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Chapter 6

Application of the ELO Technique to
Microwave and Photonic Devices

6.1 Introduction

Theepitaxiallift off (ELO) method, alreadgliscussed irChapter 3,hasbeen
shown to be ammportant processingtechnique thathas allowed manipulation of
extremely thin epitaxidiilms. It has alsallowed thehybrid integration of devices
from different material systems on acommon alternativesubstrate.  Hybrid
integration with transparent substrates allows optical contact to the backdsvibe
which is usually not accessible with common substrate thinning methads as
back-lapping. Hybridintegration with alternative substrates with highethermal
conductivity is useful for devices with higlower dissipation. Furthermore, hybrid
integration with Sisubstrates opens upe opportunity tointegratehigh quality,
unstrained AlGaAs/GaAs devices with Si devices.

In this chapter, workwvill be presented on AGa-xAs/GaAs heterostructure
devices that have been separated from their GaAs substrates and baaitéedatiive
substrates. DC-IV characteristics will be taken on AlAs/GaAs double barrier resonant
tunneling diodes (DBRTDs) and quantum well injection transit (QWdiddles both
before and after ELO. Furthermore, a discussioth@fspecific contact resistivity of
the ohmic contacts formed on the backside ofEh® layers will bepresented. The
benefits of bonding various devices to transparent substrdtedso be presented.
These devices include an optically controlled coplanar waveguide structure and
double heterostructure and multi-quantum well type light emitting diodes (LEDs).

6.2 Epitaxial Lift Off of AlIAs/GaAs DBRTDs and Integration with
Alternative Substrates using In-based Bonds

As discussed in Chapters 4 and 5, the AlIAs/GaAs DBRTDI MWL Ts that
have beergrown, fabricated and tested in this research exhibit very high current
densities that typically range from 20 kAZto 100 kA/cn?. With these high current
densities, one can expect that the "junction” temperatures of these devices reach fairly
high temperatures. These high temperatwas increase inelastitunneling,
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especially in AlAs/GaAsdevices, andother thermionicbased components of the
overall current alreadgliscussed in Chapters 4 and 5. Increasetastic tunneling
contributes to a rise in the valley current and a reduction in the peak-to-valley current
ratio PVCR) of DBRTDs andQWITTs. Experimentallythe valley currents and
PVCRs of AlGaAs/GaAs DBRTDs have been monitored as a function of
temperaturdflul87] [VaL89 [ShX9]1. Currently,there are no modelshich can
accurately predict the overall characteristics of a DBRTD. The mechawisitis
occur in the NDR region and into the valley are specifically not wmadlerstood at
this time. In Chapter 5, an AlGaAs/AlAghair barrierwas utilized to reduce the
valley current and increase tR&CR. Inthis section, througkhe use of ELO, the
effects of placing theéhigh current densityAlAs/GaAs DBRTD and QWITT on
alternative substrates of higher and lowehermal conductivity areexamined.
Without going through the thermalodel, atleast it is intuitive that th&unction” or

in this casethe quantum welshould beplaced as close to substrate of higher
thermal conductivity apossible. With this goal inmind, ELO is anideal tool for
placing the "junction” of a device very close to an alternatiuestrate. Furthermore,

a simple thermal model is used as a guide.

Thefirst AlAs/GaAs DBRTD thathasbeen liftedoff its GaAs substrate was
bonded to an InfAuCcoatedglass slide. Since the two-terminal devicgtructures
that are fabricated ithis processare notplanarized,the n+ GaAs substrate is
normally used ashe second terminal, ashown in Figure3.2. This first ELO
AlAs/GaAs DBRTD was actuallgrown on asemi-insulating substrate and therefore
could not be tested before ELO. typical cross-sectional diagram of thievice is
shown in Figure 6.1.Since this sample could not be tested before Eh®DC-IV
characteristics of this device will be compared to DBRWih the exact same layer
structures as this sample.



98

Growth Interruption Schedule
600 seconds
600 secondss

Reversh5000A 4 x 138cm3 n+ GaAs
Bias | 100A 6x137cm3 n GaAs

100A 5x136cm3 n- GaAs 9
4 secondse| 3
50A Undoped GaAs =N
e 4 seconds® ¢ 2
17A Undoped AlAs T =
4 seconds®| = @
50A Undoped GaAs 24
4 secondse| 5
17A Undoped AlAs = 0
4 secondsdq 2. @
vy | 50A Undoped GaAs D
4 secondsd <

100A 5x136cm3 n- GaAs

600 secondss-
100A 6x137cm3 n GaAs
A 600 seconds

5000A 4 x108cm3 n+ GaAs
- 1000A undoped AlAs release lajer |€mperature of substrate

during growth of AlAs release
layer is 640C

Temperature of substrate

Semi-insulating GaAs substrat¢  during growth of all
FoBryvard other layers is 600C
ias

Figure 6.1: Cross-sectionaliagram of the layer structuréor the first ELO
AlAs/GaAs DBRTD (MBERun# 1043) grown in thistudy. Note thatthis sample

was grown on aemi-insulating substrate and therefore could not be tested before
ELO. Subsequent DBRTDs (MBE Run#1376) &W/ITTs (MBE Runs# 1437 and
2028) were grown on n+ GaAs substrates with heavily n+ doped AlAs release layers.

