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Abstract

Large, phased-array apertures for aerospace reconneegssairequire radio-frequency
(RF) photonic interconnects or links. Optical links will prde a host of essential functions
such as true time delay and wideband local communicatidrerfbased links are low mass,
easily reconfigurable, and relatively impervious to terapge. Unfortunately, the standard

RF-optical-RF conversion introduces insertion losses of20@idmore.

There are four primary factors that cause large insertisgds in RF photonic links:
(1) a large impedance mismatch; (2) the modulation effigieafdaser diodes is low; (3)
the optical detectors have poor gain; and (4) not all of tktlis coupled into and out of
the optical fiber. To avoid the resulting packaging and pacassues, the development
of monolithically-integrated semiconductor laser stawies determined to be a promising

candidate for a direct-drive RF photonic link device.

In this dissertation, the development and demonstratidnpafiar cascade (BC) ver-
tical cavity surface emitting lasers (VCSEL) is presentede $ystematic approach to de-
signing, fabricating, and characterizing the criticalnahjunction, incorporating the tunnel
junction into an edge emitting bipolar cascade laser, aradlyithe transition to a VCSEL
structure is detailed. A novel approach prior to growing ahdracterizing BC VCSELSs
was to investigate bipolar cascade light emitting diodekkvmcorporate the microcavity

designs and disentangles the VCSEL cavity effects from tloeacavity.

The best performing-doped oxide aperture microcavity design was then used as
the microcavity for 1-, 2-, and 3-stage BC VCSELSs. The higlefiency modulation char-
acteristics of GaAs-based BC VCSELs operating at 980 nm witAsGannel junctions
andp-doped A} osGay.02As oxide apertures have been measured and analyzed. Méasure
-3 dB laser output modulations of 4.5 GHz for 2-stage and Hk €r 3-stage devices in
response to small-signal current injection at an operaéingperature of -50C are reported

and discussed.
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BIPOLAR CASCADE
VERTICAL-CAVITY SURFACE-EMITTING LASERS
FOR

RF PHOTONIC LINK APPLICATIONS

|. Introduction
1.1 Problem

Large, phased-array apertures for aerospace reconnagssalh require radio fre-
guency (RF) photonic interconnects or links. Optical link# provide a host of essential
functions such as true time delay and wideband local comeation. Fiber-based links are
low mass, easily reconfigurable, and relatively impervitgemperature. The combina-
tion of increased functionality, reduced launch costs, emdronmental insensitivity will
allow RF photonic links to enable future generations of rmukision surveillance satellites.
Unfortunately, the standard RF-optical-RF conversion ohiaes insertion losses of 20 dB
or more. In land-based telecommunication systems, thasedacan be tolerated. In space
systems, power is always at a premium, and RF signal poweeimtist precious of all.

Therefore, space-based RF photonic link research is ongoing

An RF photonic link consists of three primary componentsaliRF-to-optical mod-
ulation component; (2) an optical-to-RF demodulation congo; and (3) the transmission
medium which can be a shor: (1 km) optical fiber or free-space. The RF-to-optical mod-
ulation component can be either a direct-drive componerrevh semiconductor laser is
directly driven by current modulating the RF signal or exsdisndriven where a CW laser

is combined with the RF source in an external modulator.

There are four primary factors that cause large insertiegds in RF photonic links:
(1) a large impedance mismatch between conventional lasdesl and standard RF mi-

croelectronics causes most of the RF power transmitted taiee diode to be reflected;



(2) the modulation efficiency of the laser diodes is somewdwat so strong electronic RF
waveforms become comparatively weak optical waveformpsth@ optical detectors have
poor gain and are not impedance matched to the antenna; amdt(4ll of the light is

coupled into and out of the optical fiber or detection system.

Of these factors, (1) and (2) are by far the most importaneyTdan both be miti-
gated by stacking N (an integer) semiconductor lasers irseBy choosing N properly,
the stack impedance can match the RF driving circuit to saleblpm (1). This approach
addresses problem (2), as well, since it also increasesptiaboutput power and mod-
ulation efficiency by up to a factor of N. On paper, a seriesrasack looks like an ideal
solution, and can even provide RF gain as opposed to loss.H&ug are two serious draw-
backs to this straightforward approach: (1) the resultingkpging costs are very high,
and a fully-interconnected phased-array of such sourga®fsbitively expensive; and (2)
the multitude of solder bonds between devices induce laagasgics and dramatically in-
creases the sensitivity to thermo-mechanical stress.efdrer, such series laser stacks will

perform sub-optimally and exhibit low reliability.

1.2 Objective

To avoid the resulting packaging and parasitic issues, ¢éieldpment of monolithi-
cally integrated semiconductor laser stacks was detednombe a promising candidate for
a direct-drive RF photonic link device. This bipolar casc@8€) laser consists of more
than one multiple quantum well (QW) active region (AR) sepaddly at least one reverse
biased tunnel junction (TJ). To achieve single mode outpuwertical-cavity surface emit-
ting laser (VCSEL) is required to allow for the increased nemiif ARs, TJs, and oxide
apertures (OA) in arg \ optical cavity, where is a positive integer. The design, growth,
fabrication, and characterization of BC VCSELs operatingnarily at 980 nm was per-
formed at the Air Force Research Laboratory. The laser dpusat was accomplished
using the GaAs/AlGaAs/InGaAs material system, rather tha@ninP-based material sys-
tem because (1) the higher bandgap of GaAs relative to In€sdietter temperature per-

formance, and (2) the index contrast between GaAs and higloitent AlGaAs is much



greater than the index contrast in AlinP resulting in fewstributed Bragg reflector (DBR)
mirror pairs during laser growth. inGa, sAs quantum wells, operating at 980 nm, were
chosen because strained InGaAs quantum wells exhibit isugegh-speed performance.
Telecommunication wavelengths of 1u81 and 1.55:m are the “holy grail” for bipolar
cascade lasers. However, any direct-drive RF photonic |joptieation will essentially be a
local area network and loss due to attenuation will be nedhtinegligible in short€1 km)
lengths of optical fiber. Attenuation in a single-mode siliiber at 1.55:m is 0.15 dB/km,
at1.3umis 0.30 dB/km, and at 980 nmis only 0.90 dB/km [31]. The dirote methodol-
ogy also releases the system designer from the telecomatiamecequirements because the
externally driven modulation system is required to opevath telecommunication lasers,

whereas the direct-drive approach combines the laser addlatmn.

The research plan approved by the dissertation committee thie prospectus de-
fense was to systematically develop room-temperatureatipgrBC VCSELSs for RF pho-
tonic link applications. The quantifiable goals are to desti@ie room-temperature high-
speed BC VCSELs with (1) device slope efficiencies greater 1héfiA, (2) small-signal

modulation>5 GHz, and (3) improved impedance matching.

1.3 Approach

To develop BC VCSELs, several systematic steps were requtiest.and foremost
was to develop a robust GaAs-based tunnel junction layectsire. This required verify-
ing carbon-doped GaAs limitations, developing and vemidysilicond-doped GaAs layer
structure limitations, and combining the two layers to depesaAs:C / GaAs:Si tunnel

junctions.

The next systematic step was to develop an edge-emittingggaded bipolar cas-
cade laser (BCL). This was done in multiple stages to verifystiges connected lasers
were operating as expected. The first stage was to designendngtrate multi-color
multiple-cavity BCLs to verify multiple laser operation. Bhallowed for spectral verifi-
cation along with current versus voltage verification of BClegion. The second stage

was to design and demonstrate single-color multiple-g&@Ls to verify improved device



differential quantum efficiency (demonstrated differahguantum efficiencies greater than
1). The final stage was to design and demonstrate single-siolgle-cavity BCLs and ver-

ify single-cavity single-longitudinal mode laser opeoati This last stage verified that the
cavity thickness for single spatial mode edge-emittingiass too small to accommodate

tunnel junctions and active regions.

The next systematic step was to develop BC VCSELs. This wasaalsamplished
in multiple stages. The first stage was to design the BC VCSEL nmodular fashion
so additional stages and reordering the active region,efuynnction and oxide aperture
could be quickly modeled and studied. The second stage wdiséntangle the physics of
the microcavity from the VCSEL cavity and study the microtawdesigns in a BC LED
structure. This allowed for rapid growth, fabrication arfthacterization of numerous
designs studying oxide aperture doping type and arrangeafanicrocavity structures.
Finally, the best performing BC LED microcavity design wasarporated into a VCSEL
structure and 1-, 2-, and 3-stage BC VCSELSs were grown, faledcand characterized for

laser and high-speed operation.

1.4 Summary of Significant Results

The high-frequency modulation characteristics of GaAsellabipolar cascade ver-
tical cavity surface-emitting lasers operating at 980 nrthv@aAs tunnel junctions and
p-doped A} osGa goAs oxide apertures have been measured and analyzed. Slimpenef
cies of 0.46 W/A and 0.36 W/A and -3 dB modulation bandwidths.2fGHz and 4.5 GHz
were measured for the 3- and 2-stage devices, respectatedy operating temperature of
-50°C for devices with 2§:m diameter mesas corresponding tar8 oxide aperture. The
3-stage device operated at room temperature with a slopeseffy of 0.1 W/A and a -3 dB
modulation bandwidth of 3.2 GHz.

This research represents the first demonstration of frezyusssponse in BC VC-
SELs. While this research did not achieve the desired 1 W/A ig@astill on par with the
state-of-the-art (SOA). The combination of large slopecifficy and high-speed frequency

modulation is a significant demonstration.
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1.5 Document Organization

The outline of this document is much in line with the systamapproach laid out
in Section 1.3. First it details the development of TJs bb#otetically, experimentally,
and by application. Second, the historical development of 8{SLpresented. Third, the
systematic development leading to the author’'s demoistraf BC VCSELSs is presented.
This systematic development details the GaAs-based TJapewent, followed by edge
emitting BCL advances, the BC LED investigation, followed bg 8C VCSEL devel-
opment an demonstration. Finally, the conclusions areepted including a summary of

results and possibilities for future investigation.



1. Background
2.1 Degenerate Tunnel Junctions

Semiconductor tunnel junctions have been successfuligided and used in highly
efficient solar cells [1]. For GaAs applicationsdoping has been used to increase the ef-
fective doping concentration [9]. TJs are under invesiigator integration into semicon-
ductor laser devices (1) to improve laser slope efficiendi8§ (2) for impedance match-
ing, (3) for multi-wavelength laser operation [12], (4) tugh-power laser operation [24],
(5) for reducing optical and free-carrier absorption [4]d46) for use as current confine-
ment apertures [33, 34]. This section describes the histiynnel junction development,

fundamentals of semiconductor tunnel junctions, and tlanetion applications.

2.1.1 History. Tunnel junctions, also known as Esaki junctions, were disco
ered by L. Esaki at Bell Labs in 1958 [10]. Esaki was studyirtgrimal field emissions in
a degenerately-doped germanignAn junction when he noticed an “anomalous” current-
voltage characteristic in the forward-biased directiohisTanomaly” was in the form of
a negative differential resistance (NDR) region, which s t#ll-tale signature of a good
quality tunnel junction. Esaki was the first to describe #ffect using the quantum tun-
neling concept and achieved reasonable results betwepaling theory and experimental

results.

Further developments in tunneling theory and experimdetdiniques quickly fol-
lowed. In 1961, Kane formulated a more complete theory ofdéling and developed the
theoretical formulation for the peak current density regdito calculate band-to-band tun-
neling [16]. Chynowetletal. soon followed also in 1961 with the formulation of the excess
current component in tunneling devices [6]. Experimengdidation of Esaki, Kane, and
Chynoweth’s predictions was accomplished by Meyerhefet. in 1962 [27]. Demassa
and Knott formulated a combined theory of Esaki and Kane'skvior predicting tunnel
junction behavior prior to device growth [8]. Roy further amced Demassa and Knott’'s

work by including Chynowetltal. excess current component [30].



2.1.2 Fundamentals of Tunnel Junctions. A tunnel junction is gp-n junction
where thep- andn-doped layers are degenerately doped [42]. Because of thedbjging
levels, the quasi-Fermi levels are located within the aidwands. For tunneling to occur,
four conditions must be achieved: (1) occupied energy statiest exist from which the
electrons are tunneling; (2) unoccupied energy stategaaime energy levels to which the
electrons are tunneling must exist; (3) a low potentialibatreight must exist and a small
barrier width are required for a non-zero tunneling prolighband (4) momentum must be

conserved.

The current versus voltage (IV) characteristics for a thiaiede, as shown in Fig.

2.1, is a summation of three current components

J = Jtunnel + Je:pcess + Jthermal- (21)

These components atk,,...;, the band-to-band tunneling current density,...s, the ex-
cess current density, antl,....;, the minority-carrier diffusion current or thermal curten
density.

| ~THERMAL
BAND-TO-BAND CURRENT
TUNNEL CURRENT :
I

1;/
/4
/4
/}Excess CURRENT

\

0 -V

Figure 2.1: Diagram of a tunnel junction’s IV charactedstillustrating the three current
components [42].

The band-to-band tunneling current component is
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whereV is the drive voltage,J,.. is the current density, ant,..; is the voltage at the
onset of the negative differential resistance region,eesygely. The termV,.,. has been

determined to be [16]

V., +V, kgT Ny N, N, N,
Voeak = P~ In— +1n— . — 4+ —= 2.3
ek 3 3 nNc+nNU+O35(NC+NU)} (2.3)

whereV/, is the amount of degeneracy on theide |V,, = (Er, — Ec)/q], whereEg, is
the electron quasi-Fermi energy afg is the conduction band energy, is the amount of
degeneracy on theside |V, = (Ev — Ef,)/ql, where Ey, is the hole quasi-Fermi energy
and Ey is the valence band energ¥s is Boltzmann’s constant]’ is the temperaturey

is the charge/V, is the donor concentrationy, is the acceptor concentratiofy,. is the

effective density of states in the conduction band defined as

miksT\*”
NC:2< ko ) (2.4)

wherem; is the electron effective mass ahds the reduced Plank’s constant, akglis the

effective density of states in the valence band defined as

mi, +m5 ) kgT 3/2
S (TR -

wherem;, is the heavy hole effective mass amg, is the light hole effective mass.

Jpear NAS been determined to be

D(qV) (2.6)
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gap
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wherem?, ; is the reduced effective mass defined as
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N;, is the reduced effective concentration defined as
NdNa
Ny = —7 2.8
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Vp is the built-in voltageg is the permittivity,E,,,, is the bandgap energy ad#{¢V) is the

overlap integral.

The excess current component is

1/2
4 [ mgypes
Jexcess = Jyalley €XP | 5 ( CJ:f ) (V - %alley) (29)
3\ Ny

where J,qu, IS the current density and, .., is the voltage at the end of the negative
differential resistance region. The excess current compois the most difficult term to
determine theoretically because a high degree of knowletigee growth conditions and
environment must be known and quantified, so effects, sufiloastraps and dislocations,
are known prior to device growth. Figure 2.2 illustrates & feays excess current can
occur in a structure. The pathways CAD and CBD occur due to deepttaps within the
structure. The stair step example from C to D occurs due #& legel transitions combined
with a series of vertical steps in which the electron losesg@nby transferring from one
level to another. The final example, CABD, results in the etectlissipating its energy via

impurity band conduction.

The final component, the thermal current (more commonly knaw the minority

carrier diffusion current) is

1%
Jthermal - Jo |:eXp (ljB_T> - 1:| (210)

where



Figure 2.2:  Example of a few tunneling pathways creatinggsgcurrent [42].

1 (D, 1 |D
—gn? |/ —, |2 2.11
Jo = an; [Na 7o Ny rp] (2.11)

wheren;, is the intrinsic carrier concentration),, is the electron drift diffusion coefficient,
D, is the hole drift diffusion coefficientr, is the electron lifetime, and, is the hole

lifetime.

Qualitative descriptions of the band diagram and IV charéstics in various states
of operation of a tunnel junction are shown in Figure 2.3. urég2.3 a) illustrates the
reverse-biased configuration. Tunneling always occurstiaadarger the reverse bias the
larger the tunneling current. Figure 2.3 b) illustrates de®ice in thermal equilibrium.
There is one Fermi energy level and no net current is gerterd&igure 2.3 c) shows the
effect of band-to-band tunneling. As the forward bias igéased, more occupied states
on the electron side coincide with unoccupied states on d¢ihe $ide. This occurs up to
a maximum tunneling current whevtg. — Fy = Ec — Er, as shown in Figure 2.3 d).
Figure 2.3 e) illustrates the NDR region where the overlapoaiipied states on the electron
side and the unoccupied states on the hole side decreaspsitd where there is no longer
any overlap between the two. The current does not go to zeraulse the excess current
component is non-negligible. Finally, Figure 2.3 f) is theual minority-carrier injection

current or thermal current as obtained in stangardjunction diodes.
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Figure 2.3:  Qualitative description for a tunnel juncti@):reverse-biased tunneling, b)
thermal equilibrium, c) forward-biased tunneling, d) nmanim forward-biased tunneling
current, e) negative differential resistance, f) mineggyrier injection current.

2.1.3 Tunnel Junction Applications. Tunnel devices were immediately recog-
nized as candidates for microwave applications becauseartheling time of carriers through
the potential energy barrier is not governed by the coneeatitransit time, but rather by
the quantum transit probability per unit time which is muaktér than the drift of minority
carriers in standarg-n diodes. Tunnel junctions eventually gave way to fasterteda
devices and are now rarely used for microwave applicatidie next major application
for tunnel junctions was in the development of tandem sadis cThis required significant
research because these tunnel junctions were monolithintgégrated during growth as a
low-resistance interconnect between two different soddlisc This research is still ongo-
ing and tandem solar cells are commercially available. lizatiennel junction research for
other optoelectronic applications, primarily semicortdudasers, has developed rapidly.
Tunnel junctions are being developed as a means of moraalithiconnecting in series a
number of different lasers, as electron-to-hole conveéminatingp-doped DBR mirrors

in a VCSEL and as automatically formed tunnel apertures.
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Research into low-resistance interconnects to monolitlsiaategrate two different
bandgap solar cells, known as tandem solar cells, has begnngnsince the late 1980s.
Figure 2.4 is an illustration of some typical tandem soldr d@esigns. While this design
is a GaAs/AlGaAs tandem solar cell, the highest efficiendarscells are GaAs/InGaP
devices with an efficiency 30%. Requirements include transparency to the lower solar
cell, lattice matching to the substrate, ahgd,, capable of carrying maximum photocur-
rent. Numerous material parameters have been studied. tspasameters for molecular
beam epitaxy (MBE), metal-organic chemical vapor depasifdOCVD), chemical beam
epitaxy (CBE), and liquid phase epitaxy (LPE) have been dpeel@nd are still being re-
fined. Doping materials and techniques to achieve degenerahese devices have been
researched intensively. For GaAs-based structures;dattiatched tunnel junctions made
by GaAs, AlAs, AlGaAs, InGaP, and double heterostructurenél junctions have pro-

duced the most promise, depending on the application.
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Figure 2.4: Schematic diagrams of some typical tandem seladesigns [1].

