THESIS

FABRICATION AND CHARACTERIZATION OF HIGH-SPEED OXIDE-CONFINED

VERTICAL CAVITY SURFACE EMITTING LASERS

Submitted by
Ahmad Nasser Al-Omari

Electrical and Computer Engineering Department

In partial fulfillment of the requirements
For the Degree of Master of Science
Colorado State University
Fort Collins, Colorado

Summer, 2002




Copyright by Ahmad Nasser Al-Omari 2002

All Rights Reserved




K
5103.6

. Ad L
200
THESIS

COLORADO STATE UNIVERSITY
May 20, 2002

WE HEREBY RECOMMEND THAT THE THESIS PREPARED UNDER OUR
SUPERVISION BY AHMAD NASSER AL-OMARI ENTITLED FABRICATION AND
CHARACTERIZATION OF HIGH-SPEED OXIDE-CONFINED VERTICAL CAVITY
SURFACE EMITTING LASERS BE ACCEPTED AS FULFILLING IN PART

REQUIREMENTS FOR THE DEGREE OF MASTER OF SCIENCE.

Committee on Graduate Work

O]y —
Sieor i

/Z’—/
M‘-‘l—-_
" ”

o~
Adviser—

\ 2

N
Co-Adviser (if appliV;TeU /

Department Head ‘ N

i

COLORADO STATE UNIV. LIBRARIES




ABSTRACT OF THESIS
FABRICATION AND CHARACTERIZATION OF HIGH-SPEED OXIDE-CONFINED

VERTICAL CAVITY SURFACE EMITTING LASERS

The necessities for communication-network services such as database queries,
remote education, telemedicine and videoconferencing have increased the need for high-
speed communication systems with greater bandwidth. Faster single channel systems
require faster VCSELSs, and thus it is important to develop high-speed VCSELSs, since
they are suited for LAN application in a number of ways.

High-Speed Oxide-Confined Vertical-Cavity Surface Emitting Lasers were
fabricated in this research. Standard and repeatable fabrication steps were developed.
Important fabrication steps that enhance the oxide-confined VCSELs modulation
frequency were adopted. Photosensitive and non-photosensitive polyimides were
investigated. Metal-to-polyimide adhesion was improved. Adhesion strength was
examined using scotch tape.

The measured threshold voltage and current of a fabricated VCSEL with 28um
diameter and 7um oxide-confined aperture were as low as 1.5V and 0.4mA, respectively.
The active area resistance at zero bias was found to be 98€. Optical modulation
frequency of 17.0GHz for a VCSEL with 28um diameter and 7um oxide-confined

aperture was observed. An equivalent circuit model for high-speed oxide-confined
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VCSELs, which is important for designing high-speed interfacing circuits to VCSELSs,
was obtained.

Ion implanted VCSELs were investigated and simulated using the Trim and Pspice
softwares. Ion implantation is expected to reduce the active area capacitance from 135fF
to 83fF. As a consequence, the electrical —-3dB frequency will increase to 32GHz, which

represents about 30% improvement.

Ahmad Nasser Al-Omari

Department of Electrical and Computer Engineering
Colorado State University

Fort Collins, CO 80523

Summer, 2002
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CHAPTER 1

Introduction




1.1 Introduction

The world “LASER” is an acronym for Light Amplification by Stimulated
Emission of Radiation. Some of the types of lasers are gas lasers, solid-state lasers, dye
lasers and semiconductor lasers. In general, semiconductor lasers are efficient, compact,
rugged and inexpensive compared to other types of lasers.

In 1917, Albert Einstein showed that the process of stimulated emission must exist
[1], but it was not until 1960 that T. H. Maiman first achieved laser action at optical
frequencies in ruby [2]. The basic principles and construction of a laser are fairly
straightforward and it is quite surprising that the fabrication of the laser was so long
delayed. The development of the laser since 1960 has been extremely rapid, and although
applications for lasers had a very slow start during their first decade, new applications for
laser radiation are being found almost every day. Lasers are used in many types of
engineering, including metrology, scientific research, industrial processing,
communication, holography, medicine and for military purposes [3,4].

Over the last decade, the semiconductor laser diode has emerged as a device that
complements transistor technology to form the twin columns of modern information
technology. Similar to the transistor’s role in integrated circuits that process information,
the laser is at the heart of fiber-optic networks that form the basis of the modern Internet.
There are predominantly two forms of semiconductor lasers, edge emitting lasers (EEL)
and vertical cavity surface emitting laser (VCSEL). A Vertical Cavity Surface emitting
Laser is a semiconductor laser diode in which the two mirrors as well as the intervening

gain region are grown epitaxially on a semiconductor substrate. Light generated at the




gain region bounces back vertically between the mirrors, and some leaks through the top
surface mirror to form the emitted beam [11].

Before discussing the difference between the VCSEL and EEL, we want to
summarize some work that had an important impact on the development of the VCSEL.
Beginning in the early 1980s, several researchers, mainly at Bell Laboratories and The
Optical Sciences Center of the University of Arizona, began looking into the use of lasers
as a nonlinear optical phenomenon in micro cavities for potential applications in optical
switching, signal processing and optical computing [7].

Two-dimensional (2-D) arrays of light modulators were used in some of the system
architectures that have been inspected for optical computing. These architectures are
known to allow the performance of specific mathematical operations such as the
inversion of matrices in a simple and an efficient approach [7]. While researchers were
searching for technologies that could be used in these applications, they began
investigating simple Fabry—Perot resonators that include nonlinear optical media. David
Miller and his group at Bell Laboratories studied resonators with GaAs—(Al,Ga)As
multiple quantum wells as the nonlinear absorber [7]. The structures they investigated
had a low threshold; because of this, they subsequently became the basis of the quantum-
confined Stark-effect optical modulator. Dr. D. J. Goodwill and his group were able to
fabricate modulators into large-size arrays and use them in switching applications [12].
These researchers implemented an optical hyper plane-based ATM switching fabric.
They also designed the electronic interface and optical interconnects which are currently

being fabricated using today’s technology.




The performance of these devices as optical switches was improved by increasing
the quality factor of the composite resonator structures by reducing the residual cavity
losses and by increasing the reflectivity of the mirrors. Independent of any attempt to
develop a laser, these improvements were essential for some of the main features of the

practical VCSEL.

1.2 Vertical Cavity Surface Emitting Laser (VCSEL) vs. Edge Emitting Laser
(EEL).

VCSEL, or Vertical Cavity Surface Emitting Laser, is a semiconductor micro laser
diode that emits a cylindrical beam light vertically from the surface of a fabricated wafer.
This special characteristic enables it to offer significant advantages over edge-emitting
lasers (EEL). Figure 1.1 below illustrates some of the advantages of VCSELs over EELs.
In the EEL, the beam comes out of the edge while in the VCSEL the beam comes out of
the wafer surface, which makes it possible to carry out on wafer testing before the wafer
is cut into individual laser dies that are then packaged. It is also noted that the EEL
produces an astigmatic diverging beam of an elliptical cross-section, whereas the beam at
the VCSEL has a much smaller divergence angle and circular beam cross-section, which

results in simpler optics and better performance [5].

l EEL ——

N, Laser

Beams

6 VCSELs —»rm

Figure 1.1 Vertical Cavity Surface Emitting Laser vs. Edge Emitting Laser [5]
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In addition, VCSELs do not need corrective optics and over 50% of their light can
be coupled into a fiber. VCSELs have lower current requirements than EELs, which
makes them good for battery-driven applications and improves power budget efficiencies
for low power applications. For high power applications, EELs are more efficient.
VCSELs also have higher data rates (>10.0 GHz) than the simplest type of EELs, known
as Fabry-Perot laser diodes (~2.0GHz). Other EELs, specifically distributed feedback
(DFB) lasers, can operate at speeds of 20 GHz or higher, but are much more expensive
than VCSELs. The large bandwidth of VCSELs makes them attractive for low cost,
high-speed communications applications. Moreover, VCSELs can easily be fabricated
into high-density 2-D arrays, while this is much more complicated using EELs. Easier

fiber alignment and reduced packaging costs are additional advantages of the VCSEL [6].

1.3 Motivation

Communication has been one of the principal needs of people since ancient times.
As a result, an interest in devising a communication system for sending messages from
one distant place to another has increased. As time passes, several communications
systems have emerged. The main inspiration behind each innovative system was either to
improve transmission reliability, to increase data rate so that more information could be
sent, or to increase the transmission distance between stations.

In the years that followed the invention of the telegraph by Samuel F. Morse in
1838, larger portions of the electromagnetic spectrum were utilized for transmitting
information from one point to another.

There are two types of communications systems: electrical communication and

optical communication. In electrical communication, the data are transferred by




superimposing information onto a sinusoidally varying electromagnetic wave, which is
known as the carrier. As for optical communication, the information is in an optical
format, which is carried by varying the intensity of the optical power through optical
fiber.

Telecommunication networks based on optical fiber communication have become
a major information transmission system all over the world. Local Area Networks (LAN)
as a part of the telecommunication networks have become the norm for many workplaces
and educational settings, as users move from an isolated desktop computing model to a
more distributed computing model in which they gain access to shared and unlimited
sources of information, and as the demand on communication-network services such as
database queries, remote education, telemedicine and videoconferencing increase the
need for high-speed communication systems with greater bandwidth.

There are three approaches to greater link bandwidth: parallel ribbons, wave
division multiplexing and faster single channel systems. Faster single channel systems
require faster VCSELSs, and thus it is important to develop high-speed VCSELs. VCSELSs
are suited for LAN applications in a number of ways [8,9]. Because the optical beam is
emitted perpendicular to the wafer surface, VCSEL arrays can be fabricated with
photolithographic tolerances, making them ideal sources to mate with ribbon fiber
interconnects. To date, most of the market has centered on either four elements operating
up to 3.125GBd per channel or twelve elements operating up to 1.25GBd per channel.
The operating reach of a parallel interconnect is more than 100 meters, and is limited by
the skew in the optical fiber. In other systems, serial data communication is more

advantageous, and VCSELs have been operated at speeds in excess of 10GBd by direct
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modulation. Achievable link lengths are on the order of 75 meters over installed
multimode optical fiber, with distances of 500 meters on 850nm optimized fiber such as
Lucent’s Lazer Speed™ [10].

The general purpose of this research is to fabricate 850nm High-Speed Vertical
Cavity Surface Emitting Lasers, to understand their speed limitations, and to optimize
them, which will result in reducing the number of elements used per channel in parallel
data communication systems or increasing the overall speed of the system if the same

number of elements is used.

1.4 Overview

The overall objective of the research presented in this thesis is to fabricate High-
Speed Oxide-Confined Vertical Cavity Surface Emitting Lasers. To ahieve this objective,
the parameters that affect VCSEL speed as well as the fabrication steps required to
fabricate high-speed VCSELs were investigated. Included was the examination of the
characteristics of two different types of polyimide. One critical characteristic, the
adhesion strength between metals and polyimides, was investigated and improved. A
standard procedure for obtaining the electrical model of the VCSEL out of the measured
microwave reflection coefficient, S}, was also developed.

Chapter 2 details the background information about the physics and fabrication of
VCSELs. It includes the present technical status of High-Speed VCSELs by highlighting
the intrinsic and extrinsic parameters that affect VCSEL switching speed. It also reviews

previously published work in fabrication and characterization of High-Speed VCSELSs.
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Chapter 3 discusses the detailed fabrication steps of High Speed VCSELs . It
incorporates an overview of VCSEL fabrication steps, including the reasoning involving
each step. It further includes a description of the actual fabrication steps and their setup,
illustrated by images and schematic.

Chapter 4 presents the testing and characterization results of fabricated High-
Speed VCSELs. It describes the measurements of electrical and optical characteristics of
these VCSELs. Both the DC characterization and AC characterization setups are
described and presented as a schematic diagram. Parameters such as threshold current
and modulation bandwidth are presented and discussed for a range of device sizes.

Chapter 5 describes the electrical model for the VCSEL. A fitting procedure for
obtaining the electrical model is described. Simulation results for Pspice software are
shown. A comparison between the measured results given in Chapter 4 and the
simulation results is presented.

Conclusions and suggestions for future work are given in Chapter 6. The detailed
operational manual for devices used and fabrication processes are contained in
Appendices A and Appendix B, respectively. Appendix C describes the typical CSU
cleanroom photolithography processes. The HD-8000 polyimide data sheet and the HD-
8000 polyimide inspection processes are described in Appendix D and Appendix E,

respectively.
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CHAPTER 2
Background and Present Technical Status of High—Speed Vertical

Cavity Surface Emitting Lasers
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Modern high-speed short wavelength communication systems use the Vertical
Cavity Surface Emitting Laser as their light source. Great progress has been achieved in
the development of VCSELs for high-speed optical interconnects in high bit-rate data

transmission systems [1]-[11].

2.1 VCSEL structure

In the 1970s, the Iga group at the Tokyo Institute of Technology, Tokyo, Japan,
presented the first proposed idea for a Vertical Cavity Surface Emitting Laser. They
achieve pulsed operation and continuous wave (CW) operation in 1984 and 1988
respectively [17]. State-of-the-art fabrication has developed throughout the years as more
advances were achieved in the design and growth of mirrors, in addition to the progress
accomplished in fabrication techniques for electrical and optical confinement. Various
companies are presently manufacturing VCSELSs.

Numerous means are used in VCSEL fabrication to achieve optical and current
confinement. The four common ones are: proton implantation, oxidation, post etching
and re-growth. Figure 2.1 below illustrates a cross-section for these four fabrication
methods where most of the alterations focus on the method of defining the injected

current path. All four structures will be discussed in more detail in the next section.

16




Epitaxial
Regrowth

Contact \

S — ""‘“-s—_‘_q_‘__

= 7 —

/'_

IIIIIIIIIIIIIIL\
;

|
]

(a) Etched air post (b) Regrown

Implanted

Top Contact
Regions = — < P

Bottom

Contact ]

T

(c) Ion implanted (d) Oxidized

Figure 2.1 Various VCSEL structures (reproduced after [29])

2.2 Post etched, Regrown, Proton Implanted and Oxidized VCSEL structures

An air-post structure is a simple approach to defining the lateral extent of a VCSEL
cavity. It is done by etching a pillar or post, as shown in Figure 2.1. The first illustration
of a monolithic VCSEL was achieved with an etched air-post structure by the Jewell
group at AT&T Bell Laboratories [18].

The disadvantage of the air-post VCSEL structure is carrier loss due to surface

recombination at the sidewalls. Furthermore, there is a limit of how small the air post
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diameter can be due to optical loss. Also, defects in the sidewalls will result in diffraction
and scattering [19]. An additional concern is that these types of structure do not have an
effective heat sink, which results in high thermal impedance. Moreover, in air-post
VCSELSs, the top contact overlaps at least part if not all of the active area, so the structure
is not well suited to short wavelength VCSELs operating at wavelengths where the
substrate is absorbing since top emission will be required.

The regrown structure is a method which gives index guiding in a planar geometry
using a buried heterostructure, as shown in Figure 2.1. Etching the materials around the
intended cavity isolates the active region. After that, the etched regions are filled with
materials that have higher bandgap energies. Because of their wider bandgaps and lower
refractive indices [17], the regrown regions are used to define the lateral margins of the
active region and to play a part in electrical as well as optical confinement.

To date, three regrowth methods have been successfully demonstrated. These are:
vacuum-integrated dry etching and molecular beam epitaxy (MBE) [30]; dry etching
followed by chemical pretreatments before metalorganic vapor phase epitaxy (MOVPE)
[31]; and etching followed by liquid phase epitaxy (LPE) utilizing melt-back cleaning
[32].

To form implanted VCSELSs, ion implantation is used to damage a certain part of
the top mirror material and make it insulating, with the undamaged center acting as a
conduit for the current. As a result, the current will flow from the top contact and channel
through the undamaged region, which is the central region of the Distributed Brag
Reflector (DBR), and into the underlying active region [13]. Figure 2.3 below represents

a schematic cross-section of the ion implanted VCSEL.
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Bottom
Contact

Implanted Regions

Figure 2.3 Schematic of an ion implanted VCSEL

Although the proton implantation structure is preferred by industry as a well-
known, manufacturable process, which yields a desirable structure and better thermal
dissipation [13], nonetheless this type of VCSEL structure has disadvantages. Using
proton implantation structure, it is possible that the active layer will be will damaged by
the implanted ions. Also, the lateral scattering of ion species (straggle) is indistinct,
which limits the precision with which small apertures can be defined [17]. Another
drawback of proton implantation is that it does not provide inherent index-
guiding. Moreover, the implanted geometry does not provide inherent polarization
discrimination or control [21]. Furthermore, the presence of some residual surface
damage from the implanted protons increases the contact resistance over the implanted

material. Simulation of the ion implantation process using the Stopping and Range of




Ions in Matter software (SRIM), which was written by James F. Ziegler, will be
presented in Chapter 5 [33].

Oxide-Confined VCSELSs involve the introduction of an oxide aperture close to the
active region. This is achieved by growing layers with the highest Aluminum (Al) mole
fraction adjacent to the active region. Etching the mesa will expose the edges of these
layers, and then they will be oxidized at high temperatures in a water-steam environment
using an oxidation furnace [14]. Details of the oxidation process will be discussed in
Chapter 3. As a consequence, the layers with the highest Al mole fraction are converted
from Al,Ga; As into Al-oxide, which is an insulator with a low refractive index (n~1.55)
[13]. As illustrated in Figure 2.4 below, this insulating layer above the active region acts
to confine the current to be injected into the preferred active area. Since this layer has a

low refractive index, it also provides index-guiding.

Aperture Top

/ Contact

Bottom Jﬁ =

R e

Selectively Oxidized Layer
Figure 2.4 Schematic of an oxide-confined VCSEL
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A comparison between the proton implanted and oxidized VCSEL structures
(shown in Figures 2.3 and 2.4) indicates that the oxidized VCSEL provides excellent
performance in terms of lower threshold current density and voltage, as illustrated in
Figure 2.5 [17]. It is clear from the plots that the oxidized VCSEL structure has lower
threshold current density (Ji,) and lower threshold voltage (Vy,) than that of the proton
implanted VCSEL. Furthermore, while the best proton implanted VCSELSs provide about
20% power conversion efficiencies, oxidized VCSELs with efficiencies up to 50% have

been reported by Dr. K. L. Lear and his group [15].

2000 T
5 —&— Implant
1600 -
—— Oxide
1200 +
800

Threshould Current Density
(A/cm?

940 960 980 1000
Lasing Wavelength (nm)

(a)

1.6 1

—&— Implant
—8— Oxide

=
[$)]

Voltage (V)
-

1.3 e
940 960 980 1000

Lasing Wavelength (nm)

(b)

Figure 2.5: (a) Threshold current vs Lasing wavelength, (b)
Threshold voltage vs Lasing wavelength (reproduced after [29])
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Most of the recent reports on the progress of VCSEL device operation have mainly
been for oxide-confined VCSELs designs, which provide low threshold current and high
power efficiency as a result of their good optical beam and current confinement. In these
various designs, the aperture has a different refractive index than the oxide isolation layer
and thus acts as an index guide, as well as providing the current confinement for current
injection into the active region. This serves to create laser emission with greater modal

coherence and low-lasing threshold [12].

2.3 Factors affecting VCSEL speed

As the bit rates of high-speed data transmission increase, the dynamic properties of
the VCSELs are becoming more significant. Enhancing the VCSELSs’ speed to multi-
gigabit ranges will extend its potential applications into future high-speed data
transmission systems, parallel supercomputer interfaces, and multi-channel optical
computing systems. For all these potential applications, it would be highly desirable to
make the high speed VCSELSs [16].

Three main aspects must be considered when discussing high speed VCSELs.
These factors are the relaxation oscillation, optical nonlinearities, and parasitic circuit
effects that include junction and pad capacitance, and DBR series resistance [16]. Using
an electrically pumped VCSEL, a very high relaxation oscillation frequency was
measured. When the injected current was maximized, a 71GHz relaxation oscillation was
observed [22]. This is the highest ever-reported frequency for this type of measurement.
Also, optical nonlinear gain limits the bandwidth of VCSELs. Low nonlinear gain allows

a high resonance frequency up to the intrinsic bandwidth [16]. The third parameter is
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circuit parasitics, which can limit VCSEL speed. Large parasitic circuit elements cause
the bandwidth to saturate before achieving the maximum modulation frequency.

These parasitic circuit elements are mainly due to the resistance of the p- DBR or n-
DBR mirrors, and also due to the extrinsic capacitance. If these parasitic components are
quite high, they will set the modulation properties of the VCSEL. To fabricate high speed
VCSELs, these parasitic values should be reduced. Figure 2.6 below illustrates a
cross- section of high speed VCSEL with a superimposed equivalent circuit [23].
Parasitic elements, such as pad capacitance (C,), mirror resistance (R) and oxide and

junction capacitance (C,), are shown.

Interconnects/pad metals

Oxide

Active
region

Figure 2.6 A cross section of high speed VCSEL with superimposed equivalent circuit
(reproduced after [23])
2.4 Review of previous work in high-speed VCSEL fabrication
As mentioned in the previous section, since VCSEL speed is often determined by
circuit parasitics, many research groups have tried different ways of reducing these

parasitics.
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Resistance can be reduced to some extent by using some means such as delta
doping, which Dr. Kojima and his group did in 1993 [24], changing the VCSEL structure
itself, as Dr. M. K. Hibbs’s and Dr. R. A. Morgan’s group did in 1994 [25,26], or by
using the metalorganic vapor phase epitaxy (MOVPE) method, which was illustrated by
Dr. K. L. Lear and his group in 1994 [27]. Using the delta doping in VCSEL mirrors, it
was reported that the differential resistance was reduced almost by half and the peak
output power was increased by 40%. MOVPE was used to implement a new mirror
scheme. Mirrors with low vertical resistance can be achieved by grading mirror interface
and decreasing alloy composition. As a result, low lateral resistance, high reflectivity and
high thermal conductivity were obtained [27]. To date, much work has been done to
achieve the low resistance.

On the other hand, parasitic capacitances in oxide-confined VCSELs are pad
[16,23] and oxide capacitance [23]. To reduce pad capacitance, three parameters can be
changed: pad area [16], dielectric material and the dielectric material thickness. Equation
2.1 illustrates the relationship between these three parameters. Clearly reducing the pad
area, increasing the thickness of the dielectric material, or using a dielectric material that
has a low dielectric constant will decrease the pad capacitance, and thus increase the 3dB

frequency response of the VCSEL.

Coru = 2.1)

where:
€,: Permitivity of free space
¢, Dielectric constant

A: Pad area
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d: Dielectric material thickness.

As reported in [16], the PSPICE program was used to simulate the VCSEL
equivalent circuit using different pad areas. As a result, reducing the pad area by one
fourth (25x25um?) of its normal area, which is (50x50um?) [28], improved the VCSEL
dynamic response to more than 7.9 GHz (at 3 dB). Two VCSELs with pad areas

(20x20pm”) and (50x50um’) were also fabricated. Results show that the VCSEL with
the smaller pad area (20x20pm?) has a higher 3dB modulation frequency than that with
(50x50pm?®) pad area. Figure 2.7 below illustrates the small signal modulation response
characteristics for the VCSELs of the pad areas 20x20pum’ and 50x50pm?. Curves for

different values of bias currents are shown.

m—— 20um*20um pad size

eeens 50um*50um pad size

Response (dB)

0 2 4 6 3 10
Frequency (GHz)

Figure 2.7 Small signal modulation response characteristics, measured at different values
of bias currents above threshold (reproduced after [16])
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Changing the dielectric material used to planarize the VCSEL, as well as
increasing its thickness, will increase the modulation frequency. In other words, a low
dielectric constant material, as well as keeping the thickness of this material at maximum,
will result in lower pad capacitance.

Reducing the oxide capacitance will also result in increasing the modulation
response of the VCSEL. Several values of the VCSELs’ modulation frequencies were
reported by different research groups, but the fastest-ever realized VCSEL of 850 nm was
demonstrated by the Sandia National Laboratories group [23]. The modulation frequency
for this device was reported to be in excess of 20GHz at room temperature. To achieve
this, the group reduced the oxide capacitance by using an ion implantation process, as
shown in Figure 2.8 below. The ion implantation process and ion implantation simulation

software will be discussed in detail in Chapter 5.

Interconnect/pad metal

s S~

Polyimide

Figure 2.8 Implanted VCSEL cross- section (reproduced after [23])

As mentioned earlier, since the intrinsic VCSEL limit reaches as far as 70GHz,

thermal issues inside the VCSEL limit the frequency response [23]. Consequently, in
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principle reducing the VCSEL heat will increase its bandwidth. To prove this, in 1997

Dr. K. L. Lear and his group at Sandia National Laboratories decreased the testing-stage
temperature down to =50°C, and as a result the current range prior to self-heating induced

bandwidth saturation was extended. Dr. Lear and his group were able to achieve VCSEL

modulating frequency up to 26GHz [23].
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CHAPTER 3

Fabrication of High-Speed Vertical Cavity Surface Emitting Laser
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3.1 Overview of oxide confined VCSEL fabrication process

Oxide confined vertical cavity surface emitting lasers are VCSELs with an oxide
aperture formed by wet oxidation of AlGa;<As to form Aluminum oxide Al,O; where x
is close to 1.

Fabricating VCSELS requires a number of processing steps carried out in the proper
sequence. VCSELSs designed for high-speed operation require additional processing steps
designed to reduce parasitic capacitance that would otherwise limit their speed. This
chapter discusses in detail the steps used in producing high speed VCSELs. Initially, in
Section 3.2, the overall process will be summarized, and then subsequent sections will
detail steps used for mesa etching, oxidation, contact formation, planarization, and finally

interconnect metal deposition.

3.2 Overall process for oxide confined VCSEL fabrication
3.2.1 Epitaxial growth

Epitaxy is a process whereby the required types and compositions of semiconductor
alloys are grown on top of each other in a certain order with a certain thickness on a
compound semiconductor substrate [1]. In this case, the compound semiconductor
substrate is GaAs. Epitaxial growth requires that the grown material and the substrate
material have the same crystal structure. The lattice constants (space between 2 atoms) of
the grown material and the substrate material should be as close as possible, and the
difference between them, called the lattice mismatch, should be in the range of a few

percent. There are three commonly used compound semiconductor growth techniques.
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These are Metal Organic Chemical Vapor Epitaxy (MOCVD) [2], Liquid Phase Epitaxy

(LPE), and Molecular Beam Epitaxy (MBE) [3].

The wafer with epitaxial material used for the devices fabricated as part of this
thesis research were supplied by Mission Research Corporation, which purchased them
from Emcore. Figure 3.1 represents the structure of the grown wafer that was used in this
process. The compositions of the layers were chosen to emit at 850 nm [4]. As shown in
Figure 3.1, the substrate is p-type. Consequently we will end with an n-side up VCSEL
that offers a compatible electrical polarity with the npn bipolar-junction transistors used

in driving circuits for VCSEL [5].

Highly-doped n- GaAs cap layer
./lOlgcm'3 ), thickness 1 16.8A

n-mirror
(99.0% reflectivity) \
AlxGal-xAs
Active region % | Epi. Layers
) > (O<x<1)
p-mirror
(99.9% reflectivity
J

Figure 3.1 Epi. layers grown on a p-type GaAs substrate

The active region contains five GaAs (SOA)fAlg_gGao.gAs (SOA) quantum wells with
indices of refraction of 3.64 and 3.42, respectively. Bragg reflectors can be made using
Al Ga,4As superlattices. Layers of different composition x have different refractive
indices. Several repetitions of a double layer of low and high Al content can lead to a

constructive interference of incompletely reflected waves. For certain wavelengths that
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depend on the refractive indices and thicknesses of the layers, a very high reflectivity can
be achieved. Such structures are used as reflectors in our laser structures [6]. The n-
mirrors have 20 periods of AlggGagosAs (701.1A4)/Alg 16Gagss As (605.4A) n- DBRs
with refraction indices of 3.03 and 3.51. The p-mirrors have 35 periods of Algg,GagosAs
(701.1A)/Alo,|6Ga0_34 As (605.4A) p- DBRs with corresponding refractive indices of 3.03
and 3.51. One layer that has the highest composition, x=0.98, (Alp9sGagg2As), is buried
inside the n-DBRs with a thickness of 707.7A and a 700A barrier from the quantum
wells. Some wafers may have two layers of AlyGa;4As with high aluminum composition
grown above and below the quantum wells with a 700A barrier. The cap layer is an n-
GaAs layer with a 116.8A thickness and a doping concentration of (1—2)x10"cm™.
The reason why this top layer is highly-doped will be discussed later in this chapter. The

doping of both n-DBRs and p-DBRs are in the range of (1-2)x10"®cm™ . After epitaxial

growth the wafer is characterized by Polaron capacitance-voltage measurements to
determine the doping level and by reflectivity measurements to determine layer thickness
[5]. The wafer is now ready to proceed into the next step for VCSEL fabrication, which is

mesa etching.