The topside ohmic contact metallization was evaporated onto the pre-patterned sample
using the fabricationprocedures in Chapter 4, sectidr8. The samplewvas then
mesaisolated,making surethat the mesa isolation etdid not penetrate the 5000A

n+ GaAs layer just abovihe AlAsreleasdayer. The mesa etclised was &:1:1
HoSOy:H202:H20 etchant. The ohmic contacts are then annealed at@3506r 30
seconds. After complete processing,the samples were preparefbr ELO as
described previously in Chapter 3. 8Bown in Figures 3.3and 3.4, since the
quantum well of these DBRTDa&Iso containAlAs layers, it is veryimportant to
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protect them byensuringcomplete coverage of the edge of tmesas with the
Apiezon W blackwax. After the ELO DBRTDs have lifted-offfrom the GaAs
substrate, they were transferred onto an In/Aatatedglass slide. The top indium
metallization on thelide was 2000A thick. The samplesstill wet from a DI-HO
rinse, werethen placed on thmetallizedslide. The DBRTD/slide combination was
placed overnight in a vacuutmag, which providesabout 18 Pa (15Ib/in?) of
uniform pressure to the top of the sample. Afterwéndsamples were baked in an
oven at 90C to remove any moisture and to obtain better adherence to the indium
metallized slide. Subsequently, the lift off device wkxed on a hgplate at 100C

to obtain direct heating of the back of the glass slide. Slight deformation biaattke
wax carrier did occur which resulted in a few cracktheELO film. After cooling,
the Apiezon Wwax was removed with trichloroethan€éTCA), with the ELO
DBRTDs remaining on the In/Au/Cglass slide. The ELO DBRTDs were then
annealed at 35C for 150 seconds in order to form ailloyed In/GaAsohmic
backside contactLpK84 . The purpose onthe Au is to help reduce the sheet
resistance of the composite In/Au/Cr sinbes layer musthow be used athe 2nd
terminal to theELO DBRTD. The Cr isused to ensurdhat the composite
metallization adheres to the glass slide.

Upon completion of processirtge devicesvere testedising aKeithley 230
programmable voltage source and a Keithley 195A digital multimeter controlled by an
IBM PC-AT. Theresults shownhere arefor devices approximatel-5 pum in
diameter. Thé&eLO DBRTDs were tested with @&wo-probearrangement with one
probe touchingthe topside contact and the othemprobe touchingthe In/Au/Cr
metallization on the glass slide.

The current density-voltagé¢J-V) characteristics (average and standard
deviation)for both structuresire summarized in Tabi&1. Also a typicalforward
bias J-Vcharacteristic of th&LO DBRTD isplotted together witliorward bias J-V
characteristics of the baseline DBRTDsHigure 6.2. Forward bias idefined as
electron injectiorfrom the backside contathroughthe quantum well to the topside
contact.



ELO DBRTD Baseline DBRTD
Parameters Forward |Reverse [[Forward |Reverse

Bias Bias Bias Bias
Peak Voltage, 0.9 0.03| 0.81+ .03 | 0.72+ .07 | 0.64+ .06
Vp - Vy, AV 0.11+ .02 | 0.13+ .03 0.3+ .06 | 0.26% .05
Peak Current Density45+ 6 42+ 55 521+ 47| 51.3+ 4.4
Jp (kA/cm?)
Jp - d, AJ 27.4+ 471 28.9+ 4.3 38.6+x 4.6 | 39.3+ 45
Peak-to-Valley 26+ 0.17] 3.2+ 0.22) 3.9+ 04 | 4.3+ 05

Current Ratio

100

Table6.1: (haracteristic J-Watafor the ELO DBRTD (MBE Run# 1043) and a
standard baseline DBRTD. Natee higher peakoltage, lowerAV, lower AJ, and

lower PVCR of the ELO DBRTD.
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Figure 6.2: Typical forward bias J-Vcharacteristic§or the ELO DBRTD and a
baseline DBRTD. The closed circles are the measurements fiakenbaseline
AlAs/GaAs DBRTD and theopen circlesare the measurements takiem an ELO
AlAs/GaAs DBRTD. Note in the J-V characteristic of th&LO DBRTD on
In/AuCr/glassthat the valley current profile theLO DBRTD rises faster and the

PVCR and thé\V are reduced.

As is evident fromFigure 6.2, the ELO DBRTD exhibited NDR with J-V
characteristics comparable to the basdBRTDs. Slight degradations the key
electrical parameters (PVCRY, andAJ) of the ELO DBRTD may be attributed to a
poor backside ohmic contaeind theobserved faster rise in it&lley current. As
stated earlierthe valley current is a function of the temperature dependelaistic
tunneling that occurs in AIAs/GaA3BRTDs. The possible rise inemperature may
be due to the fact that the ELO DBRTA&s mounted on ametallizedglass substrate,
which actually produces a higher thermal resistance thart tB@aAs substrate of the
baseline DBRTDs. Althougkthe specific contact resistivity of the backsilamic
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contacts cannot be determined directly from these structures, it has been approximated
indirectly from a program which can extract current density-eleio#lid, J-E, curves
from measuredC-IV characteristicsNIil90] . Since thes of the quantum well is
known, aswell as thedoping concentrations anthyer thicknesses,one can
approximate the specific contact resistivity of the backside ohmic contisobg this
program,the specific contact resistivity of the backside contaat 8 x16 Q-cm?.
Although theelectrical contact to the deviagas satisfactorythe mechanical and
thermal contact to the substrate were gpaer. Aswith all thin films, it is difficult
to quantitatively evaluate the amount adhesion betweethe ELO film and its
substrate. Aprimitive test is tause a "Scotch” tape teshe ELO DBRTDs on In
did not survivethe tapetests. In fact, as shown in Figuge3, since mechanical
contact to the substrate was poor, it is probable that the theomtattwas also poor
resulting in a higher thermal resistance between the substrate and the device.

