. However, many optical fiber

communication applications only required half-duplex operation.v

FUSED AND TAPERED REGION

Figure 1: Biconical Coupler [7].

2.1.2 Bi-functional LED

In industrial control and instrumentation systems, half duplex data distribution
systems were commonly used. With a half duplex system, a coupler could still be used.
In a more economical half-duplex system, an optical distribution system using an LED
source-detector (LED-DET) scheme, that is, LEDs used as both a light source and as a
photodetector was proposed in 1978 [8]. In this system the use of optical directional
couplers and conventional photodiodes were elfminated. When the sensitivity of the
LED’s used in the LED-DET scheme was better than the sensitivity of the conventional
photodiodes reduced by the furcation loss, which was twice the insertion loss of the
optical directional coupler, the system using the LED-DET scheme surpassed the
conventional half duplex optical transmission systems using directional couplers [8]. In
this system, high radiance GaAs-GaAlAs LED’s operated as heterojunction photodiodes

under reverse-bias voltage in the detection mode. Four different LED structures were



studied using the LED-DET scheme. The first obtical bi-functional device studied was a
multiheterojunction GaAs-GaAlAs LED (MH LED) with a tapered fiber launcher. The
MH LED had a GaAs active layer with a thicknéss of 0.2 pm, which was located in the
middle of the GagoAly1As optical waveguide with a thickness of 2.0 pm. The optical

power coupled into the multimode step index fiber with a core diameter of 80 pm and

Light output

Epitaxial _| ‘
layer "N

. Ohmic
i substrate contacts
. _ *

Figure 2: Surface Emitting LED [15].

N.A. = 0.26 from the MH LED was 500 pW at 120 mA. The sensitivity of the MH LED
in detection mode was 0.028 A/W at 2 V. The 3 dB bandwidth was 25 MHz in the LED
mode and 65 MHz in the detection mode. The results showed that the LED as a
photodetector was characterized by a relatively low sensitivity and a large diode
capacitance [8]. The sensitivities of a DH LED, a Burrus LED, and a MH LED without a
tapered fiber were measured. The sensitivity of the DH LED with Gag7Aly3As layers on
both sides a GaAs active layer was 0.005 A/W. The MH LED ;:onsisted of a waveguide
layer of GagoAlpiAs, which also included a GaAs active layer' and a GagsAlps3As

cladding layer. The sensitivity of the MH LED was 0.011A/W. The sensitivity of the

10



Burrus LED was 0.12A/W [8]. Figure 2 and Figure 3 shows the schematics of a
surface emitting LED and a Burrus LED, respectively.

Another investigation on the use of three types of LEDs as semiconductor
junction transceivers (SJT) was also reported [16]. The types of SITs studied were: a
GaAlAs edge-emitter with fiber optic pigtail, GaAsP large area surface emitter, and a
Burrus diode. To determine the detection capability of the LEDs, the external quantum
efficiencies were measured, which was defined as thé ratio of the short circuit electron
current to the incident photon current. The GaAs Burrus diode peak quantum efficiency

was ~10. At short wavelengths, corresponding to photon energies greater than the band
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Figure 3: Burrus LED [15].

energy, the absorption coefficient was large; electron hole pairs were created near the
surface where surface recombination effects - became important and limited the
photosensitivity [16]. The GaAsP surface emitter had higher quantum efficiency and

broader spectral response than the Burrus diode. Within the edge emitting diode the field
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that separated the electron hole pairs was perpendicular to the direction of the incident
optical flux, and extended to the surface of the diode [16]. Therefore, the quéntum
efficiency was less dependent on photon energy than in the surface emitting diode. This
was apparent from the broad spectral response of the quantum efficiency for the edge
emitter. The quantum efficiency was 0.7%, which was low compared to the other LEDs.
This was mainly due to the low coupling efficiency of the optical fiber to the edge
eﬁlitting diode. This investigation also repoﬁed that the dark current in the surface
emitting diodes was below 1-nA with reverse bias as high as 15 V. The edge emitter and
Burrus LEDs had much higher dark currents. It was concluded that broad area surface
emitting GaAsP LED used as semicohductor junction transceivers could perform at levels
suitable for low cost fiber optics industrial instrumentation and control systems with large
diameter fiber [16]. The penalty for using an SJT instead of an LED/PIN diode
combination was a factor of five loss in responsivity [16].

To improve the sensitivity, avalanche gains in LEDs were studied [17]. A double
hetefostructure Burrus-type LED was examined. Unlike silicon photodetectors, which
exhibit essentially constant sensitivity over a wide variation of reverse bias, the
sensitivity of these LEDs dépghded heavily én the re§erse bias conditions. The
_maximum quantum efficiency was 5.7A/W. Unfortunately, the dark current of thé LED
increased with the increase in reverse bias. This resulted in an optimum signal to noise
ratio at a gain of about half of the maximum gain [17]. The LED had an external
quantum efficiency of 2.5 A/W at the optimum point with a dark current of 6-nA at 20-V

reverse bias.
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2.1.3 Two p-n Junction Device

With the LED operating in detection mode, the device was either characterized by
low sensitivity or relatively high applied bias. To avoid this problem, a de‘vice‘ with a
new structure containing two p-n junctions that operated as an LED and a heterojunction
phototransistor (HPT), alternately, with ﬁ low applied bias voltage was grown by the
conventional slider-boat LPE technique [11]. The LPE process was in two sfages. In the
first stage, an undoped GaAs (collector) and a p-GaAs (base) vlayer were grown on the Si-
doped GaAs substrate. In the second stage n-Gag;Alp3As (emitter/LED lower
confinement, p-Ga (9sAlposAs (active layer), and p-Gap7Alp3As (upper confinement
layer) were subsequently grown on the wafer. A view of the device is shown in Figure 4.
In the LED mode, the device emitted light at a peak wavelength of ~840 nm with a

Lambertian profile. The external quantum efficiency was ~1% and the 3 dB bandwidth

P-Ga, Aly As:3um
(cmﬂnemem layer)

nGay Als As:5pm
{emitter/confinement
layer

Figure 4: Structure with two PN junétions [11].

was 10 MHz. In the HPT mode, the device detecfted light in the 700-870 nm wavelength |

range. The sensitivity was 2 A/W and the 3 dB bandwidth was 5 MHz.
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2.1.4 Bi-functional Laser

Contact ‘

Roughened ! . s G ——— ~1 pm
edges

i

Figure 5: Edge Emitting Laser [18].

The HPT bandwidth was one of the most important limiting factors in the optical
communication link. Another alternative to the LED that increased the bandwidth and the
sensitivity of the optical link was to use a laser instead of an LED as a bi-functional
device. It has been reported that lasers posséss the qualities of a photodetector with a
gigabit per second detection capability [9]. The use of lasers in analog and digital half
duplex optical communications links improved both the transmission capability and the
power margin of the transmission system [9]. A channeled-substrate planar (CSP)
structure GaAs/GaAlAs laser operating as a bi-functional device at 100 Mbps in a half
duplex transmission experiment using a 500 m single-mode fiber was reported [9]. The
laser was either forward biased or zero biased, depending on whether the laser was in

transmitting mode or receiving mode. This laser is shown in Figure 5.
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The laser emitted at an 830 nm wavelength with a full width of 3.74 pm at e of
the peak intensity. When the laser was zero biased or reverse biased, the light incident on
the active region was absorbed and the laser performed like ﬁ photodetector. The
responsivity in this mode was 0.15 A/W. The bandwidth of the CSP laser/detector was
limited by the large capacitance of the planar structure of the diode [9]. The impulse
response of the laser/detector was 2.5 ns (FWHM) at zero bias. At a data rate of 100
Mbps an optical power margin of ‘14 dB for a bit error rate of 10 was obtained. One
problem with the laser was that the responsivity was not broad enough to account for the

extremely broad spectral responsivity range needed for a low cost configuration.

2.1.5 Photonic Integrated Circuit

To combat the broad spectral range problem, a simple photonic integrated circuit
(PIC) that would have the benefits of the laser plus the desired broad spectral responsivity
range was constructed [12]. The PIC was a simple in-line waveguide device, with the
integration. of a gain section, a specially designed detector, and a beam expander. All
three sections were integrated inside the Fabry—Perot cavity of a laser along an underlying
waveguide. To obtain a broad spectral responsiviiy range, a 1.4 um bulk quaternary layer
was add to the detector region. By making use (i)f the high gain provided by the MQW
layers together with the polarization independentéresponse of the bulk active layer in the
detector section, an optimized gain and detectoér section was achieved. The detector
section did not significantly degrade the perfom;ance of the laser. The purpose of the

beam expander was to reduce the packaging cosf of the PIC. With the beam expander
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there was no need for a lensed fiber, as good coupling into a cleaved single-mode fiber

was achieved [12].  Figure 6 shows the schematic structure of the PIC.

aser detector beam expander
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Figure 6: Schematic structure of PIC [12].

The bi-functional device included three s(ections: a laser, a detector, and a beam
expander integrated aldng an underlying backbqne of the waveguide. Two InGaAsP
quaternary layers, with A, = 1.1 pm, separated;by an InP stop etch layer formed the
underlying waveguide structure. The bottom layer was 800 A thick and the top layer was

1400 A thick. The laser section consisted of six compressively strained (0.9%) 70 A

thick quantum wells, and 150 A tensile strained barriers. The length of the laser section
was 500 pm. The detector section consisted of ‘MQW layers and an 800 A bulk layer.
This section was electrically separated from the laser section. To decrease the amount of
capacitance this section was only 85 pum in length, which yielded a capacitance that was
approximately 2 pF [12]. The beam expander section consisted of a top layer that was
adiabatically tapered laterally from 3 pm to termination. The bottom remainedr 5 pm in
width along the 300 pm beam expandér section. The purpose of the section was to

transform the elliptically shaped mode both laterally and vertically to a shape that better
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matched the shape of the mode in a single-mode fiber [12]. The PIC was grown in four
steps by metal organic chemical vapor phase epitaxy. First, the waveguide layers, the
MQW, and the bulk A, = 1.4 pm InGaAsP were grown.

To increase the responsivity of the device the front facet was antireflection (AR)
coated. The highest responsivity measured was 0.43 A/W, with very low sensitivity to
polarization. The specially designed detector had a broad spectral range of 80 nm. The
laser section operated in two different ways. Oﬁe way was to simultaneously drive the
gain section and the detector, which yielded a threshold of ~65 mA. A better operation
scheme was to drive the detector section at a constant current that was higher than 30
mA, which yielded a threshold of 20 mA.

Another PIC that was fabricated for fiber access systems was a monolithically
intégrated semiconductor LED-amplifier device [13]. As a transmitter source, the
integrated LED-amplifier operated at 1.3 pum -wailelength with about 10 mW chip output
power and a few milliwatt of power coupled into a single mode fiber. As a receiver, the
amplifier section of the PIC was used as a waveguide photodetector. A schematic

diagram of the monolithically integrated LED-amplifier is shown in Figure 7.
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Figure 7: Monolithically integrated LED-amplifier [13].

The device was fabricated with two active elements. The back active section was used as
a conventional LED and the front section amplified the input from the LED to higher
output power. Single-mode buried heterostructure wavegliides were used in this
integration. The active regions consisted of six compressively strained 50 A thick
InGaAsP (A g = 1.36 pm) quantum wells with 150 A thick InGaAsP (A ; = 1.1 pm)
barriers and an underlying 2000 A InGaAsP (A, =1.1 um) thick guiding layer. The same
active waveguide structures were used for both the LED and the amplifier for optical
emission and gain around a A = 1.3 pm wavelength. To provide partial isolation and to
avoid forming a long superluminesent diode, a,?simple waveguide absorber was grown
between the LED and the amplifier [13]. A thin I:nGaAsP (A g=1.4 um) layer was grown
on top of the MQW layer to absorb more uniforrhly the LED light over a broad spectral
range. The length of the waveguide absorber; /isolator was 40~60 pm, which was
adjusted to provide 6 to 8 dB attenuation while trénsmitting 0.2 mW of LED light into the
amplifier. The backside of the LED also had a 170-;pm long waveguide absorber

followed by an unguided region, which eliminated optical reflections from the back facet.
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The lengths of the integrated amplifier and LED were 550 pum and 300 pm, respectively.
The device was grown by four-step metal organic vapor phase epitaxy (MOVPE).

With 125 mA of current applied to the émpliﬁer, a 10 mW chip optical output
with 4 mW coupled into a single mode fiber wére obtained with about 150 mA current
applied to the LED [9]. The broad spectral respbnse was 300 A to 500 A FWHM. The
zero or reverse biased integrated amplifier waé used as a photodetector. The 550 um
long ami)liﬁer in receiving mode produced a large capacitance of 10 pF, which limited
the receiver sensitivity. Also, the detector was more sénsitive to TE polarization than TM

because the MQW active layers were compressively strained [13].

2.1.6 Bi-functional VCSEL

Another semiconductor device that can operate as a bi-ﬁlnctionai device with
limited detector device optimization is the vertical cavity surface emitting laser (VCSEL).
The idea behind this research was to exploit the property of resonaﬁt cavity enhancement
(RCE) inherent in the VCSEL, along with avalanche gain, in order to achieve an efficient
photodetector performance, whilg mgintaining the lasing function [10]. To achieve this,
the émitting facet reflectivity was feduced to all%ow improved injection of light into. the
cavity for detection, but was maintained a%t a sufﬁiciently high level to allow the device to
continue to perform as a laser [10]. Therefore, the tradeoff that was made in optimizing
the device was to reduce the top mirror reﬂectivify (required for increased light injection
onto the cavity and to broaden thé spectral rangc% of the detector) but still maintaining a
high enough level for low threshold and efficient élasing [10]. The VCSEL structure used

was a proton bombarded, top-emitting device with an aperture of 12 pum, operating at
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around 850 nm. The cavity was formed using top and bottom mirrors consisting of 20
and 32.5 GaAs-AlAs mirror pairs, respectively. The active region consisted of three 70
A GaAs quantum wells. A schematic of a cross section of is shown in Figure 8. Before
device modification the typical threshold current was 4.5 mA with the slope of the L-I
curve 0.26 mW/mA for output powers up to 2 mW. After etching away the mirrors, the
threshold current was 6.5 mA, while the slope of the light curve increased to 0.33
mW/mA. The quantum efficiency of the VCSEL in detection mode was 14% at zero
bias. The dark current increased with applied bias to 20 nA at 8 V, and just around 150
nA just below breakdown. The observed breakdown voltage was 8.7 V. The range of
wavelengths ovef which the VCSEL absorbed light was very narrow, due to the high

selectivity of the Fabry-Perot
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Figure 8: Schematic cross section of a VCSEL [10].

resonant cavity formed by the mirrors. The spectral response had an absorption peak
with a FWHM of 2.4 nm, which occurred at thé same wavelength that the lasing peak
occurred. The VCSEL transceiver operafed between 1 and 2 Gbps with an estimated

capacitance of 1.2 pF [10].
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2.1.7 Co-located Emitter and Detector

When a laser and a detector grown monolithically or a single bi-functional device
such as an LED is used to create a transceiver, the optimization of individual devices is
limited. To avoid this problem, a transceiver was fabricated by growing and optimizing a
GaAs based LED, separating it from its growth substrate, and integrating it onto a silicon
detector array with analog optoelectronic transceiver interfaces and digital circuitry on

the same chip[14]. A schematic view of the silicon phototransistor is shown in Figure 9.
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Figure 9: Schematic of bipolar junction phototransistor with integrated LED [14].