2.2 Bipolar Cascade Lasers

221 Description. A BCL is an epitaxially-stacked number of semiconductor
lasers separated by reverse-biased tunnel junctions, ithywalence-band electrons are
“recycled” as conduction-band electrons. Edge-emittexets and VCSELs have been
studied extensively over the past several decades andcaséeibooks have been written

discussing the theory [5, 25, 29] and development [2, 7, 8Lp# semiconductor lasers.
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Typical semiconductor lasers are bipolar devices, becthese arep-i-n devices. The
reverse-biased TJ allows for the cascading of lasers byiggngva low-resistance series
interconnect between lasers. Ideally, if no scatteringuoed at the tunnel junction and
every electron injected recombined with a hole, the difiee¢ quantum efficiency for the
entire devicey_qevice, Would be equal to the differential quantum efficiency tinties
number of active regions cascaded. However, in realitydifierential quantum efficiency

is defined as

- (2.12)

-9 =
Nd AT

AL {q)\]
where the 2 takes into account lasing from both facéts,/Al is the measured slope
efficiency obtained from a light output power versus injdaterrrent (LI) curveg is the
electron charge) is the lasing wavelength is Planck’s constant, andis the speed of
light. Since each active region has a differential quantdficiency less than unity and
there is scattering at the tunnel junction, the entire degicantum efficiency can be shown

to be

Nd—device = Nd (N - M(SN) (213)

where N is the number of active regiond/ is the number of tunnel junctions, andv
is the tunnel junction scattering efficiency. It is easilgsdhat the differential quantum
efficiency for the entire device can be greater than unity &isimple example. Consider
a device with two active regions separated by one tunnetipmand assume amy, ~ 0.6

and scattering efficiency to be very smaN ~ 0.05. This yields amy_ 4evice Of 1.17.

However, this increase in efficiency does come at a cost.ctifedy, each laser is
connected in series; this means the voltage drop acrossitine device increases linearly
with the number of active regions incorporated into the deviThe wall-plug power re-
guirements still increase with increasing number of actegions. This will most likely

result in a limit of how many lasers can be epitaxially cagchd
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Two different approaches to BCL growth can be taken. The firsl separate en-
tire laser structures including the optical cladding byneinjunctions. This is called a
multiple cavity Or intercavity device, as shown in Figure 2.5. The second approach in-
corporates all of the active regions within one optical taand separates the active regions
by tunnel junctions. This is called antracavity device. This method is convenient for
incorporating one or more tunnel junctions with a VCSEL suiue, as well as engineering
the cavity thickness so the tunnel junctions will resideha bptical mode nodes and the

active regions will be in the optical mode antinodes.

(P77

L; _,_l_u%‘___
j Fou e
PIFIPE? B

Figure 2.5:  Schematic energy-band diagram of the epitgpgthcked laser at 0 V (a)
and under forward-bias (b) [12].

2.2.2 Device History.  The first demonstration of a BCL separated by a tunnel
junction was in 1982 at Bell Laboratories [47]. However, lieit development languished
until 1997 when researchers at Thomson CSF demonstrated-eotaioBCL [12]. Since
1997, several research groups have begun studying BCLs usiiuys material systems,

in both edge emitting lasers and VCSELSs, and for several §pegiplications.

2.2.3 Bedl Laboratories.  Researchers at Bell Labs first demonstrated a BCL by
epitaxially layering three double-heterostructure GaAsels separated by highly-doped,

reverse-biased tunnel junctions. On the left side of FiguBes a schematic of the epitaxial
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layer structure. The laser sections consisted of 0.1 - O $hick GaAs active regions and
1 - 2 um thick p- andn-doped A} 3Ga, 7As cladding layers. The tunnel junctions were
highly doped GaAg*™n* layers & 10" cm=3 Be for p and Sn fom) each~70 nm thick.
The wafer was thinned to 1Qdm and thep-ohmic was a Ti:Au alloy and the-ohmic was

a Sn-Au alloy. The width of the lasers was 10® and the cleaved lengths were 38®.
The right side of Figure 2.6 shows the LI characteristics ffineshold current is580 mA
which yields a threshold current density-of.4 kA/cn?. The external differential quantum
efficiency,n,, is ~0.8. The current measurements were performed using 200 sesspat a

repetition rate of 1 kHz.

P-CONTACT 280 T T T T T

p*-caas-ozpum

p- ARp3G0g 7AS>1 Lem

: .
= . a¢  REPEAT
.

n- &l 3GagrAS>1Lm
n* - Goas >0.0i5um
- F

HT POWER (mw)

p*-GaAs>0015um
P= Afg 3GogpaS>ipm

- GoAs-0.15um

LG

8
T

1

n-Alp3Gop7aS>iLm

n*-GgAs SUBSTRATE

o 1 L !
(] 0z 04 06 o8 1.0
n-CONTACT T (amPs)

Figure 2.6:  On the left is a schematic diagram of first sudaeB<LL. The LI character-
istics for Bell Labs three-layer laser obtained using 200uisgs at 1 kHz and at 300 K is
shown on the right [47].

224 Thomson CSF.  Researchers at Thomson CSF in France are investigating
BCLs for high-power and multi-wavelength operation. Theyéhasported the develop-
ment of two different devices. The first is a two-color Gafsséd intercavity device with
InGaAs QWs having operating wavelengths~a#60 nm and~990 nm [12]. The second
structure is a two-color InP-based intercavity device wilBaAsP QWs having operating

wavelengths 0f-1520 nm andv1530 nm [24].

The GaAs-based intercavity laser structure, shown in Eigu7, was grown by

CBE. The device consists of 1/am thick S- and C-doped Al;Ga 55As cladding lay-
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ers, and 1006 thick GaAs photon confinement layers. The top laser hagt86d thick
Ing.1oGay.ssAS QWSs separated by 100 GaAs barriers. The bottom laser has threeA80
thick Iny 15Gay.s5sAs QWSs separated by 108 thick GaAs barriers. The tunnel junction
consists of two 50@ thick S-doped,1.5 x 101 cm3, and C-doped] x 102° cm3, lay-
ers. Gain-guided lasers were fabricated withgkehmic being a Ti:Pt:Au alloy and mesa
etched by wet chemical etching {PIO,:H,0,:H,0) using thep-ohmic metal as the etch
mask to a depth of xm. The mesa etch helped to eliminate current spreading. Bfierw
was thinned and an-ohmic metal was evaporated and the lasers were cleavededul
LI and spectral characterization was performed with a pwlsith of 100 ns and a pulse
repetition rate of 1 kHz on 850m long by 80um wide lasers. Figure 2.7 also shows the
light versus current density and spectral characteristie® distinct threshold currents are

evident, which is indicative of intercavity BCLs.
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Figure 2.7:  On the left is the schematic of the Thomson CSF Istyecture of a 2-stage
intercavity BCL. Light vs. current density (right) and spattintensity as a function of
current density (middle) for an 850m long and 8Q:m wide InGaAs intercavity BCL [12].

The InP-based intercavity laser structure was grown by MOCVie device con-
sists of 0.5um thick InP cladding layers Zn-doped atx 10'” cm™3 and Si-doped at
1 x 10*® cm~3 and 130um thick InGaAsP £1.2 um) confinement layers. The top laser
has four 71A thick strained InGaAsP QWs separated by InGaAs®.p um) barriers. The
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bottom laser has four 74 thick strained InGaAsP QWSs separated by InGaAsE.2 um)
barriers. The tunnel junction consists of two 25ehick Si-dopedj x 108 cm~3, and Zn-
doped,5 x 10'8 cm=3, InGaAsP £1.3 um) layers. The laser material was characterized
by fabricating gain-guided lasers 6ot long and 5Q:m wide. Figure 2.8 shows the light
versus current density and spectral characterization.irAgas evident from the spectra

that two thresholds exist.
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Figure 2.8:  Light output vs. current density and spectralrabterization for InGaAsP-
based 65@:m long and 6Q:m wide intercavity BCL [24].

2.25 University of UIm.  Researchers at the University of Ulm in Germany have
incorporated an intracavity BCL structure into a VCSEL cava®][ This device is grown
by MBE and the schematic diagram is shown in Figure 2.9. g-handn-type mirrors
are AlGaAs-GaAs DBR mirrors. The optical core is & avity of an A} ,Ga, ¢As core
and embedded at the two outside anti-nodes are the actimsagpnsisting of 8@ thick
Ing .Gay sAs QWSs separated by 100 thick GaAs barriers. The tunnel junction is located
in the center node and consists of two 18@hick Al ,Ga ¢As layers, one Si-doped at
5 x 10'® cm™3, and the other C-doped atx 10! cm~3. The location of the tunnel junction
at the node of the standing wave pattern is to reduce fregecabsorption. The structure
is then fabricated into an oxide-aperture VCSEL. The pegioped DBR layer was wet
etched to form a mesa and the 38ahick AlAs layer was oxidized. A ring contact of

p-ohmic Ti:Pt:Au metal layers was deposited and annealedhemtesa, and am-ohmic

17



Ge:Ni:Au metal layers were deposited onto the entire baeksf the wafer and annealed.
The continuous-wave (CW) LI characteristics for a device with6 ym diameter OA at
a cold finger temperature of 95 K is also shown in Figure 2.9e hfor this device is
~14 mA and anm,_gevic. Of ~1.2 was measured. However, the threshold voltage ©V

was large compared to twice the bandgap voltage and iswgdho the tunnel diode.
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Figure 2.9:  On the left is the schematic of Univ. of UIm’s dtracavity BCL. The CW
LI characteristics for an intracavity BCL with an OA diametérl6é ym at 95 K is shown
on the right. Inset is emission spectrum at 95 K [32].

2.2.6 Massachusetts Ingtitute of Technology.  Researchers at the Massachusetts
Institute of Technology have demonstrated an intercavity iGtvn-temperature BCL [28].
The device is grown by gas-source MBE and the schematic isrshowigure 2.10. The
device consists of two identical laser junctions. The clagdayers are 0.7%m InGaP
lattice-matched layers with either Be doping or Si dopinge &lative region is a 220 nm
core with a single 8@ thick Ing 2 Ga, sAs QW embedded in the center. The tunnel junction
consists of two 25@ thick GaAs layers with one layer heavily Si-doped and theeot
heavily Be-doped. The choice for this type of cladding layeta avoid Be diffusion.
AlGaAs layers are typically grown at higher temperaturesmgBe is known to diffuse into
other layers. InGaP can be grown at lower temperatures andfBsioh is greatly reduced.
Figure 2.10 also shows the room-temperature CW LI operatiagacteristics. Again, two
distinct thresholds are evident, indicative of an intertyaBCL. After the second threshold

is crossed, th@y_ 4..icc IS Measured to be0.99.
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Figure 2.10:  On the left is the schematic of the MIT intercaBCL. CW LI char-
acteristics for the intercavity bipolar cascade laser ighenright. Inset is the emission
spectrum [28].

2.2.7 University of California at Santa Barbara.  Researchers at the University
of California at Santa Barbara (UCSB) are investigating AlInG&\W BCL structures
operating at a wavelengthl.5um for telecommunication and eyesafe applications. UCSB
has reported on the development of two different intragdaer devices. The first device
is a 1\ cavity edge-emitting structure with three active regioms &vo tunnel junctions [18]
and the second device is a 2avity VCSEL with three active regions and three tunnel

junctions [17].

The first intracavity\ ~1.5 um AllInGaAs device was grown by MBE and 50n
wide gain-guided lasers were fabricated. Figure 2.11 shbesedge-emitting structure
with insets showing the active regions in relation to the enadd the active regions in
relation to the tunnel junctions. Laser cavity lengths of 2&n, 500 um, 750 zm, and
1000um were cleaved and analyzed. Figure 2.11 shows plots of th&/Land inverse),

characterization.

The second intracavity ~1.5um AllnGaAs device was grown by MBE and is a 2
cavity VCSEL. Figure 2.12 shows the VCSEL structure. The @g#ng innovation in this
device is the use of a third tunnel junction allowing the t&ppériod AlinGaAs/AllnAs

DBR mirror to be am-doped DBR mirror instead of gdoped DBR mirror. This reduces
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Figure 2.11:  On the left is the schematic of the UCSB edget@miintracavity BCL.
The leftmost inset indicates the active regions in relatmihe mode. The right inset
indicates the active regions in relation to the tunnel jiomst. Characteristics for the in-
tracavity BCL. a) Plot of LI for BCL and comparable single stageick b) Plot of IV
for BCL and comparable single stage device. c) Inveyser BCL and comparable single
stage device [18].

the free-carrier absorption significantly, by as much ag#ofeaf two, if the tunnel junction
free-carrier absorption is not factored in. The tunnel jioms are placed in the nulls of
the standing wave pattern and the active regions are looati® peaks. The LI and VI
characteristics for 2am, 50 um, and 100um diameter devices are also shown in Figure
2.12. The devices were tested at room temperature wijth fiulses and a duty cycle of

0.1%.

2.3 Summary

This chapter has provided and overview of TJs and how theypacate into semi-
conductor lasers to form BCLs. The TJ history, theoreticaktgyment, and applications
have been discussed. The development of BCLs has been diddlissteating numerous
approaches (intercavity and intracavity edge-emitting B@hg intracavity BC VCSELS)
and material systems (GaAs and InP). This has formed the fmaghe following research

in this dissertation.
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Figure 2.12:  On the left is the schematic of UCSB’si@tracavity BC VCSEL structure.
Operating characteristics for the structure with mesa dtars of: i) 25um, ii) 50 ym, and
iii) 100 zm. The top is LI and the bottom is VI characterization [17].
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[11. Bipolar Cascade L aser Development
3.1 Introduction

BCLs show excellent potential for producing gain in RF photdimk&s [28], im-
proving the efficiency of high-power diode lasers [14], amdlizing multiple-color laser
devices [12]. High-speed BCLs can be used as the direct-dgtieab carrier for an RF
photonic link system. The benefits of a BCL over a standard bgged diode laser in-
clude an increased slope efficiency, yielding an increasgtd quantum efficiency, which
can be greater than unity, and improved RF impedance matcsimge the BCLs can be
closely matched to the load impedance by engineering thebauwf epitaxially grown

active region stacks.

Development of BCLs has been ongoing at the AFRL Sensors Dieget{87]. All
device design and modeling, fabrication, and charact#sizavas performed by the au-
thor. All of the MBE growth was accomplished by Mr. James ElnfeAFRL's Mate-
rials and Manufacturing Directorate (AFRL/MPLSM). This é&pment has followed a
strict systematic approach. The first step entailed mogéfia tunnel junction doping lev-
els and thicknesses, developing the growth techniquesi férd8ping, and then growing,
fabricating, and characterizing tunnel junction devic8scond, multiple-cavity multiple-
color edge-emitting BCLs, multiple-cavity single-color edgmitting BCLs, and finally,
single-cavity single-color BCLs were grown, fabricated, ahdracterized. Third, BC light
emitting diodes (LEDs) were investigated to optimize thenagavity prior to BC VCSEL
growth. Finally, BC VCSEL structures were designed, growbritated, and character-
ized. Investigation of these BC VCSEL devices included stahtiser characterization
prior to and after oxidation, as well as high-speed frequenodulation investigations, to

extract frequency response, the -3 dB frequency, and tagatbn oscillation frequency.

3.2 Tunnel Junction Development

GaAs tunnel junctions are difficult to develop and veryditiechnical detail has been
reported in the literature, except from tandem solar celéaech [1, 9]. In GaAs-based

diodes and BCLs, a major difficulty is achieving high electronaentration in the-doped
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region. When Si is used as thedopant, it becomes amphoteric, where the silicon atom
resides on the arsenic lattice sites (becomingdmpant) as well as the preferred gallium

lattice sites §-dopant), as the doping concentration increases beyohc 10'® cm3.

To model the doping concentrations required for GaAs-bdsksda temperature de-
pendant model was developed that calculated electron dadtbocentrations for a specif-
ically doped layer and then combined thaloped and.-doped layer to determine the
built-in voltage and depletion width of then junction. The desired depletion width,,
was to be on the order of 100s0 the TJ could be made with layer thicknesses as thin as
100A.

The model first calculates the temperature dependent bprahgagy using the Varshni
relation [42]

BynlT) = Egnf0) ~ (725 @)

whereFE

4ap(0) is the bandgap energy at zero Kelvinand 3 are the Varshni parameters,

and T is the temperature in K. The effective density of stideshe conduction band and
valence band (defined in section 2.1.2, equations 2.4 anda&3hen calculated and the

temperature dependent intrinsic carrier concentraticalisulated by

n(T) = ¢ NAT)No(T) exp (—ET;T)) (3.2)

The Fermi energy is then calculated by root solving the ahartrality condition

n+ N, =p+Nf=n+N, —p— N =0 (3.3)

wheren is the electron concentration, apds the hole concentration with the following

integral form

E, —EC)

n= [ suEyEME = NP, ( - (3.4)
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and

p= /_Z o(E)pr(E)dE = N,F3 (Ek;TFP) . (3.5)

The integral in the carrier concentrations are Fermi-Dindegrals and can only be solved
numerically. The integrand is the product of the Fermi oetigm probability, f,,(E£) for

equation 3.4 and,(£) for equation 3.5, respectively

1
fn(E) = (3.6)
1 exp (55
and
1
fo(E) = : 3.7)
1+ exp <l;’;—7f)
The carrier density of states,(F) for equation 3.4 angd,, (E) for equation 3.5
1 [2m*\2 .
o(B) = 5 () (BB @9
and
_ 1 (2(mpy, +my,) : _ o\
ph(E> - 272 ( B2 (Ev E) : (39)

WhereF. is the conduction band energy afAg is the valence band energy.

N7 is the ionized donor concentration, aNg is the ionized acceptor concentration.

N andN, are determined with the following relations

1
Nt =Ny |1- _ (3.10)

and
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N-

Na (3.11)

a

N 1+ gqexp(

Ea—EF)'
kpT

Whereg, andg, are the donor and acceptor degeneracies, respectivebnd £, are the

donor and acceptor binding energies, respectively, Bads the Fermi energy. Table 3.1

lists the parameters used for GaAs and the dopants.

Table 3.1:
GaAspn junctions. [5,42]

Parameters for modeling the temperature depéddping concentrations for

Parameter GaAs
Ey0p(0) 1.519eV
Q 5.40510~* eVIK
16} 204°K
my 0.0665n,
my, 0.5m,
mj, 0.087n,
Ep 13.1,

a 4

9d 2

Donor Si

E,; 5.8 meV
Acceptor C

E, 26 meV

After determining the Fermi energy for a given donor condign the carrier con-

centration is calculated using the formulas foor p, shown above. After carrier concen-

trations for both-type andp-type donor concentrations are calculated the built-inags

is determined by

(3.12)

and the zero-bias depletion width, is determined by

w = (Ng+ N, .
x ( d+ )\/qNaNd(Nd‘l’Na)

2e,60Vo

(3.13)
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Figure 3.1 shows the temperature-dependant carrier ctbatiens for a) Si-doped
GaAs and b) C-doped GaAs at the indicated doping concemgti®ue to the smaller
binding energy for Si it is evident that at high doping cortcations, N; > 107 cm3,
not all of the dopants are ever activated. For the Si dopivg kef 10*° cm™2 the activated
carriers are an order of magnitude less at room temperakoethe C-doped GaAs the
inefficient doping activation only begins to be evident at@entrations ofl 0'* cm=3 and
higher, but not as significantly as the Si-doped GaAs. Thikallow for a TJ with nearly
an order of magnitude largerdoped layer than the-doped layer. This is particularly
attractive when one considers the electron mobility is ngreater than the hole mobility.
With a significantly greater number of holes the conductiandelectrons have many more

states to tunnel into in the valence band.