Figure 6.3: SEM micrograph of aELO devicebonded to an In/AuCcoatedglass
substrateafter an anneal at 390. Notetheroughness ofhe In at theedges of the
ELO film. This type of bond did not survive a "Scotch” tape test.
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Thus, from this initial experiment, it was foutitht possible improvements could be
made on these ELO DBRTDs if an alternative substrate of higher thermal conductivity
was used. In addition, lzetter mechanicaindthermalbondare requiredor better
reliability and thermal contact to the substrafewrthermorejmproved lowerspecific
contact resistivities are needed to remove paras#iees resistance ithe device
measurements which reduf®/. Note that the extractethackside specificontact
resistivities presented on the previous page for the In-based backside contacts and the
other ohmic backside contacts to be presefats represent thdest possible or a
lower limit on the backside specific contacesistivity. The choice of alternative
substrates fothe AlAs/GaAs DBRTDs is madbased not only ortheir thermal
conductivities, but also on their pre-existing surfaogoothnesswhether they are
optically smooth andare amenable t&DW bonding. Therefore, antempt was
made to bond a simil&LO DBRTD to a Sisubstratecoatedwith the same In/AuCr
metallization toprovide an ohmicontact to the backside of tl O layer. Similar
results were observed on an anotBe© AlAs/GaAs DBRTD (MBE Run# 1376).
This DBRTD utilizes the same structure seen in Figure 6.1 ektapthesubstrate is
n+ GaAs and there isow a500A AlAs release layer that igery heavilydoped n-
type. With such an arrangement, the ELO DBRTD can be tested both befafteand
ELO so that the effects of the integration of Ei€D AIAs/GaAs DBRTD to anther
substrate can bebserved. The J-V characteristidor this DBRTD before andhfter
ELO are summarized in Table 6.2.
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BEFORE ELO AFTER ELO

MBE Run # 1376 MBE Run # 1376
Parameters Forward Reverse Forward Reverse

Bias Bias Bias Bias

Peak Voltage, 0.76+ 0.02 | -0.65+ 0.02| 0.98+ 0.05| -0.82+

0.03
Vp - Vy, AV 0.24+ 0.01 | -0.23+ 0.02] 0.08+ 0.03 606(%71
Peak Current Density63.3+ 3.0 57726 |[[57.2+5.4 | -50.7+ 4.4
Jp (kAlcmZ)
Valley Current 159+ 1.7 -12.8+ 0.6 [ 19.0+ 2.1 | -14.4+ 1.3
Density, ¥
Peak-to-Valley 4.0+ 0.3 4.5+ 0.2 3.0+ 0.1 3.5+ 0.03

Current Ratio

Table 6.2: (haracteristic J-Wdatafor an AIAs/GaAs DBRTD (MBERun# 1376)

both before and after ELO. Again note the higher peak voltage, lbvelower AJ,
and lower PVCR othe ELO DBRTD. Although the devicevas bonded to Si, a
reduction in the valley currentensity wasot seen. As shown in Figu&3, it is
believed that the mechanicahdthermal contact to the backside of tBeO DBRTD
did not provide an improvement over the original substrate.

From the data in Tabl&.2, it wasobservedthat bonding anELO DBRTD to an
In/AuCr coated Si substrate, with its higher thermal conductivity and smamyities
polish, still did not provide an adequate mechanitagrmal, or electricabhmic
contact to thenew substrate. Again, as the previoussample mentioned earlier
(MBE Run# 1043), the valley current densigas higher and thé\V and the PVCR
were reduced. Assumingaaof 0.3 (1Q-cm) for the quantum wil, the extracted
specific contact resistivity of the backside contac®is§ x 1066 Q-cm?. Furthermore,
this type ofbond did not survive aimple "Scotch'tapetest. As aresult of the
unsatisfactory bonds to various dnatedsubstrates, aalternativebondingmedium
was requiredthat couldprovide both abetter ohmic contact to the backside of an
ELO device and an improvethechanicalbond tothe alternativesubstrate. The



105

previously mentioned silver epoxies in Chapter 3 did not provide reasart@bie
contacts and required long cure times at temperaturesheesoftening point of the
Apiezon W black wax.

6.3 Epitaxial Lift Off of AlAs/GaAs QWITTs and Integration with
Alternative Substrates using Pd-based Bonds

An improved bonding method talternative substrates, as discussed in
Chapter 3, section 3.7, incorporates Pthatondingmedium [faS9] . Although
thesebonds provide very goothechanicalbonds tothe alternativesubstrates, the
electrical ohmic contacts quoted were not impressive. In an effort to tesbtrete
to alternative substrates, seveddhs/GaAs QWITT structures with n+AIAs release
layers weregrown on n+ GaAs substratesd processed based ¢me standard
process flows described in Chapters 3 and 4.

The first device structure described here is an ELO AlAS/G2&€I-QWITT.
The J-V characteristics difiis device, before ELO, hawdready been described in
Chapter 4section4.10. Since theAlAs release layer is very heaviloped nype,
measurements could be taken before ELO. A cross-sectional layer structure of this
device is shown in Figuré.12. After complete device characterization, the g
were separated fronthe GaAs substrate and bonded to a Pd/AuGated Si
substrate. During the vacuum bafonding procedure, as describedGhapter 3,
section 3.6 and 3.7, the pressure was maintained at 15dhtithe temperature was
kept at 50C overnight. Upon removal dfhe Apiezon W blackvax, the device was
tested again with the following J-V characteristics summarized in Table 6.3llayo
was attempted initially to improve the backside ohmic contacts.



BEFORE

ELO

MBE Run # 2028

AFTER

ELO

MBE Run # 2028

Parameters Forward Reverse Forward Reverse
Bias Bias Bias Bias

Peak Voltage, ¥ 1.01+0.04 | -7.5+0.41 || 1.2+ 0.05 | -6.7+ 0.7
Vp - Vy, AV 0.20+ 0.00 | -4.9+ 0.36 || 0.17+ 0.04| -3.0+ 0.6
Peak Current Density21.4+ 0.8 -14.1+ 1.2 || 21.6£ 0.6 | -13.9+ 0.4
Jp (kA/cm?)

