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ABSTRACT

Infraredlight emitting diode (IRED) arrays are aextgeneration technology
for infrared €£ene generatigwhich can be used for the calibration and testing of
infrared (IR) cameras. Thek&D arrays can function dR scene projectors (IRSPs)
that emit narrowband IR light through individually addressable pixels. IHabs the
potential forfaster framerates and brighter light output ttfeethermal pixel arrays
traditionally used A large team of collaboratons our research group and at the
University of lowahavebuilt a full LED IRSP system that operates at 100 Hz and
displaysanequivalent blackbody emission 8850 Kwithin the 35em band. Since
our initial success in 201Bigher temperaturdiigher resolution and faster framerate
arrays have been developed and are currently being tBstad team at the
University of Delaware Most of the developmerity our teanhasbeen orhybrid
arrays, which consist of a galliuantimonide(GaSb)emitter flip-chip bonded to a
silicon CMOS red-in integrated circuit (RI1C).Building an LED micrdlisplay to
work with custom electronics requirasaterialsprocessing to facilitatBip -chip die
bonding, which presestmany challengesilong with thiswork, packaginghe array
in a cryostat needs careful planning and engineering to allow enough heat removal on
the array and strong intety of theanalog electricagignals coming inIn this
dissertatiorthe processing and packagingtioé IRSPsystens are describechi detail.

Two key improvementthat need to be made witlur IRSPsystems are
dynamic range of light outpaindheat removal The RIIC requires innovations in its

design to both scale down in size and i mpr

Xvii



Part ofimplementing these innovatiorsmodelling and improving the RIIC,
specifically the trasistorsand pixel circuitused to power the LEDsI o reduce
heating an investigation intetching a lens shapte the output surface of each LED
hopesto show a patto decreased reabsorption of emitted light.

Lastly, infrared light isused to transmit signals for chip-chip
communication. Normallyoptical interconnectsequire additional optical
componentso generate and direct lighiut by using bond wires &mnsmission lines,
optical connections can be mdastween CMOS chipsithout additional wave
guiding componentsA theoreticalossanalysis foratwo wire optical transmission
line is presentedExperiments$o show IR light transmission through theotwire

transmission lindave been attempted withautysuccesgetat this time.
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Chapter 1

SUPERLATTICE LIGHT EMITTING DIODES

Introduction

Infrared scene projeate (IRSP) are usefutoolsfor tuningandcalibratingIR
detector systemsBecause of th&R light emitted by heat on the surface of objects,
imaging at these wavelengths can be advantageausible wavelength imaging
especially for example at night, when visible wavelength energi¢ealev for
reliable detection It is more difficult to create systems that have strong, coherent
emission of IR light than it is to develdR detectors because of the nature oflkhe
sensitivematerials There are also many challenges associated with light emission that
detection does not have, inding light extractiongdirectionality, and thermal
dissipation. Even more, the electronics used to drive an IRSP must be stronghenoug
to displaybright emissiorfrom thelight emitting diodesl(EDs) while also being
dynamic over the wide range of light enerdils Building an IRSP then requires a
engineeringeam that understands optics, device physics, semiconductor processing,
electronic circuit design, and software development.

To begin,chapter Jof this dissertationvill cover the background and
processing for the development of the 5% x 512 pixefully addressableED
IRSP systemChapter 2will cover some of thelesign andesting of thecircuitry
advancement®r the next generation of IRSP RIICE€hapter 3will cover new
experimentation for the future of improved efficiemeythe light output of théRSP

systems.This improvemenis hoped to be achieved blyeaaing the surface of the



LED array, improving light extractionChapter 4will cover a different application of
infrared light from semiconductors: the investigatiormafovel idea fochip-to-chip
opticalcommunication Finally,chapter 5 will conclde this dissertatiohy summing

up the major comibbutions

Infrared Lightand Semiconductors

Figure 1 IR light image seen by a Flir cameraighltemperatures show up very
brightto an IR detector

Visible wavelengths that humans can see makeniypa small pation of the
electromagnetic spectrufrom 390-700 nm. Just beyond these wavelengths the
infrared existsshowing heat as bright light asownin figure 1 Due to surface

charges, eerythingabovezero Kelvin emitenergy in the form of electromagnetic



radiation,with intensity and peak wavelengllepending on its temperatur&he

radiance i s giwven by Planckds Law
2 1
B,WwT) =F—F—, (1.1)
g’ - 1

whereu is frequency] is temperature; is the speed of light, arldisP | anc k 6 s
constant

As temperaturéncreasesthe object will emit more energy with the peak
wavelength getting shorter, as showriigure 2[2]. Thisenergyis apparenas visible
light in the glow of a fire or the sun because of thegh temperatures. Even though
their peak wavelengths and most of their energy are in the visible spectrum, the
intensitylevels in the infrared and longer wavelengths still increatie temperature.
Because of these shorter increments in intensigerials that arspecifically

sensitive to infrared light can be ugedsenséemperature levels
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Figure 2  Spectral radiancas a function of wavelength for different temperatures
[2]. At higher temperaturemoreintensityis emitted atheshorter
wavelengths

While the IR spectrum covewgavelengths from 0.75 to 10@@n, the bands
closer to visible light are of the most interest for the work discussed here. Particularly,
the midwavelength infrared (MWIR,-B em) hasgood atmospheric transparency,
except arond 4.3em where CQ gaswill absorb radiation.Assuming the material
has the corre@nergy band leveis can be used as a photodetector by converting the
energy from théhermalradiationinto electrical currentThis conversiorhappens
whenelectrons occupying lower energy levels are excited to higies In
semiconductor materials, electrons occupy most of the energy (steteslence
band)below a forbidden energy band gdp.typical semiconductomaterias, there
are no electron engy levelsin this gap. Abovethis gap (the conduction band) are

energy states that are moatilyoccupied Due in large part to the doping of



semiconductor materials with other elements, thersareraholes (unoccupied

states) in the valence baraahd mobile electrons in the conduction band.

Semicondcutor Electron Energy Levels

Mobile electrons
[ ] ® L ] ®

Conduction band

Energy required to jump the band gap

Energy

Valence band

Mobile holes

Space

Figure 3  Energy levels in a semiconductor materi@he top conduction band is
empty with a few free carriers (electrons), and the bottom is full with a
few holes (energy states unoccupied by an electron).

A photon of ight will have a wavelength directly proportional to its energy
shown in thePlanck Einstein relation
E=hr 2.2
where E is the energyh is the Planck constant, amdis the frequency. When this
wavelengthcorresponds to an energy level greater thanathiite band gapt can
excite an electron into the conduction band. In the case of a photodetector, this

electron is swept away by &lectic field and registered as current.



Microdisplays

For standard use, IR focal plane arrays (FPASs) will take in a wide angle of
light from a scene anaheasure light intensity witha two dmensional array of
detectors. Thisonceptis shown irfigure 4[2], where light is refracted through
lenses to form a detectable image of the correct size to siabfthe array.If the
light source isnsteada microdisplay, thenicrodisplay output must first bmllimated
and refocusdonto the detectorln figure 5 [2], avideo signal through the
microdisplay can simulate a wide angle view. The ability to drive vidakes the
microdisplay ideal for testing and calibrating an IR camera inside a controlled
environment. Thisetupshown in figure 3s referred tas hardware in the loop

(HWIL).

Real-World uuT
Infrared Optics uuT
Radiance —/——— Image
Plane
L ES ]
S

Figure 4  Real world imaging of infrared liglttnto a unit under test (UUT2].
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Figure5 HWIL IR scene projection onto a unit under test (U{H])

Thermal Pixel Arrays

One way to generate infrared radiation is to use a blackbody enSttaling
this idea to a two dimension®SP, this means creating an array of individually
addressableesistors, small enough to repeat pixels in a microdisplayl o Al i ght 0 a
pixel, the user drives current through the resistor generating heat and IRTligge
thermal pixelarrays(TPAs)have existed as a technology since the 1980s, and are still
being developed todd@-6]. Their emission is very wide band, and covers the
entirdy of infrared wavelengthsBecausé h e T P A base tgadtuallghleat up to
thetemperature they are projecting, representing very hot objects becomes an
increasingly difficult challengeHaving the resistor material reachigh enough
temperatue is costly in time and poweFurthemoreg the thermal cycléme that

each pixel must underdinits theread outframerate of th@PA IRSP system.

Infrared Light Emitting Diode Arrays
A technology that does not suffer the same inherent probleiiiRAssis based

oninfrared light emittig diodes (IRLEDs).LEDs emit light by controlling an electric



current through a-p junction of a material witla direct bandgap. Just as a
photodiode can turn light into curreh&Ds can turn current into lightWhen
energized electrons in the conductimand recombinwith holes in the valence band
their energy can beeleased in the form of light at a wavelength correspantt the
energy of the bandgap, creatiadight output that is narrowband around a specific
wavelength, different frorbroadbandlackbody emitters.

A keyrequirement for a semiconductor to emit light efficiently is thhaiga
direct bandgap, as shownfigure 6 While indirect bandgaps may emit light with the
combination of a phonon andgion being released, the probability of this happening
is much lowef7]. With direct bandgap materials, such as gallium arsenide (GaAs),
gallium nitride (GaN), indium antimonide (InSb) and otheMIimaterials, light
emission is probable when free etecis relax to the valence band/hile other
materials such as silicdB-13] and germaniunil4-17] have been engineered for light
emission, the challenges in reaching the efficiency of other materakes them less

attractiveas sources



phonon emission

o
photon emission ’ photon emission
/ﬁ\
Direct Bandgap Indirect Bandgap

Figure 6 Directand indirecbandgaps in terms of energy levels vs. k space. Direct
bandgaps allow for photon emission without the need for a phonon
emission as well, making light output more probable.

The nature of a semiconductor light emitting diode creates whdtad ea
apparent temperature of its light output. /A 8m filter is common on many MWIR
detectors. At these wavelengths, a detector will see a certain amount of energy that
corresponds to an object of a certain temperature. Usingamedation an LED
emitting high energy in the-Bem rangemay appear to be a certain temperature to
that detector wite not actually being that hot. This temperatureaited an apparent
temperaturgand depends on the wavelengths being imagéé maximum apparent
temperatur@ver a given spectral rangea useful metric foevaluatingan IRSP, as

users may want to display extremely hot objéctheir detectors

Superlattice Light Emitting Diodes
Because of the demand for improved IRSP systems, research into new
technology has growji8-23]. Much of this research centess IRLEDs[19-23],
includinginitial investigations that wuld eventually lead to a sugegtice light

emittingdiodes (SLEDs)RSPsystems.First, at the University of lowaascaded



superlattice diodes were tested for their output and spectral eni@%jorLater,
similar devicego those diodewould be shown with improved quantum efficiency,
displaying apparent temperatures greater than 1400 K-taearBnarrowband
detectorf24]. At the University of Delaware, @eadin integrated circuit (RIIC) was
then bonded tthe SLEDs to form a hybrid emittgf5], leading to the development of
a 68x68 SLED array flip chip bonded to a R[EB)].