10%°
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)
[

/
o i i i ;| i ol : : ;| ‘
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Figure 3.1: Temperature dependant carrier concentratmn&aAs. a) illustrates Si-
doped GaAs and b) illustrates C-doped GaAs at the indicatpmhgd@oncentrations.

Figure 3.2 shows the temperature-dependant depletiorhwidh variousn and p
doping concentrations. At lower doping concentrationé@etion widths are quite large,
> 1 um. Not until the concentrations for both layers are gredtant0'” cm=3 do the

depletion widths become small enough for incorporation anil'J structure with the most
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desirable doping concentrations being greater fltahcm—3. This doping level is readily
achievable for the dopant when C is used. C-doping can typically reach o/ cm™3
before material quality becomes an issue. As mentionedeabéginning of this section,
Si becomes amphoteric at concentrations greater than 10'® cm™ so thed-doping
technique was used to increase the effective doping coratiemt of the Si-doped-layer
of the TJ.
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Figure 3.2: Temperature dependant depletion width calomnis for GaAspn junction.

To evaluate tunnel junction performance, numerous sanvpéee designed by the
author, grown by AFRL/ML in a Varian Gen Il MBE system, then fahted and charac-
terized by the author. In all of these structures, a 18aBick GaAs:Si 6 x 108 cm3)
buffer layer was grown on amn-doped GaAs substrate held at 6@D. The Si source tem-
perature was set at 1300 for the entire growth. After the buffer layer was completie
substrate temperature was lowered to 5CGo replicate the growth conditions of InGaAs
quantum wells. The-layer of the tunnel junction was formed by growing tenAtBick
Si-doped GaAs4 x 10'8 cm~3) layers separated by nine 25 s (or 40 s)-8ioped “layers,”
which are simply growth delays while the Si shutter is operitie time indicated. The 25 s
Si §-doping resulted in an effective doping concentratior2 of 10! cm= as measured

using Hall and electro-chemical capacitance-voltagertiegies. A 600Athick GaAs:C 5
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or 8 x 10'® cm~3) p-layer of the tunnel junction was then grown. Table 3.2 sunwea the

tunnel junction thickness and concentration values uséusrstudy.

The tunnel junction devices were processed using standatblghography tech-
niques into square structures of varying dimensionsys0 100 m, 200 m, 400 um,
800 m, and 160Q:m. The top contact metal was an evaporated Ti:Pt:Au @I}KO)O A
3500,&) metal contact which was annealed at 4@for 15 s. No mesa isolation was used
because the TJ devices were very large and lateral diffusend have been negligible.
The backside was evaporated with a Ni:Ge:Au:Ni:Au 070 A:330 A:150 A: 3000A)
metal layer composition and alloyed at 40 for 15 s. IV characteristics were obtained

using a probe station and Techtronics curve tracer.

Table 3.2: Details of tunnel junction doping parameters. e pkdoped layers are
600 A thick and the total-layer thickness is 108 consisting of ten 10A thick layers
doped at 410 cm~2 and nines-doping interrupts.
TJ p-doping n.ss-doping  Sid-doping Si Sheet
Concentration Concentration Interrupt  Concentration

(10¥ ecm=3)  (10* cm™3) (s) (102 cm2)
#1 8 2.0 25 8.8
#2 8 0.8 40 55
#3 5 0.8 40 55
#4 5 2.0 25 8.8

Figure 3.3 shows the room-temperature IV characteristideur 200 x 200 um?
tunnel junction devices [37]. Carbon doping concentratizarty influences the onset
of NDR in the tunnel junction device. These results also destrate the importance of
Si §-doping parameters on the peak-to-valley characterisfi¢¢DR; Si j-doping for too
long results in the silicon becoming an amphoteric dopahe fesults from sample TJ #1
clearly demonstrates strong evidence via NDR, more imptlytaa steep reverse-biased
slope, required for effective BCL operation. The steeper ¢irense-biased slope the lower

the resistance is for the series connector between twodasasers in a BCL.
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Figure 3.3: Room-temperature IV characterization for fatfecent 200m by 200m
tunnel junction devices. The TJ number corresponds to theumber in Table 3.2 [37].

3.3 Multiple-Cavity Multiple-Color Bipolar Cascade Lasers

Two-cavity two-color BCLs were developed to rapidly verifyetindependent lasing
of the two lasers. With a two-cavity single-color BCL, the easindicator that both lasers
are lasing is the kink in the LI curve further verified by diffatial analysis of the LI
information. The single-color BCL facet could be imaged toigate independent lasing
but this adds greater complexity to the test setup. With adalor BCL, the LI information
is readily measured as in a single-color device, and thetrgpeperation as a function of

current is easily obtained.

The BCLs were designed by the author and grown by AFRL/ML in tmeesHBE
system where the TJ devices were grown. The edge-emittsgy Istructures used in
the BCLs were previously designed structures with very googfaing characteristics
[15, 35, 41]. The BCL designs consist of two epitaxially statkesers, each with &m
Al ¢Gay4As n- and p-cladding layers, Si- and C-doped respectively t014'* cm™3,
2000 A undoped A} .Ga sAs ternary electrical confinement layers, 1A0GaAs barri-
ers, and either three 88 Ing 4,Ga goAS QWs for emission at-980 nm or three 5

INg.20Gay.50AS QWS for emission at-950 nm. These lasers were separated by a reverse-
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biased tunnel junction consisting of a 1AGi 5-doped layer, described above, and either a
600A or 100A C-doped layer doped at&L0' cm~3 or 8x 10! cm3. The 6004 C-doped
layer was used to replicate the tunnel junction device dg@raknt and the 1013C-doped
layer thickness was used to evaluate the effect of thickrezksction on laser device prop-

erties.

The BCLs were fabricated by the author, using standard pliobgiiaphic tech-
niques, into gain-guided lasers with varying device widihd lengths. Appendix A pro-
vides the detailed process follower for fabricating gaindgd lasers. The BCLs were
photolithographically patterned with stripe widths of 26, 40 um, 60 m, 80 um, and
100m. The top metal, consisting of the same Ti:Pt:Au used foflthdevices, was evap-
orated and annealed at 410 for 15 s. The BCL substrates were then thinned to a a final
thickness of~100 um and the backside Ni:Ge:Au:Ni:Au metal, used for the TJ dev;
was evaporated and annealed. The BCL samples were then cieawveddcm laser bars

with cavity lengths of 20@:m, 2501:m, 330um, 400m, 500m, 660,m and 80Qum.

Room-temperature CW and pulsed LI characterization and rspentalysis were
performed on all growth structures. The CW LI characterarasystem consisted of a
probe station, an ILX 9072 Laser Parameter Analyzer (LPAY a computer for LPA

control and data acquisition.

The pulsed LI characterization system consisted of a prtdt@s, an ILX 3811
Pulsed Current Source, two Stanford Research Corp. gatedatdeg@nd boxcar averag-
ing modules and a computer interface module, a Si photoetedth a transimpedance

amplifier, and a Techtronix four channel oscilloscope.

Figure 3.4 demonstrates AFRL’s first room-temperature CWaipey BCL (BCL #1).
This device is a 2@m wide by 500um long laser cavity. This multiple-cavity BCL had a
tunnel junction with a 60@ thick C-doped layer & x 10'° cm~3. The bottom laser is seen
to lase first atv960 nm with a threshold current of 144 mA. The second laskr&shold
occurs at 247 mA with a peak lasing wavelengt®90 nm. The voltage is more than twice

the normal operating voltage for a standard InGaAs triple @W¥ice, as illustrated by the
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light blue curve in Figure 3.4, indicating losses due to tienel junction on the order of
0.75 V. As the current increases, there is a large red shifteroutput wavelength due to

junction heating.
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6 0.5 0.08
P
A/ 0.06
4103 \
/

SN~
/ \ 0.04
o |
/
/

Single Facet CW Light Output Power (W)

21 0.1
A 0.02
0'-0.1 20, g el ()
0.2 0.3 04
Current (A)

Figure 3.4: LI, VI andAL/Al (W/A) characteristics of the first AFRL edge-emitting
two-cavity two-color BCL. Normalized spectral analysis a0 10A, 200 mA, and 300 mA

verifies the independent lasing evolution of the two-colevide. The light blue curve is

the VI for a standard InGaAs triple QW laser.

Figure 3.5 shows a comparison of the LI and VI charactegdtic the three BCL
devices studied and Table 3.3 provides a summary of the BCl hacteristics. The
stripe geometry was 20m wide by 500um long for all of the devices. The first BCL
(BCL #1) is the same device described in the previous paraguaghn Figure 3.4. The next
two multiple-cavity, multiple-color BCLs (BCL #2 and BCL #3) wereog/n to provide a
systematic study of the effect of changing fhdoped layer of the tunnel junction to either
a 600Aor 100A C-doped layer doped at810'° cm=3. This investigation was necessary
because during the TJ development a Iargerfﬁtbﬁ)ck layer was necessary to avoid metal

diffusion during the anneal of the TJ devices.
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Table 3.3:  Details of BCL parameters. All other layer paramsetee the same for each
sample grown.

BCL p-doping p-thickness

(10 cm™3) A
#1 5 600
#2 8 600
#3 8 100

The p-doping concentration, in both BCL # 2 and BCL # 3, had the bettgfope-
ing tunnel junction characteristics, as shown in Figure &8 Figure 3.5 shows, there is
a dramatic reduction in operating voltage for both of thesaaks compared to BCL #1.
Increasing the-doping concentration significantly improves device oprgavoltage per-
formance. Reducing thedoped thickness of the tunnel junction has little or no effen
the voltage performance with minimal effect on thresholdent. The use of this layer is

important for making single-cavity BCLs because we desiresthallest possible tunnel

junction layer thickness.

100 6
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Figure 3.5: Room-temperature comparison of LI and VI opegatiharacteristics for
three BCL devices studied. Device dimensions are ali@0wide by 500um long. The
black lines are BCL #1, the blue lines are BCL #2, and the red lire8&L #3 [37].
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3.4 Multiple-Cavity Single-Color Bipolar Cascade Lasers

Figure 3.6 demonstrates the operation of a two-cavity eieglor BCL. This device
was used to quantify the device differential quantum efficyen,_gevice, Which could not
be effectively quantified because of the two colors of eraissind the uncertainty of the
amount of output coming from each active region. The;..... for this sample was 1.015
under pulsed conditions of ayis pulse with a 1% duty cycle. A two-cavity InGaAs device
is compared with a standard triple quantum well diode lagelbped previously [41].
The standard diode has a very high > 0.75. Whereas the first stage of the BCL exhibits
a lowern; ~0.56. This is due to the greater complexity of two completeta and a

reverse-biased TJ monolithically connecting the lasers.

@l 50 100 150 20 250 30 PRy 50 100 15 200 250 300
Bipolar Cascade Laser IStar!‘dard ?W Laser;
I(h#l =67 mA ~ 0.8 m
n,,,=0558 n= 0765
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! I, forsecond
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U
0 N ‘ ‘ 0 . ‘ ‘ ‘
0 50 100 150 200 250 300 0 50 100 150 200 250 300
L (mW) vs. I (mA) L (mW) vs. I (mA)

Figure 3.6:  Two-cavity single-color BCL. This BCL device on tledt Idetails how a
device quantum efficiency greater than 1 can be achievecr &fe second threshold an
ng Of 1.015 is measured. The device on the right is a standanié QW laser developed
previously [41].

3.5 Single-Cavity Single-Color Bipolar Cascade Lasers

>\ . . . . . - - .
5 single-cavity single-color edge-emitting lasers wereigesd and investigated for

single spatial (transverse and lateral) optical mode deraThese samples did not ex-

33



hibit uniform voltage or lasing characteristics. Figur& 8hows the pulsed operation of
a single-cavity single-color device. This device neverrape in CW mode, but the VI
characteristics were identical from 0 - 300 mA. The pulseitig” occurred at currents
greater than 300 mA; however, it is obvious that instaletiin the device are evident in the
Vltrace. It became evident that the close proximity of thal junctions with the InGaAs
active regions, within % cavity, was going to be very difficult to overcome. The demisi
was made to incorporate these tunnel junctions and mubigtige regions within an oxide

aperture VCSEL structure to achieve a single-mode laser.

20 4

Single Facet Light Output Power (mW)
[\S]
Voltage (V)

|

0
0 100 200 300 400 500

Current (mA)

Figure 3.7:  Unsuccessful demonstration of a single-calagls-cavity edge emitting
BCL. Woltage instabilities in both pulsed and CW operatior-dd mA and unstable light
output emphasized the conclusion that single spatial modttezs would have to be BC
VCSELs.

3.6 Summary

This chapter has detailed the development of the highyuahAs-based TJ devices
and the incorporation of those TJ material layers to momickily integrate two lasers into
a single edge-emitting BCL. The systematic process of dewrejpdemonstrating, and im-
proving a multiple-cavity multiple-color intercavity edgemitting BCLs to verify indepen-
dent laser operation was first discussed. The second step systematic approach, was

to demonstrate the multiple-cavity single-color inteibaedge-emitting BCL to quantify
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the improved slope and differential quantum efficienciesaly, the unsuccessful demon-
stration of a single-cavity single-color intracavity edgmitting BCL verified the necessity
to incorporate the BCL structure into a VCSEL structure to dgvel single-cavity single-

color intracavity for single optical mode operation.
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V. Bipolar Cascade Vertical-Cavity Surface-Emitting Lasers
4.1 Introduction

The AFRL Sensors Directorate and Materials & Manufacturinge€orate have
been successfully designing and growing GaAs-based VCS#LAIf Force applications
since the mid 1990s. The incorporation of multiple activg@aas into a VCSEL structure is
a complicated endeavor because it significantly increas@se growth times. These long
growth times introduce drift considerations in the growates, material layer composition,
and combinations of both. As discussed previously in Chdpter migration to a VCSEL
structure rather than an edge-emitting structure is regdor single-spatial mode emission
in a BCL incorporating more than two stages. This chapter ptesietails on the design
and fabrication of such BC VCSELSs to meet the demands of suchieed® be employed

as a direct-drive laser for use in an RF-Link system.

The methodology employed in the development of the BC VCSHELdiexd in this
dissertation is as follows: (1) Designga}\ microcavity that includes a three-QW AR, a
TJ, and an OA, then fix the microcavity to develop a modulamiairto rapidly develop
designs for simulation. (2) Model, grow, fabricate, andrelsterize BC LEDs to determine
the best microcavity to incorporate into a BC VCSEL structufdis avoided the long
growth times, as well as provided a rapid prototype to ingase. (3) Grow, fabricate, and
characterize high-speed BC VCSELs. Note, semiconductor lngdis not included in
the BC VCSEL characterization. AFRL and AFIT have semicondutiodeling software
capable of investigating BC structures that require quam@chanical tunneling in simple
devices like BC LEDs but do not presently have the more saphatsd software for BC
VCSELs.

4.2 Bipolar Cascade Vertical-Cavity Surface-Emitting Laser GigvDesign

The first step in the BC VCSEL design was to determine the caésgnance of a
g)\ cavity placing the triple quantum well AR in a intensity reance antinode, and the
TJ and OA in a intensity resonance node. The cavity desigms areated using in-house

developed code. These design software routines allowedjiid development of numer-
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ous BC VCSEL structures. Placing the three functions (AR, Td,@4) with the required
material compositions and thicknesses included into tloeonavity yielded a 6958 thick
microcavity. To rapidly model different BC microcavity dges, the microcavity was di-
vided into modules. Since the microcavity i§a cavity, nine% modules, with a thickness
of 695A and two2 modules, with a thickness of 34746were constructed. The twpand
six of the% modules consisted of undoped GaAs. The three rema@w'mg:dules were de-
signed to be an AR, TJ, and OA module. Figure 4.1 is a schentlastrating the modular
structure for a})\ microcavity. The AR module consisted of a 124 Shick undoped GaAs
layer, three 8QA thick Ing.Ga& sAs QWSs separated by two 1@0thick GaAs barriers, and
another 127.8 thick undoped GaAs layer. The TJ module consisted of a 1Anick
undoped GaAs layer, the 4@0thick GaAs TJ, and another 14746thick undoped GaAs
layer. The OA module consisted of a 17A5thick undoped GaAs layer, a 188 thick
Al,.Ga,_,As graded layer with: increasing from 0.1 to 0.9, the 3@0thick Al 093G 02AS
OA, a 180A thick Al ,Ga,_,As graded layer with: decreasing from 0.9 to 0.1, and another
17.5A thick undoped GaAs layer.

3/, A Cavity

< 6950 A >

< <

© ©
R <1\ [[2
@, O O O @,

—> > €
*/,Module /e Module
695 A 3475 A

Figure 4.1:  Schematic of the modular design og)amicrocavity. The intensity res-
onance profile is illustrated in light blue. There are six GaA(uncolored) and twa;
(green) modules, and one module of TJ (red), OA (orange)Ad&h¢tark blue).
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With this modular construction, the placement of each fimctould be quickly
implemented. No changes with the GaAs and AR modules wereregaired except for
node and antinode (especially for the AR) placement withenrtficrocavity. For the TJ
module, care was required to ensure the hole injectorpttieped TJ layer, was always
placed nearest the AR, as well as ensuring the module was aweelea For the OA module,
care was required to ensure the doping was appropriatesfptatement and the module
was over a hode. For example, if the OA module is located baivtiee AR and the hole-

injecting TJ modules, the OA within the module mustbdoped.

Figures 4.2 a) and b) are full designs for the stangtareh and 1-stage BC VCSEL
structures with the OA placed in the location where it canitieeep-doped or undoped. All
structuresp-i-n, 1-, 2-, and 3-stage, have 26.5 mirror pairs for the bottom P&Rctor and
15 mirror pairs for the top DBR reflector. The first structurgyure 4.2 a), is a “standard”
p-i-n VCSEL with the active region and undoped OA in the same lonatibthe field
intensity profile as the BC VCSELs. Figure 4.2 b) is a 1-stage BC BAC®ith both of
the DBR mirror stacks Si-doped. The tunnel junction is in tbdeanearest the top DBR
to act as the hole injector for this structure and the OA iheriext adjacent node. The 2-
and 3-stage designs are identical to the 1-stage desigptek@emicrocavity is repeated
two and three times, respectively. The blue traces are ylee iadex profiles; the red traces
are the field intensities; and the black traces are nornthlmsver densities. The power
density is developed throughout the entire device by censid absorbed and “generated”
top and bottom emitted powers, and integrating them withfigld - index product over
all of the layers. The “normalized” power density traceseéhaeen scaled to fit on the
intensity axis. The “zero” axis is set to be two on the intgnakis for ease in viewing.
This power density calculation provides valuable insigid ithe number of QWSs that can

be used within a resonance antinode.