Valley Current 143+ 0.8 [-6.5£0.6 13.5£ 0.4 | -4.6£ 0.1
Density, ¥

Peak-to-Valley 1.5+0.1 2.2+ 0.3 1.6+ 0.01 | 3.0+ 0.1

Current Ratio
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Table 6.3: (haracteristic J-\data for an AIAs/GaAs DEM-QWTT (MBE Run#
2028) both before andfter ELO. Notethat thePVCR is actually higher and the

valley currentlower after ELO, in both biasnodes. The AV has decreased after
ELO, indicating that the backside ohmic contachas anoverall higher series

resistance.
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A schematicshowing aypical mesa isolateBLO devicebonded to Pd/AuCcoated
Si substrate is shown in Figure 6.4.

o\ A

n+ GaAs buffer layer
257A Palladium
2000A Gold
55A Chromium

n+ silicon substrate

Figure 6.4: lllustration showing aesa isolatedeLO DBRTD or QWITTbonded to

a Pd/AuCrcoated siliconsubstrate. This bond isitially createdusing avacuum
bag/oven combination which provides the proper pressure/temperature combination to
cause a solid phase reaction between the GaAs and Pd to fgaasd

The utilization of Pd as a bonding medium has allowed extrerakdyple bonds with
very goodmechanicaland thermal contact to the Siubstrate. Fronthe DC-IV
characteristics, itvas observedhat thePVCR and y did not degrade and ifact
improvedslightly. From discussions dhe temperature dependence of the valley
current, insection4.6, and inelastidunneling, in sectiod.4, it ispossiblethat the
AlAs/GaAs DEM-QWTT is operating at a slightly lowetlemperature and therefore
exhibits a lower J and higherPVCR. The AV was reduced after ELOpossibly
indicating that the contact resistance of llaekside contacivas hidher than before
ELO. This result igjualitatively consistent witlthe high specificcontact resistance
reported by Yablonovitch andto-workers using Pd bondsY@S9]l  The
morphology ofthe edges ofthe ELO layer and Pd appear to be vetfgan, with no
gaps or bumps at the interface, as shown in Figure 6.5.
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Figure 6.5: SEM micrograph of &L.O DEM-QWITT bonded to a Pd/AuCsoated
n+ silicon substratafter an overnighbond in avacuumbag. Note the snooth
surface with nayaps, bumps odefects at thedges otthe ELO film. This bond is
much improved ovethe In based bonds iterms ofbond strength andeduced

defects.
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The samplewas alloyed at 350C for 1 minute in forming gas to see if an
improvement in the backside ohmic contact resistarmad occur. After the alloy,
no improvements electrically wefeund and in additiontherewas somealamage to
the ELO film as some large bumps and cracks formed ifilthe Oncecracks form
in the ELO film, there can be a tendenéyr the film to lift up from the surrogate
substrate which can peel up additional arearaf which will be discussed further
in Section 6.4. A rough estimate of the backside specific contact resistivity, using the
extraction program mentioned earligras found to be arount.3 x 106° Q-cm?.
This specificcontact resistivity is slightly arse than those eractedusing an In-
based bond.

In an attempt tamprove the backside ohmic contaesistancethe common
PdGerecipesfor normal topside ohmic contact®1§z87 [YuW89 [WalL89 are
used in a secondevicestructure. The seconddevice structure described here is an
ELO Alg.3Gay 7As/AlAs/GaAs chair barrieQWITT (MBE Run# 1437). The J-V
characteristics of this device, before ELO, have already been described in Chapter 5,
section5.4. Across-sectional diagram of thdevice is given irFigure5.9. Aifter
complete device characterization, s@mples were separated frdne substrate and
bonded to a PdGeoated Ssubstrate as shown in FiguBe6. Subsequently, the
ELO device/bonding medium/substrate combination were alloyed &C308r 5
minutes in forming gas in an effort to create ohmic contacts to the backside. As in the
previous sample, the high temperature step created a significant amount of bumps and
cracks in the film. The origins of this type of defect lated to trappedas around
particles which may expand at high temperatures, which witlis®ussed further in
Section 6.4.
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o\ A

n+ GaAs buffer layer
500A Palladium
1400A Germanium
400A Palladium

n+ silicon substrate

Figure 6.6: lllustration showing aesa isolatedELO DBRTD or QWITTbonded to
a typicalPd/Ge/Pdcoated siliconsubstrate. This bond eatedusing avacuum
bag/oven combinationdiscussed inChapter 3, which provideghe proper
pressure/temperature combination to cause a solid pbastgon between the GaAs
and Pd to form Pg5aAs. Subsequentiyhe ELO film/Pd/Ge/Pd combination are
alloyed at 30€C for 5 minutes in order to form an ohmic contact.

The results ofthe measured J-V characteristics before and &€ are given in
Table 6.4. From the datapresented inrable 6.4, it is observedthat the PVCR
increased and the valley curredgnsity decreasedThe AV was also observed to
decrease which indicatdéisat thePd/Ge/Pd ohmibackside contacts after annell
did not provide an adequate specific backside contact resistance. Several factors may
have contributed to thpoor backside specific contacesistance. The Pd/Ge/Pd
metallization scheme/as not tested as a topside ohnaiontact to the mesa isolated
DBRTDs or QWITTs andurthermore, no Cox-Strackpecific contact resistance
measurements were performget. Ideally, avacuum system with a velgw base
pressure (irthe 107 Torr range) is desired for thigpe of metallizatiorsince Ge is
very reactive and can be oxygen contaminated from the alumina toatsten boats
or a high base pressure.