This heterogeneous integration approach enabled an emitter to be optimized without the
risk of degrading the performance of the silicon detector. The double heterostructure
LED was composed of a 100 A highly doped p-%type GaAs contact 'layef, a 2.24 pm p-
type Aly3GapsAs buffer layer, 5000A intﬂnsiééGaAs active layer, a 2.24 pum n-type
Alp3Gay7As injection layer, ahd a highly doped él-type contact layer. The structure was
gran on top of a 2000 A AlAs sacrificial etch la;yer. This AlAs sacrificial layer enabled
the separation of the epitaxial devices from its grfowth substrate. The deyices were then
bonded to a transfer diaphragm for subse:que:nti bonding to the center of the silicon

detector circuit. The silicon detector was a 1 mm x 1 mm array of phototransistors with
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the base current controlled by the incident optical light. The maximum operating
frequency of the system was 50 kHz, which was limited by the large gain, low bandwidth
amplifier [14].

To achieve higher speeds and responsivity, material systems other than silicon
must be used for the emitter and photodetector. This dissertation presents a
heterogeneous integration method that was used to stack a GaAs RCE LED on top of
either a GaAs or an InGaAs I-MSM PD. With the LED in the center of the larger I-
MSM PD, a coupler is unnecessary for single fiber bi-directional communication.
Unlike the bi-functional devices such as the LED, EEL, and VCSELs, described
previously, the performance of one function is not compromised to improve the other,
because there is a device for each function. Furthermore, the material and structure of the
3D stacked device are not limited because of lattice matching constraints, in contrast to
photonic integrated circuits. Each device is designed and grown independently, removed
froni its growth substrate using a thin film integration process, and stacked. A schematic

of the 3D stacked device is shown in Figure 10.

I-MSM PD Contact Pad I-MSM PD
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Figure 10: 3D stacked thin film device
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2.2 3D Stacked Device Physics

2.2.1 Junctions

To understand the devices used in this research a brief review of junction theory is
necessary. The two junctions that are of importance to this research are p-n junctions and
metal-semiconductor junctions. These junctions are fundamental to the performance of
functions éuch as rectification, amplification, switching, and other operations in

electronic circuits, as well as in photonic devices.

2.2.1.1 p-n Junctions

The first junction to be discussed is the p-n junction. Let us consider two separate
semiconductors, one p-type and the other n-type, as shown in Figure 11. As these
two materials are joined together to form a junction by a growth, alloying, diffusion, or
implantation technique, electrons from the n-typé material diffuse to the p-type material,
which has a much lower concentratidn of electrons. The same action happens on the
other side of the junction with the holes diffusing into the n-type material. Unlike two
types of air molecules, which would continue to diffuse until a homogenous mixture has
formed, an opposing electric field created by the“ionized donors and acceptors limits the
amount of diffusion. In equilibriurﬁ the electric %ﬁeld builds up to a point where the net
current is zero [19]. The region in which the eleictric field exists is called the depletion
region, since it is nearly depleted of carriers cor:npared to the rest of the bulk material.
The width, W of the region is related to the buiit-in poténtial difference or voltage, V,,
across the depletion region. The band diagrams l;efore and after forming the junctioﬁ are

shown in Figure 11.
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Figure 11: (a) Separate p and n type semiconductors and their band
diagrams, and (b) formation of depletion region when materials are
joined together and corresponding contact potential and energy band
diagram {19].

A quantitative relationship between ¥, and the doping concentration can be found by

considering the equilibrium current equations. The electron and hole current densities,

Jn(x) and Jp(%), respectively, are given by [19]

J,(x)=qu,n(x)E(x)+¢D, d’;(;) Equation 1
Jp(x) qu,p (x)E(x) gD, dI;EC x) Equation 2

where ¢ is the magnitude of the electron charge, E(x) is the electric field, x4, and y, are
the electron and hole mobilities, n(x) and p(x) are the electron and hole concentrations,
and D, and D, are the electron and hole diffusion coefficients, respectively. The built-in

voltage is given by [19]
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N_N
V0=Eln "2" :

q n;

where k is Boltzmann’s constant, T is the absolute temperature, #; is the intrinsic carrier

Equation 3

concentration, N, and Ny are the acceptor and donor concentrations, respectively.

The depletion width, W, is given by [19]

172
W= 2¢7, [ 1 + ! Equation 4
q Na Nd

where ¢ is the semiconductor dielectric constant. When a voltage is applied to the p-n

device, the depletion width changes. The effects of applying a voltage can be seen in
Figure 12. By applying a forward bias, the electrostatic potential barrier is lowered,
corresponding to a smaller depletion width. Ho:wever, by applying a reverse bias, the
electrostatic potential barrier is raised, which translates to a widening of the depletion

region.

Equilibrium Forward bias Reverse bias
(V=10 (V=1V) V=-V)
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Figure 12: Effects of bias at a p-n junction on depletion width [19].

A varying depletion region results in a varying capacitance. There are two types
of capacitance associated with p-n junctions: (1) the junction capacitance that depends
on the depletion region and (2) the charge storage capacitance that arises from voltage

lagging a changing current [19]. The junction capacitance is dominant under reverse bias

25



and the storage capacitance is dominant under forward bias. The junction capacitance is

given by [19]

€4 )
C;= W Equation 5
where ¢is semiconductor dielectric constant, W is the depletion width, and 4 is the cross-
sectional area of the junction. The charge storage capacitance for a p*-n junction, where

p' indicates a heavily doped p-type junction, is given by [19]

2

C, =q—ALPPnqu/kT =L Equation 6

kT %
where 4 is the cross-sectional area, L, is the hole diffusion length, P, is the nﬁinoﬁty hole
concentration, V is the applied voltage, I is the' app'lied currént, and 7, is the minority
carrier lifetime. This equation assumes that the §+-n jupction is forward biased in steady
state with ¥, and has a steady state current 1. ’Il‘he charge storage capacitance can be a

very serious problem for LEDs, which are forward biased p-n junctions, by limiting the

high speed operation.

2.2.1.2 Metal-Semiconductor Junction

As stated earlier, p-n junctions can be used to perforrjn many electronic circuit
functions. However, a simpler junction to fabﬁcate isa metai-semiconductor junction,
which can perform some of the same functions, ;uch as high-speed rectification. Unlike
the multiple masking steps required to make i)-n junctions, 'the metal-semiconductor
junction requires one mask to define the conitact pattern and the deposition of an

appropriate metal film. When a metal is brought in contact with a semiconductor, charge

is transferred until the Fermi level is aligned. This charge motion causes an electric field
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to form that limits the amount of electrons that diffuse. In compound semiconducfors,
unlike silicon, metals which form ohmic contaéts and Schottky barriers are identified
empirically, i.e., there is no consistént relationship between work function and electron
affinity which can consistently predict whether a metal/semiconductor interface will form
an ohmic or Schottky contact. Just as in the case of a p-n junction, a depletion region is
formed near the junction with width, W. The resulting current from a forward biased
metal-semiconductor Schottky barrier junction diode is given by [15]

I = ABT?e s /AT gaV InkT | Equation 7
where 4 is the Richardson constant, B is the junction parameter constant, T is the absolute
temperature, g is the magnitude of the electron charge, k is Boltzmann’s constant, g¢p is

"Schottky barrier height, and » is the ideality factor. The capacitance of the device is
related to its depletion width. Since the Schottky barrier on an n-type semiconductor is

similar to a p*-n junction, the width is similarly given by [20]

Equation 8

gN,

where ¢ is the semiconductor’s dielectric constant, Vp; is the built in voltage, V is the
applied voltage, and N;is the donor concentration. The capacitance is given by [20]
cA
Cj -
w

where A4 is the cross-sectional area, £ is the semiconductor’s dielectric constant, and W is

Equation 9

the depletion width.
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2.2.2 Light Emitters

2.2.2.1 Light Emitting Diodes

An LED is a simple p-n junction that spontaneously emits light when forward
biased. Under forward bias, electrons are electrically injected into the p side and holes
are electrically injected into the n side of the junction [21]. As the minority carriers
diffuse away from the junction, they recombine with the majority carriers. A
semiconductor bandgap can be direct or indirect. Semiconductors are classified as either
direct or indirect materials depending on the shape of the band gap as a function of
momentum, k [21].  Semiconductor LEDs are comprised of direct bandgap
semiconductors, which means that most of the injected carriers recombine radiatively.
Most of the recombination occurs near the junction. The amount of energy emitted‘when
the carriers recombine is near the bandgap energy of the semiconductor and is related to
the frequency at which the photon is emitted where,

Eg =hA | Equation 10

The wavelength of light required usually determines the type of semiconductor that is
necessary. GaAs has a direct bandgap of 1.43eV (A4 ~850um’) at room temperature and
therefore emits in the near-infrared region [19]. |

The processes occurring in a junction LED can be divide into three stages: (1)
The excitation or injection stage where excess cvam'ers are injected into the junction by
forward bias; (2) the recombination stage Where; excess-:qarr_i.ers give up théir énergy as
photons; and (3) the extraction stage where the photon leaves the semiconductor [15].
Each of these of the processes has an efficiency which contributes to thg overall device

efficiency, 7,, that is expressed as,
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770 = 77;',.77,- ne Equation 11

where 7,, 7, and 7. are the injection, recombination and extraction efficiency,
respectively. An injection efficiency of 7, = 0.8 can be achieved for GaAs. In direct
bandgap - materials the radiative recombination efficiency is usually ~ 50% for
homojunction devices and 60-80% for double heterojunction devices [15]. Given these
high efficiencies for 7, and 7,, a critical factor in the overall device efficiency is the
extraction efficiency. Several factors influence the amount of light that emerges from the
device. One of the most important factors is the absorption coefficient of the
semiconductor. In GaAs the absorption coefficient, ¢, is about 10° cm™ at A ~ 850 nm,
which implies that after traversing 2 pum, half of the photons are reabsorbed [15]. Two
other factors that affect the extraction efficiency are surface state nonradiative
recomﬁination and device geometry. The external quantum efficiency, 7, is defined as
the ratio of the optical power, P,, to the electrical input power, P,, which is expressed by

[15],

n, = o Equation 12
P

e

This equation takes in to account the extraction efficiency. Typical ‘values for 7, range
from 1% to 5% for LEDs. | |

When trying to couple light into a fiber, t}le radiation pfelttem:(:)f thei emitter must
be known. LEDs are characterized by their LamlE)ertian output ;patterh,:which means that
emitted light is equally bright when viewed from any direction [;22].
The power delivered from an LED at an angle ?measured rglativei tio a normal to the

emitting surface varies with cos (6), where the brightness function is given as [22]
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B(6,4) =B, cosf Equation 13

where B, is the radiance along the normal to the radiating surface. The total optical power
emitted from a surface emitting LED of area, 4, zp, and aperture radius, r.gp, is given by

[22],
P, =4, ["["B@,¢)sindd0d¢
=}, (27rB0 [*cosOsing dH)

= ”2"1,25030 Equation 14

When the radius of the fiber core is larger than the radius of the LED, the power coupled
into a step-index fiber is calculated by integrating over the solid acceptance angle, which

is related to the fiber numerical aperture, NA, and is given by [22],

P, = [ ["(27B, [~ cosBsind d6 )dp rdr

=nB, [ ["sin’ @, dgrdr

o0,max

= 7B, [ ["(NA)*d¢ rdr

=r’rk,B,(NA)®* =n*r2,B,(n? —n2)""?>  Equation 15

Therefore, the coupling efficiency between an LED and a step index fiber with a core

diameter that is larger than the LED diameter is given by [22], [23], [24], [25], [26], [27],

P, A
77Sgep = Psi = (NA)2 ’ Equation 16

LED

When the LED diameter is larger than the fiber core diameter, the coupling efficiency is

given by [22],
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2 .
Nstep = (rcﬂ} (NA)2 Equation 17

Tiep

where 7re is the radius of the step-index fiber core d 7,£p is the radius of the LED. The

importance of the numerical aperture is seen by the acceptance angle shown in Figure 13.
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Figure 13: LED coupling into a step-index multimode fiber [22].

The power coupled to into a graded-index ;ﬁber is quite different from that
coupled into a step-index fiber because the fiber numerical aperturé varies as a function
of radial coordinate, r. Generally, the core index of reﬁactioﬁ dec;aases as the radial
distance from the center of the fiber increases. The local NA for graded-index fiber is
defined as [22],

2 2 J1/2
NA(r):{([)n (r)—nz] Jorr<r, } ~ Equation 18

for r > rcore

where n(r) is defined by [22],

1/2

v .
- <r<
n(r) = n |1 ZA(r J for0<r<r,,

core

Equation 19
n, - forrzr

core

and A is defined by [22],
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2 _ 2
n, —n
A= d Equation 20

2
2n,

where o, is a dimensionless parameter that defines the shape of the index prqﬁle [22].
Therefore, power coupled from an LED into a graded-index fiber is given by [22],

P, =B [ ["(NA(r)) dprdr

graded

=27B, [ [n*(r)- n:]mrdr

a
= 2”2rLzsoBo”12A[1 —%("’-E_DJ :l Equation 21
a

rcore

The coupling efficiency is given by [22],

M graded = Lowta_ 202 A 1—_2—(1@. Equation 22
PLED a +2 rcore

For optical communications requiring bite rates less than 200 Mbps, multimode
fiber-coupled and LEDs are the best combo. The frequency response of an LED is

limited by its diffusion capacitance, which is due to the storage of injected carriers in the
active region of the diode [22]. The optical poWer varies as a function of frequency, o,

and is given by [22],
P(co) =P [1 + (wreﬂ;)z ]-1/2 Equation 23

where P, is the power emitted at a zero modulation frequency and 7.y is the effective

carrier lifetime. 7y is given by [22],

) =T{ sinh(d / L,)+(L,S /D)(coshd / L, —1)

: 5 - - Equation 24
[(L,S/D)? +1]sinh(d / L,)+(2L,S / D)cosh(d / L)
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wherer is the carrier lifetime, d is the active layer thickness, Lp is the diffusion length
with diffusion coefficient D, and S is the interfacial recombination velocity. The 3-dB

modulation bandwidth Awis given by [22],

Aw=—- , Equation 25

A closeci-closed form approximation of the transient response of high-radiance double-
heterojunction LEDs has been derived that assumes that the junction space charge
capacitance C; varies much more slowly with current than the diffusion capacitance Cy
and can therefore be considered a constant. With this assumption, the rise time to the

half-current point of the LED is given by [22]

C

S

1
Ty = In-2+7In2 ‘ Equation 26
1

P s

where = q/(2kpT), I, is the amplitude of the cufrent function used to drive the LED, and
I is the saturation current. This equation indicates that an increase in current gives a
reduction in rise time. Another equation relating fhe recombination lifetime to the current
density and the active region width, d, shows that the lifetime can be reduce by increasing
the current density, J. The recombination lifetime is given by [15]

T, = (ﬂJm _Equation 27

"\ B,

where B, is the band-to-band recombination in units of cm’s™. B
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2.2.2.2 Vertical Cavity Surface Emitting Lasers

Vertical cavity surface emitting lasers (VCSELs) are very attractive for a number
of reasons. The VCSEL surface emitting geometry makes it a great candidate for many
applications such as arrays and optically integrated elements for parallel optical
processing [28], [29]. Basically, a VCSEL is a laser with its mirrors on the top and
bottom surfaces, forming a vertical cavity. With this arrangement, the electric field is in
the same direction as the mode propagation [15]. The advantage of using a vertical
cavity configuration as opposed to a cleaved cavity configuration is that the cavity length
is smaller, which means that the frequency separation between the modes increases. | This
leads to better modal purity [15]. However, sincé the round trip distance is reduced, the
gain is also reduced. Therefore, the threshold current density increases. Having high
reflectivity mirrors can lessen this problem.