Figure 4.3 shows zoomed-in views of the microcavity desaral) ap-i-n VCSEL,
b) a 1-stage BC VCSEL, c) a 2-stage BC VCSEL, and d) a 3-stage BC VO3&hg a
three-quantum well active region centered in a field intgresitinode results in less than a

10% decrease in power of the outer QWs compared to the middlelQ¥ge designs show
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Figure 4.2:  Standard and BC VCSEL designs a) is the standardVCSEL and b) is
the 1-stage BC VCSEL. The blue traces are the layer index mpfite red traces are the
electric field intensities; and the black traces are powasites.

an interesting improvement opportunity to reduce deviesds. The-doped tunnel junc-
tion layer shows a large loss in the power density. ShiftiregTJ slightly to the left so the
higher losg-doped TJ layer is closer to the cavity node will reduce scai losses. While

it would be expected the-doped TJ layer would exhibit increased scattering logbese
losses will be significantly less because thdoped TJ layer has nearly an order of mag-
nitude higher doping than thedoped TJ layer. Also, per decade of doping, pheoping
losses are much larger thartype losses. Combined with the higher doping concentration

a compounded loss effect that can really negatively impaxice performance is achieved.

4.3 Bipolar Cascade Light Emitting Diode Modeling

With the definition of the BC VCSEL microcavity complete, the avting of BC
LEDs was initiated. Investigating BC LEDs instead of BC VCSEh#ially provided a
first step that disentangled the physics of the microcavitBC VCSELSs from the ad-
ditional complications that result from laser operatioraisimilar BC VCSEL structure.

Semiconductor and optoelectronic modeling was accongaistith APSYS software from
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Figure 4.3:  Standard and BC VCSEL microcavity designs a) isthedardo-i-n VC-
SEL, b) the 1-stage BC VCSEL, c) the 2-stage BC VCSEL, and d) thage8C VCSEL.
The blue traces are the layer index profiles, the red traeetharelectric field intensities,
and the black traces are a power density plot.
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Crosslight and included, at a minimum, band structure, Vi Bhsimulations for LED
structures. This software allowed for the investigatiolBD structures with applied bias
and injected current. Unbiased and biased band diagrames deseloped for th@-i-n
LED, and 1-, 2-, and 3-stage BC LEDs with undopedype, andp-type OAs. VI and LI

characteristics were also modeled and will be discusseddtich 4.4.3.

Figure 4.4 is the band diagram for the-n LED with ann-doped OA. Figures 4.5,
4.6, and 4.7 are band diagrams comparing 1-stage , 2-stag)8;stage BC LEDs, respec-
tively, with a) undoped, by-doped, and c)-doped OAs. For thg-doped designs the order
of the microcavity was changed so the hole injector was adveanthe valence band side of
the QWSs. For all these designs, the first Qrb is then-doped GaAs substrate. For the BC
LEDs, the microcavity is sandwiched between i thick layers ofn-doped GaAs, and
for the p-i-n LED, the microcavity is sandwiched between a O thick n-doped GaAs

layer next to the GaAs substrate and a @2 thick p-doped GaAs layer on top.

By n-doping the OA, several benefits were immediately identif{@ln-doping the
OA dramatically reduced the required potential to flattenlthnds. For a 1-stage device,
the reduction was greater than 0.75 V. (2) The electrondraithe conduction band was
eliminated, thereby allowing more electrons to fill the quamwells. (3) A hole barrier in
the valence band was created, allowing greater hole acetimularound the QW region.

This effect has not been discussed in the literature unsilrsearch reported it [39].

The improvements that are readily apparent by usingd@mped OA were (1) the
increased region for hole accumulation in the valence bawld(2) an electron barrier in
the conduction band. Since electron mobility is signifibagteater than hole mobility, the
slight increase in the conduction band slope is greatlyebfig the capability to accumulate

a significantly greater number of holes in the valence band.

These diagrams provide tremendous evidence{doped OAs to significantly im-
proved BC emitter performance. Comparing the band diagramus:eidoped OA structure
to ap-doped OA structure at 0 V and at a bias of 3 V yields severatiosions: (1) At

3V, thep-doped OA has a 0.75 eV electron barrier in the conductionl pahereas in the
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n-doped OA, there is nothing to restrict electrons not cagatiny the QWSs from continuing
on and dropping down into the next stage. This is detriment#ie initial stage because,
as those electrons travel to the next stage, they are tegjriwle generation because fewer
valence band electrons in the first stage are able to tunteethie conduction band of the
subsequent stage. (2) At the 50 mA bias, gkgoped OA tunneling region is0.5 eV and
the n-doped OA tunneling region is0.1 eV. This higher region increases the number of
states to which valence band electrons can tunnel and beconakiction band electrons

for subsequent stages.

4.4 Bipolar Cascade Light Emitting Diodes

4.4.1 Introduction. Single-cavity BC VCSELs and LEDs have shown great
promise for increasing device slope efficiency and diffeedmuantum efficiency by epi-
taxially connecting in series ARs with reverse-biased TJsZ1]. As with conventional
p-i-n junction VCSELs, a common design feature of the BC variety i©anthat serves
to funnel the injected current toward the center of the aatagion for better fundamental
optical mode and gain overlap. While the AR and the TJ have begled extensively and
optimized to improve device performance, the only consitiens typically mentioned in
the literature for the OA are optimum placement at nodes®tHvity resonance, material
grading, tapering, and layer thickness. However, dopintip@iOA within the microcavity
has not been discussed to the best of the author’s knowléldgs.section discusses how
doping the OAs placed inside the microcavity of single- ottiple-stage BC LEDs signif-
icantly improves overall device performance by reducirggdperating voltage, increasing

the light power, and reducing junction heating.

OA layers are routinely doped when they are located withinBRBtack inp-i-n
junction VCSEL and 1-stage BC VCSEL structures [4, 45]. Gehgrad single-cavity
multiple-AR BC structures, undoped OAs are located withi itiostly undoped (except
for the degenerately doped tunnel junction layers) miaribgaThe OA layers within the
microcavity have been shown to reduce bistability effecis @ current spreading between

successive active regions [22]. Doping the microcavity @Aserally increases losses due
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andp-doped OAs. The red energy bands are at 0 V and the blue enanglg lare forward
biased at an injection current of 50 mA except for the 2-stadeped OA BC LED which is
at 48 mA. This is due to computational instabilities andwafe version incompatibilities
that did not allow the APSYS software to completely modelzkstage BC LED across the
full 50 mA current range.
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biased at an injection current of 50 mA except for the 3-siageped OA BC LED which
at a low voltage bias of 4.3 V, which corresponds to less thamAl This low bias is due
to computational instabilities and software version inpatibilities that did not allow the
APSYS software to completely model the 3-stage BC LED actosgull 50 mA current
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to scattering and free-carrier absorption. However, withppr insertion in the cavity in a
resonance node, much of the loss can be avoided. These \aifides shown to be much

less than the gains achieved by doping the OAs.

This investigation focuses on the OA layers and the evaitubiothe experiment de-
signed around a systematic series of BC LED structures,asinailthat shown in the lower
panel of Figure 4.8. This structure allows the physics ofrthierocavity in BC devices
to be disentangled from the additional complications teatlt from laser operation in a

similar BC VCSEL structure?].
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Figure 4.8: Calculated electric-field intensity (dasheédiand real-space energy band
diagrams of a single-stage BC VCSEL with undoped (semi-dasined) and doped
(N;s = 2 x 10" cm=3) OAs (solid lines) in and around the microcavity active oggi
(the top and bottom DBRs are not shown). Also shown is a schemtiatjram of a single-
stage BC LED device with the BC VCSEL microcavity [39].

4.4.2 Bipolar Cascade Light Emitting Diode Growth & Fabrication.  To inves-
tigate the electrical, optical, and electroluminescerit) (Broperties of the microcavities,
BC LEDs were grown by MBE in a Varian Gen |l systemwoitype (100) GaAs substrates
consisting of a microcavity designed to be idathick p-i-n VCSEL or a BC VCSEL struc-
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ture with 1-, 2-, or 3-stages. Initially, seven LEp-i-n and BC) structures were grown to
quickly evaluate the affects of doping the OA, as well as tedeine if thicker TJ layers
would be beneficial to BC LED performance. The microcavitytéeked between 2008
thick GaAs cladding layers. Thei-n LEDs top cladding layer is C-doped ak40'® cm~3
and the bottom cladding is Si-doped at W' cm=3. The BC LED’s cladding layers are
both Si-doped at 410*® cm=3. A 1-stage undopedfdoped BC LED device is shown
schematically at the bottom of Figure 4.8. Eaé:h thick stage consists of a graded OA
located in the first node (left to right in Figure 4.8), a te@W active region located in the
third antinode, and a tunnel junction located in the fifth@oéithe cavity resonance. Plac-
ing the OAs and tunnel junctions in the nodes minimizes lssel placing the QW in the
antinode maximizes the gain achieved from the cavity. Thelgd OAs consist of a 180
thick Al,Ga _,As layer withx increasing from 0.1 to 0.9, a 308 thick Al 0.98Gay 02AS
OA (undoped for the-i-n, 1- and 2-stage BC LEDs anddoped at 2108 cm~2 for the
3-stage BC LED), and a 188 thick Al,Ga,_,As layer withz decreasing from 0.9 to 0.1.
The AR has three 88 thick Ing-0Gay.soAs QWs separated by 108 thick GaAs barri-
ers. The GaAs TJ consisted ofpa™* layer C-doped at §10'° cm™=3 and ann™ layer
Si 5-doped with an effective doping level ef 2 x 10* cm=3. The TJ layers were ei-
ther 100A or 200A thick to investigate the minimum layer thickness requif@doptimal

device performance. Additional TJ growth details appesewhere [37].

The next series of crystal growth consisted of five samplewigiconsecutively to fill
in the comparison matrix between undoped artbped OA BC LEDs. The five samples all
had 2004 thick TJ layers because, as seen in Section 4.4.3, the BC with200A thick
TJ layers significantly outperformed the BC LEDs with 10 ¢ehick TJ layers with respect
to light output. The final series of crystal growth consistédhe p-doped OA BC LEDs.
Table 4.1 encapsulates the LEDs developed for this studilidg the time line of sample
growth, if the devices were modeled or grown, what the OA dgpevel was, and the TJ
layer thickness. The last two structures in Table 4.1 werdetsal for completeness but
never grown becaugei-n structures were not necessary because any informatiometta

would not influence the BC structures.
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Although the MBE is constantly being recallibrated to endereary compositions
and growth rates are well defined, due to the system comyplexitnges in the MBE system
make it very difficult to keep the uncertainty of the InGaAsnamsition and growth rate
to a minimum. The ternary growth is always “best effort” besafor a research effort like
this device research would rapidly become cost prohihitigis makes defining a QW to
emit at 980 nm to be an uncertain process. This will be seehdretectroluminescence

characterization illustrated in this chapter.

Table 4.1:  Modeling and Growth details fpri-n and BC LED structures. The lines
separate the growth runs. The first seven samples were grangecutively, the next four
samples were grown at a later date consecutively, and théhiee samples were grown
consecutively.

Structure Modeled Grown OA Doping  TJ Layer
Concentration Thickness
Y/N YIN (108 cm?) A)
p-i-n n-doped OA Y Y 2 No TJ
1-Stagen-doped OA N Y 2 100
1-Stagen-doped OA Y Y 2 200
2-Stagen-doped OA N Y 2 100
2-Stagen-doped OA Y Y 2 200
3-Stage Undoped OA N Y Undoped 100
3-Stage Undoped OA Y Y Undoped 200
3-Stagen-doped OA Y Y 2 200
4-Stagen-doped OA N Y 2 200
1-Stage Undoped OA Y Y Undoped 200
2-Stage Undoped OA Y Y Undoped 200
1-Stagep-doped OA Y Y 2 200
2-Stagep-doped OA Y Y 2 200
3-Stagep-doped OA Y Y 2 200
p-i-n Undoped OA Y N Undoped No TJ
p-i-n p-doped OA Y N 2 No TJ

The samples were processed into LEDs with square mesas angvide square
annulus top metal contacts;bn inside the perimeter of the mesa. The top and bottom
(backside metal) ohmic contacts consist of a Ni:Ge:Au:NirAetal layer profile that was
annealed in forming gas (95% Ar - 5% Hat 410°C for 15 seconds. Each device was dry

etched using a BGICI; recipe through the active region to form isolation mesas OA

49



layers were never oxidized because these are BC LEDs andvigsigation was to study

the effects of doping the AlGaAs OA layer and not the oxidizeaterial.

4.4.3 Bipolar Cascade Light Emitting Diode Characterization.  LED character-
ization consisted of VI, LI, EL, and intensity charactetiaa. Room temperature VI and
LI characterization was performed using a Cascade Micrgteabe station, an HP 4145A
semiconductor parameter analyzer (SPA), and a 1 cm diai@gbern photodetector posi-
tioned above the needle probe to maximize light collectinoss the entire current range.
Since the photodetector was above the probe, the collagtedvblues are maximized rel-
ative values not absolute values. The EL characterizatsad uhe SPA as the constant
current source operating at 50 mA; the output light was cedihto a silica multimode
fiber (core diameter of 68m) aligned to maximize the collected light and measuredgusin
an HP 70951B optical spectrum analyzer. Again, the poweregahre maximized relative
values and not absolute values. The intensity charactienzased the SPA as the constant
current source operating at 50 mA; the LEDs were imaged usiSgiricon 980M near-
infrared camera and image capture software. The camerapeaated with linear gain and

not auto-gain compensation, allowing all images to be cogtbdirectly.

Initial characterization, shown in Figure 4.9, indicategngficant improvement in
both voltage and light performance withdoped OAs. The 1- and 2-stage devices scaled
at nearly 1.5 V. This is slightly higher than a typical 980 nnGhAs QW LED which
has an average operating voltage of 1.2 V. The increase cattif®ited to the TJ and
OA. However, the 3-stage undoped device scaleda? V, caused almost entirely by the
undoped OA creating a conduction band electron barrieudssad in Section 4.3. Itis also
clearly evident that the-doped OA has a significant effect on the device performance i

both the operating voltage, as well as the light output attersstics.

The Figures 4.10, 4.11, and 4.12 present the VI, LI and ELasttarization. In
all of these figures, the first panel details undoped OAs, ¢kaersd panel details-doped
OAs, and the third panel detajisdoped OAs. The lines are Crosslight APSYS simulation

results and the data points (open circles and upsidedoamgtgs) are measured device
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Figure 4.9:  Comparison to determine the optimum tunnel jandayer thickness. The
black traces are 1-stage BC LEDs; the blue traces are 2-stag#B€; and the red traces
are 3-stage BC LEDs. The solid-line traces are devices with®2dJs and the dashed
line traces are devices with 1@0thick TJs. Voltage comparison is inconclusive; however,
the light output power comparison clearly indicates the Badick layer thickness is far
superior.

results. The color scheme is the same for all panels, thadestevices are black, the 2-
stage devices are blue, the 3-stage devices are red, thgédstvice is green, and the-n

device is dashed black with the upsidedown triangles.

Figure 4.10 summarizes the voltage characterization, sssimulation results for
all but one of the structures. The samples all scale in veltagh increased number of
stages, as expected, and all agree with simulations. ThepaadOA structures deviate
the most from simulations. This is believed to be due to meessive heating in these
structures that is not adequately modeled. Significantatszhs in operating voltages are
clearly observed for the doped-OA devices, compared to mldeped-OA devices. Nearly
uniform voltage steps going from one to three BC stages areredd. This indicates
that the one to three combinations of OA and TJ are the dorhsenes resistances, as

is expected for good devices. The doped-OA devices denatastearly a 50% reduction
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Figure 4.10:  \oltage comparisons of standard and BC LEDs. sbhid lines are simu-
lation results and the points are measured device resuitscdlor scheme is the same for
all panels, the 1-stage devices are black, the 2-stageedesie blue, the 3-stage devices
are red, the 4-stage device is green, andoth@ device simulation result is a dashed black
line and the measured results are upsidedown trianglesddped and undoped aperture
structures all scale with the number of active regions.

in operating voltage when compared to the undoped-OA dswdth the same number
of stages, and is further corroborated by the simulatiorse §caling between successive
stages is very uniform, with about 1.5 V per stage for the dapaded OA structures and
about 2.7 V per stage for the undoped-OA structures. Sigmifig, the 3-stage doped OA
LEDs have lower operating voltages than the 2-stage undogedeD.

Figure 4.11 summarizes the light characterization andcatds the dramatic im-
provement in output light intensity that is achieved by eatieg active regions as well
as the improvement by doping the OAs. The undoped OA strestgenerate much less
light as well as show thermal roll off occurring at much loviglection currents. This is
evident for all numbers of device stages. The undopedhatholped OA devices catastroph-
ically failed (by blowing off the metal contacts) more rdgdiorcing the testing to stop at
50 mA. However, the-doped devices were significantly more robust and were amiyed

by the SPA used to test the devices. The 2- and 3-stage devites-doped OAs have
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a nearly a 160% and 200%, respectively, improvement in lgiwter at 30 mA over the

undoped OA devices.
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Figure 4.11:  Light output comparisons of standard and BC LED®e solid lines are
simulation results (which were scaled appropriately) drelgoints are measured device
results. The color scheme is the same for all panels, thadestevices are black, the 2-
stage devices are blue, the 3-stage devices are red, thgédstvice is green, and the-n
device is black but with upsidedown triangles and a long eddime. Nearly all the doped
OA BC LED devices outperform the undoped OA devices.

Saturation effects are also evident in the devices due tctipm heating. The LI
curves of the undoped OA devices roll over at smaller curdemisities due to increased
junction heating as a result of the larger electron injechiarrier. It is also evident that there
is a limit to the number of stages that can be implemented pookre the light output due to
junction heating. The output power and overall power casieerefficiency of the 4-stage
n-doped BC LED both decreased as compared to the 3-stafpged device. Table 4.2

indicates the current where the thermal saturation eftamtars for each device.

The APSYS software simulated results do not appear to grétkcthermal satura-
tion effects or light output scaling for multi-stage BC LEDswell as it does the electrical

properties for multi-stage BC LEDs. This may result from tiféallty in computationally
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accounting for the increased number of electrons and hebskahble for optical recombi-

nation due to the barriers formed by the doped OAs.

The question arises as to why the 2- and 3-sjageped devices do not perform as
well as the 1-stage device. Returning to the band diagramgurds 4.5-4.7 will provide
some insight. For the 1-stage device, the number of cormluttand electrons near the
QWs is very large and are effectively blocked from traversimgentire length of the de-
vice by the OA. Also, the band of tunneling states is larg®.{75 eV) for valance band
electrons to tunnel into the conduction band, generatimgstfor optical recombination, in
the QWSs. For multiple-stage devices, the subsequent injeoficonduction band electrons
is limited by the rate of optical recombination creatingerade band electrons, as well as
the rate valence band electrons can tunnel into the nex¢.stdg TJs in the stages nearest
the substrate exhibit relatively small bands of tunnelitages 0.1 eV) with the topmost
TJ exhibiting the largest band of tunneling state®6 eV and~0.4 eV for the 2- and
3-stage devices, respectively). Presuming the BC LED moglédicorrect, it is not clearly
understood why only one of the TJs band overlap increasésindgteased bias and not all
of the TJs equally. Further investigation of this may be éblagrovide significant improve-
ments inp-doped OA BC emitters. One possible avenue of investigasdo include a
barrier (either a doped GaAs region or another OA) oppokgex\W from the OA.