GaSb GaSb GaShb
Conduction Band —

electfon
Conduction Subband

T TN B IR Light

~N_

Valence Subband

Valence Band —

InAs InAs InAs

Figure 7 Band structure of a type Il superlatticéhe electron relaxes and energy
is emitted in the form of a photon.
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The final goal of the SLEDs project was to create a 512 x 512 pixel array that
would emit strong IR light in the-8 em bard, displaying video at 100 HARrevious
testing showed that the cascaded InAs/GaShk liypaperlattice LEDs would display
apparent temperatures up to 135(PK]. A Type Il superlattice repeaddternating
layers of two different materials, each layer only a few nanometdeg28]. This
short spacing allows for electron tunneling between the mismatchedtoacires
shown in figure 7. Here subbands are formed because of the effect of the quantum
wells, so an electron may move between the gallium antimonide (GaSb) valence
subbandand the indium arsenide (InAs) conduction subbanddriyng current
through these junctions, electramsvingalong the conduction band can relax to the
valence band, emitting light. Tlemergy level®f the subbanddepend on thenergy
band differenes of the alternating materials. Because ofdbgendencehe
wavelength output cebe tunedy layer thicknesduring MBE growth29]. More
detailed information on the physics and development of these type Il super lattices is
available but will nobe discussed hef2].

Thedesignfor the SLEDssystemwa s t o t ak e amoleButar waf er
beam epitaxy (MBEyrownSLEDsarray on it and flip-chip bond it toasilicon
RIIC. Flip-chip bonding for optoelectronic components to silicon CMOS has been
developedn the pas{30] and was implemented at a large scale in the SLEDs.array
Thehybrid chip was aligned gbateach pixel on the array lined up with its own
matchingpixel circuit on the RIIC.Each of these matching pixel circuits on the array
and RIIC would be 48 x 48m, with a large centered anode contact and smaller
common cathodeontacts. The hybrid was flipchip bonded and packaged by

Teledyne Scientific CoOncehybridizedwith indium bump bondghe arrayand
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RIIC weremounted on a balanced compesubstrate (BCS)This BCS, bonded to
the silicon side of the hybrid, would help match the coefficient of thermahsiqpa
(CTE) to the GaSb array, pyeventcracking when the array would be thermally
cycled between 77 K and room temparat The stackupis diagrammeah figure 8

[31].

epoxy
ack-fill
Indium
Gold wire bonds Columns

Si RIIC

Balanced Composite Structure

Printed Circuit Board

Figure 8  SLEDs hybrid stackip[31]. The red SLEDs array and gray silicon RIIC
layers make up the hybrid. The hybrid is mouritethe BCS and wire
bonds allow foilconnecting tahe hybrid through the PCB.

The stackup was then epoxied to a copftengsten (CuW) plate designed to
match the CTE of the hybridMetal wirebond pads along the outside of the RIIC
were stillexposed, kowing for gold wirebonds to connect the hybrid to a PCB that
the CuW plate was mounted tdo allow for use at 77 K, a dewar holding liquid
nitrogen thermally connected to a cold finger was placed in contact with the Cuw
plate, while another PCB cardi¢he signals and powerreqeid f or t he hybri d
operation. This PCBcould be accessed electrically throdgh back of the Dewar,

where the custom support electronics cdagceasily plugged in witfour 50-pin IDE

12



cables. These support electronics wdunclude digital control signals, as well as
analog voltages from digital to analog converters (DACs) and amplifiers.

The resulting project involved a large amount of work including hybrid
processing, electronic circuit design and assembly, as welftassmand firmware
development.One of the firsstepsof development would be processing the GaShb
wafers with the superlattice layers into SLEEDgps ready for hybridizationThe end
goal for each 512 x 512 pixatraywas to create awnle and cathodeetal contacts.

The anodes contacted the top surface of the emitter chip, and the cathodes contacted
4.24em deep into the material where the last stagh® superlattice layers ené

stackup of the wafer layers is shownfigure 9[27].

Anode Contact

p - GaSb (Be = 8x10'8 cm?)

p - GaSb (Be = 3x10'8 cm™)

InAs/GaSb Superlattice

1 - Al 20N soAS 138D o7 (Te = 1.5x10'8 cm?) x 15

p - GaSb (Be = 1.5x10'8 cm™)

InAs/GaSb Superlattice Cathode Contact

n - GaSb buffer (Te = 1x10'® cm™)

n - GaSb Substrate (Te = 2x10'7 cm3)

Figure 9  SLEDsgrowth layers. The-pjunction and superlattidayersrepeat to
form 16stages The ptype layers at the togre140 nm thick the
InAs/GaShb superlattice layers are about 200 nm thio#ithe p ad n
type layers making up themjunctions are 30 nmaeh,togethemaking
up 60 nm pestage The total of these layerseates a 4.2dm
difference between contad®7/].
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SLEDsArray Processing
SLEDs arrays were grown on 30 [Z@aShb
The SLEDsprocessing is shown by diagramfigure 1Q

4 micron cathode contacts
Titanium/Silver/Gold

AZ 5214E

Type-ll InAs/GaSb Superlattices %
N-type GaSb

Etch step
AZ 5214E AZ 9260 ~10 microns thick

— = 1 ..,
= =

Figure 10 Side view dagram of SLEDs processing steps in preparation foichiip
bonding.

Anode Contact
The processing for the SLEDs array started with the first electricedaon
designed to match the RII@n octgon shaped anode pad showmdd in figure 11
First, the wafer was dipped aamixturel part photoresist developAZ400K and4
parts DI watefor one minute to remove any unwanted material of the surface of the
wafer in an effort to guarantee strongtad adhesionThis stepwas done with a little
agitation, andhfter the wafer wagnsed with acetone, methanol, and isopropanol

(AMI) before blow dryirg and inspection.

14

waf e



Figure 11 Top down diagram of thELEDs array mask layers. The red mask
creates the anodemtacts. The green mask creates the cathode rails.
The dark green mask creates the cathode pillars.

Assuming the wafer passed visual inspection with a cladiaceit was then
cleanedagainwith AMI at 3000 rpm ora Headway PWM32 spinnésr roughly 10
seconds for each solvent, and then allowed to spinTmgn photoresist AZ 5214E
was applied, and the wafer was spun at 3000 rpm for 40s to uniformly distribute the
coating. After this resist spinninghe wafer was soft baked for 1 mtewat 90 C, and
allowed a few minutes to cooDnce bakedthe anode mask wadigned and
contactedo the wafewusing aKarl Seuss MJB 3 mask alignand the wafer was
exposed for 18 seconds wiBB5nm light at 275 W After exposurethe photoresist
was developed in AZ 400K:DI water, 1:5, for-28 seconds, only being removed

from the developeonce the wafer was visually clear of the photoresist Igpes, an

15



additional 10 secondslhe wafer was immediately rinsed with DI water after
development.

The high ratio of DI water to developer was used because of challenges with
over or under developing at a higher concentratiinding the correct timing was
difficult, and leaving any photoresist in an undesirable place ewddtuallylead to
metaldelamination. To finish lithography, the wafer was dipped in HCI:DI water 1:10
for 30 secondso etch away unwanted surface matef@lowed byblow drying with
nitrogen.

Next, the wafer was loaded into a thermionics M@ e-beam and thermal
evaporation ystemfor deposition of 7 nnof titanium and 150 nm of gokw provide
an anodeontact for flipchip bonding. The titanium was evaporated with atveam
source andhe deposition ratkept underl Angstrom per second. h€ goldwas
evaporated with a theral source with a deposition rate atess thar Angstroms
per second to ensure a uniform lay@mce removed from the evaporator, the chip
was soaked in acetone for at least 30 minutes, and alspitégof acetone would be
usedto rinse off any oftie remaining metallic layer dhe photoresist.If liftoff
problems persisted, agitation in an ultrasound bath would help significantly, but this
was used as a last resort because the aggressive agitatiordelaubthate some of

theanode contact metal.

Wet Etch
For the cathodéabrication the wafer was cleaned with an AMI rinse on the
spinner again before applying the same AZ 5214E photoresist redpelas anode,
making sure it was aligned so the cathode rails surrounded the anode cdhveass.

critical that the alignment waseciseto within about Zm as these would need to
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align for flip chip bonding, as well as providiag least 1&m of space for lateral
etching.

To create mesas as showrthe fifth step of figure 1,0the wafer had to beet
etched in the areas left uncovered by the cathode patterned photdrbsisécipe for
etching was 55:3:104ElsO; (citric acid):HPOy (phosphoric acidH,0, (hydrogen
peroxide) This etch was performeat 40 C with a magnetic stirreunningto hdp
improve uniformityby increasing the etchant flow across the surface of the wifer
should be noted that outside of treay areas on theaferetchedfirst, moving
inward making uniformity across the entire wafer difficuitfter removal, the wadr
was rinsed with DI water and then dipped in HGOHL:10 for 30 seconds cleanthe
surface After drying with nitrogen, the wafer was ready for the cathode rall
deposition A layer of 7 nm of titanium and 150 nm of gold was deposited similarly to

the anodeontactit o cover the bottom of the etched

Cathode Contact

The last step was to create cathode pillars that came up to the samaseigh
the anode contactd o create the cathodie wafer was cleaned on the spinner with
AMI, and AZ9260 was spun onto the veafat 2000 rpm for 50 second§his
photoresist was chosen because at the given spin speed, it has a thickness of about 10
em, and themetaldeposition would be about 4m thick. It was important to get a
thick layerof photoresistll over the entirety of the wafer before spinning to guarantee
auniform result After spinning it was softbaked at 110C for 2 minutes.Then, the
cathode maskad to be aligned to exactly where the cathode rails intersected, as
shown infigure 11 Misalignment would result in problematic shorting of part of the

LED, as well as make flip chip bonding more difficult. Asaligned cathode contact
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can beseen irfigure 12 where the cathode creeps up the walls of the enedzhorts

out sane of the SLEDs layers

S3400 10.1kV x1.70k SE 30.0um

Figure 12 Misaligned cathode contact causing LED shorting and misaligned indium
bump contact to RIIC.

Once aligned, the resist was exposed for 45 secondgl@bthm light at 275
W. After exposurethe resist was developed in AR0K:H,O 1:3 for 1 to 2
minutes. While agitating the mixture, the photoresist removal taduk carefully
monitored visually to determine the timing of the removal from the develdjer.
removal was performed quickéfter the photoresist was cleamsayto prevent
overdevelopmentFinally the wafer was dipped in HCI:B 1:10 for 30 seconds right

before I@ading for cathode metal deposition.
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The cathode metal deposition that would complete the processing of the
SLEDs wafer was 7/38500D nm of titanium/silvegold, totalingabout4 € m Due to
excessive heating of the evaporator when run for too longgvhsoratiorhad to be
done in several steps, and took at least 8 houwpearfatinghe VE100. The silver
deposited at aund 57 angstroms per second@he gold was not deposited fastean
2 angstroms per secondiftoff was exceptionally difficult due to the thickness of the
metal layer, but generally would be fine if left overnightaalsin acetoneGiven
that everything was done correctly, the r&tger would come off as one clean sheet,
leaving behind only the small cathode pillafm image of the resultingrray contacts

is shown under microscope and a Zygo interferometigume 13

Figure 13 Gold anode and cathode contacts after procesdihg.left shows a
microscope image. The right showwp-down Zy/go output image
where the anode and cathode contacts are shown taibeilat heights
which is ideal for flipchip bonding.