The operation of a semiconductor laser is very similar to that of an LED.
However, for all lasers, stimulated em‘ission and optical feedback are necessary. Under

forward bias, large numbers of electrons and holés are injected into opposite sides of the
p-n junction depletion region. In most semiconductor lasers, the electron injection is
larger than the hole injection, since the electron 1nJ ection efficiency is higher for the same
amount of applied bias. Also the mobility of electrons is higher than that of holes. For
example, the electron and hole mobilities for GaAs are 8500 cm?/V-sec and 400 cm?/V-
sec, respectively [19]. These factors make conditions for population inversion possible.
A population inversion exists when the population of excited atoms exceeds the
population of ground state atoms. Population inversion in a semiconductor laser is a little

different from other types of lasers. However, just as in other lasers, the rate of
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stimulated emission must still be greater than the absorption rate for inversion. Stated
mathematically,

R,>R,, Equation 28
where Ry and R, are the stimulated emission rate and the absorption rate, respectively.

Fora semiconductor this condition is achieved when

F-F >hv>E, Equation 29
where F, and F, represent the electron and hole quasi-Fermi levels, respectively, 7 is
Planck’s constant, v is the photon’s frequency, E, is the bandgap energy [18], [19]. The
difference in the quasi-Fermi levels is equal to the applied forward bias. In order to
achiéve lasing, two conditions are necessary: (1) the gain must at least be equal to the
loss; and (2) the radiation must be coherent [15]. The combination of the cavity and the
stimulated emission produces coherent light. The gain can be calculated by analyzing the -
light intenéity for one roundtrip within the semiconductor cavity. The intensity is given

by [15]
I= IDRleez(”" Equation 30

where I, is the initial intensity, R 1lrand R; are the reflectivities of mirror 1 and mirror 2,
respeétively, g is the gain, / is the lfength: of the cavity, and y is the _‘loss.fl ‘When the round

trip gain is equal to the loss,

“and

1=R R &) |
|

Solving for the threshold gain, gy, yields [15],
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1 Equati
=y +—In quation 31
LAy (R,Rz ]
The threshold current is given by [15],
2 2
J, = 8zv, qdr;n, Av (g,) Equation 32

TC

where v, is the frequency corresponding to the spontaneous emission spectrum, Av is the
linewidth of the spontaneous emission spectrum,' d is the active layer thickness, 7 is the
spohtaneous recombination lifetime, and #, is the ‘semicondu;tor refractive index.

The output of a laser consists of a iarge number of discrete frequency
components. These discrete components are called longitudinal Iﬁodes of thé cavity.
The mirrors at the end of the cavity establish a standing wave in the laser cavity resonator

with wavelength, A, which satisfies [15]

_ma

Equation 33
2n,

l

where [ is the length of the cavity, », is the semiconductor refractive index, and m is an
integer called the mode number. The freqﬁency separation between adjacent modes is

giveﬁ by [15]

_c
2n,l

Another parameter of importance is the linewidth of the individual modes. The linewidth

OV Equation 34

of an optical cavity is given by'Ab = (photon lifetime)'which is proportional to (cavity
length) [9]. The linewidth is also directly dependent on the spontaneous emission rate.

- The spontaneous emission rate of a iaser near threshold is given by [20]
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and the radiative lifetime at inversion is given by [20]

T
T~
4

where 7, is the lifetime for typical LED operating conditions.
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2.2.2.3 Resonant Cavity Enhanced Light Emitting Diodes

The emitter used in this research is a double heterojunction GaAs-based resonant
cavity enhanced light emitting diode (RCE LED). The spectral characteristic of an RCE
LED lies between the spectral characteristics of a surface emitting LED and a VCSEL.
However, the basic operation of an RCE LED is the same as that of a surface emitting
LED. The optical properties of RCELEDs are superior to that of conventional LEDs, but
the cbmplexity of the fabrication process is very similar [30], [31], [32]. The superiority
of its optical properties is due to the placement 6f the active region in an optical cavity,
Where the optical cavity mode is in resonance with the spontaneous emission of the active
region [30].

There are many advantages in placing thé active region in an optical cavity. One
advantage is the ability to enhance the spontanéous emission [30]. The probability of
spontaneous emission is proportional to the bptiéal mode density, and the optical mode
density in an optical cavity is significantly enhanced for on-resonance wavelengths [30].
A dramatic change in spontaneous emission lifetime also results from the placement of
the active region of an LED in a resonant optical pavity. For high finesse optical cavities,
change in the spontaneous emission lifetime is a factor ofAl'O or greater [30].

Another advantage of placing the active region 1n én o.pticall cavity is that the emission of
the light through the top mirror or surface is incréésed due to the light that is reflected off
- of the highly reflective bottom mirror/contact. ?Unlike RCELEDs, conventioﬁal LEDs
have anisotropic light emission [30]. Due to tﬁe fact that the top mirror reflectivity is

less than that of the bottom mirror, RCELEDs are isOtr'o'pic‘ with most of the light that

propagates along the optical axis exiting the top sﬁrface [30].
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Improved spectral purity is another advantage of RCELEDs over LEDs. The density of
states in the conduction band and valence band and the thermal energy of the carriers
determine the spectra linewidths of conventional LEDs [30]. An LED linewidth is
usually around 1.8 kT, where kT is thermal energy. Spectral purity can be improved with
RCELEDs due to the fact that the spontaneous emission from the active region is
constrained to emit in the modes of the optical cavity. The Q-factor of a co-planar Fabrsl-

Perot cavity is given by [33]

Q = ALV =2 l;{ (— In /RIR2 )_1 Equation 37

where L. is the cavity length, and Av and v are the linewidth and cavityv resonant
frequencies, respectively. R; and R; are the reflectivities of the top and bottom mirrors,
respectively. Given a Q factor of 120, a reflectivity product of 0.9 and a wavelength that
is equal to the cavity length, the corresponding linewidth is 24v = 12 meV which is
narrower than 1.8 kT (eV). This improvement iﬁ spectral purity is important for optical
communications because it leads to less chromatic dispersion. The pulse broadening due

to chromatic dispersion is given by [34]

c

AT & (l dn(/l 0 )]lAl ) | Equation 38

o

where [ is the fiber length, AL, is the spectral \;vidth of the source, and the chromatic
dispersion coefficient is the bracketed term. As c:an be seen from Equation 40, chromatic
dispersion is the rate of change of the index of réﬁaction of an optical fiber with respect
to wavelength divided by the speed of light, c. T he chromatic dispersion coefficient for

A=850 nm is approximately equal to 100 ps/(km-nm) [34].
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There are two important conditions that needs to be met in order to maximize

LED power and temperature insensitivity [34]:

(1-R)>({1-R,) : Equation 39
and

&Q2aL)<(1-R).

The first condition states that the transmission of light through the top mirror must be
greater than the transmission through the bottom mirror in order to have the majority of
the light exit through the top output mirror. The second condition states that the round
trip cavity absorption loss, 2al., must be less than the transmission of light through the
top output mirror. The factor £ is an intensity enhancement factor that is between 1 and
2, where a value of 1 is given for thick active regions, and a value of 2 is given for a thin
active region placed in an electric field antinode of the cavity’s standing wave [54]. The
second condition is needed to ensure that self absorption does not negate the
enhancement created by the resonant cavity and that there is a significant amount of

output power. The peak intensity enhancement factor is given by [34]

G =% (1 +\/E)2 1 _Ru)h Equation 40

"2 (-yRR) =

where T,y and 1, are the lifetimes with and without a cavity. This formula assumes that
there is no reabsorption of the light by the activei material of the cavity, which is a good

assumption for thin active regions.
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2.2.3 Photodetectors

2.2.3.1 PIN Photodetectors

The most commonly used photodetection device is the junction photodiode. The
basic principles of operation for a junction diode are as follows: (1) the diode is reversed
biased, which results in a small reverse saturation current; (2) the incident photons are
absorbed, mainly in the depletion region, and éxcess electrbn-hole' pairs are generated; (3)
the photogenerated carriers in the depletion region driﬁ in opposite directions because of
the reverse bias, thus, creating a photocurrent [9]. There are several types of junction
diodes. One that is of interest to this research is the p-i-n (or PIN) photodiode.

The PIN photodiode is a junction diode in which'a nominally uﬂdoped or intrinsic
region is sandwiched between a p* and n* region as shown in Figure 14. The intrinsic (i)
region does not have to be truly intrinsic as long as it is has low doping. This néminally

undoped region can be either p” or n’, depending on the method used to form the junction.

:Jd .rf RS

Figure 14: PIN photodetector with energy band
diagram [9]. i
Because of the low carrier density in the intrinsic region, which leads to a high

resistivity, the majority of any applied bias will drop across the i-region, which is fully
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depleted at zero or low reverse bias [9], [S1]. The advantage of a PIN photodiode is that
it has a “controlled” depletion region or width, which can be tailored to meet the
requirements of photoresponse and bandwidth [9]. By increasing the thickness of the
intrinsic region, the photoresponse can be enhanged. However, increasing the thickness
of the active region reduces the bandwidth. This photoresponse-bandwidth tradeoff
limits the amount of tailoring that can be done.
Since there is no internal optical gain under normal operation of a PIN
photodiode, the maximum quantum efficiency is 100%. Therefore, the gain-bandwidth
product of a PIN with maximum quantum efﬁciéncy only depends on the bandwidth of
the device. The bandwidth is usually limited by the carrier transit time or by external
circuit parameters such as input resistance and input capacitance [9]. The transit time of
carriers across the depletion region depends on the width of the region and the carrier
velocity. By reducing the thickness of the intrinsic region, the transit time can be
reduced. However, there is a trade off between transit time and quantum efficiency as
previously stated. For optimal speed performance usually the transit time, ¢, is restricted

to [9]

t = %(modulation period) - | Equation 41
and
l, =Ty ‘ W Equation 42
where .TRC is the RC time constant of the device, which is dependent on the juncﬁon
capacitancé of tﬁe device.
The photogenerated current consists of two components: (1) drift current; and (2)

diffusion current. The drift current is a function of the number of photogenerated
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electron-hole pairs generated in the depletion region. The generation rate, assuming

100% quantum efficiency, is given by [9]

G(x) = fiﬂcg—h_G—Rz oe™ Equation 43
14

where P, is the incident optical power, @ is the reflectivity of the top surface, « is the
absorption coefficient, / is Planck’s constant, v is the incident light frequency, and 4 is

the cross sectional area of the junction. The drift current density, J, is given by [9]

Jdr = _q _‘jy G(x}ix
Equation 44

=—q })incg;‘/@R)(l_e—aW)

where ¢ is the magnitude of the’ electron charge and W is the width of the depletion
region.

Now focusing on the diffusion component of the current, minority carrier
generation in the bulk regions becomes important. Since the top p* layer is usually
transparent in a double hetefojunction device, ‘the main concern is minority carriers
produced in the n* layer. The diffusion current density for the minority carrier holes

produced in this layer is given by [9]

P (1-0O alL D
J ay =49 - ( R ) i_gm¥ — qp no — ‘ Equation 45

Ahv  1+dl, L,

where Ly is the diffusion length for holes, Dy is the diffusion coefficient for holes, and

Pno is the minority concentration at a distance more than approximately 3Ly, from the

depletion region. The total current density is given by

J=J, +J Equation 46
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2.2.3.2 Metal-Semiconductor-Metal Photodetectors

The detec.tors used in this research are Metal-Semiconductor-Metal (MSM)
photodetectors (PDs). An MSM PD is formed when two interdigitated Schottky contacts
are deposited onto a nominally undoped semiconductor. The contacts are biased to create
an electric field between the two contacts. When light is incident on the semiconductor,
an electron hole pair is generated, and the carriers are swept to their respective contacts
by the electric field. The speed and sensitivity of the MSM PD is dependent on the width
- of the contact fingers and the gap between them. Decreasing the gap between the
interdigitated contacts can increase the speed of the device by decreasing the carrier
transit time. Increasing the width of the contacté can increase the speed by reducing the
gap capacitance and the contact resistance. However, there exist a tradeoff between
speed and sensitivity. To increase the sensitivity, the gap between the contact fingers has
to increase and the width of the contact has to decrease. This minimizes the amount of
surface optical shadowing from the contacts.

This tradeoff can be avoided by back illuminating the MSM PD [63]. To

optimize MSMs for speed and sensitivity, the research herein uses inverted-metal-
semiconductor-metal (I-MSM) PDs [50]. Basica]ly, an [-MSM PD is a thin film MSM
PD that has been removed from its growth substrate using a substrate removal process,
anvd the MSM is subsequently inverted and bonded to a host substrate. By inveﬁing the
MSM PD, the contact shadowing is avoided increasing the sensitivity. In addition, the
contact width and the gap between the contacts cén be optimized to increase the speed of

. the device.
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A photomicrograph of a conventional MSM PD with its interdigitated fingers is shown in

Figure 15.

Figure 15: Metal-Semiconductor-Metal Photodetector.

Figure 16: Equilibrium band diagram of MSM PD [56].
The energy band diagram for an MSM PD in thermal equilibrium is shown in Figure 16,

where the electron Schottky barrier heights and built in voltages are labeled @, and @y,
Var and Vg, respectively. @, is the hole Schottky barrier height from the second contact,

and g is the gap length between the contacts. A symmetric MSM PD, which means @, =
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@,2, is formed when the metals and areas of the contacts are the same. When the device
is biased, one contact (contact 1) is reversed biased and the other contact (contact 2) is

forward biased.

~Eme

Figure 17: Band diagram and electric field plot for an MSM PD at (a) reach through voltage, (b)
flat band voltage, and (c) over flat band voltage [56].