BEFORE ELO AFTER ELO
MBE Run # 1437 MBE Run # 1437
Parameters Forward Reverse Forward Reverse
Bias Bias Bias Bias
Peak Voltage, )d 0.61+0.07 | -2.71+ 0.1 [ 1.1+ 0.18 | -3.2+ 0.1
Vp -y, AV 0.36+ 0.05 | -0.98+ 0.09]| 0.07+ 0.04| -0.54+
' 0.04
Peak Current Density46.8+ 1.5 -64.4+ 19 || 46.3+ 1.7 | -60.1+ 2.0
Jp (kA/cm?)
Valley Current 15.6+ 0.3 -17.1+ 0.4 || 14.2+ 05 | -14.5+ 0.6
Density, ¥
Peak-to-Valley 3.0+£0.1 3.8+ 0.2 3.3+ 0.1 4.1+ 0.1

Current Ratio
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Table6.4: (haracteristic J-\datafor an Alp.3Gay 7As/AlAs/GaAs QWITT (MBE
Run# 1437) both before amdter ELO. Notethat thePVCR isactually higher and

the valley current lower after ELO, in both bm®des. The AV hasdecreased after
ELO, indicating that the backside ohmic contachas anoverall higher series

resistance.

The evaporation system used in thigdy, named "Rilvac”, has a base pressure of
only 3 x 106 Torr. Furthermorethe high backsideontact resistance magiso be
related to the damage thatcurred to thdilm during the alloycycle. The extracted
specific contact resistance of the backside ohmic contacts is approximatet]. xbe
10° Q-cn?. From this section, it is observéuht no degradation in tHeVCR and
Jv were observedfter ELO, but therevas significant decrease AV as a result of

the higher backside ohmantactresistance. In Figuré.7, acomparison between
the J-V curves of the ELO chair barrier QWITT before and after ELO is shown.
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Figure 6.7: Characteristic J-V data for the ELO Chair barrier QWITT before and after
ELO. Notethat thePVCR in both bias directions improved slightly witie only

significant degradation in device characteristics occurring i\thelue to a higher
backside contact resistance after ELO.

The samples described in this section and the previous section represent the first time,
to the best of this author's knowledge, that AlIAs/GaAs DBRTRQWITT structures

have been integrated with Substrates.Othersubstrates dve been investigated as
possible surrogate substrates based on their thermal conductivities, as shaie in

6.5.
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Alternative Substrate Material Thermal Conductivity, k, (Wa@szm)
GaAs (n) 0.5
GaAs (n+) 0.4
Si (undoped) 1.45
Si (high doping) 1.15
Diamond lla 22.0
Copper (OFHC) 4.0
Gold 3.16

Table6.5: Thermal conductivitie$or various materials.Taken from B.S. Perlman
[Col7q .

For cases ofonstant thermal conductivitand no internalheat generation, the
appropriate form of the steady state heat conduction equation is Laplace's equation:
d°T  d*T  d°TO_
+ +

=[1°T=0 6.1
%dx2 dy? dzzg 6.1)

The thermal conductivity is defineflom Fourier's heat conductiorequation, as

shown in equation 6.2.

dar
qx = _kA& (62)

where g is the rate atvhich heat istransferred per uniarea by conduction (heat

flux), k is the thermakonductivity, T isthe temperature, and A is tleeathrough

which the heat igransferred. Simple solutions to these equations werged as a

guide in determining th@ossible benefits ofising aparticularsubstrate and how

much the thermal resistance could fegluced. Complex solutions, which were
performed in thiswork, musttake into account arbitrarghapes,the temperature
dependent thermal conductivity of the materizd®d, the aluminum mole fraction
dependent thermal conductivity of thg@l -xAs/GaAs layersAda8y, internal heat
generation, and the thermal contact resistance of the interfaces between the device and
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its corresponding hybrigubstrate. The thermalresistance, R, for a particular
device can be determined in analogous fashion telectricalresistance, which is
defined as:

R, = -2 (6.3)

where R, is the thermal resistancenixis the maximum temperature at the source of
heat, T is the ambient temperature, anglsPis thepowergenerated fronthe device
and is equal theate of heatransfer. Oneway toreduce the thermal resistance is to
thin the substrate as much as possible, for wthieleLO method is ideal, andond

it to an alternative substrate of higher thermal conductivity.

It should be noted that ELO DBRTDs and QWITTs have been lifted from their
original growth substrates and bonded to ¢hted coppesubstrates, whiclhave
higherthermal conductivities thasilicon, butthe resultant J-V characteristics were
nominally worse inall parameters ointerest. The cause othis degradation of all
parameters may be due to ttmgh surface othe commerciallypurchased copper
foil. Ideally, thiscopper foilshouldhave been opticallpolished forthe smoothest
surface before aBLO bond wasattempted. As aesult, future work mustinclude
optically polishing the copper foil before ELO. Therefore the electrical measurements
obtained thus far on copper substrates will not be presented.

6.4 Process Problems Associated with ELO DBRTDs and QWITTs

As alreadydiscussed irChapter 3, sections®.3.7 and Chapter 6, sections
6.2-6.3, achieving reliablebonds between theELO devices and their surrogate
substrates is one dhe most difficult parts ofthe ELO process. Obtaining good
backside ohmic contacts to the back of Bw® layers puts further restraints on this
process. One of themajor problems in obtainingood contact between the ELO
device and itsurrogate substrate articulatecontamination. Even in a DI4®
environmentcomplete removal of particulates very difficult. Particulates on the
order of< 1um can severely degrade the overall reliability of blead between an

ELO film and its surrogate substrate, as shown in Figure 6.8.
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Figure 6.8: SEM micrograph of particles on tleeder of Jum preventing aeliable
bond at the edge of an ELO QWITT layer and its alternative silicon substrate.