Challenges
There were many challenges during processing that led to the tweaking of the

recipe. The first challenge was the fact that GaSb is very brittle, making it difficult to
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process without crackinglhe biggest issue was on the spoater, where the vacuum
pulled through the chuck would bend the wafer enough to crack it and |eaegsaof
shattered of materialThe solution to thisssuewas to replace the-@ing sealed chuck
with a flat, metal only chuckThoughit seems trivialthe Gring sealed to tre
destruction of severa x p e n sGaShevaf&@D

The next challege was delamination of both the anode and cathode contact
after photoresist lifoff. The cause odlelaminatiorremains unknown, due to the
difficulty of reproducing the ptfalem, and incosistent results. Initially the anode and
wet etch lithography was done with NRSOOpy negative resist using RD6 for 10
seconds to develop. However once delamination and photoresist yield were found to
be issues, AB214 was chosels the photoresigbroviding better results.The
recipe waslsochanged tetart withan oxygerreactive ion etchingRIE) stepprior
to spinningto help ensure metal contact by removing arganic materiabn the
wafers surfaceOn top of that, the titanium layer thickssewas increasdcom 5 nm
to 7 nm because the titanium acts as an adhesion between the GaSb surface and the
silver or gold.

Etch rate consistency was also an issue, because having the same depth in the
material was critical for flip chip bonding as wa# efficient light output across the
wafer. It is desirable t@tch deep enough to ensure the electrical current pass through
all 16 LED stages However, etching too ép can cause an uartut of the anode
contactthrough the lateral etchinggading tadelaminatiorof the anode contacAn

example of the etcndercut is showwith SEMin figure 14
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LEI 3.0kV X5,000 WD 8.0mm

Figure 14 Corner of SLEDs emitter layers topped with gold anode contact after wet
etching. The wet etch undercuts the anode contact, causing delamination
in some ases.

To help guarantetheaccuray of the etchtiming t wo | arge HfAet ch w
wereaddedo the photolithography mask, off to the side of the arrdysese
windows, would allow the viewer to clearly see tteD layers being etched away,
especially vith the help of @oomedin camera.Once the last layers weremoved
the proper depth 4.2 had been reached he etch windows were successful in
giving a visible indication of etch rate, but only at their location on the outer edge of
the wafer After inspection of early test wafers, it was clear that there was a disparity
in the edge @pth across different region$o help correct thison-uniformity, a

simple ma@netic stirrewas added to stir the etchant.
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Finally, looking back at figure 12, theahge bowl! shape at the top of the
cathode contact seems to be problematic at first. SHaipas caused by the thick
photoresist layer having sloped sidewalls, leaving metal depositions that match the
bowl shape that is formed. THisb o wasdinallyjudged to be a neissue, and even
possibly beneficial as indium bumps would be placed inside the bowls fahfipp

bondingand the extra metal would be crushed away

Project Results

s
euer Mount Board

——C e 2009

D

Figure 15 Mounted hybridrom Teledyne Scientific CoThe gold area in the
cener is the pixel array, about 2.45 ¢omg per side.Outside the array
are addrss selection circuitry and whigond pads, making for a 3.3 x 3.3
cm hybrid. Wire-bonds connect the hybralong the darker edgés the
greenPCB.

Once finished processina completed wafer would be sent to Teledyne
Scientific Co. for hybridization. The RIICs chosen for hybridization were tested at the

University of Delaware using probe camdgh probes contacting the outer pads
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determine which had the most operatuigels and the bestV curves. Themating
SLEDs chips were chosen by visual inspection for the least amount of processing
defects. The rest of thg/bridizationprocess includedicing the SLEDs wafer to cut
the chips outindium bumping andip -chip bonding to the RIIC After flip-chip
bonding, he back of théaybrid was cutdown to 50em total thicknessising a
mechanical fly cutter to sweep across the array at the perfect height and mill away
extra materia]27]. After fly cutting, an antireflecive coating was put on the
emitting backide to increase light extractiofthe hybrid was wirdbonded to a PCB
with a hole cut out of the middle to allow a metal stapko thermally ontact the
bottom of the chip.The hybrid on its PCBvas then sent back to University of
Delawae to be mounted in a cryostawdar for operation and testingigure 15

shows a finished wirbonded hybrid on its PCB.
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Figure 16 Yield map ofa SLEDs hybrid, showing 512 x 512 pixels at a 481
pitch. Three of the gadrants have over99% yield while the bottom
left has 89%, possibly due to poor adheslaringflip-chip bonding.
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The results of processi ngonswccessfhl 30 Wwe

SLEDs waferwith four 2.45 x 2.45 cm arrayg he arrays o thiswaferwereusedto
create three 3.3 x 3.3 cBLEDs hybrid chips, which were used in adtional, 100

Hz SLEDssystem.The array had a pixel yield greater than 99%, and, when cooled to
77 K, could emit at an apparent temperature of 1370 K in-ther8 band[27]. The
SLEDs system was the first 512 x 512 IRLED 4tipip bonded array and syster.

visual map of thdaybrid yield is shown irfigure 16

System Description
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Figure 17 Hybrid chip clamped down and screwed into dewigre greenPCB has
metal pad®n the bottom side, whereeelricd spring contactare
aligned beneath. The PCBdemped downelectrically connecting the
PCBto the dewarand IDE cables connect to the back of the dewar.
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A finished SLEDs hybrids shown infigure 17, whereheboard and hybrid
aremounted into a cryaat dewamwith the frontopened.Figure 18shows the closed

Dewar, along with an opasustom support electronics (CS&ase displaying the

electronic PCBs and cad needed to drive the system.

Figure 18 SLEDs chip mounteth hybrid. The smaller screen in the top left shows
theoriginal video to be replicatednd the larger screen shows the
processedutputsent to the arrayThe open computer case houses the
custom support electronic€$E).
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Figure 19is a block diagram ofite SLEDs array and CSE systeAn image
is sent via digital video interfac®YI) to a field programmable gate array (FPGA)
that sendsligital signals to a DAC. The output analog sigrasthen amplified, and
sent through an inteate board to thdewar The data islivided into four quadrants,
and aroutput monito visibly shows the user the image that is being sent from the
FPGA to the arrayThe output monitor is a result of image processing on the FPGA,

and i s noinfraredloetputaegading.y 6 s

DVI Scene

Generator

Quadrant Data

Channels
AD9747 DAC & TH6012 Op %
NE Amp Board

NW
Xilinx ML605 _NE fotie NE

FPGA SW . SW
SW
ADS747 DAC ] TH6012 Op §<

SE Board Amp Board

Interface Board

SE

DVI Out SLED Hybrid in
Monitor Cryostat Dewar

Figure 19 Block diagram of SLEDs CSE. The FPGA drives the array through a
DAC and amplifier.

When connected, the ESvas able to display videas shown on the screen in
figure 18 Despite being a full cartoon image with background, tméybrightest

spds are displayed on the vide®his outputis because after neumiformity
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correction (NUC), the dynamic range of display is limited, leaving the dim
background black31]. Figure20s hows an | R camerabds reading

where pixels have been lit to show the dynamic range of brightness after NUC.

Figure 20 Pixel array viewed by an IR camera. The brightness varies across each
row to show dynamic range after NUC.

Future Challenges
While there were several improvements to be made in the future generations of
SLEDs chips, twmf the biggesissues will be discussed her€he first significant
problem with the array was a lack of ability to show very bright (or hot) objects with
gooddynamic range and very dim (or cool) objects using the same pixel and drive
transistof31]. Thecurrent coming from thdrive transistoin the RIICcould be well

modulatecat the levelsieeded for highr apparent temperature, but then it was
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impossibleto control at the lowdevels The lack of dynamic range is attributed to
t he CMOS RI | CO0 sThedalution & thislynamncgange tprobieis
discussed ichapter 2

The second problem was that as the pixaee lefton, theefficiency of the
light outputdecreasedue to an increase in temperat(oebuild of up heat)27].
There were several solutions progdgo fix the thermal probleniThe BCS used to
attach the hybrid to its plate is designed for detectors, where thermal issues are not
nearly assignificant[31], meaningts thermal conductivity could be loand still
remove any small amount of heat from the detector arkagifferent means of
attaching could decrease thermal resistance between the array and liquid nitrogen held
in the dewar.Beyondimproving the attachment methadcreasing light extraction
from the array removes heaThisexaaticnesd by t he
increased bylteringthe smooth, highly reflectiveurface on the emitter side
mitigating the reflection of light back into the hyhri8omeoptiors for this solution

arediscussed ichapter 3
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Chapter 2

READ-IN INTEGRATED CIRCUIT CHARACTERIZATION

In order to show the IRLED technology would develop into the state of the art,
the next generations of SLEDs technologies needed improvement. Gelleeadjgal
for these microdisplays is to create them with as high a framerate and resolution as
possible. Adding different outputvavelengths is also desirable. To take the next step
after the first SLEDs IRSP systethe next systems would split into two projects that
improved the microdplays in two different ways: one adds another wavelength to
each pixeland one quadruples the resolution.
Thefirstdesi gn was the fATwo Col or SLEDs Arr
goal was to create a 512 x 588 em pitch pixel array with two emitters per pixel, at
two differentIR wavelengths, whicmeant creating a pixelitt two sets of drive
circuitry and two stacks of superlattice layers. The layers would be grown at different
thicknesses to enginedifferent wavelength emissions [2].
The second design was SuparlattigeéLiglt | | v t it ec
Emitting Diode® ( N S LbEcBuséhe original design was to have it be a short
wave infrared (SWIR) emitteand the weak emission of thpperatmospherseerat
night is in the SWIR spectrumrhisdesignwas changed to make the array another
MWIR emitter, but the NBEDs name was kept for the project. This emitter would
have an improved RIIC design as well as an improved NSLEDs array chip process to
allow for a 1024x 1024 pixel resolution in the same chip area, meaning therd8

pixel pitch of the SLEDs desigwas educedo a 24em pitch for NSLEDs. This
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resolution increaseas considered to be an important step in reaching the eventual
goal of these projects: creating a 2048 x 2048 pixel IRSP system.

These projects create huge challenges on both sides of the tlyipri The
processing for an array of 24n pitch becomes much more difficult as feature sizes
decrease and two etches are nedde@CSAto reach the proper depths in the
superlattice layersOn the RIIC side, the same pixel circuitry that drove tigiraal
SLEDs array must be enhanced and shrunk at the same time to accommodate the new
IRSP design.Improvements must also be made to solve the dynamic range problem
of the SLEDs system. To improve future RIIC design, being able to model and
understandransistor and circuit performancetatthroom temperature and 77 K is
vital because the IRSP systems are intended for testing and use at both temperatures
This chapter will discuss the designs for the pixels and focus on the adaptations made

for the RIC and testing theicircuitry.