3.2.2 Mesa etching

Mesa etching for vertically stacked layers has to be done in such a way as to
electrically isolate a working VCSEL to restrict undesirable leakage currents, make
contact to underlying layers, and expose the AlyGa;«As layer with high Al composition
for subsequent oxidation. It is important to expose the high Al composition layer to

water vapor since our VCSELs are oxide-confined VCSELs, which means that water
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vapor is necessary as an oxygen source to oxidize the high Al composition layer to form
the required aperture [7]. Further explanation of wet oxidation will be discussed later in
this chapter.

To etch a mesa, the sample has to go first through the Photolithography step. To
carry out the Photolithography step, the sample has to be cleaned using certain chemicals
in a specific sequence. Photolithography proceeds by exposing photoresist to an
ultraviolet light passed through a photomask on top of the sample. The photomask
consists of glass or quartz with the wanted pattern defined on them in a thin film material
such as chromium. First the photoresist is applied and spun onto the sample. Then the
photomask is aligned to any existing features on the sample, although no alignment is
necessary for the first photolithography step used to define the mesas. After this the
photoresist which is on top of the sample and the photomask are brought into contact, and
finally the mercury lamp which is the source of the ultra violetlight is turned on for a

certain time [3], as shown in Figure 3.2

UV light

Positive R R R RN RNy

photoresist \Ti <4— Photomask

Figure 3.2 Sample during UV exposure
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After this the photomask is removed and the sample is dipped into the developer for
a certain period of time and then rinsed with DI water. A detailed discussion of the
Photolithography process will be presented later in this chapter. After developing, the
sample will appear as shown in Figure 3.3.a below. Since the photoresist has a positive
tone, the exposed photoresist was removed while the unexposed photoresist remained [3].

The sample was etched using the chemical-assisted ion beam (CAIBE) [3], for
which further information will be provided later in this chapter. After etching, the
photoresist was stripped using a technique, which I will discuss later in more detail. The

sample cross-section at this point is shown in Figure 3.3.b.

hotoresist

(@ (b)

Figure 3.3 (a) Photoresist mask after developing, (b) Mesa after etching and striping the
photoresist

After stripping the photoresist, the sample is now ready to proceed to the next step, which

is wet oxidation.
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3.2.3 Wet oxidation

Due to its advantages in forming the current aperture and providing a lateral index
guiding to the lasing mode [8], wet oxidation is used to fabricate high-speed VCSELs.
The high Al composition layer, which we discussed in the epitaxial growth and the mesa
etching sections, has a higher oxidation rate than the rest of the mirror stacks under the
same conditions [7], [10]. Wet oxidation is carried out by exposing the sample to a high
temperature (~450°C) steam environment [7]. The equipment, setup and schematic
diagram of the oxidation furnace will be discussed later in detail in Section 3.3. Figure
3.3 shown below represents the mesa after oxidation. Note that the layer with the highest

Al percent oxidized further than the other layers.

Oxide aperture

Figure 3.3 Mesa after oxidation. AlGaAs layers converted to Al-oxide are shown in
orange

After the oxidation step, our mesa now has an oxide aperture with a certain

diameter, depending on many variables in the oxidation process [7].
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3.2.4 Ohmic contacts (top contacts/bottom contacts)

The term “ohmic contact” is used to describe a metal-semiconductor contact that
follows Ohm’s law. An ohmic contact should have a low contact resistance compared to
the bulk resistance of the semiconductor [13]. Top contacts on the mesas are used to pass
the current into or out of the VCSELs. Top contacts are applied by evaporating the

required types of metals onto the sample after the sample passes through the

photolithography process, as shown in Figure 3.5.

(a) (b)

Figure 3.5 (a) Mesa covered with photoresist, (b) Mesa after developing

As shown in Figure 3.5.b, it is important to get an overhanging photoresist profile
by the edges since this will result in an easy, clean metal lift-off step. After checking the
profile using the microscope, the sample is ready to proceed to the next step, which is
loading the sample into the evaporator.

After loading the sample into the evaporator, the pressure needs to be pumped
down to a low level. The required combination of metals can then be evaporated by

melting each metal in sequence using an electron-beam. After unloading the sample its
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entire surface will be covered with the evaporated metals and it will look like Figure 3.6.a
shown below.

Lift-off is a simple, uncomplicated method for patterning metal films that are
deposited. Lift-off processing can be done with acetone, whereby the photoresist will be
stripped away, removing with it all the unwanted metals that lie on top of the photoresist
surface, while the metals in the photoresist openings adhere directly to the substrate and
remain [3] as shown in Figure 3.6. The sample is now ready to proceed to the bottom
contact process.

For bottom contacts, the sample will go through the same process as for the top
contact except that the types of metals that need to be evaporated as well as the
photomask will be different. Figure 3.6.d shows the mesa with both top and bottom

contacts.
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Evaporated metal

() (b)

Top contact

AuGeNiAu Bottom
contact
AuBeNiAu

[ w—
(©) (d)

Figure 3.6 (a) Mesa after metal evaporation, (b) Mesa during lift-off process, (c) Mesa
after lift-off, (d) Mesa with top and bottom contacts

After contact-metal evaporation and lift-off, the sample will go through the high
temperature-alloying step. The sample temperature is increased until the contact metals

alloy onto the surface of the semiconductor. For the contacts on top of the mesa, the
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metals are alloyed into the thin GaAs cap layer, shown in Figure 3.1. The sample is now

ready for planarization using polyimide.

3.2.5 Planarization

The surface of the mesa must be planarized for several reasons. A smooth surface
is needed for metal interconnects and metal bonding pads to be patterned and deposited.
Planarization material also protects the sidewalls of the mesa from the external
environment, and it creates an isolation layer between the n and p contacts. Planarization
is accomplished using a photo-definable polyimide.

The polyimide is applied to the sample. It then has to go through a lithography
process similar to the lithography process for the photoresist described earlier in this
chapter. After developing, the polyimide has to be cured. A more detailed discussion of
curing polyimide will be presented later in this chapter. Figure 3.7 shown on the next

page illustrates the three main steps in mesa planarization.
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Polyimide

(a) Polyimide all over the mesa

(b) Polyimide after developing

=R

(c) Polyimide after curing

Figure 3.7 Different stages of mesa planarization




3.2.6 Metal interconnects/pad metal

In order to test the sample, we now need metal interconnects so that we can place
the probe station tips on metal pads to electrically contact the VCSEL. The sample needs
to go through the photolithography process to pattern the lift-off photoresist for the metal
pads. After the required interconnect and pad metals are evaporated, the sample is
unloaded from the evaporator and goes through the lift-off process mentioned earlier.
Figure 3.8 below diagrams the sample after interconnect and pad metal lift-off. At this
point, the VCSEL fabrication is complete and the sample is ready to be tested. However,
preliminary testing can occur earlier in the middle of the process after the oxidation step,

although electrically contacting the device is more difficult.

Interconnect/Pad metal (Ti/Au)

—

Figure 3.8 Sample after lift-off
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3.2.7 Testing

A simple DC testing setup is shown in Figure 3.9. This setup is used to measure both
the I-V curve and L-I curve of the VCSEL. Parameters such as the threshold current can
be measured. Other useful measurements can be carried out by changing the probe

position. Detailed information will be provided in Chapter 4.

Photo diode

Laser beam

\

Hp-Semiconductor parameter analyzer

Figure 3.9 DC testing setup
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Figure 3.10 Image gallery for VCSEL fabrication steps (left to right)
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3.3 VCSEL fabrication
3.3.1 Mesa etching

Wet etching, which refer to the use of liquid etchants to remove materials, was
investigated for fabricating VCSEL mesas. The H3PO4:H,0,(30%): H,O system with
20:2:2 volume ratios, respectively, was mixed and examined. Seven GaAs samples were
patterned with the mesa photomask, and each of them was dipped into the etchant
mixture for varying periods of time . All of the etching system components were stored at
room temperature (20°C) and the mixture was left to stabilize for about five minutes.
Figure 3.11 illustrates the etch depth for each of the samples. The linear fit corresponds

to an etching rate of GaAs, which is ~lum/min.

5
~ 4 GaAs etching rate ~1.0um/min.
5
7
0 3
o
~
Q
£ 21
3
[
=1
O T T T
0 2 4 6 8

Time (min.)

Figure 3.11 Mesa thickness vs. etching time
The SEM picture shown in Figure 3.12 on the next page illustrates the mesa
sidewall profile. The sample was immersed in the etchant system for five minutes and

then rinsed with DI water. It is clear from the image that this wet etchant results in an

isotropic etching profile. Because of the associated undercutting of the photoresist mask,
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we end up with a smaller semiconductor mesa top surface area than that of the original
photoresist mask. This caused a problem in subsequent fabrication steps because the
mask was designed assuming that the mesa top area would be the same as the photomask.
To achieve this, a non-isotropic, vertical wall profile of the type obtained using dry
reactive ion etching was used.

Ending with a smaller mesa surface area will result in the top contact metal falling
onto the sidewalls of the mesa. If the metal contacts the sidewall below the p-n junction,
it will produce a parallel schottky barrier diode with a turn-on voltage of about 0.7V.
This schottky barrier will prevent the VCSEL from reaching its 1.45V threshold voltage,

and consequently the VCSEL will never lase.

IBkUYU X2,000 10pm DOBOQARD

Figure 3.12 SEM image for wet etched mesa

Dry etching has several advantages over wet etching. It offers considerable
directionality and etches more rapidly in the vertical direction than the horizontal
direction. Some cases can result in a lateral etch rate close to zero, and hence
undercutting of masked patterns can be significantly reduced. Moreover, dry etching is

capable of patterning smaller geometric features (on the order of one micron) than wet
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etching. Furthermore, contamination can be less and purity can be higher, since gas usage
in dry etching is generally less than fluid use in wet etching. Also, dry etching provides
steeper sidewalls that will result in a larger mesa surface area [3, 10].

Dry etching of the VCSEL mesa was investigated. Six samples of the real wafer
were prepared by patterning the mesa photomask on them. The same photoresist
preparation used for the wet etching investigation was used for dry etching, with the
addition of one more step: hard-baking the photoresist after developing it for two minutes
at 120°C to make the photoresist hard enough to withstand ion bombardment during dry
etching.

A chemically-assisted ion beam (CAIBE) system was used for the dry etching. It is
located at the CSU Foothills Campus in the Engineering Research Center (ERC) in Dr.
Carmen Menoni’s lab. For more detailed information about the etching system used,
refer to [24]. 10 sccm of Argon gas and 2.5 sccm of Chlorine gas were used. The
samples were etched by Dr. Dinesh Patel. Two samples were processed each day, and
the other samples waited until the later day in order to ensure that the system cools down.

Consideration of the etch rates for the two samples etched on the same day
illustrates the etch rate variation due to etch system heating. Figure 3.13 shown below
illustrates two etch depth vs. etch time curves, one for the first sample that was loaded in
the etching system that day and the other one for the sample that was loaded directly after
the first sample. In other words, the system was hot when loading the second sample.
During a three-day period, six different samples were examined. A new sample was used
for each load. It is concluded from Figure 3.13 that the etching rate was not constant in

each case but was more stable for the second sample than that for the first sample. We
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therefore decided that for our real sample to run the system first with a dummy sample,
and then load our real sample as a second sample to be etched during a given day.

The reason why the etching rate was not constant is that dry etching usually
utilizes one or more halogens (especially F, CI, or Br) or oxygen. These excited species
can trap electrons from the plasma to form stable negative ions. Such a reaction reduces
the conductivity of the plasma by replacing a highly mobile carrier (electron) with a
heavier or less mobile ion. This situation can sometimes alter the behavior of the

discharge, causes instabilities, and lead to nonuniform etching [25].

8 1¥ sample

7 T-20C \

6 nd
2™ sampl
Z’ 1 T>20C dW

Etched AlGaAs thickness(um)

to 1% run
3 .
2 -4
1 .
0 T :
0 2 4 6

Time (min.)

Figure 3.13 AlGaAs etching depth vs. time

Etching, like most process steps, is not applied uniformly across the sample being
processed. Photomasks are used in most steps to pattern the photoresist in order to
determine where the etching process will occur. Photolithography begins with cleaning
operations that are performed before each major step during device processing. Solvents
are used to remove any contaminants present on the wafer. The standard solvents used in
my process are acetone, methanol, and de-ionized (DI) water applied in sequence by

rinsing the surface of the sample with a stream from a squirt bottle.

51




After cleaning with solvents, the sample is blown-dry with nitrogen to remove any
residual fluid from the sample surface. The sample is then baked at 95C to remove any
moisture from the surface, since the photoresist properties depend on the amount of
moisture in it. Liquid photoresist (Shipley 1818) is then applied by using a syringe loaded
with photoresist and an attached filter. The photoresist is deposited in a puddle on the
sample, which has been previously positioned on a spinner. Immediately after the
photoresist is put on the sample, the sample is spun at approximately 6000 rpm for 30
seconds to evenly distribute the photoresist across the sample and to make the photoresist
adhere to the sample after the spinning stops [3]. The thickness of the photoresist after
spinning is a function of photoresist viscosity and spin speed, but usually ranges from
about 1 pum to 10 um. The thickness of the photoresist can be tested by scratching away
part of the photoresist (optionally prepared on a dummy sample) and using a surface
profilometer, e.g., Alpha Step model 100, to measure its thickness. Our measured
photoresist thickness for Shipley 1818 spun at 6000 rpm was 2.0pm, as shown in Figure
3.15 below.

After photoresist application, the photoresist on the edges of the sample needs to be
removed. Usually the photoresist is uniformly distributed across the sample except the
edges, which will have a thicker layer of the spun photoresist, as shown in Figure 3.14.
This build-up of resist at the edge of the sample is referred to as an “edge-bead”. If the
edge-bead is not removed, it will make a gap between the glass photomask and the
photoresist surface in the middle of the sample during UV exposure. The gap between
the photomask and photoresist will allow diffraction of UV light into parts of the

photoresist that should not be exposed. As a result, the exposure resolution is reduced




and small features, such as small diameter mesas, will be lost in the developing step.
Also, the edge bead will interfere with the movement of the photomask when it is in
proximity to the photoresist, making it difficult to align the sample with the mask in the
aligning step. The edge-bead can be removed either by using a cotton swab soaked with

acetone or by using a blade.

Photoresist

el

Figure 3.14 Sample with photoresist

After edge-bead removal, the sample is placed on the mask aligner chuck, and the
mesa mask is loaded and aligned with the sample. Once aligned, the sample and the
mask are placed in contact. Finally, the mask aligner lamp is switched on for a duration
determined by the exposure time, which is set as specified in the vendor data sheet. For
more information about how to operate the Karl Suss mask aligner, refer to the standard
clean room operation manual in Appendix A.

Next, the sample is developed for 50 seconds using AZ400K. The developing time
is determined when all the exposed photoresist is developed away. The sample is then

rinsed with DI water and blown-dry with nitrogen. Diagram 3.15 below shows a top
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view of a mesa photoresist mask after developing, as well as the photoresist thickness

measured using Alpha-Step 100.

Photoresist~—~J]_
mesa mask ;

(b)
Figure 3.15 (a) Top view of mesa photoresist mask, (b) Alpha step result (scale at
100kA=10um)
Before proceeding to the etching step, the sample is baked at 120C for two mintues
to make the photoresist mask hard enough to withstand the dry-etching process. Figure

3.16 below illustrates the top view of a mesa photoresist mask after baking.

Photoresist

k
mesa mas Figure 3.16 Baked mesa

| photoresist mask
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Dr. Denish Patel used the load-locked, CAIBE dry-etching system located at the
Engineering Research Campus (ERC). He carried out the sample etching by first loading
a dummy GaAs sample without a AlGaAs epitaxial layer and running the system for five
minutes. Afterwards he unloaded the dummy sample and immediately loaded the real
sample. The etch time used for the real sample was about 3 minutes and 50 seconds. The
sample was then unloaded directly. Figure 3.17 shows the mesa photoresist mask after
dry-etching. Comparing the color of the photoresist mask in this image with the one in
Figure 3.16 will lead to the conclusion that the photoresist mask is undergoing a chemical
reaction with the gas species inside the etching chamber. To make sure that the surface
of the resist has not just been roughened by ion bombardment and that this rough surface
no longer reflects light as well as the smooth photoresist surface, a dummy sample was
loaded into the etching system for only five seconds, which is a sufficiently short time not
to cause the surface of the photoresist to be roughened. As a result, the same black color

was observed.

Photoresist ~_|

mask \i

Figure 3.17 Plasma-treated mesa photoresist mask

The disadvantages of using the dry-etching are that the surface of the photoresist is

roughened by ion bombardment, and as result it will be difficult to predict the mesa

55




height using the alpha step before striping the photoresist. Also, as soon as the etching
begins, the photoresist mask will chemically react with the gases inside the chamber and
this reaction will make it very difficult to strip away the photoresist afterward. Some
research groups (Dr. Carmen Menoni’s group) usually use plasma line asher to remove
the plasma-treated photoresist, but the disadvantages of this are that it takes a relatively
long time, up to one hour, at about 200W, and keeping the sample for that long of time
inside the plasma line will expose the sample to a high temperature. Exposing the sample
to high temperatures in the presence of oxygen for a long time (one hour) will grow a
relatively thick oxide layer on the sample surface. If ohmic contact metals are to be
evaporated next, then this thick layer of oxide will produce a high contact resistance,
which will affect the device performance. Furthermore, if the sample already has ohmic
contacts, then exposing it to high temperatures will cause some of the ohmic contact
metals to diffuse deep into the sample, which may cause a short in the quantum wells in
the case of a VCSEL. Other groups use a pretreated liquid solvent to strip away the
plasma-treated photoresist. However, the disadvantage of this approach is that such a
solvent reacts with some of the commercially-available substrates [12]. Therefore, before
choosing this method one should make sure that this solvent would have no effect on
anything other than the photoresist.

The technique I used to strip away the photoresist relied on the fact that exposing
photoresist to ultraviolet light results in chemical changes to the photoactive components
of the photoresist. This chemical reaction depends critically on the water content of the
photoresist [3]. When the photoresist is exposed to UV light, the photoactive component

degrades to form ketone. After this the ketone forms an indene. The indene carboxylic
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acid is highly soluble in the basic developer. In the absence of water, the photoactive
components form ester linkages with other molecules [11]. This cross-linking decreases
the solubility of the resist. The advantages of using UV flood exposure in the presence of
water in this method are that the method requires no special chemicals or plasma
equipment, and hence is inexpensive. The solvent used is the same as that used in
developing the photoresist, so additional chemicals are required. Also, the developer
does not attack the substrate.

Based on the above argument, the sample was dipped in a hot DI water bath for
about five minutes to force the photoresist to absorb some water. After that the sample
was dried with nitrogen and exposed to UV light for six minutes using the mask aligner.
As a result, the ketone formed indene carboxylic acid. The sample was then soaked in an
ultra sonic bath of a basic developer, AZAOOK. Figure 3.18 shows the mesa after
stripping the photoresist mask, in addition to the mesa height, measured using the Alpha

step.

Etched mesa

Figure 3.18 (a) Mesa after

[Ty _.\ T stripping away the
(b) photoresist mask, (b) Alpha
5.0um  |step result (scale at

| 100kA=10pm)
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The mesa is now ready to proceed to the next step, which is oxidation.
3.3.2 Wet oxidation

Oxidation is used to convert high aluminum content AIGaAs to aluminum oxide. It
is carried out in a furnace using water vapor. The oxidation furnace is set up using a
quartz tube inside a furnace with electrical heating elements. Water vapor is provided by
heating water, and the resulting vapor is carried through the furnace tube using nitrogen
gas. The amount of water vapor that can be transferred into the N stream is proportional
to the water temperature. To achieve maximum water vapor into the N, stream, the water
temperature is kept below boiling temperature (75-85)°C. N, will bubble through the
water to bring the vapor into the furnace. The inlet tubing has to be heated using heat tape
at >(75-85)°C to prevent the condensation of vapor before entering the furnace [7]. The

oxidation furnace apparatus is shown in Figure 3.19 below.
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Figure 3.19 Oxidation furnace setup
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First the furnace was operated without any sample so that we could obtain its
temperature response in time. To operate the oxidation furnace, the exhaust at the left
side of the furnace outlet is connected in order to collect the condensate from the
oxidation process. After that, the flask and bath are filed with DI water. The water level
in the flask and in the bath need to be is sufficient for the oxidation process (about 90%
full). However the water level for the bath should be higher than the water level in the
flask to ensure even heating of the water. The N, flow meter is then adjust to 560 sccm.
Bubbles will then appear in the flask. If the pressure is too low or if the flow fluctuates
too much, the pressure regulator is adjusted. The thermocouple thermometer for the
sample, the VARIAC power control for the heat tape at the inlet of the furnace, and the
furnace power switch are turned on. The red set-point button on the furnace is pressed to
view the set-point; the furnace set-point should be at 360°C, which will result in a
thermocouple temperature of about 420°C. The hot plateis then turned on, with a setting
of around 8.5 for a temperature of (75-85)°C.

Figure 3.20 below illustrates the temperature of the oxidation furnace and the water
temperature during the warm-up time for the settings mentioned above. It indicates that

approximately 90 minutes are required for temperatures to stabilize.
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Figure 4.20 Oxidation furnace profile

To investigate the oxidation rate under the conditions stated above, a part of the
real sample was loaded into the furnace after the system was left to stabilize for about 90
minutes. The test sample was oxidized for about 20 minutes and then the sample was
unloaded. After that, the test sample was cleaved across one of the mesas and
investigated using the scanning electron microscope (SEM). The image in Figure 3.21

below is a SEM photo for the cleaved mesa. Dark lines are the oxidized layers.

Oxidized
layers

F IB0kU K3IS5,0080 8.5pm DBBBGO

Figure 3.21 SEM photo for a mesa cross section
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From the results above, the oxidation rate was about 0.3pum/minute for the low
aluminum composition layers (Alpg>GagosAs) and about 1.0um/minute for the high
aluminum composition layer (Alp9sGagp2As). This means that the high aluminum
composition layer (AlposGagp2As) oxidized ~4 times faster than the low aluminum
composition layers (Alyg2GaggsAs) [7].

Our real sample went through the same process and was oxidized for 20 minutes.
Figure 3.22 below shows a top view of an oxidized mesa. The thin golden ring around the
edge of the mesa results from the oxidation of several low-aluminum composition layers
(Alp.92GagggAs). The color is the result of the reflection spectrum of the alternating oxide
and Alp6GaggsAs layers. The single oxide layer formed from the highest aluminum

content, Alg9sGag2As, layer is not visible in this optical photograph.

Oxidized
mesa

Figure 3.22 Top view of an oxidized mesa

Although the oxide aperture is not directly visible in the optical microscope, another way
of estimating the aperture size is to use the golden ring shown in Figure 3.22. SEM data
shows that its oxidization rate is one fourth of the high aluminum-composition layer
(Alo9ogGagp2As). Hence by measuring the width of the golden ring and multiplying it by
4, we can predict the oxide aperture size for this mesa. Figure 3.23 below illustrates this

principle.
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Predicted oxide
aperture

Figure 3.23 Predicted oxide aperture

3.3.3 Ohmic contacts
It is well-known that the ohmic contacts on the semiconductor device are used to
pass the current into or out of the device [3]. A complete and comprehensive study of the
basic theory of these ohmic contacts was recently reviewed by Rhoderick [14]. Ohmic
contact resistance is defined as the contact resistance of a unit area for current flow
perpendicular to the contact and is typically stated in units of Q —cm?®. Ideally, the
contact resistance should be very small, in the range of (107° —10%)Q — cm?, and the
contact should have a linear I-V curve. Two different types of contacts present in the
VCSEL structure are n-contacts and p-contacts. Whether one uses one or the other
depends on whether the semiconductor surface is an n-type or a p-type.
Ohmic contacts are fabricated by evaporating different types of metals of certain
thickness on the semiconductor surface. Before the contact can be used as an ohmic
contact, the wafer (GaAs) must be heated until the metalization alloys into the layer

underneath the contact. During this process, a component of the metal enters the GaAs
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and highly dopes the surface. Nominal metal types for this doping function are Zn, Be,

Cd and Mg for p-type GaAs and Ge, Se, Sn, and Si for n-type GaAs [15].

3.3.3.1 Top contact (n-contact)

The top contact was fabricated first. The top contact mask was patterned with a
type of photoresist other than that used for etching the mesa, namely ma-N 490, which is
a negative tone photoresist. We have a clear field mask for the top contacts. To pattern
the contact metal, it is necessary to use either the conventional lift-off process with two
positive photoresists or the simplified lift-off process with a single negative photoresist .
The overhanging profile is critical for the lift-off process since it protects the part of the
photoresist to be covered with the evaporated metals so that the acetone can attack the
photoresist and remove the unwanted metals that lay on top of the photoresist, (refer to
Section 3.2 for more details regarding the lift-off profile). If the contact is a dark field
mask, it is necessary to use a positive-tone photoresist treated with chlorobenzene to
make the profile suitable for the lift-off process. Soaking the photoresist in the organic
solvent chlorobenzene removes residual solvents and low-molecule weight resins from
the upper layers of the photoresist film. This slows down the developing actions for these
layers and therefore yields an overhanging profile for lift-off [3]. The use of
chlorobenzene to obtain an overhanging profile will be discussed later in this chapter.
Figure 3.24 on the next page illustrates a comparison between the conventional Lift-Off

and the simplified Lift-Off processes [12].
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Figure 3.24 (a) Simplified Lift-Off processes, (b) Conventional Lift-Off [12]

Initially, AZ 5214-E negative tone photoresist was investigated for n-contact metal
patterning, but the Lift-Off process failed using this photoresist. This was due to the fact
that this photoresist has a maximum thickness of 1.6um when spun at 3000 rpm while
our mesa height was 5.0 pm. Consequently, with this thickness we failed to obtain an
overhanging profile and sufficiently step coverage necessary for Lift-Off. Figure 3.25
below illustrates the need for sufficiently step coverage and an overhanging profile. In
both cases, there was no place for the acetone to attach and strip the photoresist. In the
case represented by Figure 3.35.a, where we have considerably step coverage and no
overhanging profile, a mechanical "scrub” can be used, but it is not recommended since it
may damage the surface of the sample. Ma-N 490 was therefore chosen because it is a

negative tone photoresist that provides the right overhanging profile and is compatible
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with the clear-field contact mask we used. The manufacturers of this photoresist also
note that it may be used for either proximity or contact exposure, that it is fully
compatible with conventional positive tone photoresist processing, and that it has high
etching resistance, high structural resolution, and excellent adhesion on common
surfaces. Also critical for our application is its thickness in the range of 5 to 14 pm,

corresponding to spin speeds of 6000 to 1000 rpm. This high thickness was necessary

since our mesa height is about 5 pm.
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Figure 3.25 (a) Non-overhanging profile, (b) Small step coverage

After choosing the suitable photoresist, the sample has go through the cleaning and
photolithography processes. The sample was cleaned by first being soaked in a beaker
filled with acetone. After that, the sample was taken out of the beaker with tweezers and
rinsed with a methanol squirt bottle while there was still acetone on wafer, since the

acetone or methanol should not be allowed to dry on the wafer surface. Next, the sample
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is rinsed in de-ionized (DI) water and blown-dry with nitrogen. Blow-drying is a quick
and convenient method which is not as clean as spin-drying but is sufficiently clean for
most research lab purposes. Drying a sample or wafer by "spinning dry" leaves very
clean surfaces. Spin-dried samples are used for epitaxial growth or other processes in
which the surface quality is very important. Next, the sample was baked at 120C for two
minutes and left to cool down for about three minutes.