Figure 4.12 summarizes the EL for tipe-n LED and the 1-, 2-, and 3-stage de-
vices. The undoped OA samples exhibit significantly lower @Wiinescence and have
pronounced red shifts in the GaAs emissions as comparee tiojped OA samples. These
differences are attributed to greater device heating intlimped OA samples. These shifts
are tabulated in detail in Table 4.2. The GaAs peak wavelsnigidicate larger red shifts
per stage for the undoped OA structuresl8.5 nm) as compared to the doped OA struc-
tures ¢~7-9 nm). It can be argued that the EL peak will scale lineaiihthe number of
cascaded stages for both doped and undoped OA structutbs. HL peak for the 3-stage
doped structure did not suffer from heating effects, thekpeauld most likely scale such
that the emission peak would be linear with EL peaks of thentl-zstage undoped struc-

tures. Due to growth uncertainties of the InGaAs QWs the peakg or may not follow
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Table 4.2:  Current at thermal rollover, EL peak wavelengém] EL area analysis at
50 mA for doped and undoped %0n x 50 um square OA devices at room temperature.

Structure LI Peak GaAs QW EL
Current Peak Peak Area
(mA)  (nm) (nm) (arb. units)
1-Stage Undoped OA ~50 874.1 995.4 238
2-Stage Undoped OA  35.6  880.2 992.7 490
3-Stage Undoped OA  26.3 887.6 989.4 534
p-i-n n-doped OA >50 872.0 974.7 78
1-Stagen-doped OA  >50 872.0 972.7 360
2-Stagen-doped OA  >50 874.7 976.0 755
3-Stagen-doped OA 39.4 878.7 987.3 888
4-Stagen-doped OA 345 884.7 995.3 707
1-Stagep-doped OA  >100 872.3 968.4 615
2-Stagep-doped OA 78.6 877.6 969.8 877
3-Stagep-doped OA 574 881.6 985.0 1150

the GaAs peaks as well. This is observed in the 3-stage uddopeBC LED where one

can observe that the InGaAs QW peak has a shorter wavelesgtingared to the 1- and
2-stage undoped OA BC LEDs. The best explanation for thisastie 1- and 2-stage
undoped OA BC LED material was grown several weeks after tsia@e undoped OA BC

LED and the growth environment has changed enough to addrbestainty.

Another interesting observation from Figure 4.12 is theespance that more light is
emitted by thex-doped OA BC LEDs than by thedoped OA BC LEDs, in contrast to the
LI results in Figure 4.11. While spectrally this is true at tiesign wavelength o£980 nm,
the detector used for collecting the light in Figure 4.11lexik the entire waveband of
emitted light. Therefore, the total integrated output ninestonsidered for the LI. The final
column in Table 4.2 quantifies the area of each EL measureamehtorroborates the LI
data in Figure 4.11 very well. Then, why does tlidoped OA BC LED have a smaller
and flatter peak at the design wavelength? One explanatibatishep-doped OA barrier
allows for a larger number of electrons and holes to accummutathe conduction and
valence bands, respectively, thus allowing an increaséd®aAs optical recombination.
There is evidence of this in Figure 4.12; the GaAs peak fathaflep-doped OA BC LED

samples are appreciably larger than the two other types of B@sL Another explanation
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Figure 4.12: Measured EL comparisons of standard and BC LE®swarent of 25 mA.

The color scheme is the same for all panels, the 1-stageeteuaie black, the 2-stage
devices are blue, the 3-stage devices are red, the 4-stage de green, and thp-i-n
device is black with a long dashed line. The doped OA BC LED aevill have stronger

QW emission and do not exhibit as significant of a red shift hudevice heating as the
undoped OA devices.

is the p-doped OA BC LEDs were grown several months after the undopddaloped
OA BC LEDs and environmental changes in the MBE may have affieitte QWs. The
broad and, in the case of the 3-stage sample, double peak ¢i@aAs signature in the

p-doped BC LED relative to the other BC LED InGaAs peaks in Figule gives evidence
of material growth issues.

Figure 4.13 shows the improvements in luminescence unifgrbetween ap-i-n
LED and a single-stage BC LED witirdoped OAs at an operating current of 50 mA under
identical image capture conditions. With the standareh junction LED, it is evident that
the luminescence is limited to the region around the top heetatact, whereas the single-
stage BC LED luminescence profile is significantly more umiforThe improvement is

due to uniform spreading of the higher mobility electronsoas the whole LED mesa in
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Figure 4.13: Near-field intensity image of apt x 50 um square mesai-n LED (left)
and a 1-stage BC LED with am-doped OA layer (right) at a current injection of 50 mA.
The camera intensity scale is identical for both devices.

then-cladding and highly doped-layer of the TJ then uniformly tunneling to efficiently

provide holes into the valence band of the QWs.

Figure 4.14 shows luminescence uniformity for a) aen LED, b) 1-, c) 2-, d)
3-, and e) 4-stage BC LEDs with-doped OAs at an operating current of 50 mA under
identical image capture conditions. In all BC structuresuhgormity is very consistent.
The 4-stage BC LED shows the reduction of light output due &dihg and the large power

consumption.

This research shows that doping the graded intracavity @&rtaof BC LEDs signif-
icantly improves device performance by reducing the reglirltage, increasing optical
recombination, reducing the red shift due to device heating increasing the saturation
current where thermal rollover becomes evident. The Tdsialprove light output from a
given device, primarily by improving the current injectianiformity over the entire aper-

ture of the device.

Clearly, the best choice of design amongst the four LED afrest studied-i-n,
undoped OA BC LEDp-doped OA BC LED, ang-doped OA BC LED) is the-doped OA
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a) p-i-n LED e BCLED

d) 3-stage BC LED e BC LED

Figure 4.14:  Near-field intensity images of pfh x 50 ym square mesa LEDs with
n-doped OAs. ap-i-n LED, b) 1-stage BC LED, c) 2-stage BC LED, d) 3-stage BC LED,
and e) 4-stage BC LED, operating at a current injection of 5Q ffi#e camera intensity
scale is identical for all devices.

BC LED. Both doped OAs BC LEDs significantly outperform the uneld®A BC LED.
However, thep-doped OA BC LED has a significantly larger light output as caneg to
the n-doped OA BC LED. While the results for the BC LEDs point to fhdoped OA as
the best device, this does not take into consideration afdkigy effects when incorporated
into a VCSEL structure. Crosslight software capable of modealhe BC VCSEL structures
was not able to be purchased due to the significant investreguired. Therefore, with the
results of the BC LED modeling and experimental data, jttdoped OA structure was
chosen as the best structure for incorporation into the BC MGS& growth, fabrication,

and characterization.
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4.5 Bipolar Cascade Vertical Cavity Surface Emitting Lasers

45.1 Introduction. BC VCSELs are promising for producing signal gain under
high-speed modulation conditions in the RF range [28]. Aipaldr application of interest
is that of RF-photonic links. BC VCSELSs responsive to GHz irgdaturrent modulations
can be used as the direct-drive optical signal generatioicelen such systems, greatly
simplifying the component requirements and avoiding tiseition losses associated with
external modulators. The central feature of BC devices isuseeof reverse-biased TJs
to efficiently source electron and hole currents to multgatéve regions by recycling the
valence band electrons resulting from optical recombamatBenefits of BC designs over
typical p-i-n diode lasers include greater slope efficiency, and quantficreacies that can
exceed unity when using multiple stages [20], improved RFeidamce matching through
increased series resistance [13], and reduced noise figsigeresult of uncorrelated carrier

recycling among stages [26].

Even though high-frequency performance is crucial, feworepof measured BC
laser modulation data exist. Despite significant advantési- and GaAs-based BC VC-
SEL structures and their extensive characterization®2R,32,44], to date we have located
only the high-frequency analysis reported bydgh et al. [21] wherein modulated current
efficiency factors are extracted from relative intensityseaneasurements as a means of

high-frequency characterization.

High-frequency measurements of modulated laser lightuwdap a function of RF
small-signal injected current for a series of BC VCSELs hawnlsmccomplished and re-
ported [36, 38, 40]. The details of the growth and fabricattd GaAs-based BC VCSELs
with operating wavelengths 980 nm are presented. Measured BC VCSEL characteristics
including LI, VI, and light power vs. drive power (LD), and sifisignal laser modula-
tion results approaching 10 GHz as a function of temperatteg@resented and discussed.
For LD characterization, the drive power is defined as thécgesurrent multiplied by the

applied voltage.
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45.2 Bipolar Cascade Vertical-Cavity Surface-Emitting Laser Growth & Fabrica-
tion. Figure 4.15 a) illustrates the schematic layer diagram gngle-stage BC VCSEL
structure, Figure 4.15 b) is a micrograph of a fabricatedhtsigeed BC VCSEL device,
and Figure 4.15 c) is a close-up scanning electron micres¢®gM) image of the BC VC-
SEL aperture. The BC VCSELs were grown oh GaAs substrates by MBE. The laser
cavities consist of 1-, 2-, or 3-sta§e\ microcavities, each containing a gradedoped
Al 9sGay 02As OA [39] and a GaAs TJ [37] positioned at longitudinal nodéthe optical

standing wave, and a triple QW active region placed at amadé.

_ 200 A n** TJ layer
n-DBR 200 A p** TJ layer

15 periods

300 A p-type OA
GaAs/Al 4,Ga, o As 3-80 A InGaAs QWs
- - 2-100 A GaAs Barriers

@) L

(5)
(6) Frittiis G S
n

c)

n-DBR
26.5 periods
Al 4,Ga, yAs/GaAs

a) Substrate b)

Figure 4.15: a) Schematic layer diagram of a single-stage BSEL. The curve indi-
cates the optical field of thé)\ cavity resonance. The insets show b) a micrograph of a
processed high-speed device and c) a close-up SEM image WiGBEL aperture.

The following description gives the layer structure for stage device. The top DBR
consists of 15 abrupt GaAs/f,Ga, 10As pairs, Si-doped at x 108 cm™3, each% thick.
The microcavity is formed from the top DBR as follows (humhgrscheme is indicated
in Figure 4.15 a). First, an undoped GaAs spacer l&ijeis used to center a T(2) at the
first node. The TJ is composed of ajSiloped GaAs layer with an effective doping level of
2 x 10! cm~3 and a C-doped GaAs layer (doped.at 102° cm3); each TJ layer is 208
thick. Below this, an undoped GaAs spacer la@@positions an OA regiofd) at the next
node of the standing wave. The 380thick OA is p-type Aly.osGa 02As and has graded
transition layers on either side. Under the OA is an appralmy%)\ thick undoped GaAs
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spacer laye(5) designed to place the active region in an antinode. Theeaotigion(6)
consists of three 88 thick Ing20Ga g0AS wells separated by 108 thick GaAs barriers.
Finally, an undoped GaAs lay€r) approximately 1A thick is used to complete the cavity.
For 2- and 3-stage structures, the entire microcavity isaitgrl. The bottom DBR consists
of 26.5 abrupt Al o0Ga) 10As/GaAs pairs with the same layer thicknesses and dopirftgas t
top DBR.

Top-contacted, mesa-isolated BC VCSELSs with circular mesaging from 10 to
50 um in diameter were fabricated. Appendix B details the fadifom process. Semi-
ring annuli ohmic top contacts were formed lithographicalhd contact metal (5é Ni /
170A Ge / 330A Au/ 150 A Ni/ 3,000 A Au) was evaporated onto the patterned topside.
The mesa dry etch was stopped on the third GaAs layer of therhd?BR, just below the
cavity as determined by in-situ reflectivity. The bottom t@mt was patterned and the same
metals were deposited on both the patterned side and theibdagfor thermal contact).
The contacts were annealed in forming gas at ZdGor 15 s. This annealing step was
performed to allow for preoxidation device charactermati The OAs were formed with
an in-situ oxidation furnace [11] at 40C for four hours, yielding an approximate Lén
oxide penetration depth. The anneal and subsequent madditli not affect the quality of
the ohmic contacts. Next, a 5,08thick Si;N, layer was deposited for electrical isolation
and sidewall passivation, followed by a;8n layer of SU-8 (a very thick epoxy-based
negative photoresist) used for planarization. The mesd$atiom contacts were opened
lithographically and the uncovereds8i, was subsequently dry etched with Freon 23-O
(40 sccm-2 sccm) to completely clear out the mesa apertuddhanelectrical contacts.
The ground-signal-groun)-s-g) cascade contact pads were lithographically defined and

Ti- Au (200,& - 4,000,&) layers were sputter deposited to ensure step coverage.

45.3 Bipolar Cascade Vertical-Cavity Surface-Emitting Laser Characterization.
The BC VCSELs were characterized to determine standard apgretharacteristics, as
well as their high-speed performance. CW LI, VI and LD chaggstics for 1-, 2-, and

3-stage BC VCSEL devices were measured at temperatures 6C;5@5°C, 0°C, and
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+25°C. The BC VCSEL characterization used the same system as for th&BEharac-
terization, discussed in Section 4.4.3, except a 5% nederradity (ND) filter was included

to keep from saturating the photodetector.

Pulsed LI, LD, and VI characterization was not able to beqrened on the BC VC-
SELs. While the AFRL Sensors Directorate has pulsed laseactaization capability
for edge emitting lasers, the detector head cannot fit irgqotiobe station’s environmen-
tal chamber. Pulsed laser characterization would haveigedwaluable laser operating

characteristics while neglecting the CW heating effects.

Table 4.3 details the complete characterization matrixalbtemperatures, device
mesa sizes, and number of stages. Laser characterizat@nvea collected if the device
lased, indicated by an “L" in Table 4.3, otherwise no data ea@lkected and those devices
were ignored for the remainder of the research. Frequersporse measurements, indi-
cated by an “F” in Table 4.3, were performed on lasing deviggs mesa diameters up
to 40 um in diameter. The larger devices were ignored because offisgnt multimode
operation. For smaller devices, frequency response measuts were not acquired either
due to device failure while operating at a constant biasndutie measurement or the fre-
guency response was insignificaig,, less than 2.5 GHz with a steady -20 dB per decade

decay rate.

Analysis of the BC VCSELs was performed as a function of numlbetages and
as a function of temperature. The complete data analysisaap@s a function of stage in

Appendix C and as a function of temperature in Appendix D.

High-frequency laser modulation response measurememnéspeeformed at the same
temperature at 1 or 0.5 mA intervals along the positive staffi@e LI curves. The output
modulation was determined using th@arameters obtained from an HP-8720A microwave
network analyzer (MNA) [41]. The test system consists obdlet CW current source con-
nected to the Port-1 bias-tee of the MNA. The MNA applies adB@n (0.1 mW) small-
signal modulation onto the laser bias. The signal was segpd the VCSEL by a 40 GHz

coaxial microwave cable connected to the microprobe. Thdutated light output was
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Table 4.3: Complete BC VCSEL characterization matrix. Collédtser characteriza-
tion is indicated by an L and collected frequency responseadterization is indicated by
anF.

T(°C) Mesafim) 1-Stage 2-Stage 3-stage

-50 20 LF
22 LF L L
24 LF LF LF
26 LF LF LF
28 L LF LF
30 LF LF
35 LF LF
40 LF LF
45 L L
50 L L
-25 20 L L
22 L L
24 LF LF
26 LF LF
28 LF LF
30 LF LF
35 LF LF
40 L LF
45 L
50 L
00 22 L L
24 LF LF
26 LF LF
28 LF LF
30 L LF
35 LF
40 LF
45 L
+25 22 L
24 LF
26 LF
28 LF
30 L

collected using a 63m core multimode fiber and detected using a 25 GHz high-speed d
tector. The output signal from the detector was returneatbozof the MNA via a 40 GHz
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microwave cable. The,; ands;; parameters were measured by the MNA which was 2-port

calibrated from 0.15 GHz to 20 GHz in 0.05 GHz steps and aeet&en times.

In order to compare independent measurements to a commoB sBaddard, the

measured and fit frequency responses have been scaled tygplot

|so1| or |[MTF(w)|
|MTF(0)]

Response = 20log (4.2)

where MTF' is the two-pole modulation transfer function. The two-pfaam takes into
consideration the low-frequency parasitic peak that wésnobbserved. The scaling has
been changed from 10log, as in reference [36], to 20log Isecthe power was measured
instead of the field resulting in the square term coming ouheflogarithm. This kept
the measured -3 dB frequency response at or below the cdutaaximum frequency
response extracted by tié-factor, to be described later in this section. Unfortulyatbe
maximum -3 dB frequency response was reduced from 9.3 GHzLt&Hz for the best

performing devices.

The functional form for the two-polé/T'F fitting function was derived to be

14 72, w?)[y2w? + (w? — w?)?]

par

MTF(w)| = \/( A+B+C (4.2)

where the independent variablds the angular frequency and

= CL(1+15,w)w, 4.3)
= 2CmeaTWr2[(”YTpar - 1>w2 + WE] (4.4)
¢ = C]?ar [’}/2(“‘}2 + (w2 - wS)Q]' (45)

The fit parameters includey, = 2 f,., the relaxation oscillation frequency; the damp-

ing rate;C,,, the single pole\/T F amplitude constant’,,,, the parasitic amplitude con-
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stant; and,,,, the parasitic time constant which is converted to a pacasgiquency,f,q,

by

oo = ——. (4.6)

Tpar
With these fit parameters, other important parameters Gt} as the peak frequency,

fpeak;
72
fpeak - fr2 - @ (47)

and the calculated -3 dB frequendy,s 45 caie

f=3 aB catc = frear + \/ Foear + 1 (4.8)

are determined. These fitted and calculated parametersobéaaed for all frequency

response measurements as a function of bias current.

The damping rate is proportional to the square of the relexaiscillation frequency
[3,5,7,19]

V= K[+ (4.9)

XTn

wherer, is the differential carrier lifetime angl is a factor accounting for carrier transport
effects. ThisK-factor is used to estimate the maximum intrinsic modutatbandwidth

when only considering the damping rate by [3,5,7,19]

22
J—3dB damp = K (4.10)

Similarly, the thermally-limited modulation bandwidthgs/en by [3,19]
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f—3dB therm = '\/ 1+ \/§fr mazx (411)

and the modulation bandwidth limited by parasitics is [3, 19

f—3dB par — (2 + \/g)fpar- (412)

Figure 4.16 shows a representative set of measured andditefiney response data
for the 28,ym mesa device at a mount temperature of “60The frequency response for
this device was performed with 1 mA steps from 2 to 12 mA. Fegdirl6 shows current

steps from 2 to 6 mA to illustrate the frequency response reisipect to injected current.

I=6mAf, ~=60GHz
I=5mA f_% dB=7A0 GHz
I=4mAf7édB=7.lGHz
I1=3mA f_3 g =64 GHz
I=2mAf . =54GHz

Response (dB)

Frequency (GHz)

Figure 4.16: Measured and fit frequency responses fpm28iameter mesa 3-stage BC
VCSELs at a mount temperature of -50. Current steps of 1 mA were performed from
2 mAto 12 mA, but only the 2 through 6 mA data and fits are showaetail the relation
as a function of CW drive current.