SLEDs RIIC

While a reaebut integrated circuit (ROIC) is mated to a photodetector array to
read out the photon couabsorbed byt, a readin integrated RIIC) circuit mates to
an emitter allowing the user to control the current through the LEDs. The RIIC for
SLEDs has a two dimensional array in the center with metal pads matching the metal
contacts of the SLEDs array chip to facilitate indium bump bondingletJihese
metal contacteach pixel has an identical circtotdrive its LED A sample of a20
x 120em RIIC pixel is shown irfigure 21 A voltage signal goes through a pixel
selection circuit (giving the x and y location of the pixel) to the gatedsfve

transistor sending current through the LED.sensors, thROIC pixel size has been
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scaled down to a few microns, but for a RIIC pisekling dowris more challenging

because of the high voltage and current drive requirements of the transistor

FdCdFdEdFdld
EdCdFdCdFdld
EEEEEE

D LED 75 micron LED Mesa
D LED Anode Contact 1
D LED Cathode Contact 15 m"‘:mP
Bond opening
‘- -
0 micron 120 micron
min
Viewed from top side
looking through LED array
120 micron

LED
(off chip)

Cathode
Contact

Figure 21 Sample of 12@m pixel pitch RIIC. Theop shows the metal pads for
anode and cathode connections. Bog#omshows the layout and the
block diagram of the circuit.
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The original SLEDs layout is show figure 22 In the largeredcenter squate
the 512 x 512 array occupies a majority of the space. Oubgd=enter squaye
colored purple and pinladdress decodingrcuitry and wirebond pads complete the
layout. A blown up pixel is shown within, where corresponding elements of the
circuit diagramin figure 23are circled in different colorsThe transmission gate
circled in blue will pass the analogs0Vv control signal when the x and y coordinate of
the pixel are selected. The analog control signal connects to the gat®dM@
drive transistorcircled in green, and modulates its drain current to power the SLED.
This drive transistooccupies about 80% of the spacemaAnitor controlkircled in
redallows for the voltagacross th&LED to be read through an external pin during
operdion. The monitor contains two PMOS transistors for the x and y selection
signals. The monitor would ideally have NMOS transistors as well to form the same
transmission gate, but limited space did not permit for tkigst of the 48 x 48m
space ighen occupiedby necessary circuitryeaving no room to add additional

functionality, or shrink down to a 24 pitch.
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Figure 22 Layout of SLEDs RIIC. Théarge central regiois a 512 x 512 array of
pixels, and theeripheryis address decodingjrcuitry and wirebond
pads. The enlargement shows a single pixel layout, with its matching
circuit diagram shown in figure 23.
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vy
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Figure 23 Circuit diagram of the pixelThe colored circles match the layout image.
The pixel selection circuitry allows the control voltage to moeutlaé
drive transistorés gate when turned
current through the SLED emitter. The voltage monitor reads out the
voltage across the SLED.

TCSA and Initial RIIC Improvements

The TCSA emiter chip design is diagrammed and showfigare 24[32].
Here there are three levels of contact on the array, with all metal contacts coming up to
the top. Thislayoutavoids the requirement of a long metal depositibhe first
anode contact for thér$t wavelength of emission is connected to the top set of
superlattices. When this anode is electrified, the cathode, which extethésmiddle
step between theand iselectricallyisolated from the tofaSbh surface with an oxide
layer, will pull current through the top layers. The second anode, whiledsrically
isolated from the tofsaSh surfacand connected to the bott@mubstratewill drive
current through the bottom set of superlattices when turned ondé&sign allows for

practical twecolor emission32].
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Figure 24 TCSA emitter chip SLED layers on the left. A diagram of the processing
is in the middle. A picture of the results of processing is on the right
The three contacts allows for emission at two different wavelengths

Changing Transtsrs

The TCSA pixel desigmequires the RIIC to havaore drive transistorthat
will not fit using the same design as the first SLEDs microdisgtmwever, he first
microdisplayhad all theSLED cathodes connectegheaning the drive transistor
connected to the anotiad to be PMO%o push current through the SLEDmM the
anode side Thisdesignchoicecreates an opportunity for improvement in subsequent
generations, because NMOS transistors tegter carrier mobility as free electrons
can mwe faster than free holes. Thwbility differencemakes the PMOS transistors
occupy four times more space their NMOS equivalemfenerate the same current
[33]. Additionally, PMOS transistors require the region under their layout héyeen
doping @n nwell), making for an extra 280% increase in space requirement. By
changing the circuit design tmve NMOS transistors pulling current through the
SLED from the cathode sida much larger area was freed up in the RIIC pixel.

To improve space effiency furtherjt was thought that standard cell
transistors in the AMIS C5N 0&m [34] process might be reducetsizebeyond the

recommended minimum charength In order to test this theory, the new transistor
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layout was designed with shorter ghiegths To test the effectiveness of reducing
standarctell transistor sizéeyond the recommended limitstest chip was fabricated
with several reduced channel length versions of the high voltage transistors.
Transistor drain currents increased with decreasing gate lengths. The transistors
operated well all the way down to 2 microns, which was the minimum gate length
tested This changéo nonstandard transistoreade testing the pixel circgieven

moreimportant because the functionality of these transistors in a aiwvasiinknown.

Improving Dynamic Range

The limited dynamic range discussedret end othapter 1 comes from a
single drive transistor being responsible for not only the brightest spctsbithe
dimmer backgrounf3l]. A few milliampsof current are required for the SLEDs to
replicate veryhot objects near thtop of its brightness range, but for dim backgrounds
around 300 K, only a femicroampsare required. Thesaicroampcurrentsare
down at t he @k n#euove makinpamoturatiomsimg tleetgaier 6 s |
voltage nearly impossible

One way to add dynamic range was to add multiple draresistors]. To
start as a simple step in the TCSA and NSLEDs systems, a singblérohe transistor
design one strong and one weék terms of output currentyas implementedIn
TCSA, the strong drive transistor was g and wide with a gate length oEfn.
The weak drive in TCSAvas two transistors setup in cascode. Thetffiastsistolwas
4 ¢m wide with a 2.&m gate lengthwith its source connected to the drain of the
second transistorThe second transistor had a width of &n8and a gate length of 3
em. In NSLEDs,the strong drive transistor was 48 wide with a gatéength of 2

em, while the weak transistor was# wide with a 2.£m gate length Thestrong
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drive transistor woulthe usedo show very bright spots and the weak drive transistor
would be useagshow dimmer areadn figure 25, this dualdrive concepts illustrated
with simulatedog-linear V. cur ves of each transistor. T

i s more |l inear above 1 mA and abolieksAwe ak t r &

[1].

102 snmos I/V curve

— simulated snmos I-V curve
— simulated wnmos I-V curve

10t

10°

Ids (mA)
5

Vgs (V)

Figure 25 Simulatedlog i near pl ot of a strong and we:
vSs. gate voltage. The strong transistor can easily modulate the mA output
while the weak transistor can easily modulatestAeutput using the
gatevoltage[1].

The TCSA hybrid circuit diagram is shownfigure 25 Each LED has a pair
of drive transistors as plannetf.the top transistors are fully off, the strong or weak
transistor at the bottom will act as a current source pulling all of the current through
the red LED. If the top transistors are fully on, they themselves will act as a current

source, pushing current through the blue LED and providing all of the current for the
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bottom transistor. By modulating the gate voltage then on the top transister, so
fraction of the current will go through the red LED and some through the blue LED,
allowing for simultaneous operatioif.esting the strong and weak transistor current
output at room tempature and 77 K would help correction of temperature effects
during operatiorand future RIIC desighy providing real datéo compare with

simulation.

Figure26 Ci rcuit diagram of the TCSA hybrid.
and weak drive transistors, respectively. The top transistorsalnent
into theblue LED aml the bottom @nsistors pull current for bottEDs.

NSLEDS and Future Scaling

Scaling and Yield
Reducing the pixel size was critical not only for NSLED@&, for future IRSP
systems, becausea following IRLED array projects have a resolution goal of@284

2048pixels makinga decreased pixel pit@bsolutely necessary because of yield
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issuesas explainedbelow[35-37]. Theyield of silicon chips limits the size of the
RIIC from a cost efficiencperspectivd33]. To explain, the first SLEDs RIIC was
designed fon512 x 51248 em pixel pitch arrayand haca die size 08.3cmx 3.3
cm, or10.89cn?. Thisdie sizeput16 chips on an eight inch silicon wated the
returned yield waabout90% Using a simple Poisson yield model:

Y=¢"", (2.1)
where Y is yield, A is chip area, and D is defect densifyation 2.kolves for a
defect density ofoughly 0.01cm’. If the same 48m pixel pitch is scaletb a 2048
x 2048pixel resolution, the die size beconmdeast10cm x10cm or 100cn?,
placing only a single chip on tleght inchwafer. The same defect density 0DQ.
cm’ thengivesan expected yieldof 368 Asi ngl e defect ruins
yield, making the process egimely expensive. Furthgrocessing t LEDs
becomes nearly impossibleecause it requires at least an eight inch Ge&fbrand
perfect feature alignment across ituilding the system becomes much more difficult
as well because the packaging must accommodate a huge, igytmigyg it to irclude
a cryostat with a large chamber, window and PCB for mountiogthereasons
given abovescaling down the pixel pitch to 24n was consideredecessarynot

only for NSLEDs but for future IRSP systems

Shared Transistor Layout
Thetransistorchangegliscussedvere still not enough toreate a single RIIC
pixel layout at a 24 m pitch because the PMOS and NMOS drive transistors occupied
too much spaceAgain, scaling down the 48m pixel pitch to 2&m, as well as
increasing the number of dauwransistorscreated a spatial layout problerhis

problemled to an innovation for NSLEDs that would group pixel components for
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more efficient layout.Figure26 shows the NSLBs testpixel layout, where a 96m

X 24em areamatches to four LED pixels

NMOS Drive Transistors

oree

Selection and Memory Ciruitry

PMOS Drive Transistors

Figure 27 The NSLEDgestpixel layout. Grouping of common elements for four
LED pixels allows for a much more efficient layoloth weak and
strong PMOS and NMOS transistors occupy the same spaces containing
enough circuitry for four SLED pixels.

By groupingfour pixels into one panel @8n x 24em in size, high voltage
and low voltage transistors were able to share space, as well as PMOS and NMOS
transistors, reducing overall well size.hi s nov el Ashared transi s
possible a final 24 m pixel pitch on the array. The final layout hadreared x 2
pixel layout, rather than a 4 x 1 pixel layout in the test pixel. The shared transistor
allowed for the development of the NSLEDs microdisplay, and iegastep on the
path to the futurefd_ED IRSP systems.
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Testing

Characterizing the transistors for the TCSA and NSLEDs RIIC required the
manufacturing of test chips. These chips would include individual transistors as well
asRIIC pixel circuitrywith the necessary inputs and output$hesetupwould neel to
allow for cryogenic cyclingwhere 77 Kperformance could be verified. The
experimental devices were packaged in LCC84M ceramic paskage MOSIS[39].
Thesepackagesvere flat with 84 metal pin pads on the bottom side. This packag
would be clamped down to the inside of the cryostat dewar, contacting its 84 pins to
the dewar s metal electrical contacts.

to pins outside of its vacuum chamber

Pour-filled liquid nitrogen

y Sources for sweeping voltages
== e—
ﬂ.\ ‘E i|

P xiictiteiong

—

lﬂ ———— s

Computer for controlling
Cryostatic Dewar and reading data

Figure 28 Test setup allowing for temperature cypdiwhile two dimensionally
sweeping the transistor voltages and reading curiéms. test chips are
mounted in a pouifilled dewar for low temperature readings.

Two Keithley 2400 source meters were then wiegins in the back of the
dewar Using RS232 serial control, the Keithleys were programmed to quickly sweep

the gate and drain voltage, and readdian current Thissweepwould generate

several {1V curvesof the unloaded drive transistois dr ai n curr ent V'S .
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different gate voltages. diagramof the setup is show ifiigure 27. Because¢hese

circuits did not have electrostatic discharge (ESD) protection, it was important to take
care in grounding everything to prevent destroying the circuits with high voltage

A sdlos . olack of BSD protectiocaused the failure of many chips during

testing. Thefinal NSLEDs and TCSA RIICs had built in ESD protection, so

groundingwas not an issue while evaluating julbricated devices.