To avoid particulate problems, cleaving the origiawth substrate up tihe edges
of the Apiezon W blackvax carrier beforeELO will aid in preventing excessive
amounts otthe ELO film from extending beyonthe mechanicatupport ofthe wax
carrier and therefore preventingose, brokenpieces of theELO film from re-
adhering to the bottom of tHeLO layer. Even in a DI-BO environment, these
broken pieces othe ELO film can causesevereparticulatecontamination. Aclean
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room environmentvould also beideal for performingthe particlesensitive ELO
bonding procedure.Other types of particulates caralso trapgas bubbles. These
bubbles prevent any formation of a VDW or metal/alloy bond. In addition, during the
alloy stages ofcreating a metal/alloppond, the particulates and/dsubbles tend to
expand and burst causing pits or extremely small "craters", as shown in Figure 6.9.
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Figure 6.9: Photograph showing regions wheere were very sall bubblesthat
burst or broke upon rapid thermal annealing the backside ohmic contacts.
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Preventing excessive bubble formation can be done throughthsipgopervacuum
bag/oven temperaturgettings and proper substraieaningmethods. The strong
vacuum in the vacuum bag helps draw out both moisture and any trappett eiay
be underneath thELO film. While under vacuumthe vacuum bag/ELO sample
combination can be placed in a Blue M Bakwen at slightlyelevated émperatures.
These raised temperaturediate thesolid phaseeaction between theLO film and
the In-based or Pd-based bonding medium. Pressures db/il8 and oven
temperatures of 3C for one overnight period have befennd to work verywell in
preventing bubble formation duriri§.O bonding to In-based or Pd-based bonding
mediums. Pre-existing crackstime ELO films, due to damagéat can occur to an
ELO film if it is not suspended aanchored after ihas separated from its original
substratecanalso result in poobonds tothe alternativesubstrate, as shown in
Figure 6.10.

gp45 25KV

Figure 6.10: SEM micrograph of cracks that formed in an ELO DEMIQVend its
subsequent release from the surrogate substrate.
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Specific to the DBRTDs anQWITTS, it is veryimportant to apply the Apiezon W
black wax properly oveithe mesa isolated devices since tiés barriers of the
guantum wells can also get attacked by the 10% HF dthangjft off procedure. In
Figure 6.11, @&©BRTD at theedge of theELO film was not properly protected with
Apiezon W black wax.

Figure 6.11: SEM micrographshowing the peeling up of the top half of an
AlAs/GaAs DBRTD, above the quantuneilly which wasnot covered properly with
Apiezon W black wax during the lift off in 10% HF.
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6.5 Epitaxial Lift Off of an Optically Controlled Schottky Contacted
Coplanar Waveguide (CPW) Phase Shifterand Bonds to Transparent
Substrates

The purpose of thissection is toshow the significant improvement in the
performance of a Schottky-contactmblanarwaveguidg[CPW) structure as @esult
of using the ELO methodDevice fabrication and testing of thidevice is performed
by M. Saiful Islam [sI93] with the ELO fabrication methods performed by this
author. The ELO Schottky-contacted CPW phase shifter islewvice thatallows
microwave signals to be carried along its length which undergo large phase shifts due
to optically controlling the RGshunt admittance of thetransmission line. The
Schottky contacts are heavily reverse biased thillightly n-typedopedepi film is
almost fully depleted, ashown in Figures.12. Forthe layerthicknesses shown in
Figure 6.12, reverse biases of about 20 V are needed to fully deplete the epi-layer. At
these voltagéiases, s@ll amounts ofllumination can cause significachanges in
the admittance of the device structure. For this optically sensitive deviceusehs,
the metallizationmust be rade very thick to avoid anylosses. Ifthe optical
illumination is incidentfrom the top of thesample, it isapparent that the thick
metallization shadows or blocks the majority of the illuminatidiypical parameters
of interestfor this type of device are the insertidoss, the optically inducegphase
shift, and most importantly, the loss per degree of phase shift or the "loss figure".

In the fabrication of this deviceks[93], the metallization pattern is laidown
on the epitaxialGaAs/semi-insulating GaAs substrateing aphotoresist/polyimide
lift off process. Since themetallization is extremelthick, the photoresist profile is
very important where a reverse gradient in the profildesired. Unfortunatelythis
profile does not alway®ccur and thereforepin tall metalflags remain after the
photoresist habeenremoved. These flagsan break and sometimsbort out the
r.f. signal line to r.f. ground. Ithe ELO processthe application of the Apiezon W
black wax apparently helps remove thellags, many times improving thelevice
yield after ELO compared to the yield before ELO.
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lllumination from the top is almost completely
shadowed by the metallization which covers
the majority of the device.

| |
Rig R D

I 7uml  1Qum I 7uml
rf ground rf signal rf ground
A | | | | A
2um n- GaAs epitaxial layer
350A Cr+ 1.2um Ag =7 x 10>cm3 350A Cr + 1.2um Ag

500A AlAs Release Layer

Semi-insulating GaAs Substrate
500 um thick

T

Access to fully depleted epitaxial layer impossible
due to thick GaAs substrate.

Figure 6.12: lllustration depicting a typicabchottky contacted CPWphase shifter
before ELO. Notall deviceprocessing and testing performed by M. Saifil&m.
The ELO processing of this device is performed by this author.