There are three regions of interest when the effects of increasing the applied

voltage are studied for MSM structures. The three regions are shown in Figure 17. In the

first region, as the voltage increases the sum of the depletion widths around each contact
increases until it is equal to the finger gap, g. The voltage at which the two depletion

regions touch is called the reach-through voltage, V,,, and is given by [56]

Vn = q2]ZD g2 - .V'“ - de)—g\/liziND .(de —Vz):l Equation 47

s s

where g is the magnitude of the electron charge, Np is the donor concentration, & is
semiconductor dielectric constant, g is the ﬁhger gap, Vg and Vy; are the built voltages at

contact 1 and contact 2, respectively, and V>, is the applied voltage at contact 2.
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In the second region, as the voltage increases beyond the reach-through voltage,
the electric field approaches zero at contact 2. When the electric field becomes zero at
contact 2 the energy band becomes flat at contact 2, and the corresponding flat-band

voltage, Vg, is given by [56],

V., qNDg ( 2 ) Equation 48

The maximum voltage that can be apphed before avalanche breakdown occurs near
contact 1 limits the third region. The breakdown voltage, Vp,is strongly dependent on the
maximum electric field, which is approximately a constant independent of the width of
the depletion region, and is given by [56]
Vy=E 8=V -2, ~Vs) Equation 49

The dark current that is produced when the device is biased without light incident
on the detector is due to thermionic émission over the Schottky barriers [56]. When the
voltage is less than the reach-through voltage, most of the current is from electron
emission. As the voltage is increased past the fully depleted reach-through condition, the
electron current remains small. However, the hole current from the forward biased
contact begins to dramatically increase as the hole Schottky barrier is lowered, and it
reaches a high level at the flat baﬁd c:ondition. The total cuﬁent c"rlzénsivtié»sv fpr .thé‘three
regions are defined as [56]: N H |

Region 1. V<V,

J = AT 9n!k ab¢n (l_e—qV1)+ qupno tanh'.(xz ’;xl)/L,, J (1-—e-qy'.)
' L

pr
A T2 “14’,;2”‘7'e—ql’d2

cosh[( -x)/L,]

Equation 50

+

)
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Region 2. V,,<V<Vgp

_a(V=Vep y
J= A:Tze'q¢n|/krqu¢nl + A;Tze_q¢”’/kT e ‘Vm=tVa) _ p=aVnr Equation 51
Region 3. V>Vp
J = AT /M gt g7 T2 /M gt Equation 52

where the 4, and 4, are the electron and hole Richardson constants, ¢, and ¢, are the
electron and hole Schottky barrier height, Ag, and Ag, are the electron and hole barrier
height lowering,’ respectively, Vgp is the flat bénd voltage, ¥; and V; are the applied
voltages at contact 1 and contact 2, respectively,j V42 is the built in voltage at contact 2,
AVy is the difference between the built in voltages at contact 2 and contacf 1, T is the
absolute temperature, ¢ is the magnitude of t:he electron charge, & is Boltzmann’s
constant, and (x;-x;) defines the neutral region for the holes. Low dark current, high
_performance GaAs MSM PDs have been relatively easy to fabricate because high
electron Schottky barrier contacts (¢, ~ 0.7eV) can be readily obtained on GaAs [60].
With GaAs MSMs, metal electrode properties are just as important as semiconductor
properties [49]. From the current densities, ¢;1 and ¢, e)gponentially influence the
electron and hole injections at their respective corJ1ta‘cts. When the same metal is useci for
both contacts, it is réasonable tb assﬁme that the biandgap ériergy is given by [49]
Eg‘ ~ ¢n] +¢p2 Equation 53
This relationship produces a riyalry between thie electron injection and hole ihjection
because the metal choice may affect the barrieri heights differently. Low dark current
MSM PDs on GaAs have been fabricated using WSix [49]. With this metal the barrier

heights were nearly equal to E,/2 [49]. Unlike GaAs, InGaAs MSM PDs have very low

Schottky barriers for most metals (¢, ~ 0.2eV) [65]. There have been several approaches
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taken to enhance the barrier height such as growing thin strained layers of higher barrier
height GaAs and AlGaAs on InGaAs [67]. Dielectric films have also been deposited on
InGaAs using a Langmuir-Blodgett technique [60]. Another approach is to grow a large
band gap lattice matched InAlAs layer followed by an InAlAs/InGaAs graded
superlatticel [65]. InAlAs has a high Schottky barrier height of ~ 0.8eV. An attractive
alternative to epitaxial growth techniques is to use Fe-doped or implanted high resistance
InGaAs in place of nominally undoped InGaAs to increase the Schottky barrier height
[66].

In order to achieve gigabit operatidn in optical communications, fast
photoreceivers are needed. Fast response and high sensitivity can be achibeved by
reducing the input capacitance of the front-end preamplifier connected to a photodiode
[75]. The MSM PD’s ﬁlanar interdigitated electrode structure gives the device a smaller
capacitance per unit area than PINs, which means that a large MSM PD can be used with
a high-impedance integrating amplifier without necessarily compromising _the bandwidth
[60]. In addition, a low detector capacitance benefits the receiver sensitivity because‘ it
reduces the equivalent input noise current. For example, the equivalent input noise
impedance in FETs is directly proportional to the square of the total front-end
capacitance, (Caetector + Cgs + Cstray) > [60].

The ideal capacitance for a MSM structure is given by [69],[49],[59],[60],

Cc=cC,(N-1)I Equation 54
where N is the number of fingers, / is the finger léngth and C, is the gap capacitance per

unit length, and is given by [69]

C, =g, (l +¢&, )K /K' Equation 55
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where & and ¢ are the dielectric constant of vacuum and the relative dielectric constant

of the semiconductor, respectively. K and K are complete elliptic integrals and are given

by [69]
12 d¢
K=K (k) = —_— Equation 56
'[r J1-k%sin? ¢
k = tan’ ¥ ~ Equation 57
4\ w+g
K'=K (k'), k'= m Equation 58

where g and w are the respective finger spacing (gap) and width. An approximation of K

/K is given by following equation [19]

%=§/1n{21}%+—:—,} for 0<k<1/\2 and 0<K/K'<1 Equation 59

The gap capacitance per unit area is given by [9]

C

[

Cusir = Equation 60

w+g
The theoretical capacitance of GaAs MSM PDs as a function of gap size using equation
62 is shown in Figure 18.

The MSM PD ideal capacitance formula may be used to compare the MSM PD
capaéitance to that of a conventional p-i-n PD. Typically, the capacitance of an MSM is
Y, the capacitance of a vertical p-i-n with the same light sensitive area [49]. The
capacitance per unit area of a vertical p-i-n PD is given by [64]

C = Zobr l:l + 4 (ln torr _ l)jl Equation 61
d d

-i-n
d r
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where d is the intrinsic region thickness, which is equal to the finger spacing of the MSM
PD for comparison. The second term in the formula takes into account the fringing field,

where r is the detector radius. The capacitance of a GaAs PIN is shown in Figure 19.

x 10" MSM PD Capacitance for a 150-um Diameter Device

T T T T T T T T

Capacitance (F)

1 1 1 1 1 1 1 1
?3.5 1 15 2 25 3. 35 4 45 5
Finger gap (um)

Figure 18: MSM PD capacitance versus gap size.

x10" PIN PD Capacitance for a 150-um Diameter Device
4-5 T L) L) Ll ¥ T ) )

Capacitance (F)

0 1 1
05 1 15 2 25 3 35 4 45 5
Intrinsic region thickness (um)

Figure 19: PIN PD capacitance versus intrinsic region thickness.
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A comparison of the two types of detectors is shown in Figure 20, assuming, to enable
simple capacitance comparison, that the PIN PD intrinsic region is equivalent to the
MSM gap spacing. The graph indicates that for é given finger gap the capacitance is the
MSM is ¥ the capacitance of a similar PIN PD, which is consistent with reported results

[49].

x 10" Capacitance Versus Gap Size for a 150-um Dia. Device
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Figure 20: Capacitance comparison.

The 3 dB bandwidth, fic, is given by [62]

1
" 27RC

Jre

Equation 62 |

The transit time limited frequency response of the MSM PD is complex due to the
variation in the electric field with depth, and holés genera_ted deep in the semiconductor,
where the electric field is weakest, have longer transit times [64]. However, a one-

dimensional approximation, which assumes that the carriers travel at a constant saturation
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velocity, can be used to calculate the 3 dB bandwidth, Ji. This approximation is valid
when the electric field is high enough to saturate the carrier velocity throughout the
absorption region, and the absorption thickness is smaller than the finger spacing [62]. In
this approximation, the transit time is taken as the time required to travel one-half of the

gap. The transit time and its frequency response is [62]

£ 1 .
ttr(m:m) = g and f;r = qulatlon 63
2v, 27t

where v; is the saturation velocity and g is the finger gap spacing. Figure 21 indicates
that a 200 um diameter device is RC time limited when the finger gap is less than 3.25
pm, and transit time limited when it is greater than 3.25 pm. A gap width of 3.25 pm

would yield the optimum response time. The resistance was assumed to be 50 ohm.

 «10™ RC Time and Transit Time for a 200.um dia. MSM PD
8 ,

— RC Time
--- Transit Time

0 L -
0.5 1 1.5 2 25 3 35 4 45 5
Finger gap (um)

Figure 21: 200 pm diameter MSM PD RC and ti‘ansit time using a 50 ohm load.

53



The optimal finger gap changes with detector size. Figure 22 and Figure 23 shows that

for a 150 pm and 120 pm diameter MSM PD, the optimal finger gap is 2.5 pm and 2 pm,

respectively.
x 10" RCTime and Transit Time for a 150-um dia. MSM PD
— RC Time
35| --- Transit Time |
=
4]
E
'_

U - 1 1 1 1 1
0.5 1 15 2 25 3 35 4 45 5
Finger gap (um)

Figure 22: 150pm diameter MSM PD RC and transit time using a 50 ohm load.
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x 10" RC Time and Transit Time for a 120-um dia. MSM PD

— RC Time
--- Transit Time

!
%.5 1 15 2 25 3 35 4 4.5 5
Finger gap {um)

Figure 23: 120 pm diameter MSM PD RC and transit time using a S0 ohm load.

A first order approximation of transit time for PIN PDs is usually calculated by
dividing the intrinsic region thickness by the saturation velocity [76],[19]. This
approximation assumes a constant carrier velocity, which implies that the device is fully

depleted. The PIN transit time is given by [76]

t, i) = Equation 64
r(pin)

\4

s

where d is the intrinsic region thickness and v; is the saturation velocity. This result is
comparable to the MSM PD transit time, when fhe time is taken as thé time required to
travel half the gap, instead of the entire depl»etion region. Thus, the overall 3 dB
bandwidth of these detectors is a function of the RC time constant and transit time, and is

given by [62]
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Figure 24 shows the frequency response of the MSM and PIN photodetectors, assuming

Equation 65

that the PIN PD intrinsic region thickness is equivalent to the MSM PD gap spacing.

% 10° Frequency Response for 150-um diameter PD
10 L] T T T - T

— MSM
weee PIN

Frequency (Hz)

I:I[l 1 2 3 4 5 6 7

Finger gap/Intrinsic region thickness (um)

Figure 24: Frequency response of photodetectors.

This graph was generated with 77 set to unity and vs set to 1x107 cm/s for GaAs, and the
transit time was taken as the time to travel one-half of the depletion region [62].
According to the graph the maximum MSM frequency of 9 GHz is achieved when the
finger gap is 2 to 3 pm for a 150 pm diameter GaAs MSM PD.

Another point of comparison between the MSM and PIN PDs is the responsivity.

The responsivity, R, of a photodetector is given by [9]

R=n, 4 Equation 66

hv
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where ¢ is the magnitude of the electric chargé, h is Planck’s constant, v is the frequency
of the incident light, and 7., is the external quantum efficiency. The external quantum
efficiency of a conventional MSM PD is limited by the finger size and spacing, and is

given by [9], [60], [68]

Musm =T (1 -0, {g fw](l ~e™ ) Equation 67

where 7; is the interhal quantum efficiency, which is the number of electron hole pairs
created divide by the number of photons absorbed by the semiconductor, & is the
absorption coefficient, and d is the absorption depth. The reflectance of an uncoated

semiconductor surface in air, G, is given by [52]

2

1-n

0, = > : Equation 68
1+n

where #; is the refractive index of the semiconductor. The external quantum efficiency of
a vertical PIN PD is not limited by finger shadowing and is given by [64]

New =1; (1 -0, )(1 —e™ ) Equation 69
To elimin‘ate the reduction in external quantum efficiency (EQE) for the MSM PD due to

opaque fingers, transparent electrodes have been used [71]. In addition, an antireflection
coating such as SiNj has been used to decrease the reflectance. Indium-tin—oﬁide (ITO) is
a transparent material that has a high-electrical conductivity, a low optical absorption
coefﬁcienf at A = 850nm, and forms a good Schoftky contact on GaAs [71]. Devices that |
have utilized SiNy antireflection coating with ITO electrodes have reportedly shown
EQEs of ~0.8 at 5V [71]. One drawback to ITO contacts is the high absorption

coefficient at long wavelengths (1.3um to 1.55um). This is why it is rarely used with
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long wavelength detector materials such as InGaAs [38]. However, by back—illuminatiﬁg
a SiNx-coated InGaAs/InAlAs MSM PD, the typical responsivity of 0.45 A/W can
increase to about 0.96A/W with a 1.5 um absorption layer thickness [63]. Inverted-MSM
PDs (I-MSM PDs) with absorption thickness of approximately 1 pm and an antireflection

coating has demonstrated a responsivity of 0.7 A/W [50].
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2.3 Thin Film Fabrication and Integration Techniques

Optoelectronic integrated circuits (OEICs) are comprised 6f microelectronics, and
optoelectronic (OE) devices such as light emitte;s and. photddetectors. An OEIC enables
the processing of complicated optical information, which makes it useful for a plethora of
applications. Some appliéations using OEICs include: free space optical interconnection
of multichip modules, fiber-optic communication with or without wavelength division,
visible laser projection displays, digital laser printing and scanning, and reading and
writing of optical memory [77].  The challénge of integrating digital and analog
microelectronics with optoelectronics has produced different approaches for realizing an
OEIC. One approach is monolithic integration [36], [37], [78]. In this approach, the OE,
optical, and microelectronic devices are all integrated in material grown on a single
substrate. This technique has the potential -for high density, low on-chip power
. dissipation, and low cost [77]. However, it is incompatible with silicon microelectronics
since silicon is an indirect band gap semiconductor, which makes it an inefficient light
emitter and photodetector. Another approach uses heterogeneous integration techniques
[39], [40], [41], [79], [80], [81]. The heterogeneous approach enables the integration of
dissimilar materials. Therefore, this approach has the advantage of the integratibility of
silicon microelectronics with direct bandgap seml;conductors. With the integration of low
cost silicon circuitry and optoelectronics, the déﬁired functionality of an OEIC can be

achieved without sacrificing cost, yield, or reliability [41].
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2.3.1 Hybrid Integration Techniques

There are three established hybrid integrétion techniques: (1) flip chip bondiné;
(2) bridge bonding; and (3) wire bonding. Flip chip, or bump bonding, is an approach in
which a semiconductor device, array, or IC has metal “bumps” applied to electrical
interconnections, this “bumped” sample is subsequently inverted and bonded to another
substrate with metallized interconnections, such as a high intraconnect substrate or IC.
The main advantage of flip chip bonding is thaf a large number of connections can be
made with one flip of the bumped substrate onto the bump bonding pads, which is good
for high-density arrays [77]. Also high-speed operation is possible because of the short
length and large area electrical interconnections. = However, lsince the flipped
optoelectronics devices are not mounted to the die, it has a low efficiency for heat
dissipation [77]. Most of the heat is dissipated via air cooling.

The second approach is the bridge bonding technique. This integration technique
is similar to flip chip bonding. However, there is a bridge that is bonded to the
optoelectronics and circuitry, which bridges the two devices together forming an OEIC.
Since both devices are bonded to the die jn ifthis approach, the heat dissipation is
maximized. Also high—density anays lare stillvpo;ss:ibnle. Du;e. to the 10ng metal thin film
leads needed to bridge the devices, ‘however, thef bEIC speed is limited by the RC time
constant [77].

This is also the case with the third integraftion approach, wire bonding. The main

advantage to wire bonding is the suitability for top and bottom light emission and

detection from the optoelectronic devices. Heat dissipation is also maximized in this
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approach. The wire bonding pads can consume a lot of chip area and is not usually used
for bonding high-density arrays [77].