After cleaning the sample, the negative tone photoresist ma-N 490 was spun at
3000rpm for 30 seconds and baked for 10 minutes at 95°C to obtain a 7.5 um photoresist
thickness according to the data provided by the manufacturer [12]. Next, the photoresist
edge-bead was removed using a sharp blade. Then using the mask aligner, the top
contact photomask was aligned with the sample and the sample was UV-exposed the
sample for about 90 sec. at 9.6mW/ cm?. The 90 seconds. Exposure time was determined
depending on the exposure dose decided by the manufacturer, which was 864 mJ/cm®.
The measured output power of our mask aligner using the optical power meter was

9.6mW/cm’. The necessary exposure time was calculated as

time = @ =90sec.
9.6

The Ma-D 332S developer that was recommended by the photoresist vendor was
investigated before proceeding with the real sample to determine the developing time,
since it might vary. After that, the sample was dipped in the full strength ma-D 332S
developer at room temperature for about 50 seconds [12]. Developing time was chosen
depending on our own characterization for the developer at this particular photoresist
thickness. Then the developed sample was examined in top view using the microscope

camera to check whether the sample was fully-developed. Fully-developed means that
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there is no photoresist left on the areas where the top contact metal will be deposited.
Also, the scanning electron microscope was used to check the over hanging profile.
Results of examining the developed sample are shown below. Figure 3.26 illustrates that
the sample is fully-developed and that the overhanging profile for easier Lift-Off was
achieved.

Mesa top

surface (GaAs) Photoresist
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Figure 3.26 (a) Photoresist mask for top contact, (b) SEM photoresist mask for top
contact

If the small features that should be patterned developed away before the sample was
fully-developed, then the exposure time has to be re-determined. But if the sample was
fully-developed with all features present then the photoresist scum can be removed with
the plasmaline asher. The plasmaline asher mainly removes very thin layers of
dielectrics, but the concern in this step is that it may damage the overhanging profile we
need for the Lift-off process. For more information about how to operate a plasmaline

asher refer to the standard clean room operation manual in Appendix A

After the sample was inspected, it was soaked for 15 seconds in an HCI: H,O

solution with 1:1 ratio to remove the oxide layer formed on the GaAs surface [16]. After
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that, the sample was blown-dry with nitrogen gas and mounted in the evaporator. It is
important to remove the oxide layer before applying the ohmic contact metals since the
presence of such an oxide layer will result in a high resistance ohmic contact, which will
affect the VCSEL performance. Before closing the bell jar, the crystal which monitors
the deposition rate was checked, in addition to the types of metals loaded in the

evaporator, since the evaporator has to be loaded with only four different types of metals.

The pressure inside the evaporator was pumped down to ~ 2* 10 *Torr .

While many metalizations have been examined for contacting n-type GaAs, none
has been found to be better of quality than gold-germanium eutectics for reasonable
doping ranges from 1x10'® to 5x10' ¢m™ [3,17]. Gold-germanium ohmic contacts are
usually applied with an overlay of another metal such as nickel. The nickel is introduced
as a wetting agent and to prevent AuGe metal from “balling up”. The germanium is used

for doping the GaAs during alloying.

An Au-Ge-Ni-Au sequence of metals was chosen for the top n-type contact. The
ratio of the lower Au and Ge layer thickness was chosen as 88% Au and 12% Ge percent
by weight to make it a eutectic mixture. This percent are by weight corresponds to a ratio

of layer thicknesses calculated using the volume densities of

P, =19311g/cm’, p,, =5.35¢ /cm’

Vol,, =88/19.311=4.55Tcm” Vol ;, =12/5.35=2.243cm’.

Since both metals will have the same area, this means that the fractional layer

thicknesses are
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%Aulhl('l\lu‘\\ = 4557 * 100 = 67%
h (4.557+2.243) |

%Gelhi(‘klw.\'\‘ = 2243 *100=33%.
| (4557 +2.243) |

The total AuGe thickness was chosen to be 1000A since ohmic contact resistance
will suffer if the contact thickness is less than 1000A [3]. As a result, the Au thickness
was 670A, while the Ge thickness was 330A. The nickel layer thickness that will be

evaporated is approximately 280A for each 1000A of AuGe.

Au-Ge-Ni-Au was evaporated with thicknesses of (670:330:300:70) A respectively.
The reason why the last layer of 70 A Au was added is to enhance the sheet resistance
and make it easier to probe the device [3]. Although the last Au layer is very thin and
will do little for the sheet resistance, it does keep the Ni from oxidizing. Another thick
Au layer (~2000 A) will be added when the metal pad is applied to reduce the sheet
resistance. For more information about how to operate the beam evaporator, refer to the
standard clean room operation manual in [Appendix A]. Figure 3.27 is a microscopic

image of the mesa before the Lift-Off process.

Evaporated
metals

Figure 3.27 Mesa before Lift-Off process
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Next, the lift-off process was performed. The sample was dipped into a beaker

filled with acetone. Then the beaker was placed in the ultrasonic bath, which was filled

with water. Ultrasound was applied to the sample in the acetone filled beaker for about

five minutes. Ultrasonic waves caused the sample to vibrate, assisting the acetone in

attacking the photoresist underneath the deposited metals. Figure 3.28 below illustrates

the Lift-Off setup.

Sample Acetone

Figure 3.28 Lift-Off setup

DI water

Itra sonic
waves

After the lift-off process, the sample was washed with methanol, DI water and

blown-dry. Figure 3.29 illustrates a top view of the mesa after Lift-Off with an Au-Ge-

Ni-Au top contact prior to high temperature alloying.

Figure 3.29 Top contact after Lift-Off
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3.3.3.2 Bottom contact (p-contact)

The process for applying the bottom contact is very similar to that used for
applying the top contact with few modifications. After cleaning the sample,
photoresist ma-N 490 was spun at 3000rpm for 30seconds and baked for 10 minutes
at 95°C to obtain a 7.5 um photoresist thickness according to the data provided by the
manufacturer [12]. Next, the photoresist edges were removed using a sharp blade.
Then, using the mask aligner, the top contact photomask was aligned with the sample
and the sample was UV exposed for about 200 seconds at 9.6mW/cm®. The 200-
second exposure time was determined according to the exposure dose determined by
the manufacturer, which was 1900 mJ/ cm?. The exposure time for the top contact is
less than that of the bottom contact because in the first case the thickness of the

photoresist to be developed is about 2.0um, while in the bottom contact case the
photoresist thickness that needs to be developed is about 7.0um. The measured

output power of our mask aligner, using the optical power meter, was 9.6mW/ cm?.

time = @ = 200sec.
9.6

After this the sample was dipped into the ma-D 332S developer recommended by
the vendor at room temperature for about 150 seconds. The developed sample was then
examined using the microscopic camera for top view to check if the sample was
fully-developed. Figure 3.30 shown below illustrates a top view of the mesa after
developing. The light area represents the area where the bottom contact should be. After
that, the sample was prepared for metal evaporation through the same steps used for the

top contact.
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Fully-developed
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Figure 3.30 Mesa patterned with bottom contact mask

Different types of metalizations can be used for p-type contact including BeAu-Ti-
Au, Ti-Pt-Au and ZnAu-Ti-Au. In out case Ti-Pt-Au metalization system cannot be used
since the p-type layer that our contact will be deposited on is not highly-doped,
consequently, Be or Zn must be used. Using Zn is not recommended since it will
contaminate the evaporation system. BeAu-Ti-Au was chosen as our bottom-contact
metalization. BeAu was applied as a pre-alloyed metal with (1% Be by weight) [3]. The
concern in using a pre-alloyed BeAu is that the alloy composition of the metal mixture
will not stay 1% Be as metal is evaporated from the crucible. The reason for this is that
the heat of vaporization of Au is 334.4 Kjmol ' and for Be is 292.4 Kjmol . Consequently
the Be evaporation rate will be higher than the Au evaporation rate at the same pressure

and electronic gun power [18]. Be was used to highly dope the surface layer.

BeAu-Ti-Au was evaporated with corresponding thicknesses of (500:300:700) A.
Figure 3.31 is a microscopic image of the mesa after p-contact metal evaporation but
before the Lift-Off process. The inner photoresist circle protects the mesa underneath it

and the top contact.
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Figure 3.31 Mesa before Lift-Off process

Next, the sample went through the Lift-Off process using the same recipe used for
top contact lift-off. Figure 3.32 below illustrates a top view of the mesa with both top

and bottom contacts.

Top contact
Au-Ge-Ni-Au Bottom contact

BeAu-Ti-Au

Figure 3.32 Mesa with top and bottom contacts

Before using these deposited metals as ohmic contacts, the sample contacts must be
alloyed, which requires heating up the wafer to (400-480) °C in a nitrogen gas atmosphere
for (30-60) seconds [3, 10]. During the heating and cooling, the sample components of

the metal will diffuse into the semiconductor layer underneath it and highly dope it.
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The sample was alloyed at 420 °C for 30seconds. [16]. The sample was then
examined using a microscope. As shown in Figure 3.33 below, the alloyed contacts have
a unique appearance, changed from what is observed in Figure 3.32. The metal appears
splotchy, having dark and light spots. Such an appearance is necessary for lowest

resistance contacts [3].

p-type
Bottom contact

n-type
Top contact

Figure 3.33 Mesa with alloyed top and bottom contacts
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3.3.4 Planarization

Polyimides are typically applied in semiconductor micro-fabrication for use as
stress buffers, for surface planarization, or as dielectric isolation layers [19]. Many
factors should be considered in the combination of polymers and metals. The dielectric
constant is an important factor in choosing the polymer since a low dielectric constant
will result in a smaller RC time constant and consequently faster devices. Also, the
polymer should have low moisture absorption so that it has stable properties. In addition,
low curing temperature is important if the sample is sensitive to high temperatures. Good
adhesion properties to metals such as gold are important factors that also need to be
considered [19, 20].
3.3.4.1 Overview

Polyimide is used to planarize the VCSEL before depositing metal interconnects
and bonding pads. Two types of polyimide have been used in our VCSEL fabrication: a
non-photosensitive polyimide, which is not sensitive to UV light, and a photosensitive
polyimide, which is sensitive to UV light. The standard photolithographic process for
patterning non-photosensitive polyimides requires the use of a photoresist to serve as an
etch mask for etching the polyimide. This introduces additional steps for applying,
drying, patterning, developing and stripping the photoresist. Photosensitive polyimides
make the fabrication process easier by reducing the number of steps required to pattern
polyimide coatings [21]. The first one, which uses the non-photosensitive polyimide,
failed in our application. More explanation and Scanning Electron Microscope (SEM)
photos will be presented later to explain why it failed. Figure 3.34 below represents a

comparison between the steps of the process for the two types of polyimides.
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Figure 3.34 Process comparison between photosensitive and non-photosensitive

polyimides [21]
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3.3.4.2 Non-photosensitive polyimides

The non-sensitive polyimide that was investigated, Pyralin PI 2555, had been
previously used by other students in the CSU cleanroom [21]. Before applying this type
of polyimide, the surface of the sample has to covered with VM-651 adhesion promoter.
VM-651 adhesion promoter is an organosilane which is used to improve the adhesive
properties of all types of Pyralin polyimide coatings to the substrate surface [21].

To prepare a VM-651 adhesion promoter solution, a specific procedure has to be
followed. First, a small container of pure VM-651 was removed from the freezer and
allowed to warm up to room temperature (a béttle of adhesion promoter or polyimide
should not be opened until it has warmed to room temperature to avoid contamination
caused by water condensation). The following solution was then mixed in a specimen
container: 95 ml Methanol, 5.0 ml DI H,O, and 1.0 ml VM-651. This solution needs to
stand a minimum of 12 hours before using. Once mixed, the adhesion promoter solution
has a shelf-life time of five days. Using it after that will result in poor adhesion [21].
However, an alternative method for quickly preparing the VM-651 adhesion promoter
solution without waiting for 12 hours was used, containing: 1000 ml of DI water and 5.0
ml of VM-651. This may be used immediately but its shelf life is only 24 hours [21].

The small container of PI 2555 was removed from the freezer and left to warm up
to room temperature. Again, to avoid contamination it was not opened until it was warm.
The sample was then cleaned according to the standard cleaning procedure mentioned
earlier. After that, the sample was pre-baked for two minutes on the 95°C hot plate to
make certain that there was no moisture on its surface. Next, the sample was mounted on

the photoresist spinner. Subsequently, the promoter was applied by forming a puddle on
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the sample using a syringe with an attached 0.2 pm filter. The puddle was allowed to
stay on the wafer for about 20 seconds, and then the VM-651 solution was spun for 30
seconds at 5000 rpm. After that, the sample was ready for Pyralin PI 2555 polyimide
coating [21].

The sample was transferred to the polyimide spinner. Using a pipette, PI 2555 was
dropped so that it completely covered the sample; it was left stand for 30 seconds to flow
over and fill in the sample topology. After that, it was spun for 30 seconds at S000 rpm as
recommended in the manufacturer data sheet. Next, the sample was baked for ten minutes
on the 120°C hot plate [21]. The sample was then left to cool down in dry air (skipping
this step may result in severe cracking of the polyimide film).

The sample was moved back to the photoresist spinner and Shipley 1818 photoresist
was applied and spun for 30 seconds at 6000 rpm. Next, the sample was baked for two
minutes on the 95°C hot plate before being placed in the Karl Suss mask aligner for
alignment with the photomask and UV exposed at 15 mW/cm? for eleven seconds. After
exposure, the sample was developed in AZ 400K: DI H,O (1:4) for around 45 seconds
[Appendix C].

The photoresist pattern serves as a mask that defines the areas where the polyimide
will be etched. The developer attacks both the UV exposed photoresist and the
underlying polyimide, while the unexposed photoresist will not be developed and will
protect the polyimide underneath it. Consequently, the etching of the underlying
polyimide occurs based strictly on how long the sample is developed, regardless of
whether or not it has received UV radiation. Subsequently, the sample was inspected

using the microscope to make certain that the photoresist and polyimide had patterned
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properly. The photoresist must be stripped prior to curing because the high curing
temperature reflows and bakes the photoresist, which will damage the polyimide profile
and make it hard to remove the photoresist. Finally, the sample was rinsed quickly with
acetone, methanol and DI H,O to strip away the photoresist. The acetone also attacks the
uncured PI 2555, but not as rapidly as the photoresist, so the use of acetone should be
minimized while insuring removal of the photoresist.

More than six samples of Pyralin PI 2555 polyimide were tried, but all of them
failed. It was found that sufficient developing time to clear the full thickness of the
polyimide was accompanied by unacceptable lateral etching that removed the polyimide
layer that lies on the sidewalls of the mesa. Figure 3.35 below shows SEM images for
two samples. Image (a) shows the polyimide profile that resulted from 180 seconds of
developing. This development time was not adequate to fully remove the polyimide in
the intended arc-shaped via for the bottom p-contact around the mesa, although it did
preserve the polyimide covering the sidewalls of the mesa. Image (b) illustrates the
polyimide profile after a longer development time of 195 seconds. This longer
development time was sufficient to clear the arc-shaped polyimide via, but it also resulted
in removal of the polyimide on the mesa sidewalls. Of particular concern is the fact that
the polyimide isthmus or neck shown to the left of the mesa in the figure has been
partially consumed. This will allow the metal interconnect that would be placed on that

polyimide neck to potentially contact the mesa sidewall and short-out the laser junction.
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Figure 3.35 SEM photos for mesa (a) Under-etched polyimide, (b) Over-etched
polyimide
In summary, the Pyralin PI 2555 polyimide had the following disadvantages: It
requires an adhesion promoter, which increases the complexity of processing and cost of
chemicals . Next, it requires a relatively high curing temperature, 250 °C for a long
duration of 180 minutes, according to its data sheet [21]. Based on the results mentioned,

no curing was attempted. Also its cured film thickness ranges from 1.7 um to 3.5 pm
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[21], while the preferred cured film thickness is about 5 um. Further, the PI 2555

polyimide has a bad etching profile, as concluded from our own experiments, illustrated

in Figure 3.35. As a result, we began to search for a photosensitive type of polyimide.

3.3.4.3 Photosensitive polyimide

A negative tone PI-2700 photosensitive polyimide series was available, but it was
not used since the photomask we have is a clear field mask.

A HD-8000 positive tone photosensitive polyimide was chosen. The key
advantages of HD-8000 polyimides are: HD-8000 is a positive tone polyimide which is
compatible with our photomask; it contains a built-in adhesion promoter; it can be
directly exposed without needing an additional photoresist layer for patterning, it is
developed with positive photoresist developer; as it is cured in only 90 minutes and
provides a cured film thickness in the range of (5-12) um; and it offers high resolution,
good room temperature viscosity stability, and a low dielectric constant (~3.4 at 1 kHz)
after curing [Data sheet: Appendix D].

Before incorporating the HD-8000 polyimide directly in VCSEL fabrication, its
profile on a dummy GaAs sample was investigated. Four samples were processed to
study the repeatability of this type of polyimide. The four samples were all processed on
different days. The processing steps that were performed will be discussed later in this
chapter. Figure 3.36 below illustrates a top view of the patterned HD-8000 polyimide
and a cross-section drawing. The annular polyimide ring on top of each mesa shown
below is about 1pm wide with a 9um depth from the p-contact opening and 3um from the

top of the mesa side.
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P-type contact
opening

(© (d)

(e
Figure 3.36 Top view of the polyimide photomask patterned using polyimide HD-8000

It is clear from Figure 3.36 that this type of polyimide is repeatable, since up to

three samples were processed and we get the same developing profile. Moreover, a very
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good resolution can be observed by looking at image (c), which represents the smallest

mesa of this mask set.

HD-8000 P12555

[Appendix D] [21]
Number of processing steps @) 4 X 9
Photoresist film © Not needed X Needed
Adhesion prompter &) Built in X Need to be added
Total curing time (min.) ® 90 X 180
Cured film thickness (itm) © 5-12 X 1.7-3.5
Dielectric constant © 3.4 © 3.3
Etching profile @) Very good X Bad

Table 3.1 Comparison between HD-8000 and PI 2555 polyimides

The real VCSEL sample was processed as follows: First the sample was cleaned.
Next the standard photolithography process was carried out but with some changes in the
spinning speed and baking temperature according to the manufacturer’s data sheet
[Appendix D]. After exposure, the sample was baked for 100 seconds at 115 °C. The
sample was left to cool down to ambient temperature for about 30 minutes prior to
proceeding with the developing step (If the sample is not allowed to cool prior to
developing the cured polyimide will have severe cracks). The reasoning behind this is
that by decreasing the polyimide surface temperature to 20°C by dipping the sample in
the developer while the temperature of the polyimide underneath the surface is about

120°C. As a result the surface of the polyimide shrinks while the polyimide underneath is
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hot, which cracks the polyimide. Figure 3.37 shows a polyimide that was developed

while the sample was still hot.

Cracks

Figure 3.37 Polyimide with cracks

The sample was then developed using the AZ400K developer diluted with DI water
(1:4). The developing step was carried out with the sample at the microscope stage by
the use of a UV-blocking filter, enabling us to monitor the sample while it was
developing so that we knew exactly when to take it out of the developer. Correct
development is important since over-developing will result in losing the polyimide wall
surrounding the mesa. After developing, the sample was rinsed by squirting it with DI
water while it was spun at 1000 rpm for ten seconds. Immediately after the rinse, while
the sample was still on the spinner, it was spin-dried at 3500rpm for ten seconds to make
sure that the developed polyimide was cleaned [Data sheet: Appendix D].

The sample was then inspected using both the microscopic camera and the Alpha-
Step surface profilometer. Figure 3.38 illustrates a top view of the mesa with polyimide

and a plot of the sample surface profile. The a-Step full scale is 100kA=10um.
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Figure 3.38 (a) Developed Polyimide, (b) Polyimide surface profile a-Step (scale at
100kA=10nm)

After developing, the sample has to pass through the curing process in which the
sample temperature is raised to a certain value for a specific time. The objectives of the
curing process are to remove the residual solvents, to remove all cross-links, and to
complete the imidization, and the adhesion processes. Since all four events occur together
at a given temperature, the cure schedule is a very important step that impacts the cured
film quality and associated mechanical properties. Many variables need to be considered

in curing polyimide films, such as the curing furnace, atmosphere, loading temperature,
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ramp rate, soaks (holding temperatures), final cure temperature and ramp down [21].
Curing should be carried out in a nitrogen atmosphere. Figure 3.39 below shows a
schematic illustration of the curing furnace that was used. For a detailed operational

procedure for this curing furnace, refer to [Appendix Al].

Programmable Temp.

Controller Thermocouple

N, exhaust
—Pp

Flow
controller-

—>
N, inlet

ample holder

Figure 3.39 Curing Furnace setup

Before introducing the final curing schedule that was used to cure the real sample,
details of some failures will be discussed. Before our real VCSEL sample was loaded into
the curing oven, dummy GaAs samples coated with HD-8000 polyimide were tested.
The curing schedule used was as recommended by the manufacturer [Appendix D). The
process began by loading the sample into the oven at <150°C and then gradually ramping
from the loading temperature to 350°C over a 60-minute period. Next the temperature
was held at 350°C for 30 minutes. Finally, the sample could be removed immediately or
allowed to cool down. The polyimide furnace’s programmable temperature controller

was programmed according to this curing schedule.
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A first sample (S1) was loaded, cured according to the schedule, unloaded and
inspected under the microscope. Figure 3.40 below clearly illustrates that the curing
process on this sample failed for some reason. Most of the polyimide was gone and only

thin lines stay on the sample surface.

Polyimide

Figure 3.40 Thin lines of polyimide on the sample surface

Since nearly all of the polyimide film was missing, the failure of the first sample
appeared to be an adhesion problem. This motivated preparing a second sample (S2)
with the use of the adhesion prompter VM-651 as an interface layer between the sample
surface and the polyimide layer [Appendix E]. Following the finishing of the curing
cycle, the sample (S2) was unloaded an examined under the microscope. Figure 3.41
below clearly illustrates that the addition of the adhesion promoter, VM-651, gives better

results, but still a high percentage of the polyimide was gone.

Polyimide Sample surface

(GaAs)

d .

Figure 3.41 Cured polyimide on the sample surface
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Different samples with different curing schedules were tried but they all failed. For
images and detailed steps for these samples, refer to [Appendix E].

As a result, the curing furnace profile was examined. Another thermocouple was
installed inside the curing furnace so that the two measurements for the temperature
inside the furnace could be compared. The system was then allowed to pass through a
whole cycle, i.e., the curing schedule recommended by the vendor of the HD-8000
polyimide [21]. A comparison between the temperatures measured by the built-in
thermocouple and the additional installed one revealed that the built-in thermocouple
gave temperature readings that were substantially lower than the actual temperature. For
example, when the built-in thermocouple read 350°C, the actual temperature according to
the additional thermocouple was about 475°C. The plot in Figure 3.42 on the next page
shows the relationship between the temperature controller settings and the actual

temperature inside the furnace.

400
350
300 1
250 -
200
150
100 -
o0 -
0

Curing furnace temp. setting (C)

0 100 200 300 400 500
Sample Temp. (C)

Figure 3.42 Temperature controller settings vs. sample temp. (The actual temperature
inside the furnace)
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Using the curve above to cure our sample at 350°C, we set the temperature
controller to 240°C. The real VCSEL sample was loaded with the curing schedule
adjusted as follows: the sample was loaded into furnace at 20°C, and the temperature was
ramped from 20°C to 350°C over a 60-minute period (furnace setting ~240°C). After
that, the temperature was held at 350°C for 30 minutes (furnace setting ~240°C). Finally,
the sample was unloaded immediately or allowed to cool down.

To make sure that the polyimide film was sufficiently cured, a simple test was
carried out on the edge of the real sample. The probe station tip was used to press and
make a scratch on the cured polyimide surface. Depending on the scratch profile a
decision was made. If the surface was squishy, the polyimide was not sufficiently cured.
Figure 3.43 below shows the shape of a cured polyimide film at the correct temperature

and time, and a top view of the mesa after curing the polyimide.

Crack caused

by probe tip Cured polyimide

Top contact

Bottom
contact

(a) (b)

Figure 3.43 (a) Crack caused by probe tip, (b) Top view of the mesa after curing the
polyimide
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3.3.5 Metal interconnection

Metal interconnects and bonds are probing pads which allow for electrical
connection to the VCSEL. For example, probe station tips can be placed on probe pads
so that current can pass through the VCSEL. Depositing pad and interconnect metal is
the last part of fabrication and proceeds with the following steps: After cleaning the
sample, positive tone AZ4400 photoresist was used instead of the ma-N490 used for
contacts since the photomask we have for the interconnects is compatible with positive
tone photoresists, while the ma-N 490 photoresist in a negative-tone one. A 4.0um step
coverage can be easily obtained as recommended by the vendor. AZ4400 was applied and
exposed to UV using the interconnect photomask. Next, to make the profile suitable for
the lift-off process, the sample was soaked in the chlorobenzene for four minutes.
Soaking the photoresist in the organic solvent chlorobenzene removes residual solvents
and low molecular weight resin from the upper layers of the photoresist film. The
removal of these photoresist constituents slows down developing actions for these layers
so that the top layer of the resist develops less rapidly than the underlying photoresist.
The reduced development of the top layer yields an overhanging profile for lift-off [3]. It
was noted that the use of the chlorbenzene does not affect the required exposure or
development times. Next, the sample was developed and loaded into the evaporator. For
the detailed recipe, refer to [Appendix C]. Figure 3.44 below represents the sample after

developing.
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Photoresist

Polyimide <—___|

Figure 3.44 Sample after developing

Ti-Au was evaporated with thicknesses of (200:3000) A, respectively. The lift-off
process was then carried out using the same setup mentioned earlier in this chapter.
Figure 3.45 below shows the VCSEL after Lift-Off process. VCSEL now is ready for

testing.

Metal Pads

Figure 3.45 VCSEL after interconnect Lift-Off
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Figure 3.46 Shows SEM photos for the real sample

92




3.4 Mask Set Analysis.

The mask set has to be used in a certain order. Five different masks, provided by
Dr. David Wodered from Cornell University, were used in this research. Figure 3.47
below represents one unit cell from each mask. Each mask contains several sizes of its
unit cells. A different color was used so that all the masks could be distinguished when
combined together, as detailed later in this chapter.

The sequence for using the mask set shown in Figure 3.47 is as follows: The first
mask to be used is the mesa mask, next the top contact mask, then the bottom contact
mask, then the polyimide mask, and finally the interconnect mask. Figure 3.48 below
illustrates the combination of the five masks used.

Each mask has its own alignment marks, which mainly look like a plus sign (+).
After the use of each mask, a unique alignment mark is printed on the sample so that the
next mask alignment mark must be aligned with the one previously obtained from the
preceding mask. Figure 3.49 illustrates the combination of all the alignment marks for all
the masks superimposed on each other. The arrays of triangles, which appear in Figure
3.49, are used to investigate metal-to-semiconductor sheet resistance [3]. Each VCSEL is
also labeled with a number that represents the oxide aperture size after oxidation. For
example, the number 2 that appears on Figure 3.48.b, means that after oxidation the

oxide aperture of this particular VCSEL must be 2.0pm.
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(b)
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Figure 3.47 Photomasks for a VCSEL with 28um diameter (a) Mesa, (b)Top contact, (c)

Bottom contact, (d) Polyimide and (e) Metal interconnect
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Figure 3.48.a (1) Mesa mask, (2) Top contact mask with mesa mask
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Figure 3.48.b (1) Bottom contact, top contact and mesa masks, (2) Bottom contact, top
contact, mesa and polyimide masks
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Figure 3.49 Linear array and alignment marks
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3.5 Metal contact adhesion to HD-8000 polyimide

In general, polymers and metals do not adhere to each other very well. Many
studies have been carried out to improve the adhesion quality between polymer and gold.
Factors that affect the adhesion properties of metal and polymer are [23]: Surface
morphology, diffusivity of metal atoms into the polymer layer, orientation of polymer
chains and interaction sites of metal atoms and polymer group.

By looking at the binding energy Travaly’s studies [23] show that there is no
chemical interaction between gold and polyimide. To improve the adhesion between the
polymer and gold, several groups have suggested using titanium, chromium, titanium,
oxide or a combination of titanium and chromium as a glue layer between gold and
polymer [19,23].