Since these devices are faithrge, typical dimensions ofthe ELO films for these
devices are about 0.8 inches®¥ inches. Films aslarge as 1 inch by 1 inch have
been separated from their substrate. The ELO process, as apphiedEt® CPWs,
follows the process described in Chapter 3 with some minor variationspodtbess.
First, since these devicgtructuresare very large,the timefor complete separation
from the GaAs substratenay be realistically asong as 64 hourslue to bubble
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formation, indium on the edges thfe chip, and improper tension ithe wax carrier.
Onceseparated fronthe substratethe ELO film is quite sturdy due tothe thick
topside metallization. ThedeLO CPWsare usually bonded bywDW bonds or
cyanoacrylates to cledusedquartz slides with dimensions a&f5 inches by0.75
inches. IfVDW bondsareused,then theELO film's manipulation andonding all
occur under DI-HO which isthe cleanest environment thatas available. If
adhesives such agyanoacrylates or UV curable epoxiase used, then thefilm
manipulation andondingare performed in a fumbdood. The bond line of the
cyanoacrylates is very thin and uniform and offer a very good botie tsansparent
quartz slides. During the bonding stage of tHels® CPWs, attentiomust bepaid
to the thick topside metallization which occasionally extends beyondgdhkecarrier's
periphery. Sincéhe topsidemetallization isvery flexible, it has aendency tovrap
aroundthe bottom of thevax carrier during VDW or cyanoacrylatdbonding. The
best way taavoid this problem is toleave thesample/substrate to trexiges of the
Apiezon blackwax carrier onall sides suchthat this topsidemetallizationdoes not
become groblem. Furthermore, excessive amountsyanoacrylateshould be
avoided since any extra cyanoacryl#tat gets pushed out frommnderneath the
sample during vacuum bag bonding will spread ahi top of thewax carrier.
Cyanoacrylate on top of th@ax carrier preventsubsequentemoval of the black
wax with TCA. Althoughacetone can remove the cyanoacrylate, itatao degrade
the backsidebond ofthe ELO film to the quartz slide at thedges. The use of
cyanoacrylates oveWDW bonds hasallowed the freedom tavork in a non-
cleanroom environment and given much moediable bonds to transparent
substrates. A typical schematic of an ELO CPW d&iteDd is shown in Figures.13.
Once theELO CPWhasbeen bonded tthe quartzslide, the sample isiow on a

transparent substrate as well as a substrate of ldelectricconstant. GaAs has a
relative dielectric constant @f = 13 whereas quartzas arelative dielectricconstant

of &, = 3.8 Bal89 . Throughthe use of a transparent surrogatgbstrate greater
optical control of theELO CPW can be obtaineschow that optical contact to the
backside of the fully depleted n- GaAs epi-layer can be obtain@ticalllumination

of the device can be done by either a light emitting diode or semiconductor laser diode
operating at 800nm.
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lllumination from the top is almost completely
shadowed by the metallization which covers
the majority of the device.

EghiNERg g

[ 7uml  1Qum [ 7uml
rf ground rf signal rf ground
A | | | | A
2um n- GaAs epitaxial layer
350A Cr + 1.2um Ag =7 x 105cnr3 350A Cr + 1.2um Ad

Clear fused quartz slide

Optical contact to the fully depleted n-GaAs layer
is now possible with no shadowing or blocking
of optical illumination due to substrate or metallization

Figure 6.13: lllustration showing the ELO CPW bonded ¢tearfusedquartz slide
using either cyanoacrylates or VDW bonds.

The following data [sI93] is takenfor an ELO CPW using asemiconductor laser
diode operating at 809nm with an optical intensity of 0.65 m\&/cm
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Before ELO, After ELO,| After ELO,
illumination  from| illumination  from| illumination  from
the topside. the topside. the backside.
Phase shift’(cm) 45 250° 350
at 30 GHz
Insertion Loss -15 -25 -40
(dB/cm) at 30 GHZ
Approximate LOSS -1.0 -0.1 -0.1
Figure (dB/degreg)
at 30 GHz

Table 6.6: Measurement taken on &LO CPW before and after ELO. The
measurements were taken by M. S. Isl&si 9] .

The ELO CPWhasachieved thdest loss figures of-0.1 dB per degree of phase
shift for any optically controlled phashifter. Inthe ELO CPW, it is observethat

not only was an ELO device integrated with a surrogate substrateesi#indesired
characteristics, but the performance of Ei€O device improveddramatically as a
direct result of ELO. Improvements in a similar ELO deviceER® GaAs Schottky
photodiode KoS92 , were reported after thisork [IST9] was alreadypublished.
Another group has also used ELO to obtain significant improvemetttge iguantum
efficiency of AlGaAs/GaAs/AlGaAs double heterostructures by placing these
heterostructures on substrates of higher reflecti@gyYpP3.

In an effort to fullyintegrate an optically controlle8Schottkycontacted CPW
with its light source, an attempt was made to perform a back-to-back integration of an
ELO CPWandELO light emitting diodgLED) with aclear quartzslide in between
the two devices as shown in Figure 6.14.
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lllumination from the top is almost completely
shadowed by the metallization which covers
the majority of the device.

| |
IR Rg

[ 7uml  1Qum [ 7uml
rf ground rf signal rf ground
A | | | | A
2um n- GaAs epitaxial layer T
350A Cr+ 1.2um Ag =7 x 1d5cms3 350A Cr + 1.2um Ag

Clear fused quartz slide

A A

GaAs buffer layer thickness sufn

Ground ELO light emitting diodes Ground

Figure 6.14: Hybridback-to-back bonding of aBLO CPW and an ELQiouble
heterostructuré.ED or multi-quantum wel(MQW) LED. Boththe ELO CPW and
ELO LED are bonded to the surrogate quartz substrate with cyanoacrylate.

Several double heterostructure and multiquantum (M&)W) LEDs were grown by
MBE and processed using a stripe mask for use astegratedsource ofoptical
illumination for the ELO CPW. The designs and laseuctures used fdhe double
heterostructure LEDs follow those taken from the literatBaDP0] [POA9(Q . The
use ofELO onLEDs hasbeenshown toproduce significant improvement in output
power by using a back reflector once the GaAs substrateceasrémovedHoA9(.