Flip chip bonding, bridge bonding, and wire bdhding integration approaches have
been around for years énd as a result are very mature. Another promising approach for
integrating semiconductor devices with m:icroélé'ctronics,’ both electronic and
optoelectronic, is the thin film device integration technique [41]. When the substrate is
removed in the flip chip integration process, th can élso be classified aé a thin film
integration method. Other thin film integrationm techniques that have not been discussed
are the epitaxial liftoff (ELO), appliqué, and 'fj'luidic assembly methods. While each
method has its unique approach, the integration usually comprise of four main steps: (1)
fabrication of III-V device, (2) transfer of the device to host substrate, (3) bondihg to the
host substrafe, and (4) removal of III-V device substrate [82]. A comparison of these

methods is shown in Table 2.

Table 2: Integration Methods

Integration | III-V Fabrication Substrate Epilayer Bonding to
Method Removal Transfer Silicon
Flip Chip | Before Transfer | After Transfer - | Substrate Bump Bonding

ELO & Before &/or Before or After | Free Standing | Van der Waals or

Modified | After Transfer Transfer.; | |orona . | metallic bond
ELO SR . | Membrane = |
Appliqué | Before Transfer | Before Transfer | Free Standing | Metallic bond

.| or Fluidic

: - | Carrier
Fluidic Before Transfer | Before Transfer | Fluidic Van der Waals
Assembly ‘| | Suspended ‘
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2.3.2 ELO Integration Technique

The ELO integration method was used in the late 1980’s to remove GaAs from its
growth substrate [42], [84]. This process is feasible because AlAs that is lattice matched
to GaAs has a high etch rate in hydrofluoric acid ‘(HF). The selectivity of HF is ~107 to 1
in etching AlAs to GaAs, and thus, a high Al concentration etch layer can Be laterally
etched to separate epilayers of interest from the growth substrate. The first step in the
ELO process is to grow a sacrificial high Al concentration AlGaAs layer on a GaAs
substrate. The sacrificial layer of Al,Ga,As is limited to values of x < 0.6 and is usually
100 A to 2000 A thick [41]. Next, the GaAs epilayer, which is the material of interest
for optoelectronics or electronic devices, is grown on top of the sacrificial layer. The
device is fabricated using standard processing. The sample is then coated with black wax
and immerséd in HF, which attacks the high Ai concentration AlGaAs layer. As the
etching continues the tension from the black wax causes the epi-layer to curve, which
aids the etching process by allowing bmore reaétion to take place between the HF and high -
Al concentration AlGaAs. The epi-layer is ﬁnally released and bonded to a host
substrate. | |

To assist in the integration to silicon circuitry and in the use of material systems
other than GaAs, modifications were made to the standard ELO process. A modified
ELO process includes a transfer diaphragm technique that serves as an intermediate host
substrate before transferring the. device to its final substrate [41]. It also uses a total
substrate removal process, in which etching away the substrate instead of a sacrificial

layer separates the epilayer. This modification makes the integration of InP based
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material possible. The ELO thin film integration processes have been used to transfer

MSM and pin photodetectors, LEDs, and edge-enﬁtting lasers [41].

2.3.3 Appliqué Integration Technique

Another thin film device integration technique that is used to transfer GaAs devices
is the appliqué process [79], [82]. The name appliqué means that a small patch of
material is bonded to a larger piece of material. The growth process for each device
begins with an oxide free GaAs buffer layer. This is followed by an AlAs stop etch layer.
Next, the smoothing layers are grown, which are intended to help achieve a smooth
bottom surface after substrate removal. A thick GaAs layers is grown, followed by the
top epilayer. Next the devices are fabricated and tested td make sure the.devices are
functioning properly before transferring them. The saniple is pattern with photo;esist
and etched with 1N K,Cr,04:1 HBr:1 CH3COOH until the déVi?:es are etched below the
smoothing layers. The sample is then bonded to a glass slide with the device side down
on the glass. The substrate is then mechanically lapped to a thickness of about 100 um.
- The remaining material is etéhed away using NH4:OH:H202 until the AlAs stop etch layer
is reached. The selectivity of the etchant is 30:1 GaAs bver AlAs. Next, the smoothing
layers are removed. The back of the epilayer is; metéllized with Pd-Ge-In-Sn contacts.
The sample is removed from.the glass slide andj transferred to a host substrate using a
mechanical probe. Light pressure is applied v;vhile the sample is being annealed to
maintain contact. This process has been used to tiransfer pin photodiodes, MESFETsS, and

VCSELs [79], [82].
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2.3.4 Fluidic Assembly Integration Technique

The last approach discussed is the fluidic assembly thin film integration technique. ,
Fluidic assembly is a micromechanical process for transferring microscopic devices on
one substrate to another, host, substrate [85], [86], [87]. This process begins with the
growth of a sacrificial AlAs layer grown on a GaAs substrate, followed by the epilayer
device growth. The top surface is then metallized with the appropriate ohmic contacts
such as AuGe/Ni/Au. A photoresist mask is patfemed over the sample. The devices are
then ion milled into trapezoidal blocks. The trapezoidal blocks are separated from their
growth substrates by placing them in an HF solution. The etch solution is then diluted
with water and subsequently replaced with ethanol, which serves as a carrier assembly
fluid. Next, the host substrate is prepared by etching trapezoidal holes that will serve as
integration sites. The sidewall angles of the host‘ substrate are fabricated such that there
is a 2-3um gap around the trapezoidal blocks. The bottoms of the host substrate holes are
metallized to form contacts and bonding sites. The substrate is then placed in the carrier
assembly fluid. The blocks fall into the holes and the ethanol carrier fluid is evaporated
in a bake oven at 70°C. The substrate is planarizpd using SiO, and polyimide. A via is
etch and the top contact is deposited. The integrétion process has been used to integrate

thin film LEDs and VCSELSs [85], [86], [87].
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CHAPTER 3

FABRICATION AND INTEGRATION

3.1 SiO; Coated Silicon Integration
3.1.1 Thin Film GaAs RCE LED Fabrication and Integration

The LED structure used in this research was a simple double heterostructure
PpPnN: GaAs (20nm, contact layer)/AlGaAs (IOOOnm, cladding layer)/GaAs (1000nm,
Active layer)/AlGaAs (1000nm, cladding layer)/GaAs (20nm, contact layer) with a 200
nm AlAs sacrificial etch layer grown between the device layers and the GaAs substrate.
To fabricate the thin film RCE LED, the modified epitaxial lift off (ELO) process was
used as described earlier [40]. First, AuZn/Au (1000 A/1500 A) was deposited onto the
semiconductor, which served as an ohmic p-contact and, after being patterned, as a
square or circular mesa mask. The LED material was mesa etched down to the AlAs
layer using HSO4:H,0,:H,0 (1:8:200). The LEDs were coated with Apiezon W and
placed in 10% HF, which selectively laterally etched the AlAs and released the devices
from their growth substrates [42]. The LEDs embedded in Apiezon W were then bonded

to a transparent Mylar d1aphragm, and the Aplezon W was then removed using -

, H
l H I

tnchloroethylene Next, the LEDs 'were transferred to a SlOz coated silicon host
substrate by using the transparent d1aphragm to allgn the thin ﬁlm device over the bond
pads, and water tension to remove and bond the device to the host substrate [19]. To
increase the strength of the bon‘?d, tne samples ,vaere heated at 2;00‘:’C for 6 minutes to
allow the bottom contact metal from the LED andE the metal from thta bonding site to form

a metal-to-metal bond. The bonded devices were then coated with a layer of
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benzocyclobutene (BCB), which serves as an isolation layer between the top and bottom
contact. The BCB was then cured at 250°C forll ﬁour. A thin layer of SiO, was
deposited to increase the adhesion of the top contact. A 'yia was opened over the LEDs.
Next, AuGe/Ag/Aw/Ti/Al (1000 A/1000 A/1500 ‘ABOOVA/IOOO A) ans depositéd, which
serves as an n-type ohmic top contacf. The BCB was removed using a reactive ion etch
(RIE) in O,:SF¢ gas. The Ti/Al metal layers served as mﬁsk duﬁng the etching procesé.
The Ti/Al layer was removed using 351 Developer and HF. Finally, the device was

annealed at 200° C. Figure 25 shows the ‘LED integration process.

LED Integration

€ ' _

Figure 25: LED thin-film integration process.
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3.1.2 Thin Film I-MSM Photodetector Fabrication and Integration

The I-MSM PDs were fabricated using both GaAs and InGaAs semiconductor
material. The GaAs I-MSM PD material structure was a 1-micron undoped GaAs layer
grown'on an AlAs sacrificial etch layer on a GaAs substrate. The MSM PD was
fabricated using standard photolithography, followed by metal deposition, and a lift-off
process to define the Schottky contacts. The Schbttky contact was Pt/Ti/Pt/Au (50 A/200
A 1200 A/2200 A). Scjuare or circular mesas were patterned over the devices, which
served as masks during the mesa etching. The GaAs was then mesa etched down to the
AlAs layer using H>SO4:H,0,:H,0 (1:8:200). The MSM PDs were coated with Apiezon
W and placed in 10% HF, which selectively etched the AlAs and released the devices
from their growth substrates. The devices embedded in Apiezon W were bonded to a
transparent Mylar diaphragm, where the black wax was removed using trichloroethylene.

The InGaAs I-MSM PD structure consisted of a heterostructure grown lattice
matched to an InP substrate with a stop etch :layer. The growth consisted of: InP
(substrate)/InGaAs (200 nm, stop etch layer)/InAlAs (40 nm)/InGaAs (50 nm, grade
layer)/InGaAs (7400 nm, absorption layer)/InGaAs (50 nm, gréde layer)/InAlAs (40 >nm),
'with all layers nominally undopéd. The MSM PD was fabricated using standard
photolithography, followed by metal deposition, and a lifi-off process to define the
Schottky contacts. The Schottky contact was Pt/Ti/Pt/Au (50A/400A/400A/2200A).
Square or circular mesas were patterned over the devices, and serve as masks during the
mesa etching. The InGaAs was mesa etched down to the InP layer using citric
acid:H;0,:H,0 (140:10:50). The MSM PDs were then coated with Apeizon W and

placed in HCI:H;O (2:1) to remove the InP substrate. The I-MSMs embedded in Apiezon
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W were then bonded to a transparent Mylar diaphragm, and the Apiezon W was removed
using trichloroethylene.

Once the MSMs were bonded to the transfer diaphragm, they were ready to be
transferred to a SiO,-coated silicon host substrate. The devices were aligned over their
contact pads by using a transparent diaphragm and metal-metal bonded. The devices were
then annealed at 200°C for 6 minutes. The I-MSM PD integration proceés is shown in
Figure 26, and an I-MSM PD bonded to a SiO,-coated silicon substrate is shown in

Figure 27.

I-MSM PD Integration Process

H_E__E__g_
aﬁ_g__&n

1.

Figure 26: I-MSM PD thin film integration process.
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Figure 27: Thin film GaAs I-MSM PD integrated onto SiO, -coated silicon.
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3.2 Integration onto CMOS Circuits
3.2.1 Integration of RCE LEDs Qnto CMOS Circuits

Thin film RCE LEDs were fabricated as described in section 3.1.1, and integrated
onto Si CMOS circuits. After defining and depositing the LED bottom contact pads on
the circuits, the LED were integrated onto the pads. The metal scheme used for the
bottom contact on the silicon substrate was Ti/Au/Pt/Ti/Al/Ti/Pt/Au. The Al was used to
protect the bottom contact during the removal of the BCB, and the Ti/Pt served as a
diffusion barrier between the gold and aluminum, which form inte@etallics at
temperatures at or above 250°C [47]. Next, a photodefinable BCB isolation layer was
spun on, and photolithography was performed to open viés over the top contact pad and
the LED. The thickness was approximétely 3.4 pm. The top contact of the LED was
defined and deposited with a circular-30. pm diémeter apel“ture. The metallization was
AuGe/Ag/Au/Ti/Al. Finally, all of the remaining e)lcposed BCB was removed using the
RIE with SFs:0,. The circuit with integrated LED is shown in Figure 28. The
luminescence versus current (LI) curve is shown in Figure 29. The measure power was

1.8 pW at 25 mA and the turn on voltage was 3.5 V.
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gure 28: RCE LED integrated onto a OS circuit.
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Figure 29: LI curve for 50 pm RCE LED.
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3.2.2 Integration of I-MSM PDs onto CMOS Circuits

InGaAs I-MSM PDs were fabricated as described in section 3.1.2, and
subsequently bonded to silicon CMOS circuits. The I;MSM PDs were bonded onto
Ti/Au pads on the silicon CMOS circuits, and dc characteristics were measured to verify
that the devices operated properly. Then, a layer of BCB was spun on and cured at 240
°C for 1 hour, with a resulting thickness of approximately 1.7 pm. This was done to-
increase the adhesion of the I-MSM PD to the bonding pads. The BCB was etched a;zvay
using an RIE with SFs:0; gas. The integrated I-MSM PD on a CMOS circuit is shown in

Figure 30 and the measured eye diagram at 1 Gbps is shown in Figure 31.
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Flgure 30: I.MSM PD integrated onto a CMOS cnrult
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Figure 31: Eye diagram of I-MSM PD receiver operating at 1 Gbps.

73



3.3 3D Stacked Thin film Integration
3.3.1 3D Stacked Thin film I-MSM PD/RCE LED on Silicon

The last two sections highlighted the fabrication of a heterogeneous transmitter
and a heterogeneous receivef. To demonstrate a heterogeneous thin film transceiver, a
process for stacking thin film RCE LEDs and I-MSM PDs was developed. However,
before integrating the 3D stacked devices onto silicon CMOS transceiver circuits, the
devices were integrated on to SiO,-coated silicon substrates.

To build the 3D stacked thin film structure, an I-MSM PD was bonded to the
Ti/Au contact pads. that were deposited onto nitride or SiO,-coated silicon. Then, the first
benzocyclobutene (BCB) isolation layer was spun on and cured at 240 °C for 1 hour,
with a resulting thickness of aﬁproximately 1.7 pm. A thin adhesion layer of SiO, was
then deposited on the BCB using plasma enhanced chemical vapor deposition (PECVD).
After depositing and defining the LED bottom contact pad in the center of the thin film
bonded I-MSM, the LED was integrated onto the pad. The metals used for the bottom
contact were Ti/Auw/Pt/Ti/Al/Ti/Pt/Au. The Al was used to protect the bottom contact
during the removal of the BCB, and the Ti/Pt served as a diffusion barrier between the
gold and aluminum. Next, a séCona BCB isolati;)n layer was spuﬁ on and cured, with a
resulting thickness of approximately 3.4 pm. A thin SiO, adhesion layer was deposited
using PECVD. A circular contact window with a diameter of 40 um was etched open
using a reactive ion etch (RIE) with SF4:0,. The top contact of the LED was defined and
deposited with a circular 30 Hm diameter aperture using AuGe/Ag/Auw/Ti/Al. Finally, all
of the remaining exposed BCB was removed using RIE with SFs:0,. The 3D stacked

device process is shown in Figure 32.
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a. Contact pads for I-MSM PD deposited
b. I-MSM PD integrated onto pad .

c. 1*layer of BCB and SiO2 deposited
d. Bottom contact pad for LED deposited
e. LED integrated onto pad

f. 2" layer of BCB and SiO2 deposited
g. Viaopened over LED

h. Top contact for LED deposited

i. Excess BCB/SiO2 removed

Figure 32: 3D Stacked thin film process.
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3.3.2 Measurement Setup For 3D Stacked Device Tests

After fabricating the 3D stacked thin film device, the emitter and detector were
tested separately to verify functionality. The main functi.onality test for photodetectors is
the current versus voltage (IV) curve. The IV curve is measured with and without
incidgnt light. The dark current measurement is the measurement without light. The
responsivity is calculated by measuring the photocurrent as a function of incident light.
To measure these currents, a probe station is used to contact the device. A Labview
controlled source measurement unit (SMU) supplies the voltage and measures the
current. An HP lightwave multimeter is used to illuminate the detector. The
photodetector DC test setup is shown in Figure 33.