A GaAs sample (S9) was prepared to investigate the adhesion strength between Ti-
Au and HD-8000 polyimide. The sample was processed as follows: First the sample was
cleaned. Next, the HD-8000 polyimide was applied all over the sample and spun
[Appendix D). The sample was then baked at 115°C for about 100 seconds. Next, the
sample was loaded into the polyimide curing furnace at 20°C, Then the temperature was
ramped from 20°C to 350°C over a 60 minutes period (Furnace setting ~240°C). After
that, it was held at 350°C for 30 minutes (Furnace setting ~240°C). Next, the sample was
allowed to cool down. After the polyimide was cured, Ti-Au was evaporated with
thicknesses of (200:3000) A, respectively, using beam evaporator.

The adhesion strength was tested using the scotch tape test. The scotch tape was
placed on the surface of the sample and then pulled up. By investigating the surface of

the GaAs as well as the scotch tape, it was concluded that both the Au and Ti stick to the
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tape. As a result, the adhesion between the Ti and polyimide is weaker than that between
the Ti and Au. Figure 3.50 is a top view of (§9). The brown area was covered with Ti-

Au.

Gold

Figure 3.50 Gold on top of cured polyimide

A second approach was used to improve adhesion was to evaporate the Ti-Au
metals on the polyimide before curing. Accordingly another sample was prepared (S10)
[Appendix E]. However, this sample failed because it had a very poor surface profile, as
shown in Figure 3.51 below. Such a profile was the result of polyimide contraction
during curing, causing the metal layer to buckle up and the bubbles created by solvents

being driven out of the polyimide under the metal layer.

Figure 3.51 Gold on top of cured polyimide
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Next, four samples were prepared (S12, 13, 14, 15) as discussed in detail in
[Appendix E]. After the metals were deposited, the samples were baked at 120°C for (1,
3, 6, 10) minutes, respectively using the hot plate (see [Appendix E] for details). Then
the scotch tape test was carried out to test the adhesion strength. Figure 3.52 below
represents images for the five samples after testing with scotch tape. It is clearly shown
that the sample area covered with Ti-Au increases with increase of baking time that

occurs after evaporation.
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Figure 3.52 Images for all five samples after testing with scotch tape. It is clearly shown
that the area covered with Ti-Au (dark area) increases with increasing the baking time
that occurs after evaporation.
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CHAPTER 4
Testing and Characterization of High-Speed Vertical-Cavity

Surface Emitting Laser
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4.1 Overview

In this chapter, testing and characterization for high speed VCSELs will be
discussed. Two phases of testing will be presented. The first is the DC characterization
of VCSELs and the second is the AC characterization of VCSELSs, taking into account

the different VCSEL sizes.

4.2 DC Testing and characterization of VCSELs.

The DC characteristic of VCSELSs, which includes I-V plots as well as photodiode
current vs. VCSEL current plots for different VCSEL sizes, were measured. Furthermore,
plots for thermal resistance and threshold current density for different mesa sizes were

obtained.

4.2.1 Testing setup

To carry out the DC measurements, an equipment setup consisting of a
Micromanipulator probe station with a constant temperature chuck, an Hp 4145A
semiconductor parameter analyzer, and a silicon photodiode with a 10x10 mm? active
area and ~0.6A/W responsivity for 850nm wavelength [1] were used.

Figure 4.1 shows the DC testing setup. Channels 1 and 2 from the semiconductor
parameter analyzer were connected to the VCSEL pads to provide current and measure
voltage. Channels 3 and 4 were connected to the photodiode to provide the DC reverse
bias voltage and to enable the semiconductor parameter analyzer to measure the
photodiode current. The VCSEL voltage and photodiode current were plotted as a

function of the VCSEL bias current. The photodiode was aligned on top of the VCSEL
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with a lcm clearance so that most of the light from the VCSEL would hit the photodiode
surface, while providing enough working space to make sure that the photodiode would

not be damaged by hitting the probes.

Photodiode

s
o
!
2 ud
X
! =
i
I
i

Figure 4.1 General drawing of the setup

The semiconductor parameter analyzer was programmed to provide the VCSEL

under test with the required DC voltage and to sweep the current up to ~10I;,. In fact,

pushing the current significantly above 10y, could result in damaging the VCSEL under
test. It is therefore recommended to program the parameter analyzer to sweep the current
in a small range first to get a feeling of the VCSEL I, and then the maximum limit for
the applied bias current can be decided.

The VCSEL first worked as a LED when the applied current was less than Iy,.
Since there is only spontaneous emission in this current range, only a small photodiode
current was measured (1-2 pA). As soon as the applied current reached the VCSEL I,

the VCSEL began operating as a laser and the output light intensity was enough to
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produce a current in the photodiode in the range of (0.5-1.0 mA), depending on the
VCSEL output light intensity. Using a digital camera which was fixed on the probe
station, it was possible to obtain some images for the VCSEL under test during the three

biasing situations mentioned above.
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4.2.2 DC testing results

All the plots that were obtained on the semiconductor parameter analyzer screen
were plotted using an Hp 7574A plotter and then scanned into .bmp file format images
that were subsequently digitized using Gragula software [2]. Both I-V curves and
photodiode current vs. VCSEL current curves were measured for eight different mesa
sizes at room temperature. Figure 4.2 below presents images for the VCSEL under test at
bias currents of I~0 I, I~2Iy, and I ~ 10 I,. In Figure 4.2, only one probe is shown and
that is the top contact probe. No probe was used for the substrate contact since the
backside of the sample was covered with gold. So the chuck was used as the substrate

contact.

(© (d)

Figure 4.2: (a) VCSEL under test, (b) VCSEL at I~0 Iy, (c) VCSEL at I~2I, (d) VCSEL at I
~ 10 I(h.
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’fhe relationship between the photodiode current and the VCSEL bias current for a
28um mesa diameter with a 7um oxide aperture is presented in Figure 4.3 below. At low
bias currents, I<Iy,, the VCSEL will have spontaneous emission only and it will look like
an LED with a broad spectral width and low output light intensity. As the bias current
exceeds the threshold current, the spectral width becomes narrow and a sharp increase in

photodiode current is observed due to the sharp increase in output light intensity.

350 — S — = —

300 : 28um mesa diameter with
- Tum oxide aperture

250

200 |

Photodiode current(uA)

0 1 2 3 4 5
VCSEL Current (mA)

Figure 4.3 Photodiode current vs. VCSEL bias current for VCSEL under test. Below the
threshold, the optical output is a spontaneous LED-type emission

Photodiode current, as well as VCSEL voltage over VCSEL bias current for

different VCSEL diameters, were measured and plotted as shown in Figure 4.4 below.
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Figure 4.4 Photodiode current and VCSEL voltage over VCSEL bias current for different
VCSEL diameters.
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Threshold current was measured for 14 different VCSEL oxide apertures. As shown
in Figure 4.5.a, it is clear that the threshold current increases as the oxide aperture
diameter increases. Also, Figure 4.5.b illustrates the average threshold current density
over different VCSEL oxide aperture diameters. The average threshold current density
remains relatively constant at about 1kA/cm? over the range of oxide aperture diameters

tested.
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Figure 4.5: (a) Threshold current over different VCSEL oxide aperture diameters. (b)
Current density different VCSEL oxide apertures
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Uniformity was investigated by measuring the threshold current for different
mesas having the same diameter and oxide aperture size located in different places on the
sample. Table 4.1 below shows the different threshold currents measured for the same

mesa size. Also, different oxide apertures were investigated, as shown in the table.

Oxide aperture (om) | I, (mA) | Average I, (mA) | Max. Percent variation
13 1.22 1.21 1.4%
1.19
1.23
14 1.38 1.42 6.1%
1.51
1.38
15 1.59 1.61 3.7%
1.59
1.65
17 2.08 2.17 2.9%
2.23
2.19
19 2.6 2.59 1.8%
2.54
2.64
21 3.01 3.04 5.3%
2.91
3.2
24 4.05 4.04 0.4%
4.02
4.06
29 5.82 5.88 3.6%
5.72
6.09

Table 4.1: Threshold currents measured for the same mesa (different oxide apertures
were investigated)

As shown in the table above, the wafer shows good current uniformity over a 1 cm
by 1 cm test sample. The highest maximum percent variation was about 6.1%, while the

lowest was about 0.4%.
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The differential resistances for the VCSELs were calculated from the measured I-V
curves shown in Figure 4.4 simply by using the following equation;

AV
d :E . (41)
Figure 4.6 below illustrates the relationship between the VCSEL differential resistance

and its oxide aperture. It is clear from the plot that VCSELs with small oxide apertures

will have larger differential resistances than those of large oxide aperture VCSELs.
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Figure 4.6 VCSEL differential resistance vs oxide aperture

VCSEL heating stability is an important issue and worth some discussion. Heat in
a VCSEL will cause what is called thermal wavelength shift, due to the change in the
refractive index of the resonator and the thermal expansion of the semiconductor mirrors.
Also, VCSEL heating will cause the optical gain peak to decrease as the VCSEL heats
up. Heating in the VCSEL can be described by the VCSEL thermal resistance, Ry, which
is used to quantify how easily heat power flows out of the VCSEL toward the heat sink.

Thermal resistance is defined as the ratio of VCSEL temperature rise AT and dissipated
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electrical power Py Assuming that heat flows from a circular area with a diameter 2a into

a relatively thick substrate of thermal conductivity &, the thermal resistance follows the

simple relation [4] [5],

1

R, = 4.2
th 450 ( )

A plot of equation 4.2 for different oxide apertures with & = 0.45W /cm - C.for GaAs [5]

is shown in Figure 4.7 below.
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Figure 4.7 Thermal resistance (Ry,) as a function of the VCSEL oxide aperture

For uniform current injection in to the active area, the temperature rise at lasing
threshold is expressed as
AT =R, -P, =R, -V, i, , (4.3)
where i, = j, -ma’ Substituting an i, expression and Ry, from equation 4.2, we get that

the temperature rise at lasing threshold is expressed as

na - (4.4)

AT = g'vm “Jm
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Using the measured values for threshold voltage Vi, and threshold current density

jin along with equation 4.4, AT was calculated and plotted as shown in Figure 4.8 below:

3.5
3.0 |
2.5 |
2.0 |
15
1.0
0.5 §

oo t—r—r—pr————p
0 5 10 15 20 25 30

Oxide aperture(um)
Figure 4.8 Temperature rise at lasing threshold as a function of VCSEL oxide aperture

AT (C)

The roll-over current at which the output power from the VCSEL begins to decrease
while increasing the VCSEL bias current was measured for different mesa diameters.
Table 4.2 below represents the measured roll-over currents for different VCSEL
diameters. Figure 4.9 below illustrates the relationship between the Iigjover /Iin and the

oxide aperture.
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Ith(mA)| I con-over (MA) Oxide aperture (pm)
0.4 8 7
0.532 12 8
0.688 14 10
1.1 17 12
1.38 20 14
2.64 25 19
4.02 35 24
5.72 40 29
Table 4.2
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Figure 4.9 the Loiover/Iin vs. VCSEL oxide aperture

It is clear from Figure 4.9 above that the output power of VCSELs with large oxide
apertures tends to roll-over earlier than that of small oxide aperture VCSELs. In our

research, we were able to fabricate a VCSEL with a mesa diameter of 28 um and an
oxide aperture of 7.0pm that withstands a bias current up to 20I, before its output power

begins to roll-over.
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A VCSEL with a mesa diameter of 50um and an oxide aperture of 29um was
fabricated. This large-size VCSEL was able to endure only 7.01, bias current before its
output power began to roll-over. It was concluded from the AC experimental results,
which will be discussed later in this chapter, that the VCSEL modulation frequency
increases as the bias current to threshold current ratio increases. As a result, smaller
VCSELs will survive higher bias currents ratios and will result in higher modulation
frequencies.

It is clear from the plots discussed above that VCSEL heating is affected by the
oxide aperture, which makes the oxidation step a critical one in deciding VCSEL
temperature stability and maximum output power. Under-oxidized VCSELSs will increase
the oxide aperture, causing the VCSEL temperature to rise, which means that the output
power of the VCSEL will saturate early. Furthermore, the temperature rise at threshold in
large VCSELSs is greater than that in small VCSELSs.

As Figure 4.10 below demonstrates, as the bias current increases above the
VCSEL threshold current, the AT increases, and as a result the optical output power

characteristic rolls-over.
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Figure 4.10 Calculated temperature rise AT as a function of the VCSEL bias current
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A comparison can be made between our VCSEL thermal resistances and that of
other VCSELSs reported by others. The VCSEL that once held the record of output power
efficiency has Ry, = 2.5 C/mW for a VCSEL with 7-um active area [6] , and the
inter-cavity contacted VCSEL, also with a 7-um diameter aperture, has Ry, =2.65 C/mW
[7]. The plot from Figure 4.6 shows that Ry, for our VCSELSs at 7-um diameter aperture is
1.6 C/mW, based on the model implicit in equation 4.2, Since there were some
approximations and assumptions in deriving equation 4.2 this means that our calculated
Ry is about 40% lower than the thermal resistance reported in [6], [7]. Table 4.3 below

represents a comparison between three VCSEL thermal impedances.

Sample Ry (C/mW )
6] 2.50
[71] 2.65
our sample 1.60
Table 4.3

In summary, we have calculated the thermal resistance of our VCSEL and shown
that its thermal resistance is comparable to the thermal resistance reported in [6], [7].

An important issue to deliberate in the application of VCSELs is temperature
dependence of threshold current Iin(T). This parameter increases with temperature in all
types of semiconductor lasers due to various complicated temperature-dependent aspects
[11]. The complexity of these factors averts the formulation of a single equation that
holds for all devices and temperature ranges.

To investigate the temperature effect on VCSEL threshold current, the sample was
placed on a thermoelectric cooler. The photodiode current over the VCSEL bias current

was then measured and plotted. The thermoelectric cooler was on for about five minutes
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before measurements were taken. The VCSEL under test has a 50um diameter with a

29um oxide aperture. Figure 4.11 below demonstrates the two curves

800 2yl RIS, . =
50um mesa diameter with
700 ]
29um oxide aperture
600 -

500
400 -
300

200
100 - T,~20C

0 T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20
VCSEL bias current (mA)

T, < T,

Photodiode current (uA)

Figure 4.11: Photodiode current vs. VCSEL bias current at T; and T, where at T, > T,
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4.3 AC Testing and characterization of VCSELs

The modulation response of VCSELs with a range of diameters was measured for
varying bias currents. Also Sy, the electrical reflection coefficient commonly used
parameter for determining device input impedance, was measured at microwave

frequencies.

4.3.1 Testing setup

Because of the need for specialized microwave equipment including a vector
network analyzer, AC measurements were carried out at Cielo Communications, Inc..
These measurements were carried out by Dr. David Galt, a device characterization
engineer at Ceilo [8]. The test apparatus consisted of a probe station equipped with a
constant temperature chuck and Cascade Microtech air co-planar probes, 1-2 meters of
multimode fiber, a high-speed New Focus photodiode and attached New Focus amplifier,
a HP 4145 semiconductor parameter analyzer, and a HP8510B vector network analyzer.
Figure 4.12 on the next page gives a schematic illustration of the AC testing setup. The
semiconductor parameter analyzer operation is similar to that described in Section 4.2.1.
The sample was mounted on the constant temperature chuck at 20C and was aligned so
that the output light would be collected by the fiber. The active alignment was done by
biasing the VCSEL above threshold and adjusting the position of the fiber tip using an x-
y-z positioning stage until the DC optical power in the fiber was maximized. The fiber

was probably within 0.1 mm or less of the sample.
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Figure 4.12 Experimental setup for AC measurements prepared at Cielo
Communications, Inc.
The output light was collected by the fiber and guided to an optical high-speed
photodiode. The electrical AC signal from the photodiode was amplified and input to the
network analyzer.

The modulation response of different diameter VCSELSs for various bias currents
was measured. The magnitude and phase of the system response, S, as well as the laser
reflection, S;;, were measured at microwave frequencies over a range of IOOMHZ to 26.5
GHz. The modulation response of a small VCSEL with a -0.4mA threshold current,
28um diameter, and an oxide aperture of 7um, was measured as a function of the bias
current using the setup shown in Figure 4.12. It was presumed that this laser operated in
a single mode for some range of currents near threshold. The maximum bandwidth at

-3dB from the low frequency response was approximately 17.0 GHz, as shown in Figure
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4.13.a. The modulation response for the same VCSEL at different bias currents is shown

in Figure 4.13.b.
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f3dB~ 17.0GHz
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Figure 4.13: (a) The modulation response of a small VCSEL at —4.5 biases current, (b) the
modulation response of the small VCSEL at various bias currents
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It is apparent from Figure 4.13 that as the bias current increases the -3dB
modulation frequency also increases. Figure 4.14 below illustrates the effect of
increasing the bias current on the modulation -3dB bandwidth at room temperature for
our fabricated VCSELs. The solid line shown in Figure 4.14 is a theoretical fitting curve
based on the theory of how the modulation bandwidth should increase as the bias current
increases. The modulation frequency depends on both the spontaneous lifetime and
photon lifetime. Theoretically, assuming a linear dependence of the optical gain on
carrier density, the modulation frequency occurs at [11]

fam=a [L_l] . “4.5)

th

Equation 4.5 was used to plot the theoretical fitting curve,

where: a is a fitting parameter given by equation 4.6:

27T, T,

1
a= ——] 4.6)
Tep : carrier spontaneous lifetime
Tpon - photon  lifetime
The value of a that best fits our measured data was determined using the MathCAD
built-in fitting function genfit.

First, the data to be fitted was entered as vectors Iz in mA and f34g in GHz, as shown

below:
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[1.0] [ 6.5 ]
1.5 9.7
2.0 11.5
2.5 13.0
s = 3.0 fap =|144
35 15.8
4.0 16.8
4.5 17.0
5.0 17.0]

The function F that is shown in equation 4.7 below was defined as a function that
consists of a 2-element vector containing the f34g function, shown in equation 4.5, and

its partial derivative with respect to the fitting parameter a:

a L -1
Ilh
F({l,a)= . 4.7)
, 1
—-1
]Ih
After that, a guessing value (a,) for the fitting parameter, was defined, such that
a, =5.0x10".
a was then defined as follows:
a= genﬁt(lbm.\' ) f—3dB ’ag 4 F) .
The fitting value that was calculated by MathCAD which best fit our measured data was
a=547x10°sec™.
As predicted, our measured modulation frequency at different bias currents follows

the theoretical expectation for I, <10/, . After that, our modulation frequency tends to

saturate with further increase in the bias current, as shown in Figure 4.14 below.
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Figure 4.14 VCSEL bandwidth vs. Bias current at room temperature

The measurements that were performed on the 28um mesa diameter with ~7um
oxide aperture were repeated for (29, 31, 33, 35, 40, 50) pm mesa diameters with (8, 10,
12, 14, 19, 29) um oxide apertures, respectively. These results are shown below in Figure

4.15.
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Figure 4.15 The modulation response of different VCSELSs sizes at various bias currents
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Figure 4.16 below illustrates the relationship between the -3dB modulation
frequency and the VCSEL oxide aperture. All the —3dB frequencies were measured
when the bias current (Ii,) was ten times the threshold current (I, ) for each individual
VCSEL. It is clear from the plot that smaller VCSELs will result in higher modulation
frequencies than those for large VCSELs. The explanation for this type of a relationship
was discussed earlier in Chapter 2
20 7
18 -
16

14 1

12 -
10 - I pias/I tn~10 for each
individual VCSEL

Modulation frequenct at -3dB [GHz]

O N e Oy
' L L L

0 2 4 6 8 10 12 14 16 18 20
VCSEL oxide aperture (um)

Figure 4.16 Modulation frequency vs. VCSEL oxide aperture for
different mesa sizes

4.3.2 VCSEL impedance (S;; parameters)

A suitable approach for determining the electrical equivalent circuit of a VCSEL is
to use S parameter measurements made with a vector network analyzer. In fact, it is the
only one that can be used for this. The S parameter used for measuring impedance is Sy,
which is the reflection coefficient of the sample’s complex impedance, Z, referenced to
50 ohms [9]. The S;; parameter and the impedance under test are related by:

_ Z-50Q

= 4.8
" Z+50Q (4.8)
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Extracting an electrical circuit model from the measurements shown in Figure 4.17,

as well as the S, data measurements for different VCSEL sizes, will be discussed in

more detail in Chapter 5.
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Figure 4.17 (a) S\, magnitude vs. frequency, (b) S;; phase vs. frequency.
Both plots will be used in Chapter 5 to extract the VCSEL equivalent circuit
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In the next chapter, modeling and simulation of high-speed VCSELs will be
discussed, including the presentation of an electrical model for the VCSEL using the Sy,
parameter data that were discussed earlier in this chapter and a fitting technique. A
SPICE simulation of the suggested electrical model for different mesa sizes will be

shown, and a comparison is made between the testing and simulation results.
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CHAPTER 5
Modeling and Simulation of High-Speed Oxide-Confined Vertical

Cavity Surface Emitting Lasers
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5.1 Modeling

Vertical-Cavity Surface-Emitting Lasers are the most promising light source for fast
and dense parallel optical interconnect solutions. In order to facilitate the design of such
advanced datacom systems, including both electrical and optical components, an
appropriate VCSEL model for system-oriented simulations must be developed. Modeling
also enhances our understanding of important device issues and how parameter changes
will affect the overall device function.

Figure 5.1 below illustrates a schematic cross-section of high speed VCSEL
rstructure with the corresponding equivalent circuit [11]. C, representing the junctién
capacitance and the aluminum oxide capacitance (Al,O3), R, corresponding to the
junction resistance. R stand for the top n-mirror stack resistance, which is between the

active area and contact. C, represents the capacitance between the interconnect and the

bottom p-mirror stack. Ry is the resistance of the unetched bottom p-mirror stack.

Interconnect /pad metal

Oxide

Active
region

(=NRNUN KA}

Figure 5.1 A cross section of high speed VCSEL with superimposed equivalent circuit
(Reproduced after [11])
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To obtain the values for all the VCSEL equivalent circuit parameters C,, R, R, C;, and
Ry, the measured S, reflection coefficient parameter data was used.

First, the VCSEL impedance was obtained at zero bias current, since the active area
resistance R, can be assumed to be infinite when the p-n junction is not biased, which will
reduce the number of unknown elements in the VCSEL equivalent circuit. As a result, the

VCSEL equivalent circuit is reduced, as shown figure 5.2 below.

Cp 1 Cp I

| |

— Rs = —| Rs =
l o l] - lz

]

Ca L = Ra = Ca -

Figure 5.2 VCSEL equivalent circuit (a) I pias>0 (b) I pias=0

The VCSEL total impedance Zr at zero bias is simply the parallel combination of

branches 1 and 2 shown in Figure 5.2.b.

J
Z =R - S5.1.a
J
Z,=R ———— 5.1.b
2 s 27§fca ( )
ZZ
zZ, =—12 5.2
TzZ+Z, ©2)

The S, reflection coefficient can be calculated using equation 5.3 below:
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_Z,-50
" Z, 450

(5.3)

The real and imaginary parts of the S;; parameter measured at zero bias for a
VCSEL with a 28um diameter mesa and a 7pum oxide aperture as a function of frequency
were loaded and plotted using MathCAD. Then the real and imaginary parts of equation
5.3 were plotted after providing initial estimated values for the four unknown elements
Ca, Rs, Cp and R, In order to get the best fit, the least square error between the measured
Si1 data and the predicted Sgan, as well as the values of C,, Ry, C, and R, that minimize

the error, were calculated in MathCAD using equations 5.4 and 5.5, respectively,

FoGa

data

err(Rs,Ca,Rp,Cp)=2(15“(f,.,R:,C“,RP,C,,)—S

ans = Minimize(err,R_,C

o R,.C,). (5.5)
Guessing various values for C,, R; C, and R, was attempted until the error was
minimized to about 1.6. The resulting values that give the best fit depending on
MathCAD calculations were as follows:

45
135x10°"

Minimize(err,R ,C,,R ) = 17 ,

-15
65x10 J
where:
R, =45Q,C, :135fF,R,, =l7Q,C,, =65fF .

Then to determine the active area resistance, the measured S}, parameter at non-zero bias

was used. The total impedance of the VCSEL was recalculated, including the active area
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resistance R,, as shown in Figure 5.2.a. Z, stays the same, as shown in equation 5.1.a,

but Z, will have a new term R,, as shown in equation 5.6:

‘R
, =R, —#—, . (5.6)
- " 27fC R, - j

a”a

Similar to the procedure used to fit the zero bias data, the least square error between the
measured S, data and the predicted S g, as well as the value of R, that minimizes the
error, were calculated in MathCAD using equations 5.7 and 5.8, respectively, this time

with only one variable R,, since it is the only element that depends on the biasing current.

err(R") - 2 qS“ (fl ’ Ru ) - S(Iam I)2 (57)

ans = Minimize(err,R,) . (5.8)
Starting from the initial estimated values for R,, MathCAD returns different values of R,
for different biasing currents that result in a minimum least square error. Table 5.1 below
illustrates the different biasing currents and their corresponding active area resistance, R,,

as well as the minimum error that was calculated.

Bias current | Active area resistance | Error(Q)
I bias (mA) Ra (Q)
0.0 oo 1.60
1.0 98.98 0.13
1.5 91.31 0.10
2.0 85.33 0.01
2.5 80.36 0.11
3.0 75.96 0.09
3.5 71.84 0.10
4.0 66.07 0.01
4.5 64.36 0.11
Table 5.1
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Figure 5.3 illustrates the least square error over the VCSEL bias current. It is clear
from the plot that our electrical model represents the fabricated high speed VCSEL at
bias currents greater than zero, since the least square error is approximately zero. The
only concern is that the best least square error at zero bias current is about 1.6, which

means that our model underestimates a parameter that has some effect at zero bias.

2
1.5
—
5
[}
v 05
SE o
g3
2 -0.5 -
g -1 - 28um VCSEL diameter
— 15 | with 7um oxide aperture
_2 T T T T

0 051 15 2 25 3 35 4 45 5
Bias current (mA)

Figure 5.3 Least square error over the VCSEL bias current

To obtain an electronic EXCEL file for the S|, data that was used in this fitting send

email to ahmad @engr.colostate.edu or kllear @engr.colostate.edu.

Figure 5.4 below illustrates the real and imaginary parts for both the measured S
and that obtained from the proposed VCSEL electrical model. It is clear from this plot,
as well as the plots for the same VCSEL at different bias currents, which are shown in
Figure 5.5 below, that our predicted model and the value of its components are in good

agreement with the real VCSEL.
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Figure 5.4 Real and imaginary S|, parameter Vs frequency from both the model and

the measured data

137




S11 Real

Figure 5.5 Real and imaginary S, parameter Vs frequency from both the model and the
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Figure 5.6 below represents the complete electrical model for a VCSEL with 28tm mesa
diameter and 7 um oxide aperture. R, was left variable since it is a function of the
biasing current. As the frequency, increases the capacitors C; and C, begin to shunt
current away from the active region, so the VCSEL response decreases with frequency.
To check what limits our VCSEL modulation response, the —3dB electrical frequency
response for the model shown in Figure 5.6 was calculated. In the calculations below we
have ignored the effect of pad capacitance Cp, as well as mirror resistance Rp, on the

VCSEL modulation frequency.

Rsource
—"W x—I—*'—-]
50 ohm
Rs= 45 chm
Cp | B&f Figure 5.6 VCSEL electrical model
< Ca i < Ra(lbias)
RP =47 ohm Trasf =
1P
R =t
jaﬂ(( Rll
1 1
R, +— R, +—
R, /IC, B jaC, B joC,
(R, +50)+R,/IC, R, 'a;C_ jO(R, +50)C, +——~
J
R + —U Rll + .
(R, +50)+ 1 jaC,
Rtl + .
jocC,
R R +50
= “ =0.5=—>w(R, +50)C, =1+ (R, +30)

jw(RY+50>C,,[R(.+ . J+R“ ‘
‘ joC,
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R +50
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R

= “ . 59
f e (Rs + Soxa ( )

Using equation 5.9, the electrical f_3gp for the VCSEL was calculated and compared with
the measured optical modulation frequency at -3dB for different bias currents. Results
are listed in Table 5.2 shown below. It is clear from the results that our VCSEL is not
limited by its extrinsic parasitics but rather limited by its intrinsic modulation response of
the VCSEL. As a result, finding the proper solution for the intrinsic parastics will result

in an optical modulation frequency of up to more than 30 GHz.