Results

CharacterizatiofResults

The TCSA and NSLEDs pixels had 4 drive transistors that needed testing: one
strong NMOS, one weak NMOS, one strong PM&&] one weak PMOS. Beyond
the transistorghetwo novel pixel layouts were tested to show proper operation, with
expected levels of cuméfrom strong and weak transistors this dissertation, only
the TCSA pixekircuit isdiscussed All tested pixels and énsistors showed an
increase in curremhagnitudeat 77 K versus room neperaturedue to an increase in
carrier mobility causetly a decrease in lattice scatter[8§-40]. To test pixels, all
necessary pixehputsincluding digital selection signals and bias voltagese fed
into the pixel circuif and the output drain currews measureéither from the strong
or weak drive transistorThe setugessentidy placed a current reader where the LED
would connecin a hybrid For the transistors, the gate, source, drain and bulk were
connected to their appropriate sources or groundPMIDS outpus showa reverse
currentas current flows form source to drain

The threshold voltage-Mn a transistodescribes the voltag#fference

between the gate asdurceneeded for a current channel to form at the surface of the

42



transistor material jusinder thegate 1. The TCSA pi xel 6s PMOS
gates are connected in cascode to an NMOS transistor acting as a current source,
shown infigure 29 The analog voltage level provided to the pixel connects to this
NMOS transistors gatefinding Vr for the pixelcircuit meandinding the minimum

input analog voltage that provides a rx®ro drain current on the drive transistor of

the pixel circuit, normally connected to the LEDnce drain current flows, it

increases in a linear fashion with an increased drain voltage until that current reaches
saturation.The drain voltage where the linear region ends and the saturation region
begins is Wsat[42]. In all measurementhown 50steps were taken on the input
voltageranging between-8 V, meaning all estimated valuestoh e pViraree | 06 s
only accurate to 0.1 Yhcrements.In all measured pixel outputs,r\hcreased at the

lower 77 K temperature, @&pected40, 43].
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Figure 29 TCSAweakPMOS output transistor circuit. Analog voltage level comes
in to the gate of the bottom NMOS transistor. The bottom two transistors
act as a current source to modulate the gates of the PMOS current mirror
on top, where vsledp is the connection te tiED anode.

Figure 30shows the single pixel operation of the strong and weak TCSA
NMOS drive transistor at 77 K. This is a sample of what was found for all NMOS and
PMOS pixel drive operation: that the weak
about two orders of magnitude less than the strdngg.e  p i rfoethe &toongV
outputis roughly 0.9 V, whildor the weakoutputit is roughly 1.3 V.In addition,
Vpsathas a maximum of about 6 V for the strong output and about 2 V for the weak

outptt.
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Figure 30 77 K operation of the strong (left) vs. weak (righ§SANMOS pixel
operation. As designed, the strong NM@4$&in current increasesp to
20 mA, while the weak NMOS8rain current is about two orders of
magnituddess.

In figure 31, theTCSA strong PMOS pixel drive is shown for room
temperature and 77 Kr'he maximum currentagnitude increasésom about 6.5 mA
to close to about 11.8 mhen decreasing the temperaguaesignificant increase of
about 81.5%.Forthestrongo ut put , W is ®ugipy 08 & htdosm

temperature, and roughly 1.2 V at 77 K.
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Figure 31 TCSA pxel operation of song PMOSoutput at room temperature (left)
and 77 K (right). Decreasing the temperature shows an 81.5% increase in
current.

In the weak PMO®ixel output,shown in figure 32the current jumps from
about 57 A to 135¢A, a 137% increase, showing a large difference between the
weak and strong PMOS operation that needs accounting for during temperature
correction modelingFor t he weak oqstrqughtylVdtioen pi xel 0s

temperature, and roughly 1.3 V at 77 K.

0.00001,

0.00000

—_

~0.00002 —

~0.00001F—

—-0.00004

—0.00002

—0.00006

—0.00003}
-0.00008

Current (Amps)
Current (Amps

~0.00004
- -0.00010

~0.00005{—— —000012F—

—0.000060

3 16 —0,000140 5

8 10

4 6
Voltage (Volts)

Voltage (Volts)

Figure 32 TCSA pxel operation of weak PMOS output at room temperature (left)
and 77 K (right). Decreasj the temperature show4da7% increase in
current.
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The sample of data presentmahfirms thetemperature dependence of the RIIC
pixel operation The known shift in threshold voltage and drain current during
operation will be usefuor generating an advanced NUC that accounts for
temperature dependence during operation by using a temperatsirggssinde on the
array itselff44]. Thedata capture@rovides the information needed by the system
software to shift voltage input levels when operating a8 ¥%. room temperature.
The Keithley sweeping code and data acquisition scripts provideseefor future
full temperature sweeping as wellhe LED radiation also hastemperatue
dependencgebecause increasing the temperature from 77 K will decrease radiative
recombination and increase Auger recombinatidnderstanding all temperature
sersitive elements of the IRSP will help maintain a uniform output while the array

operates.

Future Work

More complete characterization of the RIIC and its components is redoiired
IRSPLED performance improvemenfThe first step is to complete th& Icurves for
all pixel and drive transistor elements at room temperature and Th&second step
is to create a test setup to add temperature steps fe¥Wthares to completely
understand the RII Cb6s temperatureuedepender
individual pixel output on the IRSP array and factor in the temperature. Using all of
the data described, a NUC that is sensitive to changing temperature can be integrated
into the software responsible for modulating the input analog voltage. ,Lastly
modeling the transistors and full pixels in SPICE provides more accurate simulations

for future RIIC design.
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Chapter 3

LENSLETS FOR LIGHT EXTRACTION

Overview of Light Extraction Problem

As discussed before, overheating of the SLEDs array beaa®eous issue
affecting the performance of the systeBecause SLEDarea new and undeveloped
technologytheir efficiency inconverting electrical energy into light energy is still
very low[27]. Ideally all electrons relaxing from the conduction to valence bard wil
release energy in the form plotors. In reality,some portiorof the energy is being
lost as phonons in these deviclest the estimated internal quantum efficiency for
these devices was about 70%espite thignternal quantum efficiengyhe exterral
guantum efficiency was less than 1%ecause are that lightvasemittedinternally, it
couldthenbe reabsorbed before escaping the substiidtewell-knownmajor
contributor to the lovexternal efficiency ofRLED devices$ total internateflection
[45-46], wherelight emitted at a more lateral angle would reflgittthe smooth back
surface. here isalsosome Fresnel reflection that is to be expected akefinactive

index boundary.
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Figure 33 The graph on the leftshowsh e devi ceb6s | i ght output

operating temperature is increased. Taslinecorresponds with the

graph on the right, where increased cur(@\tl counts correspond to

gate voltage on t hisexpectéd@odnereader i ve tr al
devicetemperature and thus decrease total radiance.

Thisresult ofthe problem isdemonstratech figure 33 whereon the leftthe
intensity of light output as read by an IR camera in one spot begins to decrease as time
allows the pixed s t h e r mauild up. mOa thgright side of figure 33he
orange lineshows the ideal case of total radiance, whereas the SLEDs performance
shows a decrease with increasing gate voltage on the drive transistor (DVI.counts)
Figure 34showsthatthe greater the pixel ared operating pixels, the lowdne
emissionintensitybecomes due to greater concentration of hesfigure 36 thelight
outputdecreasedespite the DAC voltage and total current through the pixel

increasing.
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Figure 34 Light intensity vs. time for different spot sizes. As more adjapixeis
areoperating the worse the output over time.
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Figure 35 Light outputon leftas ready camera counts vs DAC couBAC
counts correspond to analog voltage on the SLEDs drive transiator
about 25,000 DAC countbght output begins to decreadesyite
increasing current through the SLEDs pixeshswn on right.
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Theheat generated by reabsorbed | ight
recombination decreasélso, the efficiency drop in LEDs is caused by other factors
including Auger recombination and radiative recombination saturation that are
aggravated by low light extractiod7-50]. Because of thiadded burden of
reflection any incremental improvement in light extractionl\wéve a greatampact
improving performanceAll areas ofperformance enhancement were considlere
starting with removing the BCS and using a more thermally conductive méaiym
In addition, a new cryostat design wagplementedo allow for a moralirect and
stronger thermal connectidretween the hybrid and liquid nitrogheat sin51].

Addressing the light extraction on the back end of the emitter array, where
total internal reflection was considered to be the largest thermal problem, surface
roughening and surface patterning were investigated as a means of increasing
efficiency. Surfae roughening has increased light extraction on other LED systems
[52-56]. Additionally, adding a cone shape has been shown to greatly improve light
output [5#58]. Adding lensletgsmallpixel sizedlenses}o the emitting surface on an
LED has also shownot only stronger light extractiptherebyimproving thermal
dissipation59-60], but has also decreakthe angle of emissioi61] andimproved
coupling[62].

Adding lensletgo the back side of the emittas shown irfigures 36and 37
would not onlydecrease the reflection of the emitted light, but would also help focus
more light coming from eagbixel to a smaller targefThis focusings beneficial for a
microdisplay system leading to a sharper display from éngpective of the target
optics. Understanding the benefitsusing lenslets would start witteveloping

recipes to show what kind of lens shapes are achievable in the relevant materials.
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Lens shapes in GaSb were investigate@aSbwas the SLEDs matei in the
existinghybrids. Although much has been done in terms of etchiny Ihhaterials
including GaSK63-69, it is difficult to find much on GaSb pattern transf&apis et
al. developedsaSh lens shapes using various methods, includgan andxygen
ICP etching [fQ], butattempted replicatioshowedno GaSb etching usingsimilar
gas chemistryBecause of the lack of useful informatiorsaies of experimentsas

planned to develop an etch recipe for creating GaSb lenslets.
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Figure 36 LEDs emit light where much is reabsorbed due to total internal reflection.
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Figure 37 LEDs with lenslet shape etched into the surface have stronger light
extraction and focus light from a pixel through its lens.
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Photoresist Reflow for Forming Lenslet Shape

Developing a recipe for patterning the lens shape in photoresist was the first
goal of this investigationTo make a large lens shajephotoresist that could leave a
thick layer would be preferable as a startingqipoThe photoresist shape can be
charged with thermal rébw [70-79]. While the photoresist is removed by physical
plasma bombardmerits etch rate may not be fast enouglfi.the etch ratés indeed
not fast enoughadding oxygen to the gaseshistry would increase,iis the oxygen
plasmaremoves photoresist and other organic material frorsuhface of the
semiconductor.The etch rate of the photoresist could then be altered by assuming it

would increase or decrease with the oxygen flow [f&@g

Photolithography

The positive resist A4620 was chosen for its thick layering and some
previows experience with itsrecipes.or t he materi al, 20 GasShb
match most closely the bulk material for the applicaledeiceq27]. The wafer was
spun at 3000 rpm and cleaned withAwith about 10 seconds for each solvemtd
allowed ample time to dryOnce dry, the wafer was stopped and AZ 4620 was
applied spiraling outwards until a thick layer covered the entireri@insure good
distribution. Then, the wafer was spun atQlfpm for 10 seconds to slowly spread the
photoresist.Immediately after thathe spin speed was increased 7600 rpm for 20
seconds.Once coated, the wafer was dodiked at 110C for 2 minutes.After soft
baking,the wafer was left in it§luoroware caseith the lid slightly ajar to allow for
the resist layer to rehydrat#. had to be ensured that it was not exposed to any high
frequency visible or ultraviolet light during this time, as that walddelopthe

positive resist.
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To patterrthe resist, the samepeatingpctagonshaped masksed for the
SLEDs anode would be used as thasis for the reflowed len3he resulting lens
would be roughly the correct sizerf@48 em pitch LED array. The wafer pattern was
exposed with 405 nm liglat 275 W for 65 seconds$-or develoment, a 1:3 mixture
of AZ 400K:DI water was used until theafiern became visually cleaDevelopment
usually took about 80 seconds, immediately after which the wafer was rinsed with DI
water for 2 minutes, ahblowdried with nitrogen.After drying, the wafer was left

again with the lid slightly ajar for 24 hours to allow any remaining water to evaporate.