An important emitter test is the luminescence versus current (LI) measurement.
This is considered the single most important characteristic of a LED [15]. To measure
the LI curve, a probe station with DC probes is used to contact the device. An ILX
current source is used to supply the current. The output light is coupled into a large core
multimode fiber, which is connected to a silicon detector. An SMU reads the detected

power. A labview computer program controls the current source and SMU. The LI

curve measurement setup is shown in Figure 34.
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Figure 33: 1-MSM PD DC measurement setup
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Figure 34: RCE LED LI measurement setup
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3.3.3 Square 3D Stack Device: GaAs LED on top of GaAs I-MSM PD

Square shaped 3D stacked thin film devices integrated onto SiO,-coated silicon
substrates were fabricated as described in section 3.3.1. This was the first demonstration
of 3D stacked thin film devices. To fabricate the square 3D thin film stacked device for
bi-directional optical links, a thin film GaAs-baéed I-MSM PD and a thin film GaAs-
based LED were independently grown, fabricated into devices, and bonded onto a SiO,-
coated host substrate. The I-MSM PD material was a 1-micron undoped GaAs layer
grown on an AlAs sacrificial etch layer. MSM fingers were defined and deposited,
followed by etching of 300 x 300 pmz square mesas. The LED was a double
heterostructure PpN AlGaAs/GaAs/AlGaAs with an AlAs sacrificial etch layer. AuZn
served as an ohmic p-contact, and 100 pm x100 pm mesas were defined. Both devices
were then separated from their growth substrate using thin film integration and a transfer
diaphragm as described in sections 3.1.1 and 3.1.2, and were bonded to the host Si
substrate, which had contact pads deposited onto it [19]. The I-MSM was integrated
onto the pads on the SiO; first. After verifying that the device worked properly, the first
benzocyclobutene (BCB) isolation layer was spun on and cured. After defining the LED
bottom contact pad, the LED was integrated onto. the pad that was centered in the middle
of the -MSM PD. A second BCB isolation layer was spun on and cured, and a contact
window was opened, followed by top contact deposition and definition. Finally, the
excess BCB was removed.

The dark current and photocurrent of the :I-MSM PD is shown in Figure 35. The

I-MSM PD dark current was 68 nA and the respdnsivity was 0.11 A/W. The LI curve of
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the LED is shown in Figure 36. A picture of the co-located stacked thin-film device is
shown in Figure 37.

The square 3D stacked device was the first demonstration of stacking two active
thin film devices. The I-MSM PD dark current was acceptable for a 300 um x 300 pm
detection area. The dark current increases with increased detection area. The low
responsivity was a result of the LED shadowing and materiél selection. The LI curve -

showed that the LED was operating properly.
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Figure 35: Measured currents for a square I-MSM PD.
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Figure 36: LI curve for a square LED.
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Figure 37: Top view of a square thin film
3D stacked device.
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3.3.4 Circular 3D Stack Device: GaAs LED/GaAs I-MSM PD

In order to match the 3D stacked device geometry t.o the circular géometry of
optical fibers, the 3D stacked thin film devices were made in a circular geometry. By
matchiné the two structures, the theoretical coupling efficiency calcuiations were
simplified. Moreover, with the square structure for the PD, the corners of the device
could not receive light unless the device was overfilled. However, with the circular
structure the beam could completely fill the device without overfilling. Moreover, the
smaller area of the circular device reduces the capacitance by a factor of 79% [62]. To
fabricate the circular 3D stacked device, a thin film GaAs-based I-MSM PD and a thin
film GaAs-based LED were independently grown, fabricated into devices, and bonded
onto a SiO,-coated ﬁost substrate. The I-MSM PD material was a 1 pm undoped GaAs
layer grown on an AlAs sacrificial etch layer. The MSM PD was fabricated using
standard photolithography, followed by metal deposition, and a lift-off process to define
the Schottky contacts, as shown in Figure 38a. The Schottky contact was Ti/Au (250
A/2200 A). Circular mesas with a diameter of 280 um were patterned over the devices,
which served as masks during the mesa etching. The GaAs was mesa etched down to the
.AlAs layer using H,SO4:H,0,:H,0 (1:8:200). The LED was a double heterostructure
PpN AlGaAs/GaAs/AlGaAs with an AlAs sacrificial etch layer. AuZn/Au (1000 A/ 1500
A) served as an ohmic p-contact and, after being patterned, as circular mesa etch masks
with a diameter of 50 pm. The LED m.aterial was mesa etched down to the AlAs layer
using H,SO4:H,0,:H,0 -(1:8:200). Both MSM PDs and the LEDs were coated with
Apiezon W and placed in 10% HF, which selectively etched the AlAs and released the

devices from their growth substrates. The devices embedded in Apiezon W were bonded
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to a transparent Mylar diaphragm, where the black wax was removed using
trichloroethylene (TCE).

‘The I-MSM PD was integrated onto the Ti/Au pads on the SiO, first. After
verifying that the device worked properly by testing its DC characteristics, the first BCB
isolation layer was spun on and cured. The thickness was approximately 2.6 pm. The
BCB was cured at- a temperature of 250°C for 1 hour. A thin adhesion layer of SiO, was
deposited onto the BCB using plasma enhanced chemical vapor deposition (PECVD).
After defining and depositing the LED bottom contact pad in the center of the thin film
bonded I-MSM PD, the LED was integrated onto the pad. The metal scheme used for the
bottom contact was Ti/Au/Pt/Ti/Al/Ti/Pt/Au. The Al was used to protect the bottom
contact during the removal of the BCB, and the Ti/Pt served as diffusion barriers between
the gold and aluminum. Next, a second BCB isolation layer was spun on and cured. The
thickness was approximately 3.4 um. A thin SiO, adhesion layer was deposited using
PECVD. A circular contact window with a diameter of 40 pm was etched open using a
reactive ion etch (RIE) with SFe:O,. The top contact of the LED was defined and
deposited with a circular 30 pm diameter aperture.  The metallization was
AuGe/Ag/Aw/Ti/Al. Finally, all of the remaining exposed BCB was removed using the

RIE with SF¢:0,. The final co-located device is silown in Figure 38.
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@ (b) ©

Figure 38: (a) MSM PD, (b) circular thin film 3D stack device, close-up view, and (c) 3D stacked
device, showing probe pads.

The LED L-I curve was measured using an ILX Lightwave LDP-3811 precision
pulsed current source. The output light was coupled into a multimode optical fiber with a
core diameter of 600 um. The other end of the fiber was FC connected to a UDT silicon
photodetector with a responsivity of 0.4547 A/W at A = 850 nm. The dark current and
photocurrent of the I-MSM PD is shown in Figqre 39. The responsivity of the I-MSM
PD was 0.224 A/W. The LI curve of the LED is shown in Figure 40.

'I'o simplify the theoretical coupling efﬁciency calculations, reduce the device
capacitance, and conserve nonilluminated material, the 3D stacked structure was made in
a circular geometry. The 250 pm diameter I-MSM PD had a responsivity of 0.224 A/W,
which is typical of GaAs detectors. The LI curve of the RCE LED showed that the

device was functioning properly.
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Figure 39: Current measurements for circular 3D stack.
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Figure 40: LI curve for circular 3D stack. -
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3.3.5 3D Stacked Device: GaAs LED Stacked on Top of InGaAs I-MSM PD

To optimize the photodetector for high speed operation, the PD material choice
| was changed from GaAs to InGaAs. It has been calculated that InGaAs has ahigher low
field electron mobility and saturation velocity in comparison to GaAs [48]. Due to its
small band gap (~0.7 eV, lattice matched witﬁ InP), InGaAs has a broader spectral
response, with detection capability at 850 nm, 1300 nm and 1500 nm wavelengths. To
fabricate this asymmetric optoelectronic 3D device stack, a thin film InGaAs-based I-
MSM PD and a thin film GaAs-based LED were independently grown, fabricated into
devices, and bonded onto a nitride-coated silicon host substrate. The I-MSM PD
structure consisted of a heterostructure grown lattice matched to an InP substrate with a
stop etch layer. The growth consists of: InP (substrate)/InGaAs (200 nm, stop etch
layer)/InAlAs (40 nm)/InGaAs (50 nm, grade layer)/InGaAs (7400 nm, absorption
layer)/InGaAs (50 nm, grade layer)/InAlAs (40 nm), with all layers nominally undoped.
The MSM PD was fabricated using standard_ photolithography, followed by metal
deposition, and a lifi-off process to define the Schottky contacts.‘ The Schottky contact
was Pt/Ti/Pt/Au (50 A/400 A/400 A/2200 A). Circular mesas with a diameter of 280 um
were patterned over the devices, and served as; masks during the mesa etching. The
InéaAs was mesa etched down to the InP layer ﬁsing citric acid:H,0,:H,0 (140:10:50).
The MSM PDs were then coated with Apeizon W and placed in HCI:H,O (2:1) to remove
the InP substrate. The LED was a heterostrﬁcture PpPnN: GaAs (20 nm, contact
layer)/AlGaAs (1000 nm, cladding layer)/GaAs (1000 nm, Active layer)/AlGaAs (1000
nm, claddingllayer)/GaAs (20 nm, contact layer) with a 200 nm AlAs sacrificial etch

layer grown between the device layers and the GaAs substraté. AuZn/Au (1000 A/1500
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A) served as an ohmic p-contact and, after being péttemed, as circular mesa masks with a
diameter of 50 um. The LED material was mesa etched down tlo the AlAs layer using
H,S04:H,0,:H,0 (1:8:200). The LEDs were coated with Apiezon W and placed in 10%
HF, which selectively laterally etched the AlAs and released the devices from their
growth substrates [21]. Both the I-'MSMs and the LEDs embedded in Apiezon W were
then bonded to transparent Mylar diaphragms (a separate diaphragm for each type of
device), and the Apiezon W was then removed using trichloroethylene.

The I-MSM PD was bonded onto the Ti/Au pads on the nitride-coated silicon
" substrate first, and dc characteristics were meaéured to verify that the device operated
properly. Then, the first benzocyclobutene (BCB) isolation layer was spun on and cured
~at 240 °C for 1 hour, with a resulting thickness of approximately 1.7 um. A thin
adhesion layer of SiO, was then deposited onto the BCB using plasma enhanced
chemical vapor deposition (PECVD). After depositing and defining the LED bottom
contact pad in the center of the thin film bonded I-MSM, the LED was integrated onto the
pad. The metals used for the bottom contact were Ti/Au/Pt/Ti/AVTi/Pt/Au. The Al was

used to protect the bottom contact during the removal of the BCB, and the Ti/Pt served as

diffusion barriers between the gold énd alufninum, which form intermetallics at
temperatures at or above 240°C. Next, a second BCB isolation layer was spun on and
' cured, with a resulting total BCB thickness of approximately 3.4 um. A thin SiO,
adhesion layer was deposited using PECVD. A circular contact window with a diameter
of 40 pm was etched open using an RIE with SFs:0,. The top contact of the LED was

defined and deposited with a circular 30 pm diameter aperture using AuGe/Ag/Aw/Ti/Al.
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Finally, all of the remaining exposed BCB was removed using RIE with SFs:0,. A

photomiérograph of the final co-located device structure is shown in Figure 41.

Figure 41: Top view of 3D GaAs/InGaAs stacked structure.

The dark current and photocurrent of the thin film I-MSM PD and the co-located
I-MSM PD bonded to the nitride-coated silicon were measured. The dark current results

are shown in Figure 42. The dark current of the I-MSM PD before LED integration
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Figure 42: Dark current measurements before and after stacking.
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was 21.0 nA at 5 V and the dark current for the co-located I-MSM (with the stacked
LED) was 18.8 nA at 5 V. The use of a Pt diffusion barrier metal in the MSM contacts
prevented 4 hours of BCB curing at 240°C from degrading the Schottky barrier, and
hence, the dark current [88].

To measure the photocurrent, a Hewlett Packard 8153 A lightwave multimeter was
used as a cw lightsource with A = 1321 nm. A mode scrambler was inserted into the light
path to make the fiber output more uniform [22], [23], [24]. The light was incident on the
device using a 3 m length of 62.5 pm core diameter multimode optical fiber with an NA
of 0.22. The responsivity of the I-'MSM PD without the LED was 0.36 A/W (measured
before the LED was integrated). Afier integration of the LED onto the I-MSM, the
measured photocurrent from the I-MSM PD as a function of longitudinal displacement is
shown in Figure 43. The stacked PD responsivity is smaller since the LED shadows the

PD, and thus, a fraction of the incident power is not collected by the PD.
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Figure 43: Photocurrent versus longifudinal displacement
of fiber from the 3D LED/PD stack.

The LED L-I curve was measured using an ILX Lightwave LDP-3811 precision

pulsed current source driving the LED. The output light was coupled into a multimode
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_step index optical fiber with a core diameter of 600 um and a numerical aperture (NA) of
0.48. The other end of the fiber was FC conn;‘ected to a silicon photodetectof with a
responsivity of 0.45 A/W at A = 850 nm. The measured L-I curve of the LED is shown in
Figure 44.

By changing the PD material from GaAs to InGaAs the detector was optimized
for high speed operation. This change in PD material also broadened the spectrai
response. The responsivity at A = 1300 nm was 0.31 A/W, which was the highest
responsivity achieved out of the three stack designs. The LI curve showed that the RCE

LED was functioning properly.
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Figure 44: LI curve of mixed stacked LED.
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'3.4 3D Stacked Thin film I-MSM PD/RCE LED on CMOS Circuit

In the previous sections photodetectors and/ or light emitters were integrated onto
oxide coated silicon. The SiNy and SiO,-coated silicon host substrates used for the
stacked the thin film devices are very similar to silicon CMOS ciréuits. This section
highlights the integration of those photonic devices from the previous section with
CMOS circuitry to form optoelectronic integfate’d circuits (OEICs) using thin film
intégration.

To create an optoelectronic transceiver, the circuit must consist of a receiver and
transmitter section. In addition, an overglass (SiO,) with open windows over the detector
and emitter contact pads is needed to isolate the photonics from the conductive silicon
circuit. The circuit used in this research, which is shown in Figure 45, met all of these
requirements. All of these circuits were designed by Professor Martin Brooke’s research
group at Georgia Tech.

The receiver for this circuit consisted of a current-to-voltage converting stage and
nine differential voltage amplifier stages. A differential design style was chosen for better
noise immunity and bias stabilization during high speed operation. In addition, this |
topology was selected because it provides a low input resistance, which is critical for
high speed operation [89]. The structure of the receiver with its subcomponents is shown
in Figure 46.