Bias current £ 348 ele £ 308 opti
I bias (MA) (GHz) (GHz)
1.0 24.32 6.5
1.5 25.32 9.7
2.0 26.22 11.5
2.5 27.08 13
3.0 27.93 14.4
35 28.82 15.8
4.0 29.73 16.8
4.5 30.73 17
Table 5.2

5.2 Pad, oxide and junction capacitance calculations

The physical dimensions of the pad, as well as the polyimide thickness, were
measured to calculate the pad capacitance C, so that the number of unknown circuit
elements could be reduced to three. The dimensions measured using a scaled microscope
and the polyimide thickness was measured using the a-step surface profilometer. The

ployimide thickness (d) was measured to be about 5.5tm. The pad dimensions are shown

in Figure 5.7 below.
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Figure 5.7 VCSEL top view with superimposed pad dimensions

X, =100x10* cm, X, =60x10™* cm, Y =80x10™* cm.

The rectangular areais A, = X, ¥ =100x10* -80x10* =80x10° cm’.

The triangular areais A, =—- X, Y =%-60x10“‘ -80x107* =24x10°cm’”.

1
2
The total pad area is A, = A + A, = 104x10%cm”.

The pad capacitance can then be calculated using equation 5.10 shown below,

A
C,= ”TT : (5.10)

where:

&, Permitivity of free space ( 8.85x10"* F/cm )

&: Dielectric constant (3.9 for HD-8000 polyimide at 1kHz)
Ar: Pad area

d: Polyimide thickness.

Substituting the corresponding values in equation 5.10, we get the following:
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14 6
C,= 39 8'85:;() 10_104“0 =62.3x10"° F = 62.3fF . This is in good agreement
5x

with the pad capacitance that was obtained using the measured S}, parameters, which was
65fF.

Although it is expected that the relative permitivity will be changed with frequency,
in our calculations we simply used its value at [kHz, as provided by the manufacturer.

C, is a combination of three capacitances, as shown in Figure 5.8 below. Ca can be

calculated using equation 5.11 as follows:

CurC'l
C,=| =2 l+c,,. (5.11)
C().\'+le )

Interconnect /pad metal

Rt
G| —— . ~e—————r Oxide
SO W) b e

q T I W ) TSe—
. e -l .
ql’_n— e — T —
. >

¥

Active
region

Figure 5.8 A cross section of high speed VCSEL with superimposed equivalent circuit.
(Reproduced after [11])
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As for the oxide capacitance per unit area, it can be calculated using equation 5.12 shown

below,

C,, ==t (5.12)

where:

& AlLOs dielectric constant ~ 9.0 [12]

d,: Oxide thickness, which in this case is equal to the thickness of the high aluminum
composition layer Al osGag 02As (6Ox10'7cm).

Substituting the corresponding values in equation 5.11 we get the following:

9.0-8.85x10™

0107 =1.328%10"7 F =132.8nF /cm™.
X

The junction capacitance per unit area is calculated using equation 5.4, but with the
corresponding values for the GaAs:

& GaAs dielectric constant ~13.1

d: GaAs thickness, which in this case is equal to the total thickness of the quantum well
layers (171x107cm) .

Substituting the corresponding values in equation 5.10, we get the following;:

_13.1-8.85x107"

; ——=6.783x10"° F = 67.83nF /cm”.
171x10°

The active area equivalent capacitance is simply the combination of C,, Cj and Cj,

where C;; and Cj; can be calculated using equations 5.13.a and 5.13.b, respectively.

2 2
R I{R R R_Y
C.=C. mesa mesa__ “tox | Ztox ] 5.13.

/
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R
Cp= c/z(i) . (5.13.b)

where:

Ruesa - The diameter of the mesa (28x10'4cm)

R, : The diameter of the oxide aperture (14x10’4cm).

The active area total capacitance can be calculated be substituting the values of Cy, Cj

and Cj; into equation 5.11, which will result in equation 5.14 below:

C,C, R R (R.Y R Y
C“ — ﬂ' [ J . R’"eJ{l — _1_ mesa - 0x - 0ox + C]]Z' _i (5 R 14)
C, +C, 2 3l 2 2 2 2

Solving for C,, we get C, =174.9fF. This is in acceptable agreement with the active area

capacitance, which was obtained by using the measured S, parameters, 135fF.

5.3 PSPICE equivalent circuit simulation.
The VCSEL equivalent circuit shown in Figure 5.8 below was simulated using
PSPICE software. The value of R, was changed to cover all the values listed in Table

5.1. Simulation results are shown in Figure 5.9 below.

Rsource

Visource Cp

<

- ANA
IR
50 ohm _I_

R p ::'_‘::-

.|F._

Figure 5.8 PSPICE equivalent circuit
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Figure 5.9 PSPICE screen capture simulation results

Figure 5.10 below illustrates the difference between the —3dB calculated frequency
using equation 5.9 and the -3dB frequency obtained from PSpice simulation. The
difference between theory and simulation is expected to be due to ignorance of the effect
of the pad capacitance C;, and the mirror resistance R, in deriving equation 5.9, or due to
the assumption we made earlier which stating that the dielectric constant of the polyimide

is constant as a function of frequency.
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5.4 Ion implantation

With the proper wafer VCSEL design and reduction of the intrinsic parasitics that
limit geometry, together with good VCSEL  performance and good thermal
characteristics, we will reach the point at which the VCSEL modulation response is
limited by its extrinsic parasitics. In this section, further improvements in the VCSEL
extrinsic parasitics are presented and discussed.

Ion implantation, which is applied to semiconductor technology, is defined as a
process by which energetic impurity atoms can be projected into a single crystal substrate
for the purpose of changing its electronic properties. Ion implantation is usually carried
out with ion energies in the range of 30-400 keV and doses in the range of 10" to 10"
atoms/cm’ [5].

There are a number of areas in which ion implantation technology has already been
demonstrated successfully. Proton bombardment has been used to create isolation

regions around a number of devices [5]. This includes photodiodes and field effect
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transistors, in addition to transfer electron devices, avalanche transmit time oscillators
and lasers [1, 9]. In many of these devices, the special doping profile provided by
multiple implants has allowed improved performance and extended operating frequencies
as well as power outputs. Moreover, a unique application for proton bombardment has
been found in providing optical isolation in couplers and optical wave-guides. Ion
implantation has also been used to make ohmic contacts to a number of microwave and

optelectronic devices [1].

5.4.1 Overview

Several requirements are essential for an ion implantation system. These are ion
sources and means for their extraction [2], acceleration, purification, beam deflection and
scanning to impingement on the substrate {1, 3]. Ion sources are usually impure, so
methods must be provided for mass separation and for rejection of unwanted species. The
choice of materials for the ion source is very wide [1, 2]. As for acceleration, there is
usually a spread of energies attained by ions upon acceleration. Energy is imparted to the
ion beam by passing it through a long column across which there is acceleration
potential.

The energetic ion undergoes many collisions with the lattice atoms before losing its
kinetic energy and finally coming to rest. All the way through this process, energy is
transferred to the lattice. As a result, the lattice atoms can be dislocated, often with
substantial energy. These in turn can displace other atoms in the lattice, which results in

a cascade of collisions. The displacement energy for both silicon and gallium arsenide is

147




about 14-15 eV. As a result, about 10 -10* lattice atoms are displaced by each incident
ion [1].

Ion implantation can be used for forming heavily doped regions [4], as well as
producing isolation regions [1, 5]. As for our application, the ion implantation will be
used to produce damage in the crystal lattice to make the DBRs insulating. More
discussion will be provided on this point later in this chapter.

The nature of the damage created by the implanted ion will depend on whether the
implanted ion is light or heavy relative to the lattice atoms. A light atom will normally
transfer a small amount of its energy during each encounter with the sample, and will be
redirected through a large scattering angle during this target. The dislocated target atom
will have a small amount of energy introduced into it, and will most likely not create
further displacements of its own. The damage created by a single, light incident ion will
thus take the form of a branching dislocation track, as illustrated in Figure 5.11 below [1].

Heavy ions implantation has a quite different effect. In this case, a large amount of
energy is passed on with each collision, and the incident ion is diverted through a quite
small scattering angle. Each displaced atom is itself capable of producing a large number
of displacements as it moves away from the path of the incident ion. At the same time,
the range is small, and most of the energy is transferred to the lattice. Consequently there
is significant lattice damage within a fairly small volume. This damage takes the form
shown in Figure 5.11 below. It consists of a somewhat straight dislocation track,

surrounded by an ellipsoidal region with a high density of interstitial atoms [1].
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Incident
i
Light ion
Target
Incident
Il LI
Heavy ion = -

Figure 5.11 Target damage due to (a) light ions and (b) heavy ions using same target
material (Reproduced after [1])

Ions are typically implanted at a slight angle to the crystal axes of the substrate, on
the order of 6° to 10° [7]. This is done to prevent an effect called channeling. If the
crystal lattice is viewed in an appropriate direction, there are open cells which contain no
atoms, as shown in Figure 5.12 below; these are called channels. An ion moving parallel
to a channeling direction can travel deep into the crystal before scattering occures. As a

result, channeling produces implant profiles that are very difficult to predict and
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reproduce [7]. In some cases, channeling is used as a trick to get deeper ion implantation

depths.

Figure 5.12 Illustration for channeling effect [6]

5.4.2 VCSEL ion implantation

The VCSEL structure data, which includes the different layer thicknesses and their
chemical compositions, was loaded into the TRIM software [8]. The angle of incident
was chosen to be 7° to reduce the channeling effect. As for the implantation species,
hydrogen (H") was selected since its atomic weight is 1.00794, which is considered light
compared to other elements [10]. As a result there is no need to use high values of
implantation energy to carry out the deep implantation. Moreover the hydrogen atom’s
radius is 37x10"? m, which is considered small, compared to other elements [10]. As a
result, the implantation will cause less damage to the surface of the sample. Damaging
the surface will result in high contact resistance when depositing the metal contacts,
which will affect the device’s performance, as mentioned earlier in Chapter 4. Figure

5.13 illustrates the relative sizes of gallium, arsenic and hydrogen atoms.
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Atomic weight =1
Radius=37x10"" m

Figure 5.13 Gallium, arsenide and hydrogen atoms. (values from [10])

Four implantations at different energies were simulated, since one or two are not
enough to create continuous, sufficient damage from the surface to a depth of 2.5um
where the active region is located. The number of implantations was determined based on
the distribution of vacancies using the simulation results. Different energies were tried
until the required distribution of vacancies was obtained, as shown below in Figure 5.14.

The energy values that result in this vacancies distribution are (310, 250, 190, 130)

eV, with (1600, 900, 600, 600) number of ions per implant respectively.
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Figure 5.14 Ion implantation simulation results using TRIM

From the simulation results, the number of vacancies per ion per angstrom (V) equals

V =10%x107/Ion/ A° -V =1x10*/lon/cm

The total dose (Q,) can be calculated using equation 5.15 shown below,

N

=— 5.15
Q=7 (.15)

where N is the doping concentration and V is the number of vacancies per ion per

angstrom.
Since the doping of the mirrors N = 1x10"*cm ™, then the total dose (Q,) will be,

N 1x10®
Q“:—: 2
|4 1x10

=1x10"%ions/cm®

The total number of ions implanted (7,) will be,
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T,=T,+T,+T,+T, =1600+900 + 600 + 600 = 3.7x10%ion

[

The dose (Q,,) for the x implant with implantation energy of y eV can be calculated using
the equation 5.16:

7, )

Ty
Qn.r == 'Qn ? (516)
where T,, is the number of implanted ions at y energy
T, is the total number of implanted ions at all energies.

For the first implantation we have:

0, = —;% 1x10* > Q,, = 4.324x10"%ion/cm’

Similarly, for the other three implants we get,
Q,,(energy = 250eV) =2.432x10%ion/ cm
Qp; (energy =190eV) =1.266x 10%ion/cm
Q,,(energy =130eV) =1.266x 10%ion/cm

The ion implantation step is usually carried out after applying the top contact metals
because the implantation process sometimes leaves a small amount of photoresist
contamination on the surface of the sample that would interfere with the formation of low
resistance contacts. After deciding the number of implants, energies and doses the
sample has to undergo the same fabrication steps mentioned in Chapter 4 are used with
some changes when applying the top contact. The evaporated metals for the top contact
should be less than 100nm so that the implanted ions can penetrate through the contact
easily. After applying the thin top contact metals, the implantation photomask is
patterned using the standard photolithography process discussed earlier in Chapter 4. The

photoresist mask used should be thick enough so that it can prevent the implanted ion
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from penetrating through it, thereby implanting undesired parts of the sample. After that,
the sample is implanted. Then the fabrication steps are resumed from the bottom contact
step up to the end of the fabrication steps. The expected result, using the above values of
the angle, dose and energies for ion implant of the oxidized VCSEL is shown below in
Figure 5.15. As a result of this ion implantation, the oxide capacitance is expected to be
reduced, which is expected to increase the modulation frequency of the VCSEL and to

further confine the current path, which will result in reducing the VCSEL self-heating.

COLLISION EVENTS

Vacunckes Produced (K P)

qos10 *
3500°*
30510
2810
20a10 *
1510 ¢
10510 *
10t

Number/lon/Angstrom

Implant

\

Figure 5.15 A cross section of oxidized and ion implanted VCSEL.
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We now rexamine the value of C, after the ion implantation. Figure 5.16 below

shows in details all the capacitance components that contribute to Ca.

Figure 5.16 Ion implanted VCSEL cross-section illustrating the capacitance components
that contribute to Ca

The oxide capacitance per unit area and the junction capacitance per unit area were

calculated earlier using equation 5.12 and they were found to be

C, =132.8nF /cm?
C, =67.83nF /cm® .

The active area total capacitance C, can be calculated using equation 5.17 below,
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_ (Co.\‘illt' + Ci )C Jl
Colf e e re |1F6e 0 6D
i jl

oxide

where:
C;j1 and Cj; can be calculated using equations 5.13.a and 5.13.b respectively. As for C; and
Coxide, they can be calculated using the corresponding equations 5.18.a and 5.19.b. Values

used for €; and d; are 9 and 2.5x10™cm.

. R 2 2
Cl — gll 8! mesa — O. 3 R"lfJ'll — R{).T — RI"L’J{I _— 0. 3 RI"L’S{I — & (5 . l 8 . a)
d, 2 2 2 2 2 2

C

2
R R,. R
( mesa 0.3( mesa ox )) ;
2 2 2 R
—C, |7 —(”] . (5.18.b)

oxide — ™~ ox 2

Solving for C,, we get C, =83.75fF. Comparing this value to the oxide capacitance value
before ion implantation, C, =174.9fF, we find that by ion implantation the value of C, is
expected to be reduced to less than 52% of its current value.

Assuming that the values of the other electrical components we obtained earlier will
stay the same after implantation, we run the PSPICE simulation to get the electrical
-3dB frequency for the circuit diagram shown in Figure 5.8, using the two values of C,
(i.e., with and without implantation). Figure 5.17 represents a screen capture for the
PSPICE simulation screen. The electrical f-3dB without implantation is about 19GHz,
while the electrical f-3dB with ion implantation is about 32GHz. This means that in
terms of the frequency response, we expect that ion implantation will increase the

VCSEL modulation frequency by 30% more.

156




+2 vesel - UrCAD PSpice A/D Demo - [vesel (active)] : ;
BEle ER Yew Smustion Irace Plot Tooks Window Heb pff =168 x|

1~ S5W& & | e P (RAQGQ MRNE | REY oF || A F

f-3dB = 32GHz,
Ca = 83fF (Implanted VCSEL)

B d&d

f-3dB =23 GHz,
Ca = 135fF(without implantation)

1080HZ

Sy i
1.06H2

DB{U(RL:2))
teeguendy

. vosed (active)
Time= 1.0006-03 100% SENNNBREED EEE

For Help, press F1

Figure 5.17 Screen capture for the SPICE simulation screen
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CHAPTER 6

Conclusions and Future Work
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This chapter summarizes the achievements of the research work of this thesis.

Conclusions and suggestions for future work are given based on these achievements.

6.1 Achievements

The objective of this thesis research is to develop a reliable technique for

fabricating High-Speed Oxide-Confined Vertical-Cavity Surface Emitting Lasers. The

achievements include:

)

2)

3)

4)

5)

6)

A complete and standard fabrication process for High-Speed Oxide Confined
Vertical-Cavity Surface Emitting Lasers was developed.

High-Speed Oxide Confined Vertical-Cavity Surface Emitting Lasers were
fabricated with a 3dB modulation frequency bandwidth up to 17.0GHz with about
a 0.4mA threshold current at about 7um oxide aperture diameter.

The critical fabrication steps that effect the Oxide Confined Vertical-Cavity
Surface Emitting Lasers speed were determined.

The electrical and optical characteristic of the Oxide Confined Vertical-Cavity
Surface Emitting Lasers were measured.

Two different types of polyimide, photosensitive and non-photosensitive, were
examined. The effect of using an adhesion promoter on the cured polyimide at
high temperature was investigated.

The fabricated VCSEL pad capacitance was reduced by attaining the maximum
cured polyimide thickness (5.5 pum ) which equalled the height of the etched

mesa.
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7) Metal pad adhesion to polyimide was investigated and improved. Adhesion
strength was measured using scotch tape.

8) An equivalent circuit model for high-speed oxide-confined Vertical-Cavity
Surface Emitting Lasers was obtained and simulated using PSPICE. This model
can be used for designing high-speed interfacing circuits to VCSELs.

9) The effect of Ion Implantation on high-speed oxide confined Vertical-Cavity
Surface Emitting Lasers modulation frequencies was modeled. Implantation doses
as well as implantation energies for our particular VCSEL dimensions were

determined and simulated using the SRIM software.

6.2 Conclusions

We have fabricated and characterized high-speed oxide-confined VCSELs with
excellent high-speed performance.

Mesa dry etching should be used due to its advantages over wet etching. Also
accurate control of oxidation process parameters, such as water bath temperature, sample
temperature and gas flow rate, is important for repeatable and identical oxide-confined
VCSEL fabrication. Moreover, scaling down the active area will reduce the VCSEL self-
heating since the threshold current will be reduced.

The use of photosensitive polyimide instead of non-photosensitive polyimide gives
reliable and repeatable results. Furthermore, the cured polyimide thickness should be
maximized up to a certain limit since it will reduce the pad capacitance, which increases

the modulation frequency of the oxide-confined VCSELs.
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Utilizing the heat treatment improved the metal-to-polyimide adhesion strength.
The use of ion implantation will result in higher modulation frequency for oxide-confined
VCSELs due to reducing the oxide capacitance. Also, additional improvements can be
obtained with improved heat sinking.

With the proper wafer VCSEL design and no parasitic limited geometry along with
good VCSEL performance and good thermal characteristics we expect that it is possible

to achieve VCSEL:s suitable for 40 Gb/s transmission.

6.3 Future work suggestions

Due to the lack of time and the breakdown of the e-beam evaporator in the
cleanroom, some future work is suggested as an extension to this research in the pursuit
of high-speed oxide-confined VCSELSs.

More fabrication runs need to be done to optimize the High-Speed Oxide-Confine
VCSEL fabrication process. Theoretical analysis of VCSELs, fabricated by the same
fabrication process presented in this thesis but with additional ion implants is suggested,
since this will result in reducing oxide capacitance and increasing VCSEL modulation
bandwidth beyond other factors.

Redesigning the structure of the VCSEL so that the detrimental effects of ion
implantation on resistance can be reduced and resistance vs. capacitance tradeoff can be
optimized. The investigations of other factors that affect the VCSEL speed and optimize
them. VCSEL self-heating is a factor that is worth investigating since the VCSEL is

believed to be thermally limited.
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Metal to polyimide adhesion needs more exploration. A well-defined research plan
and a researcher in the field of chemistry are needed for this investigation. The change in
the polyimide dielectric constant (€,) as a function of frequency needs to be studied, since

this will help in predicting the actual value of the VCSEL pad capacitance.
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Appendix A

STANDARD CLEANROOM OPERATION MANUAL
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A.1 INTRODUCTION

In certain ways, the use of the CSU cleanroom is akin to driving a car. First and
foremost, both are a privilege and not an inherent right; those who do not follow all of the
appropriate rules and procedures can and may have their privilege to use the facilities
revoked. Second, the use of the cleanroom, like a car, requires appropriate training and
experience before being allowed to operate the equipment unsupervised. Since the
cleanroom is a laboratory used by a number of research groups from multiple
departments, some special requirements are made of each user in order to maintain a
clean, safe, and successful working environment.

This cleanroom manual is intended to be part of that learning experience and to
serve as a reference guide for appropriately trained users. It is not a substitute for
appropriate training. In order to qualify as an approved cleanroom user for full use of
the facilities, an individual must complete certain requirements. First, the one day
Hazardous Waste Generator Training seminar given by the Environmental Health
Services department on campus must be taken and passed. This is a university and state
requirement for all hazardous waste generators, and since almost every cleanroom
process results in such waste, all users must have documented training. Second, each
user should obtain and read a personal copy of this manual. Before entering and using
the cleanroom, all users should have a thorough understanding of the General Guidelines
below and of the Cleanliness and Safety issues on the following pages. Ignorance is not

an excuse for damaging equipment or, even worse, for injuring yourself or others.
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The combination to the cleanroom door is only to be issued to those individuals
who have demonstrated an understanding of the appropriate safety and cleanliness
procedures. Only the Cleanroom Manager has the authority to give out the
combination, and under no circumstances should anyone else do so. Users who give
away the combination face the possibility of losing their cleanroom privileges. Also,

never leave the door from the hall into the gowning room unlocked.
A.2 General Guidelines

Everything contained in this manual has a specific purpose, either to help
maintain the cleanliness and safety of the cleanroom working environment, or to ensure
appropriate use of the equipment, or both. Following everything herein will help keep
people safe, and also will provide a guide toward successful research.

Due to the small scale nature of the semiconductor processing work performed in
the cleanroom, maintaining a clean and safe environment is of utmost importance.
Everything brought into the cleanroom must be thoroughly wiped down to eliminate
dirt and dust. The single greatest source of contamination in the cleanroom is the
people, so using the shoe brush and wearing the proper attire is required to minimize
particulates. The HEPA filters and laminar air flow are expensive measures taken to
provide an appropriate environment, but it is up to the users to maintain that environment.
Hazardous chemicals are routinely used in the cleanroom, and proper procedures for
handling, storing, and disposing of these chemicals is required. This is for the safety of
everyone, and to comply with federal statutes. Please read and understand the

Cleanliness and Safety sections of this manual before using the lab.
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The equipment in the cleanroom is all delicate, expensive, and/or dangerous if
used improperly. Therefore each piece of equipment, from the mundane (such as a
microscope or a fume hood) to the complex (such as the evaporator or mask aligners),
requires special training before an individual will be authorized to use it. This training is
a two step process for each and every piece of equipment. First, one must receive

detailed instruction in how to properly and safely operate a specific piece of equipment

from someone who themselves is an authorized user of that equipment. Second, you
must obtain authorization from the Cleanroom Manager to be able to use that equipment
unsupervised. Authorization is typically granted after demonstrating competence by
running the equipment under the observation (not assistance) of the Manager. An
Authorized Cleanroom User Sheet is included with the official copy of this manual in the
entry way to the lab. All users are required to be included on this list, and the sheet
provides columns for checking off equipment each user is allowed to operate. Any user
found to be operating equipment for which they are not authorized will forfeit their
cleanroom privileges. The procedures contained in this manual are not a substitute for
appropriate training.  Additional information for the cleanroom equipment can be
obtained from the binders and manuals currently located in C-17.

It is understood that, as in any facility used by many various individuals,
accidents will happen and equipment will malfunction. Equipment users will not be
blamed or punished for these occurrences, however that does not grant immunity from all
responsibility. If something is found to be broken or not functional, report it immediately
to the Cleanroom Manager. Then, since all users are presumably intelligent and well

educated, as well as being some type of engineer or scientist, the responsibility of that

167




individual extends to repairing, or assisting in the repair of, the problem. If that
individual is not knowledgeable or experienced enough to repair the problem, it is still
their responsibility to notify the appropriate people and see the solution through. Users
that damage equipment and do not take this responsibility for their actions will lose
their cleanroom privileges. Remember, everyone using the cleanroom has their own
problems and research work to do, and it is not fair to expect someone else to drop
everything and solve your problems for you. Of course, most cleanroom users are
considerate, and will stop to help fix a problem, especially if they have experience with
the particular equipment and know the idiosyncrasies; also, those who are not
considerate, and expect others to do the dirty work for them, will not be looked upon too
kindly.
A.3 Cleanliness

As previously mentioned, due to the small scale nature of the semiconductor
processing work done in the cleanroom, it is very important to keep a clean environment.
Cleanliness is vital to the success and reproducibility of the various processes. The
HEPA filters and laminar air flow are designed to limit the particle count to less than
1000 per cubic foot (a Class 1000 cleanroom). The initial certification of the room,
before much of the equipment was installed, was at Class 100. In order to maintain this
level of cleanliness, everyone using the cleanroom must follow the procedures outlined
below.

1. When entering the cleanroom, always use the shoe brush and step both feet on the

tacky mat.
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7.

Booties, hoods, and Tyvek coveralls must be put on while in the gowning room,;
never enter the actual cleanroom without being fully suited. Wearing the Nitrilite,
powder free, cleanroom gloves also cuts down on particulates, so gloves should be
worn at all times in the yellow room, and while working at the hoods or with samples
at various pieces of equipment.
When bringing in items from outside (personal tools, samples, containers, etc.), be
sure to thoroughly dust or clean them; a 70:30 mixture of propanol and deionized
water (DI H,O) can be used to wipe these items down and help minimize
contaminants.
Never open the two doors in the gowning room at the same time, and do not hold
either open for extended periods of time.
The door from the yellow room outside to the service corridor is an emergency exit
only, and is not to be used for any other reason.
Nothing which generates particulates is to be used in the cleanroom. This includes,
but is not limited to:

e Pencils and paper (write only in pen and on the cleanroom paper provided).

¢ Powdered gloves (only use the gloves supplied by the cleanroom).

e Aerosols of any kind.

e Food or drink of any kind.

e Tobacco products.
Remember, when the above rules are observed, people become the greatest source of
contamination, so be aware of your actions. If you feel a coughing/sneezing fit

coming, exit to the gowning room. Hair spray, perfume, cologne, etc. are large
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sources of particulates. Do not run in the cleanroom; people shed many more skin
cells running than walking.
Be conscious of cleanliness issues and courteous to other users. Your mother is not on
staff to clean up after you, so be sure to clean up after yourself. Always leave the

cleanroom cleaner than it was when you entered.
A .4 Safety

Safety is a primary concern in the cleanroom, as it should be in any laboratory.
The key to maintaining a safe environment is for each and every user to take an active
role, being concerned for not only their individual safety but also for the safety of
everyone. First, assume every chemical, solution, and piece of equipment is
dangerous and may cause injury. Even mundane things such as DI H,O, which by the
way should never be consumed, must be treated with caution and care. It is better to err
on the side of caution than to learn the hard way.

Chemical Safety

Always use appropriate personal protection. When handling chemicals always
wear eye goggles and appropriate gloves. The Nitrilite cleanroom gloves are designed
to be chemically resistant to most solvents and acids. However, when using strong acids,
especially HF and buffered HF, users should wear the thicker, rubber, acid resistant
gloves. Periodically check gloves for tears or holes, and replace as necessary. The full
IsoClean Tyvek suits will keep small splashes off your skin. The cleanroom policy is to
label an individual suit and reuse it every time; however it should periodically be checked
for holes or damage from chemical spills and be replaced as necessary. If in doubt,

consult the Cleanroom Manager.
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Eyewash/shower stations are located in the cleanroom, by the door from the
gowning room, and also in the service corridor. If something splashes up around the face
or eyes, even if unsure whether a chemical is on the skin, use the eyewash. If something
gets around the eye goggles, thoroughly flush the eyes with water for several minutes and
seek assistance and first aid. In the instance of a major spill and the saturation of all or
part of the Tyvek suit, immediately go to the gowning room and remove the coverall.
Check your clothes and skin for sign of contact with any chemicals and use the shower if
necessary. If your clothes are soaked, remove them while using the shower. A few
moments of personal embarrassment is easier to get over than a severe chemical burn.
Never take chances with a chemical spill, and always report any such incidents to the
Cleanroom Manager so that the cause of the accident, be it procedural, equipment, or
human error, can be discovered and corrected to prevent similar occurrences.