453.1 Sandard Laser Characterization Results (LI, LD, and VI). Fig-
ure 4.17 shows the operating characteristics for 1-, 2-3astdge BC VCSELSs with 28m
mesas at a chuck temperature of 280 The operating characteristics include CW a) LI, b)

LD, c¢) VI, and d) frequency response characteristics. Theésarand temperature combina-
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tion represents the overall best performing single-maglg jpower and frequency response
for both the 2- and 3-stage BC VCSELSs. The 1-stage devices &sB@°C but not at other
temperatures due to low gain resulting from cavity detumilgtive to the gain peak and
from small round-trip gain due to the low number of DBR paird anly three QWs. This
detuning results in degraded CW performance of all of the BC GS# higher tempera-
tures. The VI data in Figure 4.17 c) unequivocally shows #tpeeted BC VCSEL behavior

as the number of stages is increased.

Several mesa diameters lased at all of the temperaturesacdatierization for the
3-stage BC VCSEL. The best operation in all cases was a@C50ut mesas ranging from
22 um to 30pm in diameter also lased at room temperature. The most coengee of data
occurred for the 3-stage BC VCSEL with mesa diameter gi@8where a complete set of
LI, LD, VI, and frequency response characteristics was na@e all of the temperatures

listed.

The “electron recycling” benefit of the BC VCSEL structure isnediately obvious
by comparing the 2- and 3-stage LI and LD data in Figures 4)hd b). The increased
round trip gain from the additional stage manifests in ainsgope efficiencyy,op., from
0.36 W/A for the 2-stage device to 0.46 W/A for the 3-stage de\as well as the reduction
in the threshold current from 2.0 mA for the 2-stage devid& TanA for the 3-stage device.
Again, the 1-stage LI and LD results are significantly redijt@cause of the reasons stated

above, with a slope efficiency of 0.05 W/A and a threshold curoé 8.0 mA.

An important observation is seenin Figure 4.17 b). It hamlbepeatedly emphasized
in the literature that BC structures do not make light for frés the number of stages is
increased, there will be a corresponding increase in velteigwever, increasing the num-
ber of stages reduces the threshold and operating curnedi$a the same drive power,
the same amount or, as seen in most samples in Appendix C, rgbtgbwer is gener-
ated with additional stages. BC VCSELs improve slope effigiemd improves wall-plug

efficiency, nuaipiug!
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Figure 4.17:  Operating characteristics for 28 mesa 1- (black), 2- (red), and 3-stage
(blue) BC VCSELs at a mount temperature of <%0 a) is the LI, b) is the LD, c) is the
VI, and d) is the frequency response. The heavy line portdrise LI curves indicate the
linear regime where the slope efficiencies were calculaiée vertical lines in a) are the
currents where the frequency response characterizatisobtained.

As mentioned previously, the 1-stage BC VCSEL did not perforarly as well
as the 2- and 3-stage BC VCSELSs due to the low number of DBR miais peducing
the round trip gain in a 1-stage device, thereby requirirggdbvice to be driven harder
to achieve threshold and developing undesired heatingtsffeThese heating effects are
responsible for the “ripple effect” observed in the LI, Figu.17 a), and LD, Figure 4.17

b), characterization [7]. The low-current truncation ie th-stage LI, LD, and VI is due to
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the limited data range of the HP-7145A SPA. A maximum of 25@&d#eps was available,
limiting the current step size or current range. Severalogsvhad this problem, where
truncation was required to scan the full lasing range withiraent step size small enough

to avoid destroying the device being tested.

Figure 4.18 shows the operating characteristics for thea§esBC VCSEL with a
28 um mesa at chuck temperatures of 80, -25°C, 0 °C, and 25°C. The operating
characteristics include CW a) LI, b) LD, c) VI, and d) frequgnesponse. One can observe
that the light power drops off by nearly an order of magnitfrden -50°C to 25°C. Another
observation is the nearly linear translation of the lighalp@ower with increasing drive
current, Figure 4.18 a) or power, Figure 4.18 b). This is g ikdicator that the InGaAs
QW gain peak is poorly aligned with the cavity resonance éomm temperature operation.
By judiciously reducing the well width, the alignment of th&\Qgain peak and cavity
resonance can be optimized for room temperature operatigare 4.18 c) also shows the
expected reduction in voltage with increasing temperadueeto bandgap narrowing as the

temperature increases.

Table 4.4 summarizes several important parameters foe @2&sm devices, includ-
ing threshold currentl{;), slope efficiency {.,.), wall-plug efficiency, Guaipiug), fre-

quency response drive curret,(, r.sp), and -3 dB frequencyf(s 45 rcas)-

Table 4.4: 28:m diameter mesa BC VCSEL operating parameters.
Temp- Stage [th T)slope nwallplug Ifreq resp f73 dB Meas

°C (MA) (WIA)  WopdWeree) — (MA) (GHz)

-50 3 0.7 0.46 0.05 4.0 7.1
2 2.0 0.36 0.05 6.0 4.5
1 8.0 0.05 0.01

-25 3 0.7 0.39 0.05 4.0 6.5
2 1.8 0.28 0.05 4.5 4.3

00 3 0.9 0.32 0.04 3.0 5.3
2 3.0 0.10 0.02 5.0 2.2

+25 3 1.8 0.13 0.02 3.5 3.4
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Figure 4.18: Operating characteristics for;28 diameter mesa 3-stage BC VCSELSs at
mount temperatures of -5 (blue), -25°C (red), 00°C (black), and +25C (green). a) is
the LI, b) is the LD, c) is the VI, and d) is the frequency respmnThe vertical lines in a)
are the currents where the best frequency response ch&aatite was obtained.

45.3.2 High-Seed Laser Characterization Results.  Figure 4.17 d) shows
the frequency response for the 3- and 2-stage@8diameter mesa devices at the chuck
temperature of -50C/ [36]. These are the first reported results for BC VCSELs. Ttan8-
2-stage BC VCSEL devices exhibit -3 dB frequency responsesloGHz and 4.5 GHz,
respectively, at the labeled biasing conditions. The 8estdevice at +25C, shown in

Figure 4.18 d), does operate under small-signal modulatitna 3.4 GHz -3 dB response

70



cutoff. However, the modulation peak is quite sharp, intiingaincreasing the current injec-
tion should increase the -3 dB frequency bandwidth. Unfately, the modulation signal
falls off at higher bias currents because the laser is opgratar the maximum of its pos-
itive LI slope,i.e the gain peak is red-shifting out of the cavity resonancerdasing the

current reduces the -3 dB frequency response as the lasatiopebegins to degrade due

to heating effects and increasing gain-cavity mismatch.

The MTF curves for the devices in Figure 4.17 d) correspond to fith vataxation
oscillation frequencies off, = w, /27 =, 4.78 and 6.27 GHz, and damping ratesof:,
35.4 and 46.3 n3 for the 2-stage and 3-stage measurements, respectivgly.ei4.19 a)
and b) show the damping ratg,as a function of resonance frequency squafédor the 3-
and 2-stage BC VCSELSs, respectively, with,28 diameter mesas, as well as the associated
K-factor. Figures 4.19 c) and d) show the calculated -3 dbuieeqy, measured -3 db
frequency, relaxation oscillation frequency, and peafjdemncy as a function ¢ff — 1,,,)'/?
for the same 3- and 2-stage BC VCSELSs, respectively. It is ampénat thermal saturation
is an issue with these devices. The roll-off of the peak feaqy, f,..x, indicates a strong
thermal limit to the frequency response along with the gfrdamping limitation. Parasitic
limitations do not appear to be an issue, indicating devesagh improvements such as (1)
improving the room-temperature resonant cavity-InGaAs @At peak alignment and (2)
grading the DBR mirrors will significantly improve device f@mance by improving the

thermal characteristics of the devices.

Table 4.5 summarizes the high-speed parameters for thedl®-atage BC VCSELs
studied in detail and includes a comparison to a SOA room éeatpre operating 840 nm
VCSEL with a 6m OA [3]. Since this is the first reported frequency modulatid BC
VCSELSs there are no BC VCSEL values to compare with. Howeveretulsomparison
with a SOA high-speed semiconductor laser will provide afulssomparison. Thek-
factor for the BC VCSELSs is extremely large (more thax)3Zompared to the 840 nm
VCSEL. This is the primary parameter that must be reducedusecia leads directly to a

Iargef—SdBdamp andf—?:dbtherm-
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Figure 4.19:

High-frequency parameter analysis for 2- arstia8e BC VCSELs at a
mount temperature of -50C. a) and b) shows the damping rate,as a function of reso-
nance frequency squareff, for the 3- and 2-stage, respectively, BC VCSELs with28

diameter mesas as well as the associated K factor. c) andodjsshe calculated -3 db
frequency (black triangles), measured -3 db frequencye(bikcles), fitted relaxation oscil-
lation frequency (red squares) and calculated peak fraxyu@reen dot) as a function of
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Table 4.5:  Frequency modulation parameters for 3- and@®8& VCSELS with 2§:m
diameter mesas at -5@ and a comparison to a state-of-the-art 840 nm VCSEL with a

6 um aperture operating at room temperature [3].

Parameter  Units 3-Stage 2-Stage 840 nm
BC VCSEL BCVCSEL VCSEL
Tyias mA 4 6 4
fr GHz 6.27 4.88 9.5
v ns! 46.3 35.4 ~45
f_3 dB Calc GHz 7.30 6.05 8.3
f_3 dB Meas GHz 7.10 5.08 ~8
Jpeak GHz 3.49 3.25 6.5
Jpar GHz 5.14 8.08 n/a
K ns 1.12 1.28 0.40
Jr mac GHz 7.10 5.33 9.5
f-3dB damp GHz 7.93 6.94 22
f-3 4B therm GHz 11.0 8.28 14.7
f-3aBpar  GHZ 19.2 30.2 24

4.6 Summary

The design and demonstration of 1-, 2-, and 3-stage BC LEDsV&ELs has

been accomplished. The BC LEDs provided unique informatiothe best layer structure
to use in the microcavity of a BC VCSEL. The BC VCSELSs all operateeb@ °C and

exhibited the first reported frequency response charaetesn for and type of BCL. The
3-stage BC VCSEL did operate at room temperature. Thesesehatv that a BC VCSEL

will operate at high-speeds and with high slope efficienaibgh are required for an RF

photonic link. However, further improvements are requi@dptimize the BC VCSEL for

room temperature operation. First and foremost, the QWgaik and the cavity resonance

has to be better aligned. Other improvements for incredsigig-speed operation include

DBR mirror pair optimization for the stage to be studied anecsly designed fabrication

masks to minimize capacitance issues between mesa sizésekess differences due to

the number of stages employed. All of these improvemeniscanitribute to reducing the

K -factor.
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V. Conclusion
5.1 Summary of Results

BC VCSELs withp-doped OAs have been successfully demonstrated for laser pe
formance and high-frequency small-signal modulation grenbince. These are the first

reported direct frequency response measurements of BC VCSELs

At an operating temperature of -5C, the 3-stage BC VCSEL had a single-mode
maximum output power-2 mW and a slope efficiency of 0.46 W/A. The 2-stage BC VC-
SEL had a single-mode maximum output pow&mW and a slope efficiency of 0.36 W/A.
Gigahertz performance of BC VCSELSs at an operating temperatin50°C was demon-
strated, with a maximum single-mode 3 dB frequency respors&Hz and>5 GHz for
a 3-stage and 2-stage BC VCSEL, respectively. Standard dgripiitations, as well as
thermal limitations, are clearly evident in the frequenegponse analysis. These limita-

tions need to be overcome.

The quantifiable goals to demonstrate room-temperature-¢gpged BC VCSELs
with (1) device slope efficiencies greater than 1 W/A, (2) $ssiginal modulation>-5 GHz,
and (3) improved impedance matching were not met. The 3stagice operated at room
temperature with a slope efficiency of 0.1 W/A and a -3 dB maitabandwidth of
3.2 GHz. However, small-signal modulation exceeding 5 GH® wWemonstrated at an
operating temperature of -5C for both the 2- and 3-stage BC VCSELSs. Significantly im-
proved sloped efficiencies were also demonstrated, butatidheet the metric of 1 W/A.
While not meeting the metric of 1 W/A the slope efficiencies ammpare with the SOA for
semiconductor lasers to date. Impedance matching becaseflan issue after the BCL
design was changed to a BC VCSEL. This is due to the small ardeeafdvice having a
much larger resistance. This changed the effort from magchilow-resistance device to a
high-resistance device. This will allow for the incorpaoatof a parallel matching circuit
that is more robust and efficient than dumping the entireaditmough a series matching

load.

The demonstration at reduced temperatures of high-sldipeeety and high-frequency

modulation BC VCSELs as well as limited operation at room-terafure of the 3-stage
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BC VCSEL indicates that with further research a direct-drivegRBtonic link is not only

feasible, but can be a reality.

5.2 Future Work

Research opportunities exist for future work. While the 3st8C VCSELs do
operate at room temperature, these BC VCSELSs require destymaterial optimization
to fulfill room-temperature high-speed-(10 GHz) performance with a slope efficiency
> 1 W/A. Investigations such as (1) optimizing the gain pealsygicavity tuning overlap
to improve room temperature operation, (2) compositigrgihading the DBR mirror layers
to reduce interfacial band spikes, (3) investigating thénogm number of DBR mirror
pairs used in a BC VCSEL to maximize the light output power asatfan of number of
stages used, and (4) specifically designed fabrication srtagkinimize capacitance issues
between mesa sizes and thickness differences due to theenaindtages employed. The
extension of high-speed operation to frequencies aboveHDaBroom temperature using

BC VCSELs with very high slope efficiencies should be achievabl

Optimizing the cavity resonance and QW gain peak for roonpeature operation
and compositionally grading the DBR mirrors are importarst fateps to improve device
performance. The cavity resonance - QW gain peak optinoizatiould benefit by ad-
ditional LIV characterization of the existing BC VCSELs at fitemperature levels to
determine where the best alignment occurs. The QWSs can thedjlited by blue shifting
the Iny.20Gay.50As QW emission peak by reducing the QW thickness and/or iedube
indium concentration. Empirical values of 046°C and 0.1A/°C for the temperature shift

of the QW gain peak and cavity resonance, respectively, besa used extensively [7,46].

Along with tuning the gain peak to the cavity resonance, aitket study to determine
the optimal number of DBR mirrors for the desired stage is psed. Since a 3-stage BC
VCSEL has more round trip gain than a 2-stage BC VCSEL, the optimumber of DBR

mirror pairs to maximize the power output will be less tham Zhstage BC VCSEL.
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Modeling and simulating the effects of including a barrieitl{er a doped GaAs re-
gion of another OA layer) opposite the QW from the OA shouleggnsight into why only

one of the TJs band overlap with increased bias and not aileot §s equally

Apart for BC VCSELSs for RF photonic links, another opportunity BC emitters
is already underway. Taking advantage of the light uniftyrand increased brightness by
employing BC LEDs, resonant-cavity BC LEDs are currently gamvestigated as high-
brightness narrow-waveband sources for an illuminator3rzaimaging system [43]. The
broad area uniform illumination generated by incorpogatimnel junctions combined with
the waveband narrowing and decreased divergence obtasimeglairesonant cavity design
in an LED will significantly improve the signal-to-noise i@bf the illumination signal in

even the brightest daytime ambient background situations.

5.3 Finale

Bipolar cascade lasers offer tremendous flexibility for ntoas laser and high-
brightness LED applications. Further improvement of BC VCSEfll provide significant
advances in achieving and demonstrating a direct-drive Ritopic link system. Apply-
ing the bipolar cascade concept to LEDs will offer efficientanexpensive illumination

sources for numerous Air Force applications.
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Appendix A. Gain-Guided Laser Process Follower

This is the in-house developed process follower for fabingedain-guided edge-emitting
lasers. It is single mask process designed to quickly fateia quarter of a two or
three inch wafer. The follower includes four major sectidng-Contact Metallization, Il.

Wafer Thinning, Ill. Backside Metallization, and IV. Wafer Reval and Cleaning.

In Section | the wafer is photolithographically patterneithv2 cm long stripes with
with stripe widths of 2Qum, 40m, 60m, 80um, and 10Q:m. The top metal, consisting
of Ti:Pt:Au (300A:500 A:3500A) is evaporated and a liftoff is performed. The sample is
RIE etched to remove the exposedap to reduce lateral current spreading. The sample is

then annealed at 4@ for 15 s.

In Section Il the sample is mounted upside down onto a lapplsig and the backside

is thinned to a final thickness e§100 m.

In Section IIl the backside metal is evaporated with a Ni&BeNi:Au (50 A:170 A:
330A:150 A:3000 A) metal layer profile and a liftoff is performed. The sampsettien
carefully removed from the lapping plate. The final step iis gection is to anneal the

thinned sample at 41TC for 15 s.

In Section IV the processed sample is cleaved into 1 cm lassniith cavity lengths
of 200 um, 250pm, 330m, 400um, 500m, 660m and 80Qum.
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Laser Process Follower

Quick Gain-Guided Lasers

Ti-Pt-Au pt Contacts

Start Date: 8 August, 2007

Piece ID:

Mesa Orient:

Notes on Piece:

Minor Flat

Major Flat



I. p-Contact Metalization

8 August, 2007 | Piece ID:
Date Init. Process Notes
Time

Prepare Wafer Surface
O Spin clean wafer with acetone, isopropyl alcohol, and DIW
Q 30 seconds each @ 500 rpm

Q N, blow dry

Q S minute HPB @ 170° C (evaporates accumulated H,0)
a  Cool

PMGI Coat

Q Set PMGI spinner ramp rate = 200; spin = 4000 rpm
Q Flood wafer with PMGI SF-11

O Spin 30 seconds @ 4000 rpm

Q 5 minute HPB @ 270° C

a Cool

1813 Coat

Q Set Photoresist Spinner ramp rate = 200; spin = 4000 rpm
O Flood wafer with 1813

O Spin 30 seconds @ 4000 rpm

Q 75second HPB @ 110° C

g  Cool

Wafer & Mask Inspection

O Inspect backside of wafer and gently clean with acetone and a swab
Q Inspect Laser Qualification Mask

Q Clean with acetone

Q Rinse with isopropyl alcohol

Q N, blow dry

Expose 1813 with LASER Qualification Mask
Q Edge bead photoresist (if desired)
Cover sample with Al foil mask
MJB-3 expose, 365 nm, 45 sec (7 mW/cmz)
50 second Spin Develop with 351:H,0 (1:5) @ 500 rpm
30 second DIW rinse
N, blow dry
Cover sample with Al foil mask
300 second DUV Exposure 240 nm (16.5 mW/cm?)
30 second spin Develop with SAL 101 @ 500 rpm
30 second DIW rinse
N, blow dry
Q Align & expose LASER Qualification Mask
MIJB-3, 350 nm 20 seconds (7 mW/cm?)
Ensure mask is aligned with the substrate crystal structure because the
cleaving will follow the crystal structure and not the pattern processed onto
the substrate!!!

1813 Develop

Q 30 second Spin Develop with 351:H,0 (1:5) @ 500 rpm
Q 30 second DIW rinse

Q N, blow dry

Inspect Lithography
O Examine wafer alignment
QO Examine to ensure 1813 developed

Expose PMGI
Q 300 second DUV Exposure 240 nm (16.5 mW/cm?).