Reflow

The dry, patterned wafevas then ready fahereflow of its photoresist into a
lenslike shape Beforereflow, the photoresist thickness wasasured at about®
em. There wee two methods used for reflovlhe first was a slow, steady heating of
the wafer in a vacuum oven with the temperature finally reaching@8®nce
temperature was reached, thafer was left for 1 hour beforemovalfrom the oven
and cooldown at room temperatur®ue to the concern that thismperatureould
possibly be overheating the photoresist, the second method was to simply use a
hotplate at 145C for 5 minutes.Thetemperaturetiming and hotplate useere
chosen based on research of sinpliarcessef76-78]. It was observed that baking at
180 C for 5 minutes versus 1 hour showed no noticealkflerencein shapeupon
SEM inspection.In the same wayherewereno noticeablghotoresisshape

differences for a hot plate set to 14@ or 145 C for times of 1, 3, 5 or 10 minutes.
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Resultsof Photoresist Reflow

AccY SpotMagn WD ———— 20um AccV SpotMagn WD ———— 10um
100kV 3.0 1200x 142 photoresist before melt-7 deg 100kV 3.0 3500x 142 photoresist before melt

Figure 38 Photoresist pattern after lithography but before reflow.

The resulting photoresist after lithograpdmeg showrthrough scanning
electron microscopy (SEMi) figure 38 where the height is neumiform butaverages
around &m tall. After reflow, the photoresist lershape wasbout 12.&m tall, as
shown infigure 392 Forall SEM images of photoresishé bright spots on top of it as
well as the distortion around it are cause
up charge on the resisNormally this charge would dissipads in figure @, but
lingeredwithout metal coatinglue to the low conductity of the AZ 4620.During
initial Zygo measurements photoresisthicknessit was apparent that different areas
of the same GaSb wafer had lenses of slightly varying height and, didtho the
uneven distribution of resist thickness after spinng developmentThe variance
of photoresist thicknesgquired hat careful measuremeritke place before etching

to setcorrect etch timing.

55



AccY SpotMagn WD p——m—— 20um ﬁ AccV SpotMagn WD |—— 4 10um
100 kv 30 1000x 256 AZ4620 reflow 140C 3 min 100kvV 3.0 2000x 13.9 photoresist 145 C5 min melt

Figure 39 Photoresist lensletstaf reflow.
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Figure 40 Photoresist lenslets coated in 50 nm of titanusimg ebeam
evaporéion. Metal coating removes the charge buif@and distortion.

Reflow Recipe Change
In doing ICP etch experiments with these lenslets, it was observed that the
photoresist lens pattern was beingfumiformly removed causing a strange etch
pattern thatesembled thick stems camg from the base of the len3he resist
peeling gart both after 10 and 4&inutesof the same recipis shownin figure 41.

The GaSb remaining after 90 minutes of etching is shdiguine 42 where a bowl
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like shape is formedue to the photoresistansfer failure This failureled to a very

fragmented and ruined GaSb Il¢hat resembled more of a strange bowl shape

"o lp
g lfn,

AccV SpotMagn WD ————{ 10um AccV SpotMagn WD |—————————{ 10um
100kV30 2500x 222 10 min recipe 7 100 kv 30 3500x 220

Figure 41 SEM of ICP etch after 10 minutes (left) and 45 minute (rigit)e gas
chemistry is Ar/CJ/O, 25/20/10.Theresist peels um strandsuining
the pattern transfer, resulting irstmange lookingsaSb pattern.

Figure 42 Resulting pattern transfer after 90 minubégtching withthe same
recipe as in figure 41

Once the oxygen flowate from the ICP was decreastt lens shape was

maintained well througbut etching, as shown ifigure 43wherethe pattern transfer is
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about half way done and the lens shape can be seen in both GaSb and photoresist.

Also shown on the rigtof figure 43, the resist wasemovedoy bengexposed t®
minutes of oxygen plasma clearg, leaving GaSimesas angroving the attern is
transferring The recipe used heveas similar to the earlier ongbe key difference
being a decrease in oxygen flow rate relative to the rest of theHgagever the low
oxygenflowr at e woul d | ead to a very rough,

completed, shown ifigure 44

Acc.V SpotMagn WD B——— 20um AcclY
10.0kV 3.0 -1000x  35.0 r15 30 min 10.0kV'30 1200x 25.7 R1530 min5 min O2 clean

Figure 43 Pattern transfer after 30 minutes of @tghusing the same recipe as
figures 42 and 43=xcept with ayas chemistry afr/Cl,/O, 30/12/3 The
bottom halfof each lens on the leshows the lens shape transferring into
the GaSb, the top half shows remaining photoresist still in@uwtthe
right, the photoresist is removed with a 5 minute oxygen plasma clean.
Only thegas chemistry (reduction of oxyggwaschangedo create
these results
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Figure 44 Rough grassy surface resultifigm the gas chemistry used in figure 44.

While searching for a reason for the pattern transfer fadiuhéggher oxygen
flow rates it was discoveredat too high of a reflow temperature could lead to a
Aburningo of the phot oricalsrenmoual, Aftear thangingma vy
to the lower temperature reflow ste80° C to 145° G)the same etch recipe that
destroyed the photoresist lestsape now maintained the patterrsplee its high

oxygen contentAs shownin figure 45 the photoresist remains intact after 30 minutes

of etching although the GaSb etch rate is low and there is ring shape around the lens.

It is suspected that the rimgound the outside comes from either an angle dependency
of the etch not allowing for quick removal of the edges of photoresist, or some kind of
chemical interaction slowing down the GaSb etch near the edge.

It was concludedhat the highetemperatureeflow recipe was causing the
problemshown infigure 41 Because of thisoncernto be safe with not overheating
the photoresist, the 14%& temperature was kept for the recipe, as it was advised to

remain under 150C [7§].
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AccY SpotMagn WD p————————q 10um
100KV 3.0 3500x 264 er830min65 deg

AccV SpotMagn WD p———— 20um
100KV 30 800x 264 er830 min65 deg
= &

Figure 45 Resulting shape ohe sam recipe used in figure 4ar only 30 minutes
with thelower photoresist melting temperatushiowing that the pattern
transfer failure was caused by the high temperature reflow step.

Inductively Coupled PlasmaEtching

There are two main ways to etstmiconductor material: wet etching and
plasma etchig (also known as dry etchingBecause wet etching is usually more
isotropic (etching both deep into the substrate and laterally) as shdyara44 it
would not be ideal fotransferring a lens p&irn. Plasma etchig, on the other hand, is
more anisotropic, anidlis lessselective, meaning the mask material is etched more
quickly. While thislower selectivitywould be problematic for an etch trying to reach
maximum depth, it is helpful to an &tthat istrying to achieve pattern transfer

because the mask must be removed at the same time as the underlying material.
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Mask Layer

Mask Layer
1\
N

Substrate

|ll|

Substrate

Wet etching

Dry etching

Figure 46 Wet etching vs dry etching. With a wet etch liquid etches laterally, while
with a dry etch gases are bombarded vertically crgatimore
anisotropic etch.

Inductively coupled plasma (ICP) etching was chdeethe lens pattern

transfer. ICP systemslirectgas into a chamber at a steady flow rate while

simultaneously modulatiniipethrottle valve to avacuum pump tenaintain a costant

pressure.To ignite the plasma, a coil is electrifiatdradio frequenciesTo direct the

plasma ions, the top and bottaithe chamber are biased amdnagnetic fial helps

drawthe plasma ions dowtoward the sample being etchethere are two

mechanisms that contribute ©oP etching: physical and chemicaPhysical etching

comes from

t he

transfer

of

moment um

knocking them looseral allowing them to evaporat@hat is, the plasma atoms

simply bombad the surface of the materiadChemical etchingisesthe chemical

reaction of the ion atoms with the material forming new bonded molecules¢hat

from

removed from the surfac& he combination of the two etch mechanisms help speed

up and aid each othecreatingfasteretch rates.

A Samco RIE200iP chlorine ICP etching systemas used for these

experiments.A basic diagram is shown figure 47 [80]. This system uses flow
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controllers to pump gas into a csualjpber , wt
silicon) attached by vacuum greaséhis wafer sits on a temperature controlled

helium vacuum chuck, and the attachment of the sample allovagtmd thermal

comection, keepinghe sample temperature close to its setting (Gth each etch

disaussed here) whiletherwisethe plasma bombardment would normalguse its

temperature to riseA roughing pump backing a turbo pump controls the chamber

pressure.

Inner Quter
Coil  Caoil

Sarnple Stage

Lower Electrode

Figure 47 Diagram showing ICP chambeith incoming gas flow, the unit for
matching impedance fdhe RF coils, and the lower electrode for the bias
[80].
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Boron Trichloride and Argon for Gallium Antimonide Etching

The first gas chemistry chosen to test the etching abili@aSbwas boron
trichloride (BCk) and argon (Ar) The agonwas the primary physical component of
the etchbeing a noble gas and not chemically commy with other materials. The
a r g gob then wasiding the chlorine in the Bgby loosening surface material and
allowing easier chemical reactionghe initial plan was to test if the physical etch of
the photoresist would have a similar rate to the phyaiadichemical etch of the
GasSb. Although there was not a significant physical etch rate of the photoresist that
could be measurethble 1shows a smallanple of GaSb etch rates for different
chamber conditions that helped lead to a final recipe for pattern trafsésisure is
chamber gas pressure, bias is strength of the bias moving the gas downward, ICP is the
RF coil power igniting the plasma, gaevl rates are measured in standard cubic

centimeters per minute (sccm), and the Gasb etch rate is shewngarminute

Table 1 GasSb etch rates for varying ICP parameters usidlg &d Ar.

Run Pressure Bias ICP BCl; Ar Etch Notes
(Pa) (W) (W) (sccm) (sccm)  (em/min)

1 1.33 100 800 10 20 14

2 1.33 300 800 10 20 43 Surface
rough

3 1.33 150 800 10 20 3

4 1.33 100 800 10 20 .06 Surface
Pitting

5 1.33 100 200 10 20 A

6 1.33 100 100 10 20 .04

7 1.33 100 100 10 20 .043

8 1.33 200 100 10 20 .065

While the etch rates shown are not considerably fast, this was not considered a

problem. Since the lenkeightis relatively short (<2@m), and the desired lens could
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be even smaller in GaSh, a slower, more easilyrotbed etch was desired.
Moreover,while some surface roughening may be desirable for light extraction, a very

rough surface that may result from a much faster etch rate would be undesirable.

Chlorine, Oxygen, and Argon ICP for Pattern Transfer

Adding Oxygen
The solution that would aipattern transfer during the etch was to add oxygen
to the gas chemisty as it removes photoresidtiowever in theSamcolCP system,
mixing BCI3 andoxygen is not permitteghossibly due to the reaction that occurs
between the two gassggb, 8]. Becaus of thislimitation, chlorine gas was used
instead of borotrichloride toetch the GaSp65]. Thus chlorinedlong with argon and

oxygenwould be the chosen gas chemistry for further experimentation.