Always use chemicals inside one of the two fume hoods (keeping the sash at or
below the appropriate level), and never carrier open chemical containers around the
room. Acids and bases are stored in separate locations and should not be used together.
Never pour water onto acids or bases (w.0.a means stop); acids and bases should always
be poured slowly into water. Solvents should never be mixed with acids or bases, and are
stored separate from both. See the Hazardous Waste Procedures below for proper

disposal guidelines.

Chemical containers should be dated with their purchase date, and when opening

a new bottle, the first user must label it with the date (i. e. “opened 1/13/00”).
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When mixing a solution that will be temporarily be stored in the cleanroom,
whether for several hours in the fume hood or for weeks in the appropriate cabinet, it
must be clearly labeled. Labels must include chemical formula and concentrations of the
solution components, the date mixed, and the user’s name. Be sure solutions are stored in
proper sellable containers and not in open specimen containers. Improperly labeled
solutions will be disposed of, and if the contents are unknown this could be a very
expensive process through EHS, which will be charged to the user and/or the sponsoring
advisor.

If an individual wishes to bring a new chemical into the cleanroom, it must
first be approved by the Cleanroom Manager. This should be done prior to
procurement of the chemical. To obtain approval, two (2) copies of the Material Safety
Data Sheet (MSDS) for that chemical must be given to the Manager, along with a

description of the reason for its use. The user bringing in a new chemical is responsible

for researching and implementing its appropriate storage, use, and waste

accumulation/disposal procedures for the safety of everyone. The Cleanroom Manager

may refuse admission of any materials on the grounds of general safety or for any other
reasonable cause. Anyone bringing in a chemical without approval may lose his or her
cleanroom privileges.

Hydrofluoric acid (HF) is an extremely corrosive acid. It can cause burns that
can be painless and may exhibit delayed symptoms, and can also cause death in large
exposures. HF users should read its MSDS very carefully to learn accident and first aid
procedures (actually, this is a very good suggestion before using any chemical in the

cleanroom). Always use thick acid gloves and eye protection, and only open and use HF
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under the fume hoods (HF etching can produce toxic fumes). HF readily attacks glass,
and should only be used in Fluoroware containers. Always follow etch recipes carefully
because HF can react violently with several common chemicals including, but not
limited to, nitric, sulfuric, and lactic acids, and sodium and ammonium hydroxides.
Large HF spills, such as a spilled or broken bottle, should be cleaned up only by trained
personnel; contact the Cleanroom Manager and/or EHS (1-6745) if such a spill occurs.
HF spills can generate large quantities of H,, which is explosive, and it can readily
penetrate soluble materials, such as concrete, rendering them hazardous even when dried.
HF use requires caution and careful attention to detail for the safety of all cleanroom
users.

Hazardous Waste Procedures

Properly dealing with hazardous waste is one of the most important components
of cleanroom safety. The following is a guide for current cleanroom waste procedures,
and is not a substitute for appropriate training. The first part of that training is, as
mentioned before, that all cleanroom users must pass the Hazardous Waste Generators
Training course offered by EHS. This includes obtaining a personal copy of the
Hazardous Chemical Waste System Manual from EHS. It is the responsibility of each
user to obtain this training and then provide documentation of it to the Cleanroom
Manager. The second part of this training includes specific instruction from an
authorized cleanroom user in current cleanroom waste accumulation/disposal procedures

as part of the training and approval process required for authorization to use the fume

hoods.
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Several important guidelines for current cleanroom hazardous waste accumulation

and disposal procedures include:

Acetone and methanol (or propanol) waste is collected together in glass 4 liter bottles
(with appropriate waste labels) in the fume hoods.

TCE and chlorobenzene wastes are collected individually in 500 ml glass bottles
(with appropriate waste labels), and are stored in the flammables cabinet in the yellow
room.

A waste container is defined as full when the waste level is at 90% of the container
volume (usually just above the “shoulder” of the bottle); No More than 90%.
Overfilled bottles will not be taken by EHS for disposal.

Full waste bottles are to be stored in the appropriate service corridor flammable

cabinet.

Most acids or bases can be neutralized and then poured down the sink; be sure to flow
lots of city water down with it (approx. 4 liters of water per 100 ml of neutralized
waste). Always use the pH meter when neutralizing, and never dump anything
down the drain unless the pH is between 6 and 8.

Glass slides, cover slips, and other sharp objects are to be collected in marked
containers (usually a capped specimen container) near the corner sink in the yellow
room and in the white room fume hood; never throw them in the trash cans.

Waste GaAs/InP wafer material is to be considered hazardous and should be collected
separately (a capped specimen container works well) for EHS disposal.

NEVER PUT ANY TYPE OF LIQUID WASTE INTO THE TRASH CANS.
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These guidelines and procedures are subject to change, so if unsure please ask the
Cleanroom Manager. Remember, according to federal law, individuals are legally
responsible for their own hazardous waste.

Fire Safety

In case of fire, place the safety of people above that of the equipment. Many
fires, especially potential cleanroom fires with all of the available chemicals, emit toxic
fumes, so be sure to establish personnel safety before attempting for fight any fire. A fire
alarm pull box is located at the north end of the c-wing basement hallway. Fire
extinguishers are located in the service corridor, the gowning room, and the yellow room.
Before using these dry chemical ABC extinguishers, especially in the cleanroom since
the powder will clog the HEPA filters, be sure it is appropriate for the type of fire being
fought (see the label on the extinguishers).

Be safety conscious of potential fire starters in the cleanroom. Keep combustibles
away from hot plates and heating elements in various equipment such as the evaporator,
BioRad, CVD, etc. Flammable chemicals should always be stored in approved
containers and in the appropriate flammable cabinets. Remember that acetone and
methanol are flammable and should never be heated on a hot plate. Waste flammable
liquids should be poured into proper containers and not left to evaporate in an open

beaker.
A.5 Supply Storage Inside the Cleanroom

General use consumable supplies such as gloves, wipes, beakers, etc., are located
in the drawers situated throughout the cleanroom, typically near the areas where they are

frequently used. Chemicals commonly used in the cleanroom must be stored in
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appropriate locations according their individual properties. Each of these locations has
specifically assigned chemicals as listed below. Do not mix and match chemical
storage locations, as they are selected on the basis of safety. When any supply runs
low, replacements may be found in the consumable stock locations outlined on the next
page.

White Room Fume Hood

e Working surface: 4 liter solvent waste bottle, squeeze bottles for DI H,0, acetone,
methanol, and the acid & base neutralizers.

e Bottom-left doors: compatible acids (HCI, phosphoric, sulfuric, Br, HBr) well

separated.

e Bottom-right doors: compatible bases (NH4OH) and Polaron dry chemicals (in tub).

Yellow Room Fume Hood

e Working surface: 4 liter solvent waste bottle, squeeze bottles for DI H,0, acetone,
methanol, and the acid & base neutralizers.

e Exhausted Acid Cabinet (bottom right): photoresists, nitric acid, and concentrated HF
(both in individual Nalgene boxes for primary containment).

e Under sink (bottom left): Buffered HF in individual Nalgene box for primary

containment.

Yellow Room Below the Corner Sink

e Photoresist developers.

e (C-20 primer and its waste bottle.

Yellow Room Flammable Cabinet
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e 4 liter acetone and methanol bottles for refilling the squeeze bottles.
e TCE and its waste bottle.
e Chlorobenzene and its waste bottle.

Refrigerator/Freezer in Service Corridor

e Refrigerator: Hydrogen peroxide (H,0,).
e Freezer: PI-2555 polyimide and VM-651 adhesion promoter.

e Use the pass-through to transport chemicals into and out of the cleanroom.

A.6Consumable Stock Locations

In general, frequently used consumables are located in the drawers or in the
chemical cabinets throughout the cleanroom, usually close to the area where they are
typically used. Extra supplies are located either in the gowning room or in the service
corridor. When using the last of an item in the cleanroom, go to its storage area and
obtain a replacement. If taking the last of an item from storage, make a note of the item
(physically write it down), and be sure the Cleanroom Manager knows that it needs to be
replaced. This should be done both for the general supplies and for the chemicals. If
unable to locate an item, or if some other supply should be added to the general

inventory, consult the Cleanroom Manager.
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Small Flammables Cabinet in Service Corridor

- Acetone - Chlorobenzene - Empty bottles for
- Methanol - Xylene hazardous waste
- Trichloroethylene - C-20 Primer collection

Large Flammables Cabinet in Service Corridor

- Acids: HF, B-HF, nitric, sulfuric, phosphoric, HCI, bromine, HBr
- Bases: ammonium hydroxide, developers
- Acid and Base Neutralizers

Small cabinet in the gowning room

- Apparel: gloves, suits, hoods (in closet), and protective arm sleeves

- Containers: 50 ml & 250 ml Fluoroware beakers, specimen containers, Petrie
dishes

- Lithography goods: syringes & filters, pipettes, microscope slides & cover slips

- Cleaning stock: Crew Wipes (large), Tex Wipes (4x4), cotton swabs

- Miscellaneous: filter paper, cleanroom paper, polishing paper, crystal bond, etc.

Large “J” cabinet in the gowning room

This is an overstock cabinet, and during normal cleanroom operations it is to
remain locked. The Cleanroom Manager or a trusted assistant will have the key and be
able to restock the smaller cabinet when notified that supplies are running low. Do not

attempt to get supplies from this large cabinet.
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A.7 Exiting the Cleanroom

Before leaving the cleanroom, each and every time, make sure the following items have

been taken care of:

e DI H;0 is off in both hoods and in the corner sink (running the DI H,0 overnight will
saturate the filters and result in a costly, premature replacement).

e Refilled supplies that are low or out, including the squeeze bottles.

e Acetone/methanol waste beakers emptied into 4 liter waste bottles.

e Fume hood sashes lowered below their maximum heights, and fume hood lights off.

e Photoresist spinner cleaned and glove box ports closed.

e Valve(s) for applying compressed air to the mask aligners off.

e All equipment in its idle configuration.

e All counter tops, inside of the hoods as well as elsewhere, wiped clean (no sticky
neutralizer stains or puddles of unknown liquids left behind).

o Turn off the lights, especially in the yellow room, if you are the last one out at the end
of the day or if nobody else remains and you will not be back that day.

e Make sure both combination-lock doors are locked and not set in the pass mode.
A.8 EQUIPMENT

This section provides details and operating procedures for various pieces of
equipment used throughout the cleanroom. The information for any given piece of
equipment may range from a simple outline of operational steps to a thorough discussion
of the procedures. In many cases, there exists separate manuals for the equipment
provided by the manufacturer. There also may be folders or binders containing

information on specific equipment. This extra documentation is currently located in C-
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17, there is a partial bookcase dedicated to cleanroom manuals as well as to catalogs for

supplies typically used in the cleanroom.

Once again, it is important to note that the following information is not to be a
substitute for appropriate training in the operation of the cleanroom equipment. Those
authorized equipment users wishing to print out select pages of process steps for use as a
guide during operation may feel free to do so. Be sure, however, that the pages are
printed on cleanroom paper (found in the gowning room), because regular paper is not
allowed inside the cleanroom. Many pieces of equipment already have laminated
procedures located near them inside the cleanroom. These may be duplicates of the
information contained here, or they may be more concise outlines of process steps.
Misuse of any equipment, or operation by an uncertified user, can result in the loss of all
cleanroom privileges. Any additional questions concerning the equipment should be

directed to the Cleanroom Manager.
Guidelines For Appropriate Fume Hood Use

1. Be courteous of other users, and conscientious of their safety as well as your own.

2. Always clean up after yourself; seek assistance if you spill a chemical and are
unsure of how to safely clean it up and dispose of it.

3. Keep all chemicals inside the hood (never carry open chemical containers around the
cleanroom), and never raise the sash above the indicated height.

4. Check to make sure the drains (both inside the hood and at the floor behind the hood)

are working properly before starting.
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5. When using solvents:

e Acetone and methanol waste can be collected in the 500 ml glass beaker;
empty the beaker into the 4 liter waste bottle whenever 150 ml is collected, or

when finished.
e TCE waste must be collected in a separate 500 ml glass waste bottle.

e Chlorobenzene is only to be used in the yellow room hood, and its waste must

be collected in its own, separate 500 ml glass waste bottle.

e NEVER DUMP SOLVENTS DOWN THE DRAIN.

6. When using acids and bases:
e Keep acids and bases separated.

e  When mixing solutions, always pour the acid or base into the water.

e Collect used acids or bases in the 500 ml Teflon beakers for neutralization.

e When neutralizing, always use the pH meter, adding neutralizer until the pH
of the solution is between 6 and 8.

e  When dumping neutralized solutions down the drain, be sure to flow lots of
city water down with it (several gallons for 500 ml).

7. LABEL ALL SOLUTIONS (chemical names and concentrations, user name, date &
time) whenever walking away from the hood for any reason, especially when leaving
the cleanroom; this is important for the general safety of you and other cleanroom
users.

8. When finished working in the hood, do each of the following:

e Be sure all acids/bases have been properly neutralized and disposed.

181




e Empty any solvent waste into the appropriate bottle, making sure the cap is on
tight.

e Be sure the water faucets, ESPECIALLY THE DI H,0, are OFF.

e Take a 4x4 Tex Wipe, wet it with propanol or methanol, and wipe down all of
the working surfaces inside the hood (make it cleaner than when you started),
when cleaning the Plexiglas shields, use only DI H,0.

e Be sure the sash is at or below the maximum safe height.

e Turn OFF the hood light.
E-Beam Evaporator Procedure

The evaporator is one of the oldest pieces of equipment in the cleanroom, but it is
still very functional and provides good metal films. Users must exercise care while
operating this machine and should be observant to any anomalies, such as increased
pressures or pump times (indicating problems with the vacuum) or increased e-beam
powers (indicating problems with the source material, the controller, or the e-beam
itself). Always check to be sure the cooling water is flowing (about 1.5 gal./min) and the
diffusion pump is running fine, and watch to be sure the automatic valve sequence
operates properly. If any problems are encountered which the user is unfamiliar with,
immediately contact the Cleanroom Manager or other qualified person for assistance.
The following evaporator procedure is wusually run after a chlorobenzene
photolithography process and a native oxide surface etch using the plasma asher and B-
HF.

1. Sign in the evaporator log book (make sure it is not already being used).
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2. Make sure the cooling water is running at about 1.5 gal./min. Push the STOP button
on the Automatic Valve Sequencer. The Hi-Vacuum gate valve below the bell jar
should close and then the Air Release valve should open to vent the bell jar using N,
gas.

3. When the VENTED light comes on (after several minutes), raise the bell jar by
flipping the HOIST switch to the UP position; the bell jar will stop automatically.
Then return the switch to its median OFF position.

NOTE: Always wear gloves while working inside the evaporator bell jar and handling its
sample holder, source crucibles, etc.

4. Remove the sample holder and copper heat sink disk, and rotate the source selector
knob to check that all the necessary sources are loaded in the source holder. If a
source needs to be changed, it is recommended that an arm sleeve (to keep your suit
clean) and a dusk mask be worn. Be sure to place removed crucibles in their
properly labeled storage slots, and insert crucibles ONLY in their designated
positions in the source holder. This is to make sure the identity of the metal in each
crucible is maintained and not confused. Then rotate the selector knob so that the
desired initial source is in the evaporating position.

5. Verify that the rate monitor crystal is functioning by pushing the START button on
the Deposition Rate Controller twice, and wait for the XTL VERIFY message to
disappear and the controller to start as normal; then push the STOP button on the
controller. If the crystal fails or is below 70%, replace it (consult a qualified

individual if unsure how to do this).
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6.

10.

11.

Mount sample(s) on the sample holder, and place the holder, with heat sink on top of
it, in the evaporator. Be sure both shutters are in their closed positions.

Lower the bell jar by holding the HOIST switch in the DOWN position until it is
firmly seated on the base-plate; then release the HOIST switch back to its OFF
position.

Push the START button on the valve sequencer. The Air Release valve and Foreline
valve should close and the Roughing valve open. The mechanical pump will rough
the bell jar down to a set level (below 50 mT), and then the sequencer will close the
Roughing valve and open the Foreline valve and the Hi-Vacuum bell jar gate valve.
Users should monitor this to be sure everything proceeds normally.

LET THE EVAPORATOR PUMP FOR TWO HOURS BEFORE
PROCEEDING. For critical evaporations, where contamination is a serious issue,
let it pump overnight. Turn ON the ion gauge; typical pressures are in the 5x10°° torr
range.

Fill the small LN, dewar (open the valve before unscrewing the top to relieve any
pressure). Wipe down the dewar, especially the wheels, before bringing it back into
the cleanroom.

Make the appropriate LN, dewar connections: dewar nozzle to the rubber hose on the
back of the evaporator, and N, gas bayonet to the dewar pressurization connector.
Open the LN; valve on the dewar all the way, then back closed one full turn. The
dewar should pressurize to around 3 psi; this should be preset so that no adjustment is

necessary.

184




12.

13.

14.

15.

16.

17.

18.

19.

Start the LN, flow into the LN, trap by flipping the LN; Level Controller switch to
AUTO. The light should come on and LN, should be heard flowing into the trap. Let
the system continue to pump for another 30 minutes. Typical pressures are 1x10°
torr or less.

Turn on the MAIN POWER supply breaker for the e-gun, and check that all of the
interlock lights come on. If not, notify the Cleanroom Manager immediately and do

not attempt to fix the problem alone.

Set the crystal monitor for the proper type of metal (using Menu 2 on the Rate
Controller).

Check to be sure the sample and crucible shutters are closed (covering their
namesakes).

Push the HIGH VOLTAGE ON button next to the breaker switch on the e-gun power
supply.

Push the START button on the Deposition Controller twice, and once the crystal has

verified push MAN to place it in manual mode. The rate monitor and time should
still be running, but the controller itself will not be trying to crank up the e-beam
power (which is not tied to this controller anyway).

Slowly turn up the emission current by turning the GUN | knob on the Remote Gun
Control Unit to the 10-15% range on the scale; the filament under the crucibles
should be lit.

Open the crucible shutter, and, while looking inside the bell jar, use the LONG and
LAT control knobs on the remote unit to position the beam in the center of the

crucible; use the SWEEP control knobs to adjust the extent the beam sweeps across

185




20.

21

22.

23.

24.

the crucible. A nice even sweep, covering the source material and not hitting the
crucible, is desired. Forgetting to sweep the beam may result in a hole being bored
through the metal and, eventually, through the crucible (that would be a bad thing).
The beam is typically left in an acceptable setting, but should be checked and
adjusted as needed during every evaporation.

While monitoring the deposition rate on the controller, slowly increase the current to
the desired rate (typically 5 to 15 A/sec and 20 to 30% on the GUN 1 scale). Be sure
to evaporate at least 100 A of the metal (50 A of Au) to remove any surface
contaminants before opening the shutter for the actual deposition; note that the

thickness scale reads in kA.

. Open the sample shutter slowly; do NOT bang it on the glass bell jar. Evaporate

until the desired film thickness is obtained on the monitor (GUN 1 may be adjusted
during deposition to change the rate and slowly approach the final thickness for
increased accuracy).

Close the sample shutter and slowly reduce the emission current to zero.

Push the STOP button on the controller.

If additional metal layers are desired, wait at least 5 minutes for the crucible to cool,
and then rotate the source selection knob to the position of the next source crucible.
The substrate heating lamp may be used to aide in seeing the crucible position inside
the bell jar. Do this by flipping the heater power switch ON and slowly turning the
knob to increase the lamp current until the crucibles are visible (typically about 30%).

Once the crucible position is set, slowly turn down the lamp current and turn OFF the
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25.

26.

27.

28.

30.

31.

32.

power switch. Do not leave the lamp on long, as the extra heat may cause more
contaminants to move around the bell jar.

Repeat steps 14 through 24 until all required metal layers have been deposited.

Push the HIGH VOLTAGE OFF button, and turn OFF the e-gun power supply

breaker. Turn OFF the LN; controller, close the LN, dewar valve, and turn OFF the

ion gauge.
Allow the system and ion gauge to cool for at least 30 minutes before venting the bell
jar
Push the STOP button on the valve sequencer (the same actions should occur as
before).
. When VENTED, raise the bell jar as before (step 3).
While wearing gloves, remove samples; then put the holder and heat sink back in
position.
Lower the bell jar as before (step 7). Push the START button on valve sequencer,

and monitor process to be sure it runs smoothly. Always leave the system under
vacuum.
Sign out of the log book, recording all pertinent information (including sponsor if Au

used).
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Karl Suss Mask Aligner Procedure

The two Karl Suss mask aligners, the new one on the left and the older version on

the right as facing them in the yellow room, are essentially identical. Extreme care must

be exercised when using either aligner, as these are delicate, expensive pieces of

equipment. Only thoroughly trained, authorized cleanroom users should operate them.

Even once properly trained, any time a question arises while using an aligner, whether it

is an uncertainty of procedure or an unusual occurrence, an operator should consult the

Cleanroom Manager or other knowledgeable user just to make sure the equipment will

not be damaged. As usual, the following procedures are not meant as a substitute for

authorized training.

L.

The first person to use the aligner on a given day must power up the entire system:
Turn on the power strip controlling the mask aligner to be used (the new aligner
power strip is below its table; the old aligner power strip is on the tabletop behind the
new aligner). Push the POWER button on the front of the aligner (the red LED
should come on), and flip on the POWER switch on the UV lamp controller box. The
lamp controller will go through a self test process and the display will read RDY if all
passes. Push the START button on the controller, and the lamp should fire and begin
to warm up, flashing COLD while doing so. When it is warm a numerical power
reading should appear on the display. The aligner is generally operated in the
constant intensity mode CI2, so press that pad on the controller to activate it, and
press DS to toggle between the base power (around 275 W) and the activated power
(in mW; should read 0.0; will read in the teens during exposure) on the display

corresponding to the CI2 channel. If something goes wrong in this long Step | (such
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as the self test failing or the lamp not firing), turn the POWER off and then on to try
again; if the failure persists, consult the Cleanroom Manager for assistance.

e If the lamp is already on (meaning someone used the aligner earlier in the

day), simply push the red POWER button to turn on the aligner.

. Tum ON the valve to activate Compressed Air flow to the appropriate mask aligner
(both valves are located between the two aligners). The cleanroom does not have an
unlimited supply of high pressure, so this should be on only when the aligner is in
use.
. Clean the photo-mask to be used by rinsing it in acetone and methanol (properly
collecting the solvent waste) and then blow drying it with N; gas. Always hold the
photo-mask by its edges, and never scrub the mask, as this may scratch or damage the
pattern.
. Place the mask, film side up/glass side down, on the mask holder plate, and press
VACUUM MASK to secure it. Insert the plate, with the mask down, into the stage
and tighten the holding screws.
. Place the sample on the chuck, and slowly slide it under the mask and microscope; be
sure there is enough clearance so the sample and/or mask are not damaged. Move the
microscope around, by pressing the buttons on the microscope handle on the left to
allow free movement, until it is above the sample. Turn the MICROSCOPE
ILLUMINATION knob to adjust the brightness of the light (typically set around 5 on

that scale).
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6. Slowly rotate the contact lever (bottom left side of aligner) toward the back of the
aligner while using the microscope to watch a comer of the sample for premature
contact with the mask. (Contact is visually indicated by interference fringes
emanating from the point of contact between the mask and the photoresist on the
sample; this usually occurs on a corner or edge because the resist is thicker there.)
Premature contact is when visual contact occurs before the lever reaches all the way
back and the blue CONTACT light come on. If this occurs, first rotate the contact
lever all the way toward the front, then turn the thickness adjustment knob on the
bottom front of the aligner to lower (clockwise) the sample stage as necessary. If
visual contact does not occur even after fully rotating the lever to the back, rotate it
all of the way to the front and use the thickness adjustment knob to raise (counter
clockwise) the stage. Continue this process, rotating the contact lever back and forth
and turning the knob, until the mask/sample contact is visually observed at the same
time as the blue light coming on. NOTE: if the chuck stage is too high, rotating the
contact lever all the way to the back can result in a broken sample AND mask; use
caution.

7. Select a contact mode:

e Vacuum Contact (HP): A vacuum is placed between the mask and sample
immediately before exposure. This gives the highest possible resolution since
the sample is literally sucked into contact with the mask. An edge bead
removal must be used beforehand, otherwise this will cause the sample to
bend/break under vacuum.

e Standard contact (ST):
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e Hard Contact: Achieved by lighting the ST button only. Nj is used to
press the sample against the mask, so this mode is similar to HP except
the exerted pressure is not as great, resulting in less resolution and in a
smaller chance of breaking the sample. This mode is good for cases
where the edge bead exists but high resolution is still important.

e Soft Contact: Achieved by lighting the ST button and the SOFT
CONTACT light. The substrate and mask are kept in contact with
mechanical pressure only. This offers lower resolution, but is the
safest and gentlest on the sample.

Align and expose the sample to the UV: If this is the first exposure for the sample,
alignment is not critical, but rather done to be sure the sample is in a desired position.
If this is a subsequent mask level, alignment between the mask pattern and the sample
pattern is key.

e Pull the Separation lever (located on the left near the contact lever) forward to
introduce a space between the mask and sample, thus allowing the sample to
be moved without damage. The green SEPARATION light should come on.

e Use the X, Y, and Rotation micrometers to adjust the sample until it is
properly aligned. Do NOT crank any of these dials to their extreme positions;
the sample chuck should always be slid out (after rotating the contact lever to
the front) and the sample manually moved to accommodate any large position

adjustments that may be necessary.
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10.

11.

12.

13.

e Once aligned, push the Separation lever back until the CONTACT light comes
on. Then check the alignment again. Repeat as necessary until satisfied with
alignment.

e Check the exposure time, and set it as desired for the sample.

e Sit back from the microscope (so as to avoid being hit by it when it moves
forward for exposure), and press the EXPOSE button.

After exposure, slowly rotate the Contact lever to the front until it stops. Pull out the
chuck and remove the sample to develop it. If there are more samples to expose,
repeat the above for each one.

When done with all samples, re-adjust the positioning micrometers to their central
settings, and push the chuck back in.

Unscrew the holding screws and remove the mask plate. Set the plate down, then
turn off the VACUUM MASK button and remove the mask. Never turn off the
vacuum while the plate and mask are still in the stage.

Turn OFF the Compressed Air valve.

Press the POWER button to turn off the power to the aligner. If it is the end of the
day, or if no others users will be using the aligner that day, then turn off the POWER
on the UV lamp controller and turn OFF the appropriate power strip.

Clean the photomask by rinsing it with acetone and methanol, and blow drying it with

N, gas, to remove any resist or other contamination before putting it away.

192




10.

11

12.

Plasmaline Asher Operational Procedure

. Open the oxygen cylinder in the service corridor and set its regulator to 10 psi.

Sign in the log book by the Plasmaline.

. Turn on the mechanical pump; open the O, line valve at the inner cleanroom wall.

Turn on the Plasmaline by pressing the AC ON button (STOP button should light).

. Once the chamber is vented, open the door and load the sample onto the glass dish

(be sure to wear gloves while handling the sample and the dish).
Set the desired ashing time (in minutes) using the thumb wheels.

e Typical time for sample cleaning before metal evaporation is 5 minutes.
Place the MODE switch in AUTO, and the METER switch in PRES.
Press START to begin the run; the chamber should begin to pump down.
When the pressure reaches a low enough value (around 0.05 Torr), typically in 10-20
minutes, the system automatically applies the RF power to the electrodes and the RF
ON button will light up.
Set the RF power to the desired level by switching METER to FWD and varying the
PWR ADJ knob.

e Typical power is 80-100 Watts for sample cleaning before metal evaporation.
Switch METER to REF and minimize the RF reflected power (should be < 10 W) by
adjusting the TUNING knob.

Check for proper O, flow by a) adjusting the left hand flow controller on top of the
Plasmaline until the steel ball is at 100 sccm, and b) switching METER to FLOW and
turning the FLOW ADJ knob until the needle is somewhere between 1.5 and 2 on the

flow scale.
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13.