The transmitter also followed a differential topology. This topology provided
current ripple stabilization in the power lines, which is necessary to avoid errors in the

emitter output [90]. Furthermore, the differential design minimizes simultaneous
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switching noise by subtracting the common noise [90]. The transmitter circuit for driving

the emitters is shown in Figure 47.
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Figure 45: Silicon CMOS transceiver circuit.
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3.4.1 Integration Process for 3D Stacked Emitters/Detectors on CMOS
Circuits

To integrate the 3D stacked thin film structure on a CMOS circuit, modifications
to the 3D étack thin film process shown in Figure 32 were necessary due to additional p-
and n- contact vias. The host substrate area for integration onto SiO,-coated silicon was
approximately 10 mm x 10 mm and the circuit area was 2 mm x 2 mm, which is 25 times
smaller. The smaller area made it difficult to ignore the edgebead formed during the
application of the BCB. The edgebead left the integration site for the LED nonuniform
and left unetched BCB on some wfrebonding pads. To reduce the edgebead, circuit
scraps were placed around the edges of the cifrcuit when BCB was spun on. Proper
placement of the scraps left only a small amount. of edge bead on three unused wifebond
pads.

With the addition of two more vias, additional RIE steps were necessary to open
the windows. This increased the possibility of ‘redeposition (RIE grass) on the circuit.
Therefore, photodefinable BCB (photo-BCB) was used instead of dry etch BCB.

The first step in the modified 3D stack thin-film process'was to deposit the I-

MSM PD Ti/Au contact pads, which was e-beam deposited Ti/Au (400A4/2200A). Next
the I-MSM PD was integrated. Then, the first i)hoto-BCB isolation layer was spun on
using scraps, was exposed, developed, and cured at 240 °C for 1 hour, with a resulting
thickness of approximately 2.0 um. To remove ény unWanted residue from the p- and n-
contéct vias, the circuit was etched in the RIE using SF¢:O; for 45 seconds. This step also
increased the BCB/metal adhesion. After depositing and defining the LED bottom

contact pad in the center of the embedded I-MSM PD, the LED was integrated onto the

95



pad. The metals used for the bottom contact were Ti/Au/Pt/Ti/Al/Ti/Pt/Au. The Al was
used to protect the bottom contact during the removal of the BCB, and the Ti/Pt served as
diffusion barriers between the gold and aluminum. Next, a second photo-BCB isolation
layer was spun on, exposed, developed, and cured, with a resulting thickness of
approximately 3.4 pm. During the exposure an(i development step a circular via with a
diameter of 40 pm over the LED was opened along with the re-opening of the n-cohtact
via. Again, to remove any unwanted residue from the p- and n- contact vias, the circuit
was etched in the RIE using SF¢:0; for 45 seconds. The top contact of the LED was
defined and deposited with a circular 30 pm diameter aperture using AuGe/Ag/Auv/Ti/Al
Finally, all of the remaining exposed BCB was.removed using RIE with SF¢:0,. The 3D
stacked device process for silicon CMOS circuits is shown in Figure 48. fictures of a
GaAs RCE LED/InGaAs I-MSM PD 3D stack integrated on to silicon CMOS circuitry

using the modified process are shown in Figure 49 and Figure 50.

a. Contact pads for -MSM PD deposited iu.ﬂ -

b. I-MSM PD integrated onto pad a.

c. 1%layer of photo-BCB spun, expos@d, i oo A, _

developed and cured
d. Bottom contact pad for LED deposited
e. LED integrated onto pad L
f. 2" 1layer of photo-BCB spun, ex;j)os:ed,
developed and cured
g. Top contact for LED deposited o

h. Excess photo-BCB removed

Figure 48: 3D stacked thin film process for silicon CMOS circuit integration.
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Figure 49: 3D Stacked GaAs RCE LED/InGaAs I-MSM PD on silicon CMOS circuitry.
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Figure 50: Closer view of RCE ED/PD in Figure 49.
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3.4.2 Stacked Device Circuit Testboard

Once the on-circuit stacked devices pass the functionality tests, the circuits are
bonded to a test board. The circuits are fabricated such that the designers have the ability
to adjust several voltage and current biases to achieve the maximum transceiver
performance. Studies have shown that a high percentage of circuits do not perform as
expected from simulation results [91]. Therefore, the testboard is designed as shown in
Figure 51, with all of the available pads for adjusting the biases. After bonding the

circuit to the board, the circuit is wirebonded as shown in Figure 52.

J J
L ¢

Figure 51: a) Picture of circuit testboard and b) schematic.
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Figure 53: Integrated circuit photo with wirebonds.
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3.4.3 3D Stacked Device Circuit Measurement Setup and Results

Once the circuit is bonded to the testbéard and the wirebonding is completed,
functionality tests are performed tovverify that the stack devices are still working. As
stated earlier, the circuit has both receiver and transmitter circuitry. To test the speed of
the optical receiver, a laser with an external modulator is used, operating at A = 1550 nm
wavelength, to excite the photodetector. A Micrbwave Logic bit error rate tester (BERT)
supplies the modulation and a Tektronix Communication Signal Analyzer (CSA) reads
the output signal. The measurement setup for the receiver portion of the transceiver is
shown in Figure 54. All OEIC testing was perfonhed collaboratively with members of
Professor Martin Brooke’s research group at Georgia Tech.

The transmitter portion of the transceiver also requires the usé of a BERT and
CSA for speed testing of the LED. The BERT modulates the current providing
modulation to the LED. The output signal is captured with a silicon photodetector with a
responsivity of 0.5 A/W at A, = 850hm that operates at 155 Mbps. The signal is then fed
into a transimpedance amplifier (TIA) with an input .s;arinsiti\‘/ity of approximately 0.26 pA
and a differential gain of 22 K A limiting amphﬁer follows the TIA with an input
sensitivity of 2 mV. Finally the output signal is read by the CSA. The optlcal transmitter
measurement setup is shown in F;1gu;re 55. |

The speed results of the :int%egrated opticial receiver are shown in Figure 56 and
Figure 57. Both the output signal and eye diagrém show the photodetector operating at 1
Gbps. The speed results of the optifcal transmittér are shown in Figure 58 and Figure 59.

In these two figures, the LED is operating at 40 Mbps. The spectral output of the LED,

which was measured using a spectrum analyzer, is shown in Figure 60.

100



Optical Fiber Cable Circuit
Laser Source Detector Bias
Mach-Zehnder _— g
Modulator :
— I-MSM PD
A
DC + AC Modulated Signal
Optical Receiver
Circuit Output
Microwave Logic -
Gigabert TX Tektronix <
Pattern Communications Signal Analyzer
Synchronization

Figure 54: I-MSM photoreceiver speed measurement experimental setup.
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Figure 55: RCE LED optical transmitter speed measurement experimental setup.

102




AT e WY W T e
flain

B

F246.0mY; _ ; 5.000ns#iv (1000 fsits/sec)]

PO SNNT VR TR NE SN HUUNT SUNN ST SO WAL U ST SN S FURE WY S T N TR S 1
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Figure 57: I-MSM photoreceiver eye diagram at 1Gbps.
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Figure 60: RCE LED spectral output.

To integrate the 3D stacked thin film | devices onto silicon CMOS circuits;
modifications to the 3D stacked device process was necessary. For example,
photodefinable BCB was used instead of dry etch BCB to reduce the amount of RIE
redeposition. The OEICs were wirebonded to testboards and tested. The integrated
optical receiver operated at 1 Gbps. Theoretically, an I-MSM PD§ with a 150 pum
detection diameter can operate at 9 GHz. However, the receiver circuit:that was used for
this research was designed to operate at 1 Gbps. The integrated optical transmitter
operated at 40 Mbps. This speed was slower than what was expected. LEDs have been
shown to operate at speeds greater than 100 Mbps. The integrated LED speed was
limited by the size and length of the electrical interconnects between the LED and the

circuit pads. The speed was also limited by the current injection.
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CHAPTER 4
THEORETICAL CALCULATIONS OF ALIGNMENT TOLERANCE

USING GEOMETRICAL OPTICS

To model and analyze the coupling between a 3D stacked device and a multimode
optical fiber, a geometrical optics approach was selected. This approach is appropriate
for evaluating the coupling between an LED and a multimode fiber since the chosen
emitter and fiber dimensions are much greater than the wavelength of the radiation [92].
The choice of multimode fiber over single mode fiber is suitable for low cost optical
communication systems that involve LEDs. However, the output power distribution of
multimode ‘ﬁbérs is very difficult to model because of the large number of modes that are
excited [43], [44], [45]. Over long lengths of fiber, steady-state modal equilibrium is
generally established. In order to use geometrical optics to analyze the coupling between
the ﬁber and I-MSM PD, the output power distribution is assumed to be uniform. As
will be seen in the analysis, this assumption can be too pessimistic when a portion of the
power is incident onto the LED, but it enables an estimate of the relative effects of
longitudinal and lateral displacement [22].

There are a number of factors that goveﬁ1 the coupliq betwcen an LED and a

b i

fiber, and the coupling between a fiber and centef—shadowed photodeteétor. The analysis
that follows uses a reasonable approach thaté gives esﬁim_étions tﬁaf are useful in
: | ; ST

understanding the effects of alignment tolerance onléouplling: between a fiber and 3D

stacked device.
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4.1 LED Longitudinal Alignment Tolera;nce

As stated in chapter 2, the power distﬁbution of a surface emitting LED is
Lambertian. With this type of radiation, only a srﬁall fraction of the radiation emitted by
the LED can be coupled into the fiber [92]. Tﬁe power delivered from an LED at an
angle & measured relative to a normal to the emi'gting surface varies with cos (6), where
the brightness function is given as [22]

B(6,¢)=B, cost ~ Equation 70
The total optical power emitted from a surface. emitting LED of area, A1gp, and aperture

radius, r.gp, is given by [22],

Py =i [ [ B0, §)sing d0 dp Equation 71
When the radius of the fiber core is larger than the radius of the LED, the power coupled

into a step-index fiber is giveh by [22],

P,, = [ [*(onB, [ cosOsing d0)ig rdr Equation 72

Step

The maximum coupling efficiency between an LED and a step index fiber with a core
diameter that is larger than the LED diameter is given by [22],

Py | |
Ntep = —P—’ep— = (NA)? Equation 73
LED

When the LED diameter is larger than the fiber core diameter the coupling efficiency is
given by [22],

i

2 i
Nsiep = (ﬁﬁ) (NA)Z‘ » Equation 74

LED
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As the fiber is displaced longitudinally away from the 3D stack, the effective radius of

the LED increases and is given by,
Voeam =Vipp +Zxtan o,

Equation 75

where Z is the longitudinal displacement as shown in Figure 61 and the optical output

angle, 6,4, is the fiber acceptance angle,

Optical Fiber

~ Surface Emitting LED

Figure 61: Schematic of RCE LED and fiber

with (V4) ? as the maximum coupling efficiency, the normalized coupling efficiency is

given by,

2
77 _ rCO"E
Iypp +Z xtan@,
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A plot of the efficiency versus longitudinal displécement is shown in Figuré 62. In this
“plot, the fiber core radius is 31.25 pm, which is the standard core size for multimode

fiber. The aperture radius of the LED is 15 pm.
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Figure 62: Normalized efficiency versus longitudinal diép]agement.
In conclusion, a theoretical model has beer§1 develop_ed‘ to calculatxe; the cbupling |
efficiency between an LED and a step index multi:mode fiber as a function of longitudinal
displacement. This model assumes th‘at_thg LED l::)eam‘ profile is Lambertian and uses a

geometrical optics approach.
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4.2 Stacked I-MSM PD Longitudinal Alignment Tolerance

In the case of the LED, the numerical aperture, which is related to the acceptance angle,
limited the amount of light coupled into the ﬁber..' In turn, as the optical signal exits the
fiber, the output angle is equal to the critical acceptance angle,[22] as shown in Figure 63.
As stated in the introduction of this chapter the output power of the multimode fiber is
assumed to be uniform. Therefore, as the longitu&inal displacement increases, so will the

effective incident beam radius. The incident radius is given by,

r,.,,c' =V, +Zxtanl,,, Equation 77
Optical Fiber
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Figure 63: Schematic of LED shadowed I-MSM PD and fiber
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To calculate the photocurrent generated from the incident beam, the following

information must be know: |

1. The total power of the beam

2. The area of the LED

3. The responsivity of the I-MSM PD.
There are two regions to consider when calculating the photocurrent:

1. The under-filled region (when the optical i:nput signal does not fill the PD);

2. The over-filled region (when the optical input signal overfills the PD).
In the under-filled region, reduction in photocurreﬁt is due to the LED shadowing. In this
region the photocurrent is given by

A, —A
I,= PXRX(MJ Equation 78

Inc

where P is the incident power, R is the responsivity of the detector, and A;,cand Ayzp are
the areas of the incident beam and LED, respectively.

In the over-filled region, reductions in th¢ photocurrent are not only due to LED
shadowing, but also due to the power that falls outside the perimeter of the detector. In
the over-filled region the photocurrent is given by.

I, =PxRx (ALM_——ALﬂ] Equation 79

Inc

where Ausp is the area of the photodetector. A theoretical plot of the I-MSM PD
photocurrent versus longitudinal displacement is shown in Figure 65. The power was set

to 27 puW. The responsivity was set to 0.36 A/W, which is consistent with measured
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data. The radius of the LED was set to 25 pm, which is the LED mesa radius as shown in
Figure 64, the radius of the fiber core was set 31.25 um, and the radius of I-MSM PD was

set to 100 pm, all values which are consistent with experimental values.

Top contact

Top View of LED

Figure 64: Top View of LED
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Figure 65: I-MSM PD photocurrent versus longitudinal displacement.

In conclusion, a theoretical model for calculating the integrated I-MSM PD
photocurrent as a function of longitudinal displacement has been developed. The model

assumes that the power distribution of the light exiting the fiber is uniform.
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4.3 LED Lateral Alignment Tolerance

The coupling integral from section 4.1 is helpful in understanding the approach
taken for calculating the coupling efficiency as a function of lateral displacement, which

~ can be expressed as:
P, = [ ["(22B, [* cosOsind dO g rdr Equation 80

Within the parenthesis are the integration terms for the acceptance cone. The outside
integral sums up the contribution of each individual emitting point source of incremental
area emitting from the LED. With lateral displacement, the overlapping area formed by
the intersection of thé circular' LED output ai)erture and the optical fiber apparent
aperture, as shown in Figure 66, defines the amount of optical power coupled from the

LED into the fiber.

Fiber core

LED Fiber core
center center point
point
a. b.

Figure 66: Lateral displacement between LED and fiber.
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Once the overlapping area is established the coupling efficiency as a funcﬁqn of lateral
displacement can be calculated as in the longifudi%lal case. When the fiber core covers the
entire LED, the efficiency is equal tQ thé square:of the nﬁinerical aperture for the butt- -
coupled approximation. But, _a;s the dis.placemenft,v d, continue to increase such that thé

circles do not fully overlap, but onlyi intersect, the efﬁciency becomes

n= (ﬁ%J(NA)z S Equation 81 .
Appp ; ‘

“where Apyer 1s the overlapping area. A helpful formula for calculating the overlapping

area is the area of a sector [94],

Ascc tor =,E r6 Equation 82

where 7 is the radius of the sector with central angle, € in radians as shown in Figure 67. .

< Sector . -

Figure 67: Diagram used to illustrate the area'of a sector.