PMGI Develop

Q 30 second spin Develop with SAL 101 @ 500 rpm
Q 30 second DIW rinse

O N, blow dry
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I. p-Contact Metalization

8 August, 2007 | Piece ID:
Date Init. Process Notes
Time

Inspect Lithography
Q Again, ensure wafer alignment is along crystal structure
Q Examine to ensure PMGI developed

Descum
Q 4 minute LFE Descum @ 200 W

Oxide removal directly prior to metalization
Q 20 second DIP in BOE:DIW (1:10)

O DIW rinse in rinse tank (3 cycle minimum)
O N, blow dry

Metalization
Q Evaporate 300 A Ti 500 A Pt 3500 A Au

Tape-Liftoff

Heat 1165 to ~100° C

Lift off metal using wide tape

Tape gold lift-off to bottom of page

Use thin tape to clean-up remaining metal

30 second spray with acetone gun @ 500 rpm
Ensure all undesired metal is rinsed off

30 second rinse with isopropyl alcohol @ 500 rpm

Dry with N, @ 500 rpm

Dry with N, on clean Texwipes

Check backside & clean (if necessary)

oopooOo

[y iy )

PMGI Strip

Q Strip PMGI in 100° C 1165 for approx. 4 minutes
O DIW rinse in rinse tank (6 cycles)

Q N, blow dry.

Inspect Metalization

O Examine adhesion

Q Examine metal edges (look for wings, open areas, etc.)
Q Measure metal height on profilometer

Metal Step Hgt.

Descum
Q 4 minute LFE Descum @ 200W

Rapid Thermal Anneal (RTA)
Q 15second RTA @ 410° C (per RTA Standard Operating Procedures)

Measure contact resistance of p* cap
O Measure stripe lengths if less than full mask
(if full mask the stripe length is 19 mm)

O At probe station probe adjacent stripes 20 & 40, 40 & 60, 60 & 80, 80 & 100, 100 & 20 um  (Note

stripe numbers used for a, b, c,& d !!)

a b c d

L, mm L, mm L mm Ly mm

Ry, mQ Roa mQ Rs, mQ Ry, mQ R;s mQ
Rl b. mQ R'yh mQ R3h mQ RAh mQ Rih mQ
Ry mQ Ry mQ R;. mQ Ry mQ Rs. mQ
R]d mQ R7,1 mQ R d mQ R4d mQ qu mQ
Etch p* Cap

O 2.25 minute RIE Etch in ICP RIE (no ICP power)
BCls:He (50 sccm:40 scem), 20 mTorr, 100 W, DC bias 198 V
Q Measure with profilometer to verify proper step height

Final Step Hgt.
A
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II. Wafer Thinning

Date Printed: 8 August, 2007 | Piece ID:
Date Init. Process Notes
Time (Check box when complete)

Bonding Wafer to Glass Flat

oooodo

[mpymiy |

Turn on and set Cleaning Station hot plate to 150°

Put glass flat on hot plate and melt Crystal Bond wax

Spread evenly leaving no gaps or large bubbles

Wait about 1 minute for the bubbles to come out

While flat remains on hot plate place substrate epi side down onto the center of

the glass flat.
If placing more than 1 wafer or piece spread the pieces evenly over the
glass flat.

Rotate and apply light pressure to evenly distribute wax

Remove from heat and cool

On spinner spray with acetone gun @ 500 rpm to remove excess wax

The next 4 Steps will be done in the GaAs Wafer Processing Lab

Remove Excess Wax from Between Wafer and Glass Flat

Q Turn on pump and hot plate (for 150 ° C set hot plate to ~450)
O Place glass flat on metal blank in vacuum chuck and set on hot plate
Q Cover with filter paper
a Cover with vacuum compression chuck and let vacuum chuck heat to 150° C
Q Draw vacuum
(As per vacuum chuck Standard Operating Procedures)
O Remove vacuum chuck from hot plate and set on cooling plate keeping the
vacuum chuck under vacuum
a Cool vacuum chuck to 40° C or less
O Open vacuum chuck
(As per vacuum chuck Standard Operating Procedures)
O Remove vacuum chuck and filter paper
O Spray with acetone to remove excess wax
Q Clean vacuum chuck of any remaining wax with acetone
Lapp substrate
O Measure initial wafer thickness above glass blank
Standard wafers are about 400 um
O Using 5 pm alumina grit, apply even pressure, lapp wafer until thickness is
approximately 90 um.
O Several stops and thickness measurements will be required
O Record final thickness
Polish Wafer
Q  Setup with felt polishing disk, 0.3 um polishing grit and bleach
O Work grit and bleach into a wet paste
Q Polish wafer until it has a mirror finish
Clorox always etches! Never wait more than 1 second to go from polishing
pad to running water
O Cleanup polishing hood
Q Return 0.3 pm polishing grit and bleach
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III. Backside Metalization

(Back in the Cleanroom)

Date Printed: 8 August, 2007 | Piece ID:
Date Init. Process Notes
Time (Check box when complete)

Clean Wafer & Glass Flat

Q 30 second rinse with acetone @ 500 rpm

O Use Q-tip to gently remove any leftover grit from surface
Q 30 second rinse with isopropyl alcohol @ 500 rpm

Q 5 minute HPB @ 110°C

Q Let blank cool.

Apply Positive Photoresist to Glass Flat
O With wafers still mounted onto the glass blank, paint photoresist on the glass
blank and just over the edges of the substrate
Ensure the glass is completely covered and the wafer is not covered (except

the edges of the wafer)
Q 10 minute HPB @ 110° C
a Cool
Q Inspect for resist hardness and coverage
Descum

Q 4 minute LFE Descum @ 200 W

Oxide removal directly prior to metalization
Q 20 second DIP in BOE:DIW (1:10)
Q DIW rinse in rinse tank (3 cycle minimum)

Q N, blowdry
Metalization
Q Evaporate (standard S/D ohmic) 50 A Ni 170 A Ge

330 A Au 150 A Ni 3000 A Au

Tape-Liftoff

Q Lift off metal using wide tape

Tape gold lift-off to bottom of page

Use thin tape to clean-up remaining metal

30 second spray with acetone gun @ 500 rpm
Ensure all undesired metal is rinsed off

30 second rinse with isopropyl alcohol @ 500 rpm

Dry with N, @ 500 rpm

Dry with N, on clean Texwipe

Check backside & clean (if necessary

00D

OooDOo
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IV. Wafer Removal & Cleaving

Date Printed: 8 August, 2007 Piece ID:
Date Init. Process Notes
Time (Check box when complete)

Remove & Clean Wafer

Set Cleaning Station hot plate to 150° C

Heat glass blank to 150° C

GENTLY slide wafer from holder onto heated aluminum foil
GENTLY remove wafer from aluminum foil

Turn off Cleaning Station hot plate

Soak in acetone for 5 minutes (Dissolves wax from front side of wafer)
30 second spin rinse with acetone @ 500 rpm

Soak in second acetone bath for 5 minutes

30 second spin rinse with isopropyl alcohol @ 500 rpm

Soak in isopropyl alcohol for 1 minute

GENTLY N, blow dry

|

Rapid Thermal Anneal (RTA)
O 15second RTA @ 410°C
(per RTA Standard Operating Procedures)

The final step will be done in the GaAs Wafer Processing Lab

Wafer Cleaving
O Cleave wafer
1 cm long by 800, 200, 660, 250, 500, 400, & 330 um wide bars
(per Loomis LCD-1 Cleaving Machine Standard Operating Procedures)
Q Deliver to semiconductor laser testing lab
Q Place in N, dry box for storage and inform tester
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Appendix B. High-Speed VCSEL Process Follower

his is the in-house developed process follower for fabingahigh-speed ground-
Tsignal-grounog-srg coplanar probable VCSELSs. It is designed to fabricate a quart
of a three inch wafer. The follower includes seven majorisast some can be ignored
if not necessary. These sections include: |. Backside Roggmot necessary if backside
is already polished), Il. Alignment Marks & Top Contact Metallization, Ill. Mesatéh,
IV. Bottom Contact Metallization, V. SU-8 textit(negativesrgt) Planarization & Aperture
Opening, VI. Pad Metallization, and VII. Pad & Aperture Open(can be ignored if de-
sired). Figure B.1 illustrates the complete layout of the mask defigma VCSEL with a

50 um mesa.

Section | is an optional backside polishing. Sometimes natis grown on single-
side polished wafers and polishing is very important forcessing accuracy and to elim-
inate contamination. All in-house grown material is usedlde-side polished wafers and

this step was not necessary for the BC VCSEL research.

Section Il is a standard two-layer liftoff lithography defig alignment marks and
the top contacts. This step uses a dark field mask and defired&rang annulus designed
to fit on mesas of various sizes ranging from/af to 50 xm, Figure B.1a), the metal is

evaporated.

Section Il is a clear field mask defining the VCSEL mesas, Edudb). This uses
a silicon nitride layer as well as a two-layer resist litheyginy to fortify the mask during the
dry etch. This etch takes advantage of a in-house develadbsttivity system allowing

etch stop control on the order of 160

Section IV has several steps. The first step is a standardatyen-liftoff lithogra-
phy to define the bottom contacts. This step uses a dark fied#t avad defines a half ring
annulus around the base of the VCSEL mesa, opposite the taactdralf-ring annulus,
Figure B.1c). The bottom metal and backside metal is evapdrand the sample is an-
nealed at 410C for 15 seconds in a forming gas (95% Ar - 5% ehvironment. Initial
characterization is then performed to qualify the mategiadlity before progressing onto

the oxidation. The oxidation is then accomplished in anonge developed in-situ oxida-
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~a) TopMetal =~ =~ ©  ° b)MesaEtch

RS,

Figure B.1:  High-speed VCSEL mask layout design for a VCSEL wif0m mesa,
a) is the top metal, b) is the mesa etch, c) is the bottom na}as, aperture and-metal

opening, e) is the pad metal, and f) is the aperture and padrape
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tion furnace at 400C for up to five hours. Post-oxidation characterization isgrened to

determine VCSEL operational quality and to decide whethehéu oxidation is required.

Section V is an insulating and planarization step. Silictinide is applied to electri-
cally insulate the side walls of the VCSEL mesa. It also ersacefurther oxidation will
occur eliminating some future reliability issues. The plamation step uses SU-8, which is
a thick negative resit. A clear field mask defines the apeduarwop of the VCSEL mesa,
which also exposes the top contact, and the deep trench tsexpe bottom contact, Fig-
ure B.1d). The exposed silicon nitride is dry etched to expghbsetop and bottom gold

alloyed contacts.

Section VI is a standard two-layer liftoff lithography defig the metal-s-g probe
pads. This uses a dark field mask and defines the probe padsessahierging connections
to the top and bottom ring annuli, Figure B.1e). The importaquirement of this step is
to sputter the metal to ensure step coverage down to thenbatbmtact. An extremely
important lesson is to never use the tape liftoff technidter axidation. The stress of the
oxidized layer makes the mesas very susceptible to failuregl a tape liftoff. Using the

acetone liftoff ensures a high yield of working devices.

Section VIl is a silicon nitride encapsulation feature. s'f8 intended to reduce
outgassing or water absorption of the SU-8. This water gitieor can cause long-term
failure due to temperature cycling. After the silicon rdtilayer is deposited a standard
two-layer lithography is performed and a dark field mask sdu® define the aperture on
top of the VCSEL mesa and tlges-g probable pads, Figure B.1f).

Figure B.2 are micrographs of a 26n VCSEL. Figure B.2a) shows an optical mi-

crograph, and Figure B.2b) is a scanning electron micros¢®i#) micrograph.
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Figure B.2:  Micrographs of a fully processed high-speed VCS#lis an optical micro-
graph and b) is a scanning electron micrograph.
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Laser Process Follower

Through DBR Contacted VCSEL

With Coplanar g-s-g High-Speed Probe Contact Pads

Start Date: 9 February, 2007

Piece ID(s):

Mesa Orient:

Notes on Piece: TJ — p-doped OA — AR

Minor Flat

Major Flat
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Through DBR Contacted VCSEL with g-s-g Contact Pads

9 February, 2007 Piece ID:
Date Init. Process Notes
Time

I. Backside Polishing (if necessary)

Bonding Wafer to Glass Flat

Q

0OO00OD

[y iy

Turn on and set Cleaning Station hot plate to 150°

Put glass flat on hot plate and melt Crystal Bond wax

Spread evenly leaving no gaps or large bubbles

Wait about 1 minute for the bubbles to come out

While flat remains on hot plate place substrate epi side down onto the center of

the glass flat.
If placing more than 1 wafer or piece spread the pieces evenly over the
glass flat.

Rotate and apply light pressure to evenly distribute wax

Remove from heat and cool

On spinner spray with acetone gun @ 500 rpm to remove excess wax

The next 2 Steps will be done in the GaAs Wafer Processing Lab

Remove Excess Wax from Between Wafer and Glass Flat

Q Turn on pump and hot plate (for 150 ° C set hot plate to ~450)
Q Place glass flat on metal blank in vacuum chuck and set on hot plate
Q Cover with filter paper
Q Cover with vacuum compression chuck and let vacuum chuck heat to 150° C
Q Draw vacuum
(As per vacuum chuck Standard Operating Procedures)
0O Remove vacuum chuck from hot plate and set on cooling plate keeping the
vacuum chuck under vacuum
O Cool vacuum chuck to 40° C or less
Q Open vacuum chuck
(As per vacuum chuck Standard Operating Procedures)
O Remove vacuum chuck and filter paper
O Spray with acetone to remove excess wax
Q Clean vacuum chuck of any remaining wax with acetone
Polish Wafer
Q  Setup with felt polishing disk, 0.3 pum polishing grit and bleach
O Work grit and bleach into a wet paste
Q Polish wafer until it has a mirror finish
Clorox always etches! Never wait more than 1 second to go from polishing
pad to running water
O  Cleanup polishing hood
Q  Return 0.3 pm polishing grit and bleach

Remove & Clean Wafer (in Cleanroom)

o o o

Set Cleaning Station hot plate to 150° C

Heat glass blank to 150° C

GENTLY slide wafer from holder onto heated aluminum foil
GENTLY remove wafer from aluminum foil

Soak in acetone for 5 minutes (Dissolves wax from front side of wafer)
30 second spin rinse with acetone @ 500 rpm

Soak in second acetone bath for 5 minutes

30 second spin rinse with isopropyl alcohol @ 500 rpm

Soak in isopropyl alcohol for 1 minute

30 second spin rinse with isopropyl alcohol @ 500 rpm
GENTLY N, blow dry.

Turn off Cleaning Station hot plate
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Through DBR Contacted VCSEL with g-s-g Contact Pads

II. Alignment & Top Contact Metal

9 February, 2007 Piece ID:
Date Init. Process Notes
Time

Prepare Wafer Surface

Q Spin clean wafer with ACE, IPA, and DIW 30 seconds each @ 500 rpm
Q N, blow dry

Q 2 minute hot plate bake (HPB) @ 110° C (removes accumulated H,0)
a Cool

PMGI Coat

Q Set PMGI spinner ramp rate = 200; spin = 4000 rpm
Q Flood wafer with PMGI SF-11

Q Spin 30 seconds @ 4000 rpm

Q 5 minute HPB @ 270° C

Q  Cool

1813 Coat

QO  Set photoresist spinner ramp rate = 200; spin = 4000 rpm
Q Flood wafer with 1813

Q Spin 30 seconds

Q 75second HPB @ 110°C

aQ Cool

Wafer & Mask Inspection

Q Inspect backside of wafer and gently clean with acetone and a swab
O Inspect AFRL HS VCSEL MASK #1 Align. Marks & Top Metal
Q Clean with ACE

O Rinse with IPA

O N, blow dry

Expose 1813 with AFRL HS VCSEL MASK #1 Align. Marks & Top Metal
O Edge bead photoresist (if desired)
Cover sample with Al foil mask
MIJB-3 expose, 365 nm, 30 sec (7 mW/cmz)
30 second Spin Develop with 351:H,0 (1:5) @ 500 rpm
30 second DIW rinse
N, blow dry
For PMGI — Cover sample with Al foil mask
300 second DUV Exposure 240 nm (16.5 mW/cm?)
30 second spin Develop with SAL 101 @ 500 rpm
30 second DIW rinse
N, blow dry
0 Align & expose AFRL HS VCSEL MASK #1 Align. Marks & Top Metal
MIB-3, 405 nm, 20 seconds (7 mW/cm?)
Ensure mask is aligned with the substrate crystal structure because any cleaving will
follow the crystal structure and not the pattern processed onto the substrate!!!

1813 Develop

Q 30 second Spin Develop with 351: H,O (1:5) @ 500 rpm
O 30 second DIW rinse

O N, blow dry

Inspect Lithography
0 Examine wafer alignment
Q Examine to ensure 1813 developed

Expose PMGI
Q 300 second DUV Exposure 240 nm (16.5 mW/cmz).

PMGI Develop

Q 30 second spin Develop with SAL 101 @ 500 rpm
O 30 second DIW rinse

Q N, blow dry

Inspect Lithography
O  Again, ensure wafer alignment is along crystal structure
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Through DBR Contacted VCSEL with g-s-g Contact Pads
9 February, 2007 Piece ID:
Date Init. Process Notes
Time

0 Examine to ensure PMGI developed
Descum

Q 4 minute LFE Descum @ 200W

Oxide Removal Prior to Metal Deposition
Q 20 second DIW:BOE (10:1) dip

Q DIW rinse in rinse tank (3 cycles)

Q N, blowdry

Metalization

Q Evaporate patterned side of the sample
For a p-i-n structure 300 A Ti 500 A Pt 3500 A Au
or for a cascade laser
50ANi 170 A Ge 330 A Au 150 A Ni 3000 A Au

Tape-Liftoff

Heat 1165 to ~100° C

Lift off metal using wide tape

Tape gold lift-off to bottom of page

Lift off with Scotch tape (in one direction)

Rotate sample 90°

Lift off with Scotch tape (in one direction)

15 second spray with acetone gun @ 500 rpm
Ensure all undesired metal is rinsed off

15 second rinse with IPA @ 500 rpm

Strip PMGI in 100° C 1165 for approx. 4 minutes

DIW rinse in rinse tank (6 cycles)

N, blow dry

Inspect Metalization

Q Examine adhesion

Q Examine metal edges (look for wings, open areas, etc.) Metal Step Hgt.