Table 2 Initial runs for chlorine, oxygen and argon gas chamistches. Etch
shows GaSb etch rate

Run Pressure Bias ICP Ar Cl, (o)) Etch Notes
(Pa) (W) (W) (sccm) (sccm) (sccm) (em/min)

1 1.33 120 300 30 20 10 .013 Rough
surface

2 1.33 120 150 30 20 10 .015

& 0.5 150 150 30 20 10 .037

4 0.5 150 150 15 35 5 .35 Very
rough

5 0.5 150 150 25 25 8 .06

Under this gas chemistry, tlaegonprovides a physical bombardment to the
substrate and the chlorine and/g&n act as chemical etchanigure 48shows the

basic principle of the proces3he first experimental etches were to test the varying
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rates of etching of the GaSb subsrand the AZ 4620 photoresist. After attempting a
few basic etches, it was apparent that adding too much chp@ioentage in the gas
chemistrywould create a g rough surface, consistent witterature B2]. After a
handful of experimental rurghown intable 2 it became apparent that the gas
chemistry was simultaneously etching the GaSb and photoresist, though the
photoresist was etching faster. THiference in etch ratesas seen as acceptable, as
a shallow lens would be a good starting point and the oxygen flow rate could be
adjusted to etch the photoresist more slowly.

Argon ions ° @ Oxygen ions

. Chlorine ions

AZ 4620 Photoresist \

Gallium-Antimonide Substrate

Lens shape in photoresist on substrate ICP plasma etches photoresist and substrate

Lens pattern transfers to substrate Resulting lens shape
Figure 48 Diagram of the process for pattern transfer.
Results

After showing simultaneougahing of GaSb and photoresist, airameters

were variedo try to derive lhe significance of each ICP parametéable 3shows the
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resultsof an attempted design of experimeBiSC is the voltage on the electrostatic
chuck holding the carrier wafénat the samples were mounted dine most

noticeable observation is that decreasing oxygen flow rate increase GaSb etch rate
significantly. Drawing results from these experimentas problematic, as the
photoresist was showing the pattern transfer lprob discussed earlier. Whtlee
experimentseemed to yield neaffective results with the higher oxygen flow rates,
the lower oxygen flow rate etch recipes were creating very rough surfilces.

surface roughness is suspected to be caused by-masing, where small clusters of
molecules are formed at the surface that do not easily etch away. These molecules are
a result of the chemical etching jyroducts. Whatever the caugeappears thdtigh
oxygen content is necessary for leaving a smootfaseiafter etching, but at the same
time, too high obxygencontent ruins initial pattern transfer, as shown by the ring in
figure 46. Because of thifradeoff, etchexperiments were done withtermediate

oxygenflow rates based around the first suss&ul pattern transfer recipe.

Table 3 GasSb etch rateshile varying all parameters.

Run Pressure Bias ICP Ar Cl, O, ESC Etch Notes
(Pa) (W) (W) (sccm) (sccm) (sccm) (V)  (em/min)

1 1 175 175 30 25 9 600 .05

2 0.5 125 125 30 25 6 600 .1 Very
rough

= 1 125 125 30 20 9 500 .023

4 0.5 175 175 30 20 6 500 .12 Very
rough

5 0.5 125 175 25 25 9 500 .04

6 1 175 125 25 25 6 500 .2 Very
rough

7 0.5 175 125 25 20 9 600 .056
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Once it was discovered that lowering the gas flow rates to 30/12/3,AY/CI
produced a healthy pattern transfer, this gas chenwgtnythe parameters of run 7 in

table 3was used as the basis for the rest of the lenslet etching experiments.

Lenslet Results

Varying Oxygen Flow Rate
Etch times were finally increased tmmplete pttern transfer ancreate full
GaShlenslets. Given the tradeoffs, thredatapoints for full pattern transfer were
chosen using different oxygen flow ratd=our selected recipes from full lenslet

etching are displayed in table 4, and each will hagempanying SEM images.

Table 4 Lenslet recipes with varying oxygen levels.

Run Time Pressure Bias ICP(W) Ar Cl, O,
(mins)  (Pa) (W) (sccm)  (sccm)  (sccm)

1 45 0.5 175 125 30 12 1

2 60 0.5 175 125 30 12 3

3 60 0.5 175 125 30 12 4

4 60 0.5 175 125 30 12 5

Run lis a 45 minute etch Wi only 1 sccm of oxygen, test thdower
extreme obxygen flow rate. Thisxygen flow rate causealvery slow etch of the
photoresist and a much more volatile and rough etch @d#&b. The resulis seen in
figure 49 where itis also apparent that if the surface roughness can be cleared, a very

tall lens shape can be achieved.
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AccV SpotMagn WD pb—{ 20um AccV SpotMagn WD b— | 10um
100kv 30 800x 20.7 er7 45 min 45 deg 10.0KV 3.0 3500x 20.7 er7 45 min 45 deg
r Ll .

Figure 49 Lowest oxygen flow rate attemptati1 sccnfor 45 minutes The
surface becomes very rough with time.

In runs 24, enough time is given to etch thgh the vast majority of the
photoresist, only sometimes leaving small tip of it at the top of the lens. &aes23
sccm of oxygen, anid shown in figure 50where the height of the lenslets was later
measured to be at about €.8n In figure 5L, run 3 increments the oxygen to 4 sccm
The measured height of these lenslets was aboat f3 astly, figure 2 shows the
result of 5 sccm of oxygen. The measured hesglkitese lenslets was shown to be
about 6e m The decrease in lenslet height with therease of oxygen flow rate was

expected.
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Figure 50 60 minute ecipe usin@ sccm of oxygen

3
AccV SpotMagn WD b——— 10um AccV SpotMagn WD b———————{ 10um
100 kv 30 2500x 24.1 ER1260 minn 45 deg 100kv 3.0 3500x 150 ER1260 minn

Figure 51 60 minute recipe using 4 sccm of oxygen.
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5.0 1 LM

Acc.Y SpotMagn WD b———————————{ 10pm
100KV 3.0 3500x 14.0 ER1160 minn45 deg

Figure 52 60 minute recipe using 5 sccm of oxygen.

Figure 8 shows the plots of the lens shape resultromfruns 24 with data
obtained visually from the SEM imagesuriR4 showed the least amount of surface
roughness, along with the most curvature in the lens shape. At the lower lens shapes,
the curvature is almost naxistent, making them more of shalloanesthanlenses.

The tradeoff is the lens shape only being6ntall. A taller shapenay beachieved

by starting withthickerphotoresistlensesNhi | e | ot s of figrasso
GaSb may be generally undesirable, it may prove to be useful iR$Resystem. By
scattering the oblique angled light, it redsitatal internal reflection, but on the lens

itself, where roughness is at a minimum, light paisrough andocusesnto the
collimating optics.Overall, initial results indicate thaffective lenslets should be

achievable with varying shapes and sizes.
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Estimated Plot of Lenslet Shape for 5 sccm of Oyxgen
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Figure 53 Lens shape dafar varying oxygen flow rates. The data was taken
visually from SEM images.

Changes to the Etch Recipe

Some etch parameters watightly adjusted to see if modesirableresults
could beachieved Initially it was thought that by increasing pressure from 0.5 to 1.33
Pa and ICP power from 125 to 200 W, the etch would become more isotropic and
remove the grassy roughness. By increasing ICP power there would be more free
chlorine ions to chemically etch the surface. By increasing the pressure, more gas
would fill the space surrounding the uneverfate helping etch away features and
clear awaymicro-masking. The result of 60 miness of thisrecipeis shown in figure
54where the result is disastrous and the mmoasking has worsened, although the

etch rate has become much faster.
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10.0:k¥ 3,05 350

Figure 54 Results of increasing pressure and ICP power.

Next, a 30 minute etch was attempted with the bias power decreased from 175
to 100 W. Theesult is show in figure 55 where the photoresist etch rate has
decreased and the surface is rough but less grassy. Pattern transfer is not excellent, but

thisresultmay be a good start for future experimentation.

Acc SpotMagn WD pb—— 20um B \co v SpotMagn WD |———— 5um

S 100kV 30 800x  20.2 er530 min 45 deg 100KV 3.0 5000x 275 er5 30 min 65 deg
ey TRt P - o et

Figure 55 Result of decreasing bias power.
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Building on this result, the bias poweas set td.25 W and the ICP power at
150 Wfor 60 minutes. The hope wasincrease the etch rate while maintaining the

smoothsurface. The results made the surface exthgnough, as shown in figure 56

” W el P TA
c. potMagn WD |—nu-ou] AccY SpotMagn WD p——m———— 10m
0kV 30 1000x 204 erf 60 min 45 deg $10.0kV 3.0 3500x 20.3 er7 60 min 45 deg

Figure 56 Resut of 125 W bias power and 150 W ICP power.

A more promising result came from a recipe using 30/20/7.5 sccm of,R4CI
with a bias and ICP back to3and 125 respectivelylhe results are show in figure
58, where pattern transfer is still not ideal the surface is left very smooth. The
drawback is the shallow lens result ahd inconsistency between lenslatross the

sampleas shown in the image.
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AccV SpotMagn WD —— 10 ym Acc.Y  SpotMagn WD |—_| 1M0am
100KV 3.0 2000x 314 ER9060 mntype 10.0kV 3.0 3500x 314 ER9060mn type

Figure 57 Result 0f30/20/7.5 sccm of Ar/GJO,. Pattern transfer is inconsistent
across the sample.

Conclusion andFuture Experimentation

In conclusion, it seems that generating variable height lenslets is a strong
possibility for improving light extraction in the IR&ystem. Not only that, but these
recipes are able iaclude some surface roughenitagscatter reflected lighib
combination with the leslets to increase focud.he range of lens shapes thatlddoe
generated at this time is limitekdowever there are many possible paths to correct this
limitation. While some work was done on lookimgo photoresist lens shaping, all
kinds of initial lens shapes may be created by changing the photoresist, spin speed,
mask shape, development parameters and melt parameters. Also, by changing gas
chemistry, ICP power, bias power, and other ICP param#te lens shapes will turn
out differently.

There are also ways to decrease surface roughness. If the roughness is caused
by high temperature, as indicated in some literaf88, it may be beneficially to
reset the etch every 5 or 10 minutes to allbevsample to cool before continuing.