]

When 6=7 5 the area of the sector is one-fourth the area of the circle. To illustrate this

point, 8 = % is substituted into Equation 83, and the resulting area of the sector is
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1 , 7 7#r’

Ascctor=_r
T2 2 4

As seen in Figure 66, the radius of the LED forms a sector with central angle 6,

Equation 83

§

-as does the radius of the f'ibe; with central angle 6’2.‘ To find the overlapping area, the
area of the two sectors must be added tqgether. However, to avoid adding the triangle
areas in the center twice, these areas héve to be subtracted ﬁom the sum of the two
sectors. The area of a triangle is giveﬁ by [94]
1 o ‘
A yiongte = E bh Equation 84

where b is the base (;f the triangle and 7 is the height of the triangle. From Figure 66, the
‘base of the triangles is d, the distance between the center of the LED and the center of the

fiber core. The height of the triangles can be derived using the Pythagorean Theorem,

which states that [95] -

r2 =h%+d? Equation 85
where r is the hypofenuSe, h is the height and d the base of a right triangle. In Figure 68,

there are two right triangles, where # is the height of both triangles, x and x + d are the

Figure 68: Triangle from Figure 66
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bases, and r.zp and rpe are the hypotenuses of the smaller and larger triangles,

respectively. From the larger triangle, rzf,be, is given by,
T =h +(x+d)* =h* +x* +2xd +d* Equation 86
and from the smaller triangle, 7°,p is given by,

ey =h* +x° Equation 87

After solving Equation 88 for x, x is substituted into Equation 87 and #* “fiber 1S given by

Piver = Tixp +2d\rfgy —h* +d* Equation 88
The height of the two triangles is found by solving for / in Equation 89 and is given as
helr2 - (2 —rip —d*)’ & Equation 89

Lep 4d?

Therefore, the area of the two triangles is given by

%
(2, —rip=d*) )" Equation 90
44*

Alrl =d{r,_2£0 -

Using the law of cosines, the two angles are [96],

2 2 2 .
6, =cos™ (%_D;L”i_] Equation 91
2dr, :
and
2 2 2 .
0, =cos™ M " Equation 92
2drﬁ,m

The total overlapping area is given by,

A =r: 8 +r> 0 —dh Equation 93

over LED™ 2 Siber ' 1

The lateral normalized coupling with lateral displacement is shown in Figure 69.
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Theoretical LED Coupling Efficiency Versus Lateral Displacement
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Figure 69: LED normalized coupling efficiency versus lateral displacement

In conclusion, a theoretical model has »been developed to calculate the coupling
efficiency between an LED and a step index multimode fiber as a function of lateral

displacement. A geometrical optics approach ‘ha's been taken to develop this model.
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4.4 Stacked I-MSM PD Lateral Alignment Tolerance

As in the previous section, the overlapping area has to be calculated in order to
derive the photocurrent as a function lateral displacement. In this section, however, the
dverlapping area of the LED and fiber is needed as well as the overlapping area of the

fiber and detector. This point is illustrated in Figure 70.

’i'a\f:«;jibc'r\'cio:e ;

Figure 70: I-MSM PD lateral alignment tolefance in a) region 1, b) region 2, c)
region 3, d) region 4.
There are four main regions to consider in identifying the area of detection:
1. The LED is within the fiber core area of illumination;

2. The LED and the fiber core illumination intersect;

3. The fiber core illumination intersect the LED and detector;
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4, The fiber core illumination and the detector intersect, but thé fiber core
illumination does not intersect the LED area.

Within region 1 the LED shadows a portion of the detectién area. In region 2, the
photocurrent starts to increase because theu LED is blocking lesé light. In region 3, the
‘light beam is incident onto ‘the emitter area, but is overﬁllihg the detector, and as
overfilling occurs, the photocurrent begins to decrease. In region 4, the LED no longer
blocks a portion of the incident light, but the overfilling of the detector qoﬁtinues, as does |
the decrease in photocurrent. The photocurrent in regidn 1 can be expressed as

I,= PxRx(mj, : : Equation 94 .

Inc

the photocurrent in region 2 can be expressed as

I, =P><RX(M’—‘J, ~ Equation 95

Inc

the photocurrent in region 3 can be expréssed as

Afd - Aaver
I,=PxRx|—| _ Equation 96
Inc

and the photocurrent in region 4 can be expressed as

Inc

Ip =PxRx (—éfiJ s ” _ ‘ Equation 97
where Ay, is the overlapping of the fiber core and detector and is given by,

.Afd =100, + rﬁbefﬁs -24 -24, ~ Equation 98
where rysy is the radius of the photodetector, 7 is the radius of the fiber core; 603 and 65

are the angles opposite of and adjacent to rﬁbe;, respectively, A; is the area of the sector

with central angle 6&; that is not included in the overlapping area, and A4; is the area of the
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third triangle that is included in two sectors: the sector with radius 7y and central angle

63, and the sector with radius 7. and central angle 65, as shown in Figure 71.

PD Fiber core

Detector Fiber core
center point center point ?3)

Figure 71: I-MSM PD lateral displacement in region 4.

Using the law of cosines, the angles in Figure 71 can be expressed as

2 g2 d2 .
6, = cos™ Thaswt " Tpber €| Equation 99
2dr g,
' o N & A
0, =cos™| B MM ____ |, _ Equation 100
2dry,, y,
2 _ 2 2
6, = cos™ Tape —T +d” . Equation 101
2drﬁber )
and
6, =6, -0, Equation 102
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where r; can be-derived using the law of cosines and expressed as

r,=dcosf, - Jd’ cos’ 0, —d* + 1y, Equation 103

To calculate the area, 45, the area of the sector with central angle &, is subtracted from the

area of triangle 2 and given as

s

‘ A = %(dhzv - r}ber' 94 ) Equation 104

where d is the base and 4, is the height of triangle 2.

The height /4, can be expressed as

%
2 (':2 e —dz)z . Equation 105
hy =\ rgse T

The area A3, can be expressed as

1
4, = 5 (rMSM —-F )h3 | Equation 106

s

where 4; is the height of triangle 3 and can be expressed as

hy = ["ﬁbﬂ _fﬁw - ",2! }% Equation 107

4

Using these equations, a theoretical plot of the photocurrent as a function of lateral
displacement is shown in Figure 72.

In conclusion, a theoretical model for calculating the integrated I-MSM PD
photocurrent as a function of lateral displacement has been developed using geometrical
obtics. The model assumes that the power distribution of the light exiting the fiber is
uniform. This assumption is valid for optical signals exiting multimode fibers after

propagating long distances.
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x 10°° Theoretical I-MSM PD Photocurrent Versus Lateral Displacement
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Figure 72: I-MSM PD photocuri‘ent versus lateral displacement
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CHAPTER 5

THEORY VERSUS EXPERIMENT

In this chapter, the theoretical models that were developed to predict the
alignment tolerance of a 3D stacked emitter/detector device Sis compared to experimental
results obtained from 3D stacked devices integrated on SiO,-coated silicon substrates and
silicon CMOS transceiver circuits. The I-MSM PD theoretical photocurrent as a function
of longitudinal and lateral displacement is compared to measured results. In addition, the
theoretical coupling efficiency as a function of longitudinal and lateral displacement
between a step-index multimode fiber and an RCE LED is compared to measured results.

To measure the alignment tolerance of the 3D stacked thin-film emitter/detector,
the devic.e was mounted to a probe statibn with D)C probes to provide the biasing of the
individual devices. A lightwave fiber holder with a 62.5 pm core diameter step index
multimode fiber with a numerical apertufe of 0.22 was used to collect the optical signal to
and from the stacked device. The positioner, which was used to translate the fiber,
longitudinal displacement_Was' appfdximately 40.7' um per revolution. The Z-motion
knob had a 12 pm minimum step size for. the longitudinal displacement measurement.
The lateral displacement was approximétely 20 pm per step. To measure the
photocurrent, a Hewlett Packard 8153A Lightwave Multimeter was used as a CW
lightsource with A = 1321-nm. A mode scrambler was inserted into the light path to
make the fiber output more uniform. A source measurement unit (SMU) was used to
reverse bias the I-'MSM PDs and measure the photocurrents. An additional SMU was
used to forward bias the RCE LEDs. The optical pbwer from the RCE LEDs was

measured using a Hewlett Packard 8153 A Lightwave Multimeter.
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‘The first comparison was between the theorefical phofocgurrent and the measured
photocurrent as a function of longitudinal displacement of a GaAs RCE LED/InGaAs I-
MSM PD 3D stacked device integrated onto a SiNy-coated silicon substrate. The RCE
LED had a 50 pm diametér and the i—MSM PD had a 200 um diameter. In thé case of
the ‘3D stacked I-MSM PD alignment tolerance tgst, the main assuniption made was that
the power distribution out of the fiber was uniform. - Normally, the output power '
distribution is speckled, which makes it difﬁcult to model. To increase the unifonﬁity of
the ﬁber output, a modé scrambler was used. To illustrate the effect of the mode
scrambler, the relative oufput pbwer distribution of the fiber was captured with and
without a mode scrambler using an infrared imaging system. The pictures are shown in

Figure 73.

50 100 150. 200 020 O 3N . 40 4%

. EY 100 ;150 200 2% 00 3% 400 450
a. . b.

L] § :
i b

Figure 73: Fiber output a) without mode scrambler and b) with mode scrambler

Using the mode scrambler makes the fiber output more uniform in intensity, and, using a
theoretical model, which assumes uniform fiber output, the theoretical photocurrent of
the integrated I-MSM in the I-MSM PD/LED stack is shown in Figure 43, which agrees

well with the experimental measurements for longitudinal displacements larger than 100

pm. The maximum responsivity of the I-MSM in the integrated I-'MSM/PD stack was
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0.31 A/W, which was as predicted, 88% of the responsivity of an I-MSM PD without an
LED integrated in the center.

The second comparison was between the theoretical photocurrent and the
measured photocurrent as a function of longitudinal displacement of a GaAs RCE
LED/InGaAs I-MSM PD 3D stacked device integrated onto a silicon CMOS circuit. The
RCE LED had a 50 pm diameter and the I-MSM PD had a 150 pum diameter. The result
of the longitudinal alignment tolerance testing is shown in Figure 74. Theory and
experiment match well with in the limitations of measurement and theoretical error.
Sources of error for this test include the transia’cion stage tolerance, fiber core size and
numerical aperture accuracy, SMU precision, and optical output uniformity. Even with
the mode scrambler as can be seen from Figure 73, a higher power density appears to
exist in the center of the optical .inpuf signal, resulting in a lower photogenerated current,
when che fiber core is overlapping the LED. To account for the_ pcwer distribution
nonuniformity in the theoretical model, the apparent radius of the LED was set to 20%
more than its actual length of 25 pum. With 200 pm diameter PD mesas, the detector fill
point at 300 um matches well with the theoretical calculation. Since power is not
complefely uniform, the photocurrent does not drop off as fast from overfilling.

| The result of the stacked I-MSM PD lateral alignment tolerance is shown in
Figure 75. The longitudinal displacemeat is approximately 16 pum. In region 1, before
the fiber core illumination intersects the ]éJED, the photocurrent is constant. As predicted
in region 2, the photocurrent increases u1;ti1 the fiber core intersects the detector. Then,

the photocurrent drops off as the P is overfilled. Once again, if there is more power in he
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center of the optical input distribution, the photocurrent does not drop off as fast as in the

uniform power distribution theoretical case.
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Figure 74: I-MSM PD longitudinal theory versus experiment
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Figure 75: I-MSM PD lateral theory versus experiment
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The theoretical coupling efficiency of an LED and a step index multimode fiber
as a function of longitudinal displacefnent was compared to measured data from an LED
integrated onto a silicon CMOS circuit. The results are shown in Figure 76. The
measured data agrees well with the theoretical calculations. The RCE LED was assumed
to be Lambertian in the theoretical analysis, which is a good assumption fovr surface
emitting LEDs. However, the divergence angle of an RCE LED is smaller than the
divergence angle of a surface emitting LED without mirrors.

The result from the LED lateral displacement test is shown in Figure 77. The
measured data agrees well with that of the theoretical calculation. All of the data fit
within the 10% error bars, which was set by the tolerance of the translation stage, fiber
core, and the beam profile of the LED. Finally, the optimal longitudinal displacement
results for the theoretical and measured case are shown in Figure 78. The optimal
displacement in each case was approximately 125-pm.

In conclusion, the theory derived in chapter 4 to predict the alignment tolerance of
3D stacked thin film emitter/detector devices has been compared to experimental results.

Data from devices integrated onto SiOz-coated silicon substrates and silicon CMOS
circuits have been 'Ac'ompared i"tt‘) -“thebr‘y{ The results from longitudinal and lateral

displacement test agree well with the theoretical calculations.
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LED Coupling Efiiciency Versus Longitudinal Displacement
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Figure 76: LED longitudinal theory versus experiment.
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Figure 77: LED lateral theory versus experiment
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Figure 78: Longitudinal theory versus experiment
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CHAPTER 6

CONCLUSION AND RECOMMENDATIONS

This dissertation has demonstrated the ability to build 3D stacked bi-directional
single fiber optoelectronic transceivers. The heterogeneous integration approach used in
this research illustrated the ability to independently design, optimize, an‘d'fabn'cate each
component in an optical transceiver, then for the emitter and detector, separate them from
their growth substrate, and stack them in a 3D format to provide a bi-directional single
fiber transceiver. This capability was highlighted by the fabrication of different size and
shaped 3D stacked devices integrated onto silicon. Also demonstrated was the ability to
mix and rﬁatch material systems without concern for lattice mismatch by the fabrication
ofa 3D stacked.GaAs RCE LED/InGaAs I-MSM PD device. In addition, the 3D stacked
device was integrated onto a silicon CMOS transceiver circuit to show that not onIy can
the photonics be indepehdently optimized, but integrated with separately optimized
circuitry, as well. Finally, theoretical calculations of alignment tolerance matched well to
ihe experiment results. The —3 dB point for the coupling efficiency of the RCE LED
occurs at a longitudinal displacement of approximately 125 pm, which is the optimal
position for the 3D stacked emitter/detector device. However, in the case of lateral
displacement, the —3 dB point for the coupling efficiency occurs‘ at approximately 25 pm.
When compared to the bi-functional devices presented in chapter 2, this alignment
tolerance is equal to the bi-functional LEDs of similar sizes and more tolerant than the
VCSELs and edge-emitting lasers due to the directionality of the laser sources. The

photonic integrated circuits were coupled into single mode fiber and had a 1-dB loss with
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2.2 um of longitudinal displacement and 3.2 um of lateral displacement [12]. The results
of this dissertation is important because it gives commercial and government sectors the
ability to build a low cost and high-speed optoelectronic transceiver that can be employed
in bi-directional single fiber optical lihks for fiber-to-the-curb/home/building/desktop
(FTTX) and in military and aerospace fiber link (MAFA) applications. As the demand
for FTTX and MAFA continue to increase, there will be an increasing demand for
affordable optical network units (ONUs). The main component of ONUs is the
optoelectronic transceiver, and the cost of the ONUs is critical.

To improve upon the work that has been done for this thesis, other emitters such
as VCSELs could Be used for higher speed emission. In addition, the order and position
in which the devices are stacked could be investigated in an effort to improve the
alignment tolerance and speed of the system. Moreover, to improve the directionality of
the LED a lens-could be integrated on top of the LED. Finally, to make the 3D staék

more manufacturable, organic thin-film devices could be studied
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