O Measure metal height on profilometer

Descum

O 4 minute LFE Descum @ 200W

III. Top Mesa
Prepare Wafer Surface
Q Spin clean wafer with ACE and IPA
30 seconds each @ 500 rpm
O N, blow dry
Q 2 minute hot plate bake (HPB) @ 110° C (removes accumulated H,0)
Q  Cool
Si;Ny Deposition
O  Sputter or PECVD 5000 A SisN,
PMGI Coat
Q Set PMGI spinner ramp rate = 200; spin = 4000 rpm
Q Flood wafer with PMGI SF-11
O  Spin 30 seconds @ 4000 rpm
Q 5 minute HPB @ 270° C
Q  Cool
1813 Coat
Set photoresist spinner ramp rate = 200; spin = 4000 rpm
Flood wafer with 1813
Spin 30 seconds
75 second HPB @ 110° C
Cool
Wafer & Mask Inspection
O Inspect backside of wafer and gently clean with acetone and a swab
Q Inspect AFRL HS VCSEL MASK #2, Mesa

|y Ry )
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Through DBR Contacted VCSEL with g-s-g Contact Pads
9 February, 2007 Piece ID:
Date Init. Process Notes
Time

Q Clean with ACE
Q Rinse with [PA
Q N, blow dry
Expose 1813 with AFRL HS VCSEL MASK #2, Mesa
Q Edge bead photoresist (if desired)
Cover sample with Al foil mask
MJB-3 expose, 365 nm, 30 sec (7 mW/cmz)
30 second Spin Develop with 351:H,0 (1:5) @ 500 rpm
30 second DIW rinse
N, blow dry
For PMGI - Cover sample with Al foil mask
300 second DUV Exposure 240 nm (16.5 mW/cm?)
30 second spin Develop with SAL 101 @ 500 rpm
30 second DIW rinse
N, blow dry
O Align & expose AFRL HS VCSEL MASK #2, Mesa
MIB-3, 405 nm, 20 seconds (7 mW/cmz)
Ensure mask is aligned with the substrate crystal structure because any cleaving will
follow the crystal structure and not the pattern processed onto the substrate!!!
1813 Develop
Q 30-60 second puddle & spin develop with 351: H,O (1:5) @ 500 rpm
Q 30 second DIW rinse
O N, blow dry

Inspect Lithography

O Examine to ensure 1813 developed

Expose PMGI

Q 300 second DUV Exposure 240 nm (16.5 mW/cm?).
PMGI Develop

Q 30-60 second puddle & spin Develop with SAL 101 @ 500 rpm
O 30 second DIW rinse
Q N, blow dry
Inspect Lithography
O  Examine to ensure PMGI developed
Descum
O 4 minute LFE Descum @ 200W
Step Height Profile Prior to Mesa RIE etch Resist Step Height
O Measure step height using TENCOR profilometer pm
Si;N4 RIE Etch
O  Anisotropically etch SizN, in Dual Chamber RIE
30 minutes with Freon 23:0, (45 sccm:3 sccm) and Ardel Platen

Step Height Profile After Si;N4 RIE etch Etch & Resist Height
O Measure step height using TENCOR profilometer pm
Mesa RIE Etch

O  Set up reflectance monitoring equipment on ICP etcher

PC - double click on RIE Reflectance

Change time interval to 0.01 seconds

Mount sample on sapphire holder using diffusion pump oil (use a SMALL

amount of oil, but not too small, otherwise it will contaminate wafer surface!)

Anisotropically etch in ICP System to desired depth using reflectance signal
BCl;5:Cl1 (30 scem: 10 scem), 600W ICP, 60 W RIE, Temps 17° C & 10° C,
4 mTorr, 9 sccm He

Q Clean wafer and sapphire holder using IPA

Post ICP RIE Step Height Measurement Step Height

Q Measure step height using TENCOR profilometer pm

0OoD
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Through DBR Contacted VCSEL with g-s-g Contact Pads
9 February, 2007 Piece ID:

Date
Time

Init.

Process

Notes

PMGI Strip

Heat 1165 to ~100° C

30 second spray with ACE @ 500 rpm

30 second rinse with IPA @ 500 rpm

Strip PMGI in 100° C 1165 for 4-5 minutes
DIW rinse in rinse tank (4-6 cycles)

N, blow dry

oooooo

Descum
0 4 minute LFE Descum @ 200W

Step Height Profile After PMGI Removal
O Measure step height using TENCOR profilometer

Step Height
pm

Inspect Etch
Q Examine to ensure sample etched properly and mesa definition is good

Si;Ny RIE Etch
Q Isotropically etch SizN4 in Dual Chamber RIE
10’ with Freon 14:0, (45 sccm: 2 sccm) and Aluminum Platen

IV. B

ottom

Post Siz;N4 RIE Step Height Measurement
O Measure step height using TENCOR profilometer

Step Height
pm

Contact Metallization

Prepare Wafer Surface
Q Spin clean wafer with ACE, IPA, & DIW
30 seconds each @ 500 rpm
O N, blow dry
Q 2 minute hot plate bake (HPB) @ 110° C (removes accumulated H,0)
a Cool

PMGI Coat

O Set PMGI spinner ramp rate = 200; spin = 4000 rpm
O Flood wafer with PMGI SF-11

O Spin 30 seconds @ 4000 rpm

O 5 minute HPB @ 270° C

g  Cool

1813 Coat

Set photoresist spinner ramp rate = 200; spin = 4000 rpm

Flood wafer with 1818

Spin 30 seconds

Inspect backside of wafer and gently clean with acetone and a swab
75 second HPB @ 110° C

Cool

Wafer & Mask Inspection

Inspect backside of wafer and gently clean with acetone and a swab
Inspect AFRL HS VCSEL MASK #3 Bottom Metal

Clean with acetone

Rinse with isopropyl alcohol

N, blow dry

[m iy iy iy u}

Expose 1813 with AFRL HS VCSEL MASK #3 Bottom Metal
O Edge bead photoresist (if desired)
Cover sample with Al foil mask
MJB-3 expose, 365 nm, 30 sec (7 mW/cmz)
30 second Spin Develop with 351:H,0 (1:5) @ 500 rpm
30 second DIW rinse
N, blow dry
For PMGI — Cover sample with Al foil mask
300 second DUV Exposure 240 nm (16.5 mW/cmz)
30 second spin Develop with SAL 101 @ 500 rpm
30 second DIW rinse
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Through DBR Contacted VCSEL with g-s-g Contact Pads

9 February, 2007 Piece ID:
Date Init. Process Notes
Time
N, blow dry

O Align & expose AFRL HS VCSEL MASK #3 Bottom Metal
MIJB-3, 405 nm, 20 seconds (7 mW/cm®)

1813 Develop

Q 30 second Spin Develop with 351: H,O (1:5) @ 500 rpm

O 30 second DIW rinse

a N, blow dry

Inspect Lithography

0 Examine wafer alignment

Q Examine to ensure 1818 developed

Expose PMGI

O 300 second DUV Exposure 240 nm (16.5 mW/cmz).

PMGI Develop

O 45 second puddle/spin Develop with SAL 101 @ 500 rpm

O 30 second DIW rinse

Q N, blow dry

Inspect Lithography

Q Again, ensure wafer alignment is along crystal structure

0 Examine to ensure PMGI developed

Descum

Q 4 minute LFE Descum @ 200W

Oxide Removal Prior to Metal Deposition

Q 20 second DIW:BOE (10:1) dip

O DIW rinse in rinse tank (3 cycles)

Q N, blow dry

n-ohmic Metalization

O Evaporate the patterned side

50ANi 170 A Ge 330 A Au 150 A Ni 3000 A Au
O Flip samples and evaporate the backside
50ANi 170 A Ge 330 A Au 150 A Ni 3000 A Au

Tape-Liftoff
Heat 1165 to ~100° C
Lift off metal using wide tape
Tape gold lift-off to bottom of page
Lift off with Scotch tape (in one direction)
Rotate sample 90°
Lift off with Scotch tape (in one direction)
15 second spray with acetone gun @ 500 rpm
Ensure all undesired metal is rinsed off
15 second rinse with isopropyl alcohol @ 500 rpm
Strip PMGI in 100° C 1165 for approx. 4 minutes
DIW rinse in rinse tank (6 cycles)
N, blow dry
Inspect Metalization
O Examine adhesion
Q Examine metal edges (look for wings, open areas, etc.) Metal Step Hgt.
O Measure metal height on profilometer A
Descum
Q 4 minute LFE Descum @ 200W
Rapid Thermal Anneal
O 15 second RTA @ 410° C (per RTA Standard Operating Procedures)
The next step will be performed in the OE Testing Laboratory
Preliminary VCSEL testing & Oxidation in OE Lab
Q Perform preliminary VCSEL testing at VCSEL Testing Station
Q  Oxidize samples @ 400° C using the In-situ oxidation furnace per SOPs

oooooo0oo

oopDOo
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Through DBR Contacted VCSEL with g-s-g Contact Pads

9 February, 2007 Piece ID:
Date Init. Process Notes
Time
Q Perform follow-on VCSEL testing at VCSEL Testing Station
gative resist) Planarization & Aperture Opening
Prepare Wafer Surface
Q Spin clean wafer with ACE & IPA
30 seconds each @ 500 rpm
Q N, blow dry
O 2 minute hot plate bake (HPB) @ 110° C (removes accumulated H,0)
Q Cool
Si;N4 Deposition
O Sputter or PECVD 5000 A SisN,
SU-8 Coat (Negative Resist)
QO  Set photoresist spinner ramp = 999
5.0 pm SU-82005  spread = 500 rpm for 5 sec
spin = 3000 rpm for 30 sec
7.5 um SU-82005  spread = 500 rpm for 5 sec
spin = 1000 rpm for 30 sec
10.0 um  SU-82010  spread = 500 rpm for 8 sec
spin = 3000 rpm for 30 sec
125 um  SU-82010  spread = 500 rpm for 8 sec
spin = 2000 rpm for 30 sec
Q Flood wafer with desired SU-8
Q Spin SU-8 for desired thickness
O Wipe backside of wafer with acetone soaked wipe while on spinner
Q I’ air bake on spinner
O Clean backside with EBR dampened swab (if necessary)
Q 3’HPB @65°C
O 3HPB@110°C
Q Cool sample
Wafer & Mask Inspection
Q Inspect backside of wafer and gently clean with acetone and a swab
Q Inspect AFRL HS VCSEL MASK #4 Aperture
O Clean with acetone
Q Rinse with isopropyl alcohol
Q N, blow dry
Expose SU-8 with AFRL HS VCSEL MASK #4 Aperture
O Align & expose AFRL HS VCSEL MASK #4 Aperture
MIB-3, 365 nm, 10 seconds (7 mW/cmz)
Post Exposure Bake
Q 3"HPB @65°C
O 3HPB@110°C
Q Cool sample
SU-8 Develop
O Bucket Develop with SU-8 developer for at least 3’
Q 15 second IPA rinse
Q N, blow dry
Inspect Lithography
Q Examine wafer alignment
Q Ensure SU-8 developed, make sure features are open, clean, and sharp
Post Develop Bake
Q 2'HPB @ 270°C
Descum
Q 4 minute LFE Descum @ 200W
Step Height Profile Prior to Mesa RIE etch Resist Step Height
O Measure step height using TENCOR profilometer pm
8

95




Through DBR Contacted VCSEL with g-s-g Contact Pads

9 February, 2007 Piece ID:
Date Init. Process Notes
Time
Si;Ny RIE Etch

O  Anisotropically etch Si3N, in Dual Chamber RIE

30 minutes with Freon 23:0, (45 sccm:3 sccm) and Ardel Platen
Step Height Profile After Si;N, RIE etch Etch & Resist Height
O Measure step height using TENCOR profilometer pm

V1. Pad Metalization

Prepare Wafer Surface
Q Spin clean wafer with acetone, isopropyl alcohol, and DIW
30 seconds each @ 500 rpm
Q N, blow dry
O 2 minute hot plate bake (HPB) @ 110° C (removes accumulated H,0)
Q  Cool
PMGI Coat
Q Set PMGI spinner ramp rate = 200; spin = 4000 rpm
O Flood wafer with PMGI SF-11
O Spin 30 seconds @ 4000 rpm
Q
Q

5 minute HPB @ 270° C
Cool
1813 Coat
Set photoresist spinner ramp rate = 200; spin = 4000 rpm
Flood wafer with 1813
Spin 30 seconds
Inspect backside of wafer and gently clean with acetone and a swab
75 second HPB @ 110° C
Cool
Wafer & Mask Inspection
Inspect backside of wafer and gently clean with acetone and a swab
Inspect AFRL HS VCSEL MASK #5 Pad Metal
Clean with acetone
Rinse with isopropy! alcohol
N, blow dry
Expose 1813 with AFRL HS VCSEL MASK #5 Pad Metal
0 Edge bead photoresist (if desired)
Cover sample with Al foil mask
MIJB-3 expose, 365 nm, 30 sec (7 mW/cmz)
30 second Spin Develop with 351:H,0 (1:5) @ 500 rpm
30 second DIW rinse
N, blow dry
O Align & expose AFRL HS VCSEL MASK #5 Pad Metal
MIJB-3, 405 nm, 15 seconds (7 mW/cm?)
1813 Develop
Q 30 second Spin Develop with 351: H,O (1:5) @ 500 rpm
Q 30 second DIW rinse
O N, blow dry

000D D

Inspect Lithography

Q Examine to ensure 1813 developed

Expose PMGI

Q 300 second DUV Exposure 240 nm (16.5 mW/cm?).
PMGI Develop

Q 30 second spin Develop with SAL 101 @ 500 rpm
Q 30 second DIW rinse

Q N, blowdry

Inspect Lithography

Q Examine to ensure PMGI developed

Descum
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Through DBR Contacted VCSEL with g-s-g Contact Pads

9 February, 2007 Piece ID:
Date Init. Process Notes
Time
Q 4 minute LFE Descum @ 200W
Metalization
O Sputter 200 A Ti 4000 A Au
Acetone Liftoff

O Heat 1165 to ~100° C
Q Spray with acetone gun @ 500 rpm

Ensure all undesired metal is rinsed off
15 second rinse with isopropyl alcohol @ 500 rpm
Strip PMGI in 100° C 1165 for approx. 4 minutes
DIW rinse in rinse tank (6 cycles)
N, blow dry

Oo00D

Inspect Metalization

O Examine adhesion

O Examine metal edges (look for wings, open areas, etc.)
O Measure metal height on profilometer

Metal Step Hgt.
A

VII. Pad &

Descum
Q 4 minute LFE Descum @ 200W

Aperture Opening

Prepare Wafer Surface

Q Spin clean wafer with acetone, isopropyl alcohol, and DIW
30 seconds each @ 500 rpm

Q N, blow dry

O 2 minute hot plate bake (HPB) @ 110° C (removes accumulated H,0)

a  Cool

Si;Ny Deposition
Q Sputter or PECVD 5000 A Si;N,

1813 Coat

Set photoresist spinner ramp rate = 200; spin = 4000 rpm
Flood wafer with 1813

Spin 30 seconds

75 second HPB @ 110° C
Cool

ooooDoo

Inspect backside of wafer and gently clean with acetone and a swab

Wafer & Mask Inspection

Inspect backside of wafer and gently clean with acetone and a swab

Q

O Inspect AFRL HS VCSEL MASK #6 Open
O Clean with acetone

Q Rinse with isopropyl alcohol

Q N, blowdry

Expose 1813 with AFRL HS VCSEL MASK #6 Open

Q Edge bead photoresist (if desired)
Cover sample with Al foil mask
MJB-3 expose, 365 nm, 30 sec (7 mW/cmz)
30 second Spin Develop with 351:H,0 (1:5) @ 500 rpm
30 second DIW rinse
N, blow dry

O Align & expose AFRL HS VCSEL MASK #6 Open
MJB-3, 405 nm, 15 seconds (7 mW/cm®)

1813 Develop

Q 30 second spin develop with 351:H,0 (1:5) @ 500 rpm
Q 30 second DIW rinse

Q N, blow dry

Inspect Lithography
Q Examine to ensure 1813 developed

Descum
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Through DBR Contacted VCSEL with g-s-g Contact Pads
9 February, 2007 Piece ID:

Date
Time

Init.

Process

Notes

0O 4 minute LFE Descum @ 200W

Step Height Profile Prior to RIE etch
Q Measure step height using TENCOR profilometer

Step Height
pm

SizN4 RIE Etch
Q Isotropically etch Si3N, in Dual Chamber RIE
10 minutes with Freon 14:0, (45 sccm:2 sccm) and Al Platen

1813 Strip

QO Spray with Acetone Gun@ 500 rpm (as necessary)

Q Spin clean wafer with acetone, isopropyl alcohol, and DIW
30 seconds each @ 500 rpm

O N, blow dry

Descum
O 4 minutes LFE Descum @ 200W to ensure photoresist is completely removed

Step Height Profile After Resist Removal
O Measure step height using TENCOR profilometer

Step Height
pm
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Appendix C. Multiple Stage Quad Charts

his appendix details device characterization by compati2-, and 3-stage BC
TVCSELS. The characterization is provided in a quad chart &ffor every mesa size
and temperature. Chart a) illustrates the light power vedsie current (LI), chart b) the
light power versus drive power (LD), chart c) the voltageswsr drive current (VI), and
chart d) the frequency response. The color scheme is i@éritic all quad charts. The
3-stage devices are blue, the 2-stage devices are red,afestage devices are black. The
vertical lines in the LI chart, chart a), indicates the opiatacurrent for the best performing

frequency response shown in the frequency response crdjt in
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Figure C.1:  Operating characteristics for 2h mesa 1- (black), 2- (red), and 3-stage
(blue) BC VCSELs at a mount temperature of <80 a) is the LI, b) is the LD, c) is the
VI, and d) is the frequency response. The vertical lines era)he currents where the best

frequency response characterization was obtained.
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Figure C.2:  Operating characteristics for 2 mesa 2- (red) and 3-stage (blue) BC
VCSELs at a mount temperature of -26. a) is the LI, b) is the LD, c) is the VI, and d)
is the frequency response. The vertical lines in a) are thewts where the best frequency

response characterization was obtained.
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Figure C.3:  Operating characteristics for 2 mesa 2- (red) and 3-stage (blue) BC
VCSELSs at a mount temperature ofQ. a) is the LI, b) is the LD, c) is the VI, and d) is
the frequency response. The vertical lines in a) are theentgwhere the best frequency

response characterization was obtained.
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Figure C.4:  Operating characteristics for 26 mesa 1- (black), 2- (red), and 3-stage
(blue) BC VCSELs at a mount temperature of <80 a) is the LI, b) is the LD, c) is the
VI, and d) is the frequency response. The vertical lines era)he currents where the best
frequency response characterization was obtained.
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Figure C.5:  Operating characteristics for 26 mesa 2- (red) and 3-stage (blue) BC
VCSELSs at a mount temperature of -26. a) is the LI, b) is the LD, c) is the VI, and d)
is the frequency response. The vertical lines in a) are thewts where the best frequency

response characterization was obtained.
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Figure C.6:  Operating characteristics for 26 mesa 2- (red) and 3-stage (blue) BC
VCSELSs at a mount temperature ofQ. a) is the LI, b) is the LD, c) is the VI, and d) is
the frequency response. The vertical lines in a) are theentgwhere the best frequency

response characterization was obtained.
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Figure C.7:  Operating characteristics for 28 mesa 1- (black), 2- (red), and 3-stage
(blue) BC VCSELs at a mount temperature of <80 a) is the LI, b) is the LD, c) is the
VI, and d) is the frequency response. The vertical lines era)he currents where the best
frequency response characterization was obtained.
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Figure C.8: Operating characteristics for 281 mesa 2- (red) and 3-stage (blue) BC
VCSELs at a mount temperature of -26. a) is the LI, b) is the LD, c) is the VI, and d)
is the frequency response. The vertical lines in a) are thewts where the best frequency
response characterization was obtained.
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response characterization was obtained.
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Figure C.10:  Operating characteristics for @™ mesa 2- (red) and 3-stage (blue) BC
VCSELs at a mount temperature of -80. a) is the LI, b) is the LD, c) is the VI, and d)
is the frequency response. The vertical lines in a) are thewts where the best frequency

response characterization was obtained.
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Figure C.11: Operating characteristics for @™ mesa 2- (red) and 3-stage (blue) BC
VCSELSs at a mount temperature of -26. a) is the LI, b) is the LD, c) is the VI, and d)
is the frequency response. The vertical lines in a) are thewcts