Also, adding a more isotropic GaSb etch step at the end of the recipe may clear up and
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reduce the grassy surface. Another option is to put the lenslets into a wet etch to
smooth out the surface assuming no damagdens to théens shape Lastly, perhaps
bathing the sample in a solution of silica beads and agitating with ultrasound could
physically remove grass

The next phase of lens research for these IRSP systems is to implement binary
phase Fresnel lenses (BRffLas showm figure 58[84]. This solution could be
ideal, because it focuses light on a target an exact distance away. By etching
concentric rings around the center of the
focus to the point of the colliniag optics for a HWIL seto [85-86]. Further, once
the mask is designed, the photolithography and etch step become much simpler, as a

target etch depth must be reached but can tolerate some error.
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Figure 58 Diagram explaining the concept of a BPJ8Y4]. (a) shows a full lens
shape. (b) shows the Fresnel lens equivalent. (c) shows the binary phase
equivalent.
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The hardest challenge with these solutions is performing the surface treatment
on a finished SLEDs hybrid. While it is easy to test a bulk samfpGaSh, it is much
more difficult on a full array. If done before hybridization, it must be certain that the
features can survive fliphip bonding, which is an area where BPFLs will also excel
over lenslets. If done after hybridization, it must beate that nadamage is done to
the hybrid, which may bdifficult when considering how the ICP operatésBPFLs
are pursued, a simple oxygen plasma clean step after the etch in the ICP should make

photoresist removaldon-problematic
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Chapter 4

TWO WIRE TRANSMIS SION LINE FOR CHIP TO CHIP OPTICAL
COMMUNICATION

Introduction

As CMOS processe®ntinue to improve and smallercuitry increases the
computational ability of modern computer processors, the connections, botthiiptra
and interchip, become thbottlereck[87-88]. That is, as advanced VLSI creates
smaller circuit components,ncr easi ng a processord6s compu:
improve overall performandegecause their information cannot be transmitted within
or outside the chip fast enougRarallelprocessingan alleviate thiproblemby
dividing thecomputation between processors, but there are still fundantierital
Moreover, improving the interconnects in a parallel system then greatly improves
processing speed, assuming the processors can be madadastdr

The traditional metal wire carrying a digital signal has a fundambittedte
limit based on its asperatio[87]. The longer and thinner a line is, the smaller the bit
rate that it can transmifThe problentomes fronthe time required to change the
voltage level on the wire, since digital signals require a rapid change between the
Ahi gho and afgleowo Tvhe | arger a wirebs ti me
takes. When a time constant gets too high, the sighkir, which would show as a
cl osing of aydhdagrdnes Wigue 59[8@]. With an increasing time
constantthe slges of the lines going up addwnwill get stretched horizontallgnd

eventually will not reach the voltage level required in the time given by the clock
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period.This closing of the eyés caused by one of two factors, depending on

frequency and conduatavidth [87]. The first cause itheskin effectmakingthe

conductionexistonly close to the surface of the wire. This cause dominates more at

higher frequencies, where the skin depth gets smaller and smaller. The second cause

is bulk resistance, wheithe resistance of timeetal increases the time constant. This

causdas more ofa problem as the cross sectional area of the wire gets snialler.

figure 6Q Miller and Ozaktas show which mechanism will domir{&#@. There are

ways to engineer better bit rates throug

h metal interconnects, but there will atill be

fundamental limit to data transmission over conventional wires.
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Figure60 Mi | | er and Ozaktasd plot showing whi
in a conductor based on frequency and conduweiddth [87].

Optical Interconnets

A solution to the bit rate problem that traditional metal wires face is to switch
to an optical signal, because a phat@avelling through space or a dielectric medium
is not ashinderedas an electrotravelling throughmetal[89-90]. This advantagean
already be seen on a larger scale, as almost all long distance transmission of data is
done oveppticalfiber. These distances can be as long as oceans, where undersea
fiber cables are laid, but have even become as short as the cablesbeiks in a
data center.The greatest challenge here is integratiregpptical components (light
sources, receivers, and transmitting mediums) into already well developed silicon
CMOS technologyl BM6s Terabus for examplPEB uses a
with transceivers for chio-chip communicatiorf91]. On chip, optical components

have been developed for CMOS silicon on insulator technol{@2eg3]. Optical
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interconnects have even been investigated using gold metal as the medium by exciting
suface plasmon polaritorte carry signals from one end oP&Bto the other[94].

An entire area of research called silicon photonics has been working toward
developing optical components on silicon for daé@smission95-97]. Light sources
includingsilicon lasers have been developed and improved [g8h01]. Silicon
ring resonators have been shown as operational modulators for a light[402rce
104). With developments like these, optical interconnects are a possible source of
hope forsustainngMoor eds | aw i nto t he fgghsuequwere Howe
many new components, there may be a way to implementitedonds already

connecting a chip to its packag@&his chapter will discuss implementing this idea.

Transmission Ling
An electric current carried over a wire with electrons moving in one direction
is direct curren{DC). Alternating current (AC) has the electrons moving back and
forth at some frequency, for exam@@Hz for the power in an American outlet.
Once AC raches a high enough frequency, it is begins to radiate too much power for
efficient transmision over long distanced his power losss whyonce frequencies
increase into the microwavegimetransmission lines are useHigure 61shows

some transmissioline geometrieflL05].
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Common types of transmission lines

Parallel-plate Two-wire (twin-lead) Coaxial
transmission line transmission line transmission line

Each structure (including the twin lead) may have a dielectric between two
conductors used to keep the separation between the metallic elements
constant, so that the electrical properties would be constant.

Figure 61 Parallel plate, two wire, and coaxtehnsmission linegL05).

Transmission lines propagate electromagrfetlds generated bthe
alternating current between conductofere are many types, but a simple two
parallel wiresystem will be discussed her€igure 62shows the fields generated
betveen the two conducting wirgs06]. These fields are in the transverse
electromagnetic (TEM) mode, meaning their electric and magnetic fields are
perpendicular to the direction pfopagation.Once frequencies approagilyahertz
andterahertz magnitudes, heavydes start to become a conceBecause of these
high-loss concerndransmission lines for frequencies higher than the terahentwtre

traditionally considered.
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Both field planes perpendicular (fransverse) to
direction of signal propagation.

Figure 62 TEM mode in a two wire transmission lifie06]. Electric fields go
between wires while magnetic fields loop around them, both
perpendicular to waveropagation

Terahertz Two Wire Transmission Lines

Creating erahertlbeamsandtransmitting thenhave become aarea of
interes{107-109. While most terahertransmission is done through other types of
waveguide$110-114), single wire[115] and two wire transmission lines have been
investigated. A two wire transmission lingth low bending lossvas shown to
transmit the TEM moel [116. Also, the theory of the operation of a two wire
transmission line and its loss coefficient were calculfitéd). Since terahertz
frequencies bridge the gap betwéeamicrowave and optical, it is then a question of
whethertransmission lines are applicable at optical frequencies, and if so what are the

constraints.
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Design

Design Using Bon#Vire Technology

Taking into account previous research and the need for fasthiper
communication, a novel use for a w&hownconnedion is shownn figure 63 A
waveguide that takes advantage of existing bond wire technology using infrared
wavelengths would create an opticahnection between two adjacent chipata
signals carried by infrared light can couple into the trans\destromagnetic (TEM)
mode between two gold conductors by placing a vertical cavity surface emitting laser
(VCSEL) between two bond wireS.hese two wires then serve as optical
transmission lines guiding the light to a photodetector on the etlieiThemode has
both electric and magnetic fields perpendicular to the direction of propagation and is
concentrated near the inside of each wiFhis design removes any extra optical

elemernts from modern chip packaging.

bond wires
- photodetector

guided optical
signal

Figure 63 Bondwires bridge two adjacent chips to use IR light to communicate
between a VCSEL and photodetector.

Challenges
There are several challenges with the proposed design that have to be
addressedUsing optical signals guarantees fast communication gheterough
power can go from the VCSEL to the photodeteciliar.calculate the loss of the two

wire design there arseveral factors to considdfirst is the transmission loss from
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the conducting wires, which we can cabtel with skin effect analysiCoupling loss
will be very significant as well, which may be mitigated by tberseradiation
patternmatching the mode shapéthe waveguide Minor wire misalignment as well
as varying separation along the waveguideacause loss via reflectionLastly,

curvature loss should be considered as well.

Transmission Line Loss

Skin Effect Analysis
Skin effect analysis is used to find the loss in terms of distance traveled on a
conductive transmission linélhe magnetic fields at the surface of the conductdr wil
be equal to the magnetic fields just inside the condudtbe. electric field then just
inside the conductor can be found by sol vi
spatial variation in the direction normal to the conductors is much greaten tthen
direction of propagatiofii1g. Another explanation of that assumption is that the skin

depth is muclsmaller than the wavelength.

Figure 64 A point visualized between twmarallellines The two distances and
r, represent the shortest distance betwberines and the point.
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Finding the power lost then starts with finding the magnetic fields on the
surface of the conductorsinding the field distribution for the TEM mode of a two
wire system means solving for the fields in a two dimensional sliteedfvo wire
waveguide, normal to the direction of propagatid. start, model the two wires as
line charges with the lines at a position inside the {ililg]. The voltage between the

line chargesyisualizedin figure &, can be shown as

ar: ¢
\ = An - 4.1
(Xy) ﬁ { (4.1)

Here,V is the voltage at the poir(lx, y), and isa function of the consta,

andr; andr,, which are the distance between the point anadppesitefirst and

second line charges.

Figure 65 A slice of the two wire system. The wires have ratuare spaced a
distanced from the center. The distansérom the center to the wire
represents the location of line charges to map the potential at any point
usingequatiord.1

This geometryis illustrated infigure 65 which also shows the relationship

between the two wires of radils and the location of the corresporglin
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representative line chargeBoth line charges are a distareaway from the midpoint
of thespacing between the twares. The last variablel is the distance of the center
of each wire from the midpoint of the spacing between thEhe equation that gives
a value fors such that the voltage equatiord.1 is equal along the outside of the

conductor is

s={d® -R. (4.2)

The electric fields can then be found as the derivative of the voltage:

_dv(xy) _, 44 %- §79)
EET0 (@ 2% R 3 20x % (4.3)
g =X Soxy (4.4)

g dy _'j(sz-st w2 )L 24sx B 3)“‘

Usi ng Ma x we lahdéhse impedamce bfithe meslifiree space in
this casg themagnetic fields are fond from the electric fieldsFigure 66shows
mapping the intensity of these fields against the geometry of the two dimensional slice
of the two wires, where red areas indicate highest intensity and blue areas indicate

lowest.
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Figure 66 Field intensity of TEM mode between two wires. The blue and red
represent the ends of the spectrum of low and high intensities,
respectively.

The analysis and formulation for conductor loss found in Jackson uses static
conductivity and is valid only foolw frequencies.The complex conductivity, or
complex refractive index, of the conductor must be used to find the lost power for
higher frequenciefl18]. To find the complex refractive indices for any given
material and frequency, one can just use acgoaf empirically found valugd.19

12Q. Tofind the formulation for loss using the complex conductivity, start with

Maxwel |l 6s 4th equation:
D 3H F e% T%E reg% ( rea? I reaﬁe (45)
Both s, and €, are both only real valuesio account for high frequency,

substitute the complex permittivity
. S
e= +i— 4.6
e+ (4.6)

in for the real permittivity and find that

P3H =iwg B E 4.7)
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In equatios 4.6 and 4.7s or €, arean approximation and an®t yet

el
accounting for the out of phase components of the equaliorontinue the complex

analysis, we start with the fields that go into the conductor
E,H e %™, (4.9
where d is the skin deptlandsrepresents the normal coordinate into the conductor

[118, given as

a 2
At this point, the analysis deviates from the low frequency (DC) analysis.

Takingequatiord.9in the complex form, sulituting for the low frequency

conductivity with its equivalent shown eguatiord.7, and allowinge,, to become
complex, the result is:
1:\/””?“ e Bl ang gy (4.10)
a 2 o

Here n representshe complex refractivendexand the speed of lightt is used
to simplify the equationUsing this formulation for the inverse skin depth and

substitutingnto equatiord.8, the fields

_Xm+in)(1i)i k(rwifa)(li, wonx 2, A
ELEH e 2 e x e ec =’ e (4.11)

can be found where the end of this equation changes the form of the radial frequency
divided by the speed of light to the equivalent inverse free space wavelength,
Equation 4.1implies that using the complex analysis thed$einside the conductor
can be modedld as a wave propagating into it normal to the surface

Linking equatior4.8 toequatiord.11, the high frequency (AC) skin depth is

shown to be
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