A typical cross-section of an ELO MQW LED grown in this studghiswn in Figure
6.15.
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1000A p+GaAs 1.4 x13%m3
1000A p+ Alg 4Gag gAs
1000A p- Alg 4Gay gAs

1000A undoped GaAs
1000A undoped A} 3Gay 7As

' ' x 14
1000A undoped GaAs :>

1000A n- Alg 4Gay gAS

1000A n+ Al 4Gay gAS

1000A  n+ GaAs 4.3 x 1d8cm3
500A  n+ AlAs release layer

3000A n+ GaAs buffer layer

n+ GaAs substrate

Figure 6.15: lllustration showing a typical MQWLED type structure designed for
emission of light with a wavelength ef 750nm using softwarevritten by T.R.
Block.

Since a planarizedED was not possible due tthe inavailability of aproper mask
set, a singldéayer stripe mask or dot masgkas used to petrn thetopside contacts
which consisted 060A Cr and 1000AAu. Subsequentlythe devicewas mesa
isolated and then a ground contact (Ni/AuGe/Ni/Au) was made to the n+ GaAs buffer
layer. Once the device was completely processed, isearated from its substrate
using the ELO method, as described abmvehe ELO CPWand in Chapter 3, and
bonded to alearfusedquartz slide with cyanoacrylatdJpon testing this device, it
was observedhat minimal lightwas emittedfrom the backside or thedges. A
possibleexplanationfor this poorperformance is due to tHact that these devices
were grown byMBE during a time whernthere were a significant number oval
defects generated in these film. Furthermore, a planarized mdsk #etse devices
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would have simplified theprocessing of thesgpe of devices. With the above
processthe alloy of Ni/AuGe/Ni/Au contacts had to occur after the Astdipes or
dots were patternedThe alloysubsequently causetie stripes or dots tdall up.
Mesa isolation may also not have been desired dtleetaugh surface recombination
velocity at theexposed edges dfie mesas put without a planarizethask,this step
cannot be removed.

6.6 Future Work Involving Hybrid Integration of ELO Devices

A great majority of thegpossibleELO integration schemes could haleen
simplified if planarizedprocesses were used wheieexternal contacts are on the
topside. For example, bondiith O DBRTDs and QWITTs teubstrates of higher
thermal conductivitywould bemuch simpler if the requirement ofgood electrical
ohmic contact were lifted and only the requirements of a good mechanicdieama|
contact to thesubstrate were essentialhus, the needor a special metallization or
bonding medium that forms an ohmic contact to GaAs is not needed. Planarization of
DBRTDs and QWITTswould allow the possible use of solventless, higtermal
conductivity epoxies whiclkeontain no silver flakedispersed withirthe epoxy. A
four level planarizednask set haveen designedor the DBRTDs and QWITTs
which utilizes air-bridge isolation instead of dielectric isolatidgawp] , as shown in
Figure 6.16. By nserting a highly resistive, lowemperature (LT)GaAs layer
between thective devicdayers of a standardLO AlAs/GaAs DBRTD orQWITT
and theAlAs releaselayer, onecan obtainelectrical isolation between thective
device layers and thalternativesubstrateafter ELO. Afew difficulties with this
mask setre still beingworked out andherefore thisprocess has not bettempted
yet. As this process is developed, a structure similar to the one shown inG=itfire
will allow the opportunity to integrate planarized DBRTDs and QWITTSs to alternative
substrates without any concern of obtaining an electrical ohmic contact to the backside
of the ELO layers.
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Two metallization steps required:
1. Ni/AuGe/Ni Ohmic Contact Metallurgy (1000A)
This metallization provides the electroplating base.

2. Electroplated Au Interconnect Metallurgyp(h) Ni/AuGe/Ni/Au air bridge used to
isolate the bias pad from the ground
plane. f
To
Ground
Plane

AlAs barriers
with 17A nominal

thickness \
J

n+ GaAs Buffer Layer

Topside ohmic contact

Mesa Isolated DBRTD
or QWITT structure

Low temperature (LT) GaAs Buffer Layer

undoped or n+ AlAs Epitaxial Liftoff Layer (500A - 1000A)

Semi-insulating or n+ (100) GaAs Substrate

Figure 6.16: lllustration showing the planarized ELO DBRTIWYITT utilizing an
air-bridge for device isolation and an LT-GaAs layer for backside isolation.

In a similarmanner, gplanarizedprocess forthe LEDsused in this study
would allow fabrication otlevicestructureghat have larg@adsthat can béonded
to an external carrieusing a wire bonder.With the ELO LED mounted on the
external carrier, an ELO CPW can easily be integrated to the backldE e quartz
substrate. This wouldllow easyexternal control of th&LO LED as it isused to
optically control the ELO CPW.

Further work should beontinued in the area abonding ELO double
heterostructure LEDs or MQWitructures to pre-patternestibstrates. Preliminary
work hasbeen performed where AlGaAs/GaAs double heterostructures and MQW
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heterostructures have been patterned wsitipes, separated from theisubstrates
using ELO, andhen bonded to pre-patterned silicon and copistratesoated

with Pd. These pre-patterned substrates are etched=l&uwm with straightedges.

After evaporating Pd otthese pre-patterneslibstratesthe ELO stripe patterns are
aligned orthogonally to the edge of the patterns insthtestrate andonded. Once
placed in the vacuum bag for overnight bonding, the temperature avéineis raised
above the softening point of the Apiezon W black wax carrier. The pressure from the
vacuum bag causes the film to bend over the edge of the paitpon removing the

black wax with TCA, it is found that the stripes are cleaved over the patterned edge of
the surrogate substrateThus, this methodmay be applied to formecleaved facets

for stripe lasers with pre-defined lengthsspeecified by the patterns etched in the
surrogate substrates. This method provides a simpler method of cleaving stripe lasers
than the wedge-induced facet cleaving (WFC) metRodp] .