14.

e Note: If the previous user ran the system at the desired power level, steps 10-
12 may not be necessary; cautiously skip them at your own discretion.

When the time is up and the ashing is completed, the RF ON light will go off. Allow
the sample to cool 5-10 minutes, then press STOP. Once the chamber has vented,
open the door and remove the sample (while wearing gloves).
Shut down: close the door, press AC ON to toggle the system off, switch off the
mechanical pump, and fill out the log book completely; close the O; line valve and
the O; cylinder.

BioRad Ohmic Contact Alloying Furnace Operating Procedure

Completely fill out the log book.

Clean the sample and perform a native oxide etch (if using eutectic alloys and it will
not damage the sample).

Turn ON the MAINS switch; set BYPASS/RESET switch in its neutral position.
Open the exhaust valve.

Set etch flow to mid-scale of the gauge to flow N, through the reaction chamber.

Cut new contacts (fresh cuts on all sides) and place them on the corners of the
sample. (Note: Skip this step if alloying evaporated metal contacts.)

Unscrew the reaction chamber from the base and carefully lift it off; make sure to not
hit the microscope. (Note: Always wear cleanroom gloves while handling the
chamber and while cutting the contacts.)

Place sample on the heating stand and screw the reaction chamber into place. (Note:
If using the graphite cap, get it out of the N, box and carefully place it over the glass

heating stand before situating the sample.)
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10.

I.

12.

13.

14.

Let the chamber purge for 3 minutes with the N; flow.
Enter the desired temperature set point (using the arrow keys) and the desired
alloying time (using the thumb wheel switches).

e Note: The set point temperature is displayed on the lower LEDs, and the
measured temperature is on the upper LEDs. The digital time displays
seconds (right two digits) and minutes (left two).

Begin alloying by turning the HEATER switch ON.
At the end of the alloying cycle the alarm sounds. Turn OFF the HEATER switch
and push the toggle switch to RESET to silence the alarm.
Let the sample cool to below 75EC before removing it. (Note: If the graphite cap
was used, return it to the N box.)
Shut down:

e Turn off the N; flow and close the exhaust valve.

¢ Be sure to secure the reaction chamber back on its base.

e Turn OFF the MAINS switch.

Melting points of some relevant materials:

Eutectic Alloy Melting Point (EC ) Element Melting Point (EC )
InZn (p-type) 143 In 157
InSn (n-type) 117 Sn 232
AuZn (p-type) 642 Zn 420
AuGe (n-type) 356 Au 1065
Ge 937
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Polyimide Cure Furnace Operating Procedure
1. Open exhaust valve and nitrogen gas inlet valve; set N, flow controller to 4-5 sccm.
2. Remove the flange and place the sample on the stage inside the chamber; close the
chamber by bolting the flange back on, and tightening the four nuts finger tight.
Always wear gloves while loading and unloading the sample and working inside the
chamber.
3. Flip the HEATER POWER switch to ON.
4. Press START on the Omega temperature controller to begin cure cycle.
e Standard polyimide cure cycle: | hour ramp to 200EC
4 hour soak at 200EC
1 hour ramp to 25EC
e To change the ramp cycle, consult the Omega controller manual.
5. After the completion of the cure cycle:
e Remove sample and replace the flange.
e Flip HEATER POWER switch to OFF.
e Set N, flow controller to zero.

o Close N; source valve and the exhaust valve.
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Oxidation Furnace Operating Procedure

The oxidation furnace is setup using a furnace with a quartz tube that allows water

vapor to flow through the furnace. The water vapor is provided by heating the water in a
flask at 75°C on a hot plate. N, will bubble through the water to bring the vapor into the
furnace. The inlet tubing has to be heat tape at 75°C to prevent condensation of the vapor

before entering the furnace. Please refer to the diagram of the oxidation furnace setup on
the next page.

Detail instructions are as follow:

l.

2.

Now

*®

1.
12.

13.

Connect the exhaust at the left side of the furnace outlet to collect the condensate
from the oxidation process.

Do not connect the tube fully into the furnace, this might make it very difficult to be
removed after the furnace is being heated up.

Fill the flask and the bath with DI water. Make sure that the water level in the flask
and in the bath is sufficient for the oxidation process. The water level for the bath
should be higher than the water level in the flask to ensure even heating of the water.
Adjust the N, flow meter to 90 sccm. You will see bubbles in the flask. Adjust the
pressure regulator if the pressure is too low or if the flow fluctuates too much.

Turn on the TC thermometer for the sample.

Turn on the VARIAC for heat tape at the inlet of the furnace.

Turn on the furnace power switch. Press the red setpoint button to view the setpoint,
furnace setpoint should be at 360°C.

Turn on the hot plate. Setting on the hot plate is around 4.5 for temperature of 75°C.
Allow the furnace to stabilize for one hour before loading the sample.

. To LOAD sample, detached the exhaust from the tube, remove the tube on the left of

the furnace slowly, place your sample on the metal holder and insert the holder back
into the furnace. Be careful so that you do not drop your sample into the quartz tube
during loading.
Connect the exhaust back to the tube after inserting the tube into the furnace.
To UNLOAD sample, detached the exhaust from the tube, remove the tube on the left
of the furnace slowly, remove your sample on the metal holder. Insert the holder back
into the furnace. Be careful of the sample, it is hot and might stick to texwipe. Place
sample on micro slides.
After the oxidation is completed, please follow the turn off sequence below:

e Turn off the Hot plate

e Switch off the furnace

e Switch off the VARIAC

e Switch off the TC thermo

e Turn off the N; supply

e Disconnect the exhaust
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Diagram for the Oxidation Furnace:
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Appendix B
VCSEL FABRICATION
Detailed recipes including times, temperatures,

chemical brands and inspection images
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Mesa Etching,

Sample preparation,

A detailed recipe for sample preparation including temperatures, times, chemical brands

and some inspection images are listed below.

L.

2.

Cleaning with acetone, methanol and DI

Per- bake for 2 min at 120C

Spin on positive tone photo resist Shipley 1818 6000rpm/30sec
Soft bake for 2 min at 95C

Clean the edges of the sample using acetone.

Align Mesa mask and expose for 8-11 sec at 15mW/ cm?
Developing for 45-50 Sec using AZ400K: H20 (1:4)

Post —bake sample for 2 min at 120C. Optional

a-Step & Microscope camera

(Expected thickness~ 2 pm thick film)

Allow samples to cool down after each baking step before proceeding with the next

step

Photo resist mask

Figure B.1 Top view for the photo resist mask with a ~ 2 pm thick

10. Hard Bake at 120C for 2 min.
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This step is necessary to harden the photo resist enough so that it will withstand
the dry etching process

11. Microscope camera

Baked phto resist
mesa mask

Figure B.2 Top view for baked photo resist mask

Dry Etching,
1. Loading the sample in to the chamber
2. Etching for about 3 min & 50 sec. with 10 sccm of Argon gas and 2.5 sccm of
Chlorine gas

3. Microscope camera

Figure B.3 Top view for photo resist mask after etching
4. Striping the photo resist,
1.Hot DI water path for 5 min
2.6 min UV

3. Hot AZ400K developer in an uitra sonic path.
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4. a-Step & Microscope camera

Figure B.5 Mesa top view
Wet Oxidation
1.Set the furnace Temp. to 420 C
2. Stair =3 and Heat = 8.5 — %  Water Temp. (75-80) C
3.Leave the Oxidation Furnace to stabilize for 1 hour before loading the sample
4. Sample Temp. (410C) =0, (420C)1 =20 min
5. Oxidation time: 20 min
6.Microscope camera [a Golden or Green ring around the top of the mesa should be
clearly seen]

7.0xide Investigation using IR source (Mask aligner) & using SEM lab,

Oxidized mesa

Figure B.6 Oxidation Furnace
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Ohmic Contacts
1.Cleaning with acetone, methanol and DI
2.Per- bake for 2 min at 120C
3.Spin on negative tone photo resist ma-N 490 2800rpm/30sec
(Expected thickness~ 7.5 pm thick film)
4.Bake for 10 min at 95C
5.Clean the edges of the sample using a blade
6.Align Top contact mask and expose for 1:30 min at 9.6mW/cm?, which gives an
exposure dose of 864-mJ/ cm” for 2.5 pm
7.Heat the developer ma-D 332S until it’s temperature is between 20-25 C then
develop the sample for [45-60] Sec with its full strength

8.a-Step & Microscope camera

IPrLU XK1,Bwv0 19pm ©0QBA0D

Figure B.7.a Photo resist mask for top contact Figure B.7.b Photo resist mask for top contact

9.Plasmaline Asher 100W for [3 -5] min. Try to avoid this step since Plasma line
Asher will damage the lift off profile for small mesas or you can try a lower power
and shorter time

10.Microscope camera
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1 1.Sample preparation procedure for lift-off:

Leave for 15 sec. in HC1/ H20 = 1/ | solution for removal of oxide layer formed on

the GaAs surface. Blow-dry with nitrogen gas. Mount in evaporator and pump down.

12.Evaporate Ni/Ge/Au/Ni/Au (150/330/600/150/70) A

13.Lift off using acetone with an ultra sonic path

14.Microscope camera

Top contact
Ni/Ge/Au/Ni/Au

Figure B.8 Top contact after lift-off

Bottom contact (p-contact)

I.

2.

Cleaning with acetone, methanol and DI

Per- bake for 2 min at 120C

Spin on negative tone photo resist ma-N 490 3000rpm/30sec (Expected
thickness~ 7.5 um thick film)

Bake for 10 min at 95C

Clean the edges of the sample using a blade

Align Bottom contact mask and expose for 3:20 min at 9.6mW/cm?® which gives

an exposure dose of 1900mJ/cm? for 7.5 pm
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7. Heat the developer ma-D 3328 until it’s temperature is between 20-25 C then
develop for 2:30 min with it’s full strength

8. a-Step & Microscope camera

9. Plasma line Asher 100W for [6 -10] min.

10. Microscope camera

Figure B.9 Photo resist mask for bottom contact
11. Sample preparation procedure for lift-off:
Leave for 15 sec. in HC1/ H20 = 1/ 1 solution for removal of oxide layer formed on
the GaAs surface. Blow-dry with nitrogen gas. Mount in evaporator and pump down.
12. Evaporate BeAu/Ti/Au (1500~3000) A
13. Lift off using acetone in an ultra sonic path

14. Microscope camera

Top contact

Ni/Ge/Au/Ni/Au Bottom contact

BeAu/Ti/Au

Figure B.10 Mesa with top and bottom contacts
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15. Alloy at 420C for 30 sec. using the alloy furnace.

16. Microscope camera

Figure B.11 Alloyed top and bottom contacts
Polyimide
HD-8000 Polyimide Photolithography
1.Cleaning with acetone, methanol and DI
2.Per- bake for 2 min at 120C
3.Apply VM-651 [0.5 ml VM-651: 100 ml DI H20]
4.Allow the puddle to stand on the wafer for 20 sec
5.Spin dry at 3000 rpm/30 Sec
6.To improve adhesion bake at (110-130) C for 1 min.
7.Apply positive tone polyimide HD-8000 and let stand for 30 Sec.
8.Spin at 5000 rpm/30sec (final cured thickness~ 5 pm thick film)
9.Bake for 1:40 min at 115C [thickness ~7.5-8 um)]
10.Sample should be cooled to ambient temperature prior UV exposure(30 min) ,

Otherwise the cured polyimide will have sever crakes .see figure B.12
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Crakes

Figure B.12 creaked polyimide

11.Align Polyimide mask and expose for 25 Sec at 9.6mW/cm® which gives an
exposure dose of 240mJ/cm’

12.Heat the developer AZ400K: H20 (1:4) until it’s temperature is between 20-25 C
then develop for (1:10-2:20) min, use the microscope with UV filter to see exactly
when the sample is fully developed. [Developed thickness 7.5-8 pm]

13.Rinse with DI H20 1000rpm/10 Sec

14.Spin dry for 3500rpm/10 Sec

15.0-Step & Microscope camera

I

alt =z 255 =l
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Figure B.13 Polyimide before curing Figure B.14 Polyimide before curing

a-Step (scale at 100kA=10um)
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19.Cureing
Load into oven or furnace at 20C

% Ramp from 20C to 350C over 60 min period (Furnace setting ~240C)

.0

Hold at 350C for 30 min (Furnace setting ~240C)

L)

% Substrate can be unloaded immediately or allowed to cool down.

)
o

Thickness 6 pm with a brown color
20.Cured Ployimide testing
% Using the probe station, press using on of the tips on the polyimide surface .

% Note the craks shape.

Figure B.14 Polyimide after curing

21. 0-Step & Microscope camera

Figure B.15 Polyimide after curing

4.2.6. Metal Interconnection
1. Cleaning with acetone, methanol and DI
2. Per- bake for 2 min at 120C

3. Spin on positive tone photo resist AZ 4400 4000rpm/30sec
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4. Soft bake for 2 min at 95C

5. Clean the edges of the sample using acetone.

6. Align Mesa mask and expose for 22 sec at 15mW/cm”2

7. Soak in Chlorobenzene for 4 min; blow dry with N2 gas (Don’t rinse with DI
H20)

8. Developing for 75 Sec using AZ400K: H20 (1:4)

9. Post -bake sample for 2 min at 120C. Optional

10. a-Step & Microscope camera

(Expected thickness~ 4 um thick film)

Photoresists

Polyimide ‘

Figure B.16 sample after developing
10.Evaporation Ni/Au (200/3000) A
(Total contact thickness = 0.32 um)

1 L.Lift off using acetone with the help of an ultra sonic path.

Figure B.17 sample after lift-off
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Appendix C

Typical CSU Cleanroom Photolithography Processes




Typical CSU Cleanroom Photolithography Processes

The following are typical photolithography processes. They all use the General
Photolithography Procedures just discussed, and each process is designed for a specific
purpose or around a specific property of the sample or of the resist. The positive
photoresist Shipley 1818 is the workhorse resist used in most of the CSU cleanroom
applications. Film thickness values for the CSU spinner range from about 2.7 um down
to 1.9 um for spin speeds from 3000 rpm up to 6000 rpm. Shipley SJR5440 and Hoechst
Celanese AZ P4400 are also positive photoresists, with the difference being the process
can result in thicker resist layers which may be useful for certain applications. AZ 5214-
E is a negative photoresist. All of the above use the AZ 400K developer, mixed 1:4 with

DI H,O, except for the SJR5440 which requires the use of undiluted Microposit 453

developer.

General Shipley 1818 Mesa Etch Process

L. Prepare sample using the Clean and Mount Procedure.

2. Pre-bake sample for 2 minutes on the 120°C hot plate.
3. Spin on Shipley 1818 for 30 seconds at 6000 rpm (this gives about a 2 um thick film).
4. Soft bake sample for 2 minutes on the 95°C hot plate.

5. Align and expose at 15 mW/cm® for 8-11 seconds (personal experience will dictate
time).
6. Develop in AZ 400K: DI H,O (1:4) for around 45 seconds .

7. Post-bake sample for 2 minutes on the 120°C hot plate.
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Modification for Photoresist on SiO,

When processing samples coated with a film of SiO,, the use of an adhesion
promoter is required. Photoresist cannot interact with the insulator, so the adhesion
promoter 1s used to help the photoresist stick. The adhesion promoter used in the
cleanroom is Microposit C-20 Primer. When needed, a small amount (20 ml) of pure C-
20 is poured into a specimen container and placed inside the photoresist spinner box, and
a pipette is used to apply it to the sample. Always label the container with “C-20
Primer,” the date, and user name, and be sure the cap is placed tightly on the container
when done. When the primer gets old (3-4 weeks) it may not be as effective, and should
be collected in the C-20 Primer waste bottle. To apply the adhesion primer, insert the
following steps into the general procedure above:
2.5a) Place sample on spinner chuck and cover with C-20; let stand for 5 seconds.

2.5b) Spin C-20 for 30 seconds at 5000 rpm.

AZ 5214-E Negative Photoresist Process

1. Prepare sample using the Clean and Mount Procedure.

2. Pre-bake sample for 2 minutes on the 120°C hot plate.
3. Spin on AZ 5214-E for 30 seconds at 3300 rpm (about 1.5 wm thick film; see table ).
4. Soft bake sample for 1.5 minutes on the 95°C hot plate.

5. Align and expose at 9 mW/cm? for 20 seconds (personal experience will dictate time).
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Post-bake sample for 45 seconds on the 120°C hot plate.

Flood exposure at 9 mW/cm” for 2.5 minutes.
Develop in AZ 400K : DI H,O (1:4) for around 35-40 seconds.

Post-bake sample for 2 minutes on the 120°C hot plate (if required).

Measured spin data for AZ 5214-E photoresist

Spin Speed (rpm) Thickness (um)
3000 1.63
4000 1.41
5000 1.26
6000 [.15
7000 1.01

Shipley SIR5440 Process

4,

5.

. Prepare sample using the Clean and Mount Procedure.

Pre-bake sample for 2 minutes on the 120°C hot plate.

Spin on Shipley 5440 for 30 seconds (use table below to obtain desire thickness).

Soft bake sample for 3 minutes on the 95°C hot plate.

Align and expose at 15 mW/cm® for 2+ minutes (personal experience will dictate

time).




6. Develop in undiluted 453 developer for 2 to 3 minutes ().

Measured spin data for Shipley 5440 photoresist

Spin Speed (rpm) Thickness (wm)

2000 7.0

3000 55

4000 50

5000 4.5

6000 4.0
AZ P4400 Process
. Prepare sample using the Clean and Mount Procedure.
2. Pre-bake sample for 2 minutes on the 120°C hot plate.
3. Spin on AZ 4400 for 30 seconds at 5000 rpm (gives about 4 um thick film; no other

data available at this time).

4. Soft bake sample for 2 minutes on the 95°C hot plate.
5. Align and expose at 15 mW/cm?® for 22 seconds (personal experience will dictate
time).
6. Develop in AZ 400K : DI H,O (1:4) for around 75 seconds ( ).
7. Post-bake sample for 2 minutes on the 120°C hot plate (if required).

It should be noted here that many of the exposure and development times may

vary from those included in the above recipes. This is because photolithography is part

art as well as being a science. Various parameters, from the conditions in the lab such as
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humidity, to the age of the chemicals and the UV light source, to the type and topology of
the sample, can affect the process to some degree. In some cases these recipes will work
perfectly exactly as written (they were, after all, refined by multiple users over many
years). However, there are no guarantees. These processes should be used as a baseline.
From there, it is up to each individual user to do some experimenting, changing
parameters, and to find a process that works well for the given sample set and research
goals. It is also a good idea to continually monitor the results, and make adjustments

along the way as conditions change.
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Appendix D

HD-8000 Data sheet
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TECHNICAL INFORMATION

a2
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1. Introduction

I'te HD-8000 series product lirs was devalopad ansurxd
an industiy nasd for o pobpmids that could bez imaged
and jrocessed ke common pasitiva 1ona phatoresists
HO-200 and HD-8001 polyimides are pusitve-toas,
anuesus daveizomg, phowdefinable polyimides deval
oped for all passration stiess bufter and Hip chip
landing appicabons. Thesa products can be readily
precassed using standaid Hine, Giine and troad xand
Iithography tools and oommon TMaH - based derdopar
rracks. HID-8000 senes picducts wtilize a newly daval.
apad, ully arcmatic, polyimide backbzne. Cursd tims
have the carasponding thetmal and machanical stability
asscciated with polyimide matarials. Maw photcpalymar
tachnalogy was utihized to achisva pattern definiizn
which greatly axceads that of earlial-gensration aquacus
devaloping products. Tha resolution capability of
HD-2000 and HD-62071 should medt or exceed the
requiremants of all contamporary semiconductos largst
appications

2. Product Description

HO-8000 and HD-8201 are posilive tona, salf-priming
phetadetinalde polyimide precursors that wan ba pat-
tamned o cleanly rasclve micron-scale reliel patterns with
conunlled size and sida-wall profiles withzut the nesd

for photarasist. Because of this unique combination ot
proparties, HD-8000 reducas tha number of piocess
staps requiied tor patterning polyimide overcoat layers.
its fina ina resolution and inherent duiabifity as a dry-atch
mask make « 1deal for mast "single-mask’ passivation
stress bulfer applicauons.

In a "single-mask” strass buffer crocess, the polyimids
strass hulfer layer or (secondary passivation laysi) is
also usad 33 a resiat layer (o pattarn the undsrlying
silicon nirides primary passivation. HD-80CG has a curad
im thickness range of 5 to 10 micions. HD-8001 citers
lingr rasolution and has & cuied {ilm thickness 1ange of
Z 10 2.5 microns.

Koy Features:

» Poxtve tone

+ Frocess with positive iiesist davelopers

» High exposura sensitivity

- High rasolution

+ Wile pmcass latiuds

« Gocdd room temparature (RT) wscosity stability

+  Excallent cured film properties

»  Good selectivity in diy sich pracassing

» Wide procass fativude trom soft-bake to exposura and
axposura (o devealnp

H-BOCA is suppliad as a fiquid coating and tygicallty
packagsd in 1 o 4 liter high-density polysthylene

of poiypicpylene batles. The solution propertaes are
shovm in Table 1.

Tabte 1. Liquid properties (typical valuas)

Item Condition Units HD-8000 HOD-8001
Vizcosity 25"C (E-type) cPs 15002100 360150
Non-wilatile 200°CH hr
content +350°C/1 hr % 3811 A212
Wakr conlent Kerl Fisher % <0.5 <0.5
hetal impurily MIP-MS
(Hitachi P-7000)
Na Em «1.0 <10
K Pm <05 0.5
Cu pEm =0.5 0.5
Fa M =0.5 =0.5
U b =05 0.5
Th prb «0.5 <0.5
Chbxide® lon chromalograpty  ppm <2 =2
Particles LPC (RionKL-01}  /ml <5000 <5000

“Extmeted from cured Im
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3. Storage and Availability

HO-2000 2enes producis aie ormulated W poovide

2-10 pm cursd Blm ticknasses under namal process
condivons as descubad i fable 2 HD-2200 solutons
shauldd Le siored in a fraszer at - 1857 upon receipt for
bong-Lerm siccage: wom temperaurs (R1) stability 1s 2
weaks. Stond salubzos should e allowed o warm up o
roam Emperatung balors apening (o avoid moistiuie
condanzation on the mxda of tha bttle To avoid sakrant
1055, Lotles should e kept tightly sealed when not muse

4. Safety and Handling

Dunng handing of HD-8000, adaquate ventlation must
e pronided,. Skin and 2ya coniact should be avoided
Exposad arans should Le flushad with water immadiataly.
Saolvant-rasstant gioves, goagles and setety masks
should e utlized: consult the indradual product Matearisd
Safety Data Sheat (MSD5) tor addivcnal wricitythealth
hazards infcemation

5. Processing

5.1 Clean Room Conditions

Tha procassing of HD-8000 should be parfermed in
standard clean raom conditizos undar yailow light
Temperatus and ralative hunudity condiions should ba
onuclled fof consistency (& 2.0°C, £ 2% RH) to obtain
the bast processing rasulis.

5.2 Substrate Preparation

Substratas should be clean and dry pror 1o use. In
spDme Cases, axygen plasma cleanng foltoved by o

vl Clzanup with an crganic sirpper solution such as
Tokyo Ohka S-106 13 1emzve racs oiganic comnamnants
is recommanded duting eawoek. (Trace crganic contan-
nants can degrade adhesion o the subsrate dunng
procassing or altar curing.)

5.3 Spin Coating Process and Film Thickness

Mhaminal procass conditions for HD-2000 and HD-ao
ara shown in Table 2. The volume of sXlution dispersed
should remam constant for each wafer o ensure walar-
w-watar unifcrmity. Low spin speed andlcr short spin
timas can impact film unitcemity: the reccamanded spin
spaad tange is 1,000-4,000 rpm. Tha iecommended spin
tima 15 30-60 ssonnds.

A spin spaed curve for HD-2000 is shown in Figuin 1.
The standard daviation for a soft-baked film on an &inch
walal can bxe as low as 0.2 ym. The actual ccating
thickness obtained for a given sat of spin coating condi-
tions will depend on a numbar of parametars such as
ecjuipment typa, watar size, suiface txpography. aminent
canditions and soft-bake conditions. Refractive indicas
together aith Cauchy coefficients for measuing coating
thicknass are givenin Tabla 3 {or pra-cured and cured
fitms of HD-3000. A film thicknass reducticn of approi-
mataly 15-25% can he sxpactad altar developmant:
approximataly 43-47% alter tinal cure {a= comparad to
criginal satt-bake thickness).

Table 2. Processing conditions

Target Thickness HD-8001 Target Thickness HD-8000

Process Units 2 microns 3.5 microns 5 microns 8 microns 10 microns
Coaling Pre-spin rpmisec 1000/5 1000/5 1000/5 1000/5 1000/5

Spin pmisec 4000v30 190030 2400430 190Qv30) 1400/30
Fre-bake Clsec 12001090 120/100 120v130 1206180 12v260
Fre-baked thickness microns 36 6.6 24 147 18.7
Exposura Dese mlem: 140 159 240 500 700

Focus microns 0 L] i} 0 Q
Davelopment Puddle 1 590 16 20 35 60 90

Puddle 2 sac 15 20 35 60 a0

Rinse pmisec 1000¢10 100010 10010 1000410 10010

Spin-dry pmisec 3500410 250010 IS00A10 350019 3500710
Deweloped thickness microns 25 50 7.2 15 16.2
Fosl-bake Clmin 160-350/60  150-35000 1650-350/60

Cémin 350/30 35020 350130

Cured thickness microns 20 35 5 82 10.8

Pyl




Figure 1. Spin speed vs. film thickness after sofi-bake
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Table 3. Refractive indices for thickness measurements

Film Refractive Index Filter*
Soft-baked 1.551 R-60
Developed 1.550 R-60
Cured 1.618 R-60

“Shart wave gt shargs cut filter al 66O mm
Cauchy law on n and k

Fitm N1 N2 N3 K1 K2 K3
Sl bakoil 1651 117202 225003 28135 -0527¢3 265605
Dewelopedh 165 -154802 246203 211605 -1.086e4 264%5
e 1653 -1.033c-2 287703 577664 333504 731705
et = N ¢ M2z« M322 kin) = KUz v Kied « K325 Caipm)

5.4 Soft-bake Process

Frimary Objecuves: 1) o cltive off cartier solvents from
the polyimice coatng and producing a lack-liee surface
Iof exposue; 2) to provide sufficient chemical resistance
ankd adhesion so that the unexposed aieas of the coating
will not be attackad or delaminated by the developer.
Coated substiates should be soft-baked on one or

mote hot plates in the proximity mode at 120 CA30-260
seconds for HD-B8000 or at 100 C/100 seconds fol
HID-2001. {Inthe contactimode the temperature should
be re-acjusted dovmwaid to obtain the recommendext
lilm thickness alter development.)

The substrates musiciain in a holizontal fevel) position
diming the soft bake since the coating is still liguicd aftes
spin application.

Coated substrates should be cooled to ambient lempeta
e priot o UV exposuie. A chill plate is iccommenclect
for cooling altar the bake. The coated substiales can be
stored for up o 72 hous in o walel cassell box undel
clean oo conditions prio 1o expostie and devedop
ment. (See Seclion b.8.) The effect of sofl-bake tempaa
tre and times on photolithocp aphic properlies are given
inTable 4,

5.5 Exposure Process (Expostire Dose, Focus)

Fhe amount of inciclent tadiation required for optimum
1esohution and C depends on the coating thickness
{Figure 2). suuctue size, side-wall profite and feature
uniformity. The coated substiates can be stored lor up to
12 howrs in a waler casscile hox under clean 1oom
conditions priot to development. Depth of focus will
impaclresolution and feature size: generally. locus
latitucle for the: best resolition is +3.0 to -3.0 um from the
top of the fitm surface (Fiqures 3 and 4). CD contiol as a
function of mask lincarity is plotted in Figure 5 and as a
function of exposuie encrgy in Figue 6.

Figure 2. Exposure sensitivity curves at various cured

thicknesses
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Figure 3. Effect of varying focus margin on resolution
{5 um cured)

Figure 4 Effect of varying focus maryin at various expo-
sure energies on CD (S um cured)
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5.6 Single Wafer Development Processing
Alter exposune the waler can be developed ona stan
dand pisitive photoresst developer back using a
standard IMAH-Dased positive phictoresist developxe
with a notmality ol 0.25 10 0.2 (2.2710 2 45%).

Nao post exposure bake is requited. Expored filns con
be held for up o 7210 phon 1o developiient without
significently ingxacting resohuion using o puddle dewve-
opment rocess,

I typical single walor puddle process, the waler is
prositionedt on the developer chuck il developer
solution is puddled onto the stationany waler for a sat
poriod of time. The daeveloper solution is then spun oll.
Asecond puddle of developar is then dispensed for a
sellime period hat is predicated by filtn thickness and
general process conditions. Since the development
process will continue as long as the polyimide coating is
in contact with the developar, develop time is a critical
factor in defining the parameters of a 1obust process
(1able 4). Aller developiment Lhe waler should e rinsed
willbwaler while the walfer is spun at a moderate ipm
level Alteniinse. the wafer is spun chy,

5.7 Resolution

Resolotion as a function of il tickness afler develop
ment and after cuie is llustiatec in the micrographes
pictired inFigue /.

The sicke vl profiles of soft bhaked and cured films of
HD-3000 as a function of film thickness are pictured m
Figure 8.

Featwe size can be impacted by varying expostie
conditions and other processing variables (lable 4)
Figure 9 plots film retention as a function of minintm
expostie cose. using the conditions detatled m 1able 4

Figure 6. Exposure dose margin for a 5 um square hole
CD at various cured film thickness
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Figure 7. Micrographs depicting resolution after development (left) and after cure {right). For each picture, 1.2.3.4. 5 and 6
um square hole and space patterns are shown from the right to left side.
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Table 4 Effect of soft-bake time and development time on photolithographic properties’ {8 u cured)

Spin Soft- Film thickness Dev. Film thickness Fitm Minimum Film
speed bake** after soft-bake time after dev. retention exposure thickness 10 micron
(rpm) { Cisec) {microns) (sec) {microns) (%) {mJ/cm?) after cure line size
1350 120160 4.6 90 12.3 &4.5 480 8.7 1.1
120 1.8 80.5 370 84 10.8
150 113 77.3 340 80 106
130 103 73.3 280 7.7 ot
1350 1201180 14.6 ey 125 853 600 89 107
120 118 814 400 84 102
150 11.s 787 360 8.2 104
270 11.2 756 310 7.9 a7
1350 120/200 147 00 127 86.9 620 9.0 104
120 122 829 480 87 104
150 1.7 79.4 380 83 105
130 1.3 76.6 330 8.0 08

*Saa Appendices C and D
*“Proximity bake temparaiure at 100 p

Figure 9. Film retention vs. minimum exposure dose
(8 u cured)
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5.8 Hold-Time Latitude

FID-8000 senies polyimicles exhibit wide hobd ting
process latitiede betveen solt-bake and exposane, as
seell as rom exposuie to developiment. After <oft-baka:
of cxpose. conled substrates can be storedk lor up o
12 hours i awafer casselte box under clean oom
conditions prior to moving on Lo the: next process step.
Figunes 10-13 compare minimun exposue cnergy. film
rctention and cotical cliimension contiol as a function of
holel time.

Figure 10. Minimum exposure dose and film retention vs.
hold time between soft-bake and exposure with
8 pm-cured standard condition

Figure 12. Critical dimension for 5 nm mask vs. hold time
hetween soft-bake and exposure {5 um cured)
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5.9 Cure Process

The objectives of a proper cure schaedule are to:

Ty remove residual sulvents. 2) complete the imidization
process, 3) complete the adhesion process. Because all
three nf these actions can occur simultanenushy at a
given lemperalne the cure schedule is a very important
process step wiuch canimpact ceeed film guality and
associaled mechameal properties (see Table 6). The
Tollowing variables need to he considered in cuing
polyimide films:

+ Curing tool

+ Atmosphere

+ loading temperatuie

« Ramp rate

+ Soaks (holding temperalures)

+ Finat Cure temperature

+ Ramp down

Curing is typically done as a batch process using
programmable ovens o furnaces. (Single wafer cuiing
lools that utilize a sefies of hot plales have also been
developed for in-line processing. This technigue has
been hiequently used with non-photodelinable
polyimides.)

Cuiing should be performed under a niioyen auno
sphere (oxygen conc. -~ 1000 ppm). Some piogrammable
ovens aie designed to cure under a vacuum. A paitial
vacuum may be used with a nibogen atmaosphere.

I oading lemperatmes, ramp 1ate, soaks (intermedliate
holding lemperatures). final cure temperatune and cool
dawn rate can be optimizec for optimum throughput and
cured filim properties. A basic cure schedule s given
below for antypical "single-mask stiess bulfer apphication

Basic Cure Schedule for HD-8000 Series Products
+ Load into oven or furnace at < 150 €

+ Ramp from loading emperatuie to 350 C over a 50
minute period.

« Hold at 350°C for 30 minutes

« Subshiales can be unloaded immediately or allowed
to cool down.

Fumaces can be routinely cleaned with a f00 C cycle for
1 hour under air amosphere.

5.10 Rework

Before curing. HI-8000 can be stripped with commkcial
cleaneis commonly tecommeicled lor polyimide 1e
moval. Oxyqen plasma etching can be used 1o remove
both uncured arxl cured polyimide. Typical rework
condlitions are detailed in Table 5.

Table 5. Rework conditions

Reagent Condition Remarks
After soft-bake and strip 5-106 23 C/3 min dip
after development rinse D.l. water 23'C/2 min dipispin dry
After cure strip 5-106 105 C/13 min dip
rinse DI water 23 C/2 min cip/spin dry
After cure {Optiony strip O, plasma 300W Yamato RFG-500A/PC-101A
stiip 2.5% HF 105 G/ min dip
rinse Dl water 23 C/2 min dip/spin dry
1
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6. Cured Film Properties

6.1 General Properties

Curec filmes of the 1D 8000 seres exhibit a reltively igh
Tg, amodeiate CEE and qood clongation: as detailed in
Table ©.

Table 6. Cured Film Properties

Figure 14, Optical transmittance spectrum of 5.7 um
cured film

146.0

AN A
AV PV AAVAVAVAY,
ANV

A
P

w1 T S

/
Units HD-8000 HD-8001 /
Ty c 300 298 8,000 -/, . . . .
CTE ppmy C 47 52 m X0 400 600 360 1406
Tensile strangth MPa 122 146 Vavakzngth (nm)
Elastic mocdulus GPa 25 29
Elongation % 1" 14
Weight loss temp C X
. Figure 15. Cured film optical density normalized hy
I* 403 403 thickness
3% 421 421
54 433 433
- 1. 004
Adhesion hr >500 >500
Dielectric constant at 1 kHz 34 34 £
Dissipation factor 0.0097 0.0097 ;
[s}
T AR
&
6.2 Cured Film Properties as a Function of Cure £ T
5 \,
The cured lilm properties can vary with final cure tem = ~
. H . AN \"“-N
petatue, Some of these vaniances are detailed in Table / 4400 : S : e
e 04 43 640 260 WG
6.3 Optical Properties Wavelength (um)
Ihe oplical ramsmittance and optical density as a func
tion of film thickness are plotied in Figuies 14 and 15
Table 7. Dependence of cured film properties on cure temperature
Tensile Elastic
Cure temp strength modutus Elongation 5% Wt. Loss Ty CTE
No. (¢ {MPa} {GPa) (%) {C) (C) (ppm/ C)
1 300 139 2.80 1ns 424 286 53
2 320 120 2.70 11.5 430 293 49
3 350 122 2.50 10 433 300 47
1
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6.4 Residual Stress

Residuad on the internal =tiess mcuied filngs was mea
sued using o waler bending lechnique. The measured
stress is compared to o selt primneg wet etch polyimice.
PIX-3400, in Talie 8.

Table 8. Internal Stress (Wafer Bending)

R,(m)  R,(m) t{um) o (MPa)
HD-3000 1 -129.3 2131 501 29.1
-1668 8405 50 29.3
Ave, — — — 29.2
PIX-3400 1 -3278 8300 4.58 28.8
ref.) 2 134 2200 49 283
Ave. — — — 28.55

o :Internal strass (KIPa)
= ERPHI-vIBRL

R, Radius of bare Si water {onginal bami)

R, Radius of Siwaler aftar 121 cure thend by Pl
R=RR,/{R,- Ry

I : PI thickness {(um)
h . Wafer thickness (625 um}
L#A1 - v} : Elastic modulus of Siwafar {1.805 x 10° MPa)

7. Dry Etch Resistance

Both soft haked and cured films exhibit excellent resis
tance to dry etch processing chemicals. This versalilty
makes HIY 8000 and HD-8001 well suited for most
single-mask waler overcoal processes

Sthcan nitide and cured filkns of HID 8000 weie mea
swechalter diy etch processing (o film thickness, cejath
and paltern size

Ihe impact of etching gas composition on fiim thickness
reduction and etch rate is shown in Table 9 and Figures
16 and 17. Ahigher Qs ratio resulted in a larger film
thickness reduction and a higher etch rale. Solt-bakect
films of the HD-8000 series have also shown good RIE
1esistance.

Table 9. Dry etch tolerance (etch rate um/min}

Gas composition

CF,/0, SiN HD-8000
60/40 0.20 0.17
75/25 0.30 .07
90/10 0.080 0036

Figure 16. Dry etch rate of SiN and polyimide as a function
of gas composition
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Figure 17. Selectivity of dry etch rate to SiN as a function
of gas composition
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8. Package Reliability

For packaging refiability cuved films ware tested for
acdhesion Lo wao types ol mctcling compound types as a
function of final cure lempueratuie. PIX-3400 is an estaly

9. Appendices

9.1 Appendix A—Cured film thickness and
recommended process conditions (Table 2)

lished sell. primingg. wetl cleh polyimide stess buller 30 ¢
product and is inclided foricleience puiposes. Test 5 ’
. - . . & i
1esults e shown in Table 10 and indicate that HD-8000 T
I . . . i
axhibited improved performance. independent of final o 20 &
. - 2 e
cure temperature when tested with CEL-9200 and E ol /
CEL-A690SX-ARU malding compoumds., 2 e
b <
£ 00 - —
)
Table 10. Adhesion Strength to Molding Compounds Ye
CEL-9200 CEL-4690SX-4RU 0l
HD-8000 300°C cure 4.9 74 0 2 4 6 8 10 12
HD-8000 325°C cure 45 8.7 Cured thickness (uwm)
HD-8000 350°C cure 46 64
PIX-3400 (ref.) 3.2 45
Stud pull method:
stk & 3.65 mim 700
unitkgfA0.2 mmy? o
aller PCT 85 C /85% RIL/ 168 hr £ 600
measure temp. 260 C 3
shear speed 100 um'sen E 500
Molding compound b
CEL-9200: Hphonyl Iyps § 40
CEL-4908X-dRU crosoknevolac typ2 £ a0
g
5 200 .
@ —
£ 100 -
[1 38 ST TS PR JEPo hesnsd 0 .
5 10 15
Curad Lhickness im)
200
180
g 160 /
5 Mo
E 120}
g 100 P
z et
a2 w
20
0 N : . : . )
2 4 6 8 10 12

Cureccl thickness qim
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9.2 Appendix B—Soft-hake (SB) temperature
margin (at 8 um cured)

Filn retention (ofy and minimum e xpostae dose (riglwe
as a function of soft bake tempelature at vanious devel
opmenttimes. Soll-bake times ae fixed at 170130, anck
190 sec. 1especlively. rom the uppet

SB 17u ser

SB170see

Soft-baka temperaturs § CY

100 1000
e 900
- 90 5 800
z 2 700
g 80 / 3 600
E 5 500
:f_: 70 / _ % 300 '/’//:
E . % 300 / —e— Dev=00s
T 60 —a—Dev=120s & ’T’% Dev=120s
50 . s il = 0 —o—Dev=150s
110 115 120 125 130 110 1S 120 128 130
Solt-hake lemperature (€C) Safi-boke lemperature ¢ C)
SB 180 sec SB 180 see
100 1000
- 900
s 90 E 800
® 2 700
8O £ 600
g 70 <o Dov=00s = 388
[ < . —o—Dev=90s
Dev=120s *3
£ 60 - % = ——Dev=120s
- 50 . ; o Dev 150 I3 0 ——Dev=150s
2
10 15 120 125 130 Hoooms a0 1 930
Sioft-bake temperalure (°CY Soll-bak= temperature ( C)
SB 190 sec
S 190 sec 1400
100 i - 1000 |
! E 900 |
= 80 i 3 800 |
5 R s 70 |
g i =) 600
% 80 i RS 500 // L
.g 70 —o—Dev=%0s gu 43% —+— Dev=90s
f:f 60 —=—Dov=120s :L& ';’% »— Dev=120s
- 0 | —a—Dev=1508 z 0 —a— Dev=150s
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9.3 Appendix C—Soft-hake (SB) time margin
{at 8 um cured)
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9.4 Appendix D—Development time margin

(at 8 um cured)
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Summary

The: HD-8000 saties of pholodetinable palyimicles were
developed though the collabotative efforns of the HID
KlictoSystems R&D laboratories in Hitachi City, Japan,
and Wilminglon, Delavare. The tesulting products are
high-ieselution. positive-tone photocelinable polyimikles
vhich can be imaged on Hine. G-line and broad bancd
photo tooks with tight CD cantrol. As formulated. HE-8000
has excellent process latilude. with 72-hou hold-time
stability ancd two week R1 viscosity stability. Cured films
of HD-8000 were measured to have goact elongation. low
shiess and a high Fg. HD-8000% resistance to bholh wet
chemicals and diy etch processing conditions is excoel
lent, and make it well suited lor various waler overcoat
processes.

Technical Service

HD MicioSysiems has dedicated technical sevice
facilitics in Hitachi City, Japan and Parlin, News Jorsey.
Technical support personnel e avatlable o work
n-house on dedicated process Wols, of onocaton
throughout the world to assistin process developiment ol
o help resolve technical problems. For more idonnauon
contact your iegional HID MicioSystems lechmeal
Represenlative.
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United States

HD MicroSystems

SO0 Cheesequake Rd

Parhin, NJ 08839124}
SOO-340-30630 et 13 (Phone)
TAZLO1R-2502 ¢ an)

HD MicroSystems

P33R Lawrence Eapressway
Sute 212

Santa Clara, .\ YS0S
ROO-34G-3636 ext L] {(Phene)
JOR-260-0885 (1ax)

Japan

HD NMicroSystems, Ltd.

10-13 Shibusa 3-chome. Shibuya-ku.
'\"\'} w50

Tapan

RE-3-3407-0003 (Phone)
R1-3-3407-9037 (Fax)

internet

www.hdmicrosystems.com

Europe

HD MicroSystems Furope Gmhli
Dubont Stasse |

01352 Bad Hombure

Genmam

49-01 72871823 (Phone)

49-0 1 72-RT-IN2d (Favg

HI MieSystems hability is expressly limited by HD MicroSystems™ Conditions of
sale shown on Seller's price list or Buyer's copy of Seller's order acknowledgement
form uf usedi and Sellers invoice. All lechnical advice. recommendations and ser-
vices are temdered by the Seller free of charge. While based on data believed to be
rehable. they wre intended for use by skilled persons at their own risk. Seller assunmes
no responsibility to Buyer for events resuling or damages incurred from their use
They are not to be taken as a license to operate under or intended to suggest infringe-

menl of any existing patent.

Caution: Do not use in medical applications involving permanent implantation in the

human bady.

HDKI-2 &0
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Appendix E

HD-8000 Polyimide inspection processes
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Process for Sample (S1)

1

2.

3

. Cleaning with acetone, methanol and DI

Per- bake for 2 min at 120C

. Apply positive tone polyimide HD-8000 and let stand for 30 Sec.
. Spin at 3400rpm/30sec

. Bake for 2:10 min at 120C

. Rinse with DI H202 1000rpm/10 Sec

. Spin dry for 3500rpm/10 Sec

. Cure Schedule

- Load into oven or furnace at 20C

- Ramp from 20C to 350C over 60 min period.

- Hold at 350C for 30 min

- Substrate can be unloaded immediately or allowed to cool down.

Figure E.1
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Process for sample2 (S2)

1. Cleaning with acetone , methanol and DI
2. Per- bake for 2 min at 120C

3. Apply positive tone polyimide HD-8000 and let stand for 30 Sec.
4. Spin at 3400rpm/30sec

5. Bake for 2:10 min at 120C

6. Apply developer for 2 minutes

7. Rinse with DI H202 1000rpm/10 Sec

8. Spin dry for 3500rpm/10 Sec

9. Cure Schedule

- Load into oven or furnace at 20C

- Ramp from 20C to 350C over 60 min period
- Hold at 350C for 30 min

- Substrate can be unloaded immediately or allowed to cool down.

gy "-": .a

Figure E.2
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Process for Sample (S3)
I. Cleaning with acetone , methanol and DI
2. Per- bake for 2 min at 120C
3. Apply positive tone polyimide HD-8000 and let stand for 30 Sec.
4. Spin at 3400rpm/30sec
5. Bake for 2:10 min at 120C
6. Cure Schedule
- Load into oven or furnace at 20C
- Ramp from 20C to 200C over 40 min period
- Hold at 200 for 15 min period
- Ramp from 200C to 350C over 30 min period
- Hold at 350C for 30 min
- Substrate can be unloaded immediately or allowed to cool down.

Dark areas are polyimide and light areas are GaAs .

Figure E.3.a Figure E.3.b
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Process for Sample (S4)

1. Cleaning with acetone , methanol and DI

2. Per- bake for 2 min at 120C

3. Apply VM-651[95 ml methanol:5 ml DI H20:1 ml VM-651]as an adhesion promote at
5000rpm/30 Sec

4. Apply positive tone polyimide HD-8000 and let stand for 30 Sec.

5. Spin at 3400rpm/30sec

6. Bake for 2:10 min at 120C

7. Cure Schedule

- Load into oven or furnace at 20C

- Ramp from 20C to 200C over 40 min period

- Hold at 200 for 15 min period

- Ramp from 200C to 350C over 30 min period

- Hold at 350C for 30 min

- Substrate can be unloaded immediately or allowed to cool down.

Dark areas are polyimide and light areas are GaAs .(polyimde thickness is ONLY 0.4

micron.)

Figure E.4
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Process for sample (S5)

1. Cleaning with acetone , methanol and DI

2. Per- bake for 2 min at 120C

3. Apply VM-651[95 ml methanol:5 ml DI H20:1 ml VM-651]as an adhesion promote at
5000rpm/30 Sec

4. Apply positive tone polyimide HD-8000 and let stand for 30 Sec.

5. Spin at 3400rpm/30sec

6. Bake for 2:10 min at 120C

7. Rinse with DI H202 1000rpm/10 Sec

8. Spin dry for 3500rpm/10 Sec

9. Cure Schedule

- Load into oven or furnace at 20C

- Ramp from 20C to 200C over 40 min period .

- Hold at 200 for 15 min period

- Ramp from 200C to 350C over 30 min period .

- Hold at 350C for 30 min

- Substrate can be unloaded immediately or allowed to cool down.

Dark areas are polyimide and light areas are GaAs (both pictures are for the same

sample) (polyimde thickness is ONLY 0.4 micron.)




Figure E.5.a Figure E.5.b

Process for sample (S6)

1. Cleaning with acetone , methanol and DI

2. Per- bake for 2 min at 120C

3. Apply VM-651 [95 ml methanol:5 ml DI H20:1 ml VM-651]as an adhesion promote
at 5000rpm/30 Sec

4. Apply positive tone polyimide HD-8000 and let stand for 30 Sec.
5. Spin at 3400rpm/30sec

6. Bake for 2:10 min at 120C

7. Apply developer for 2 minutes

8. Rinse with DI H202 1000rpm/10 Sec

9. Spin dry for 3500rpm/10 Sec

10. Cure Schedule

- Load into oven or furnace at 20C

- Ramp from 20C to 200C over 40 min period

- Hold at 200 for 15 min period

- Ramp from 200C to 350C over 30 min period

- Hold at 350C for 30 min

- Substrate can be unloaded immediately or allowed to cool down.
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Dark areas are polyimide and light areas are GaAs (both pictures are for the same

sample) (polyimde thickness is ONLY 0.4 micron.)

Figure E.6.a (Failed) Figure E.6.b (Failed)

Process for Sample (S7a)

1. Cleaning with acetone , methanol and DI

2. Per- bake for 2 min at 120C

3. Apply VM-651[0.5 ml VM-651:100 mi DI H20]

4. Allow the puddle to stand on the wafer for 20 sec

5. Spin dry at 2000-3500 rpm/30 Sec

6. To improve adhesion bake at (110-130)C for 1 min.
7. Apply positive tone polyimide HD-8000 and let stand for 30 Sec.
8. Spin at 3400rpm/30sec

9. Bake for 2:10 min at 120C

10. Cure Schedule

- Load into oven or furnace at 20C

- Ramp from 20C to 200C over 40 min period

- Ramp from 200C to 350C over 30 min period

- Hold at 350C for 30 min

- Substrate can be unloaded immediately or allowed to cool down.




Thickness ~0.5 um + craks

Process for Sample (S8)

L.

2.

Cleaning with acetone , methanol and DI

Per- bake for 2 min at 120C

Apply positive tone polyimide HD-8000 and let stand for 30 Sec.

Spin at 3400rpm/30sec

. Bake for 2:10 min at 120C

Rinse with DI H20 1000rpm/10 Sec

Spin dry for 3500rpm/10 Sec

Cure Schedule
a. Load into oven or furnace at 20C
b. Ramp from 20C to 200C over 40 min period
¢. Ramp from 200C to 350C over 30 min period
d. Hold at 350C for 30 min

e. Substrate can be unloaded immediately or allowed to cool down.

Thickness ~1.0 pm + cracks

[.Evaprote (Ti/Au) (200/3000) A.

2.Using adhesion tape, stick the tape on top of the gold then pull; see if there is some gold

on the adhesion tape.

Process for Sample (S9)

L.

Cleaning with acetone, methanol and DI

2. Per- bake for 2 min at 120C

3. Apply positive tone polyimide HD-8000 and let stand for 30 Sec.
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4. Spin at 5000rpm/30sec
5. Bake for 1:40 min at 115C
6. Curing (See Table and plot in the Curing Furnace Characterization section
before proceeding)
e Load into oven or furnace at 20C
e Ramp from 20C to 350C over 60 min period (Furnace setting ~240C)
e Hold at 350C for 30 min (Furnace setting ~240C)
e Substrate can be unloaded immediately or allowed to cool down.

e Thickness 5 pm with a brown color
7. Evaporation Ti/Au (300/3000) A (Total contact thickness = 0.33 um)

8. Microscope camera

Figure E.7 (Failed)

Process for Sample (S10)

1. Cleaning with acetone , methanol and DI

2. Per- bake for 2 min at 120C

3. Apply positive tone polyimide HD-8000 and let stand for 30 Sec.
4. Spin at 5000rpm/30sec

5. Bake for 1:40 min at 115C
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6. Evaporation Ti/Au (200/3000)A (Total contact thickness = 0.32 pum)
7. Bake to cure

8. Microscope camera

Figure E.8 (Failed)

Process for Sample (S11)

I. Cleaning with acetone , methanol and DI

2. Per- bake for 2 min at 120C

3. Apply VM-651[0.5 ml VM-651:100 ml DI H20]

4. Allow the puddle to stand on the wafer for 20 sec

5. Spindry at 3000 rpm/30 Sec

6. To improve adhesion bake at (110-130)C for I min.

7. Apply positive tone polyimide HD-8000 and let stand for 30 Sec.
8. Spin at 5000rpm/30sec

9. Bake for 1:30 min at 115C

10. Spin on positive tone photo resist AZ 4400 4000rpm/30sec
11. Soft bake for 2 min at 95C

12. Clean the edges of the sample using a blade

13. Align Mesa mask and expose for 22 sec at [5mW/cm”2
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14. Developing for 75 Sec using AZ400K:H20 (1:4)

15. Post —bake sample for 2 min at 120C. optional

16. a-Step & Microscope camera(expected thickness~ 4 pum thick film)

Figure E.9 (Failed)

I7. Evaporation Ni/Au (200/3000) A (Total contact thickness = 0.32 um)

18. 11.Lift off using acetone [Don’t use Air Brush]

19. Microscope camera

Failed , acetone removes both the photoresist and the uncured polyimie

Process for Sample (S12)

I.

2.

Cleaning with acetone, methanol and DI
Per- bake for 2 min at 120C
Apply positive tone polyimide HD-8000 and let stand for 30 Sec.
Spin at 5000rpm/30sec
Bake for 1:40 min at 115C
Curing (See Table and plot in the Curing Furnace Characterization section
before proceeding)
a. Load into oven or furnace at 20C
b. Ramp from 20C to 350C over 60 min period (Furnace setting ~240C)

c. Hold at 350C for 30 min (Furnace setting ~240C)
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d. Substrate can be unloaded immediately or allowed to cool down.
e. Thickness 5 pm with a brown color
Evaporation Ti/Au (300/3000) A (Total contact thickness = 0.33 um)
Bake for 1 min at 120C

Microscope camera

Figure E.10

Process for Sample (S13)

1.

2.

Cleaning with acetone, methanol and DI
Per- bake for 2 min at 120C
Apply positive tone polyimide HD-8000 and let stand for 30 Sec.
Spin at 5000rpm/30sec
Bake for 1:40 min at 115C
Curing (See Table and plot in the Curing Furnace Characterization section
before proceeding)
a. Load into oven or furnace at 20C
b. Ramp from 20C to 350C over 60 min period (Furnace setting ~240C)

c. Hold at 350C for 30 min (Furnace setting ~240C)
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7.

8.

9.

d. Substrate can be unloaded immediately or allowed to cool down.
e. Thickness 5 pm with a brown color

Apply VM-651 [0.5 ml VM-651: 100 ml DI H20]

Allow the puddle to stand on the wafer for 20 sec

Spin dry at 6000 rpm/30 Sec

10. To improve adhesion bake at (110-130) C for 1 min.

11. Evaporation Ti/Au (300/3000) A (Total contact thickness = 0.33 pm)

12. Bake for 3 min.

13. Microscope camera

Figure E.11

Process for Sample (S14)

1.

2.

Cleaning with acetone, methanol and DI

Per- bake for 2 min at 120C

Apply positive tone polyimide HD-8000 and let stand for 30 Sec.
Spin at 5000rpm/30sec

Bake for 1:40 min at 115C

Curing (See Table and plot in the Curing Furnace Characterization section

before proceeding)
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e Load into oven or furnace at 20C
e Ramp from 20C to 350C over 60 min period (Furnace setting ~240C)
e Hold at 350C for 30 min (Furnace setting ~240C)
e Substrate can be unloaded immediately or allowed to cool down.
e Thickness 5 um with a brown color
7. Apply VM-651[0.5 ml VM-651:100 ml DI H20]
8. Allow the puddle to stand on the wafer for 20 sec
9. Spin dry at 6000 rpm/30 Sec
10. To improve adhesion bake at (110-130) C for 1 min.
11. Evaporation Ti/Au (300/3000) A (Total contact thickness = 0.33 um)
12. Bake for 6 min at 120C

13. Microscope camera

Figure E.12

Process for Sample (S15)
1. Cleaning with acetone, methanol and DI
2. Per- bake for 2 min at 120C

3. Apply posttive tone polyimide HD-8000 and let stand for 30 Sec.
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10.

11.

12.

13.

Spin at 5000rpm/30sec

Bake for 1:40 min at 115C

Curing (See Table and plot in the Curing Furnace Characterization section

before proceeding)
a. Load into oven or furnace at 20C
b. Ramp from 20C to 350C over 60 min period (Furnace setting ~240C)
c. Hold at 350C for 30 min (Furnace setting ~240C)
d. Substrate can be unloaded immediately or allowed to cool down.
e. Thickness 5 pm with a brown color

Apply VM-651{0.5 ml VM-651:100 m! DI H20]

Allow the puddle to stand on the wafer for 20 sec

Spin dry at 6000 rpm/30 Sec

To improve adhesion bake at (110-130) C for 1 min.

Evaporation Ti/Au (300/3000) A (Total contact thickness = 0.33 pum)

Bake for 10 min at 120C

Microscope camera

Figure E.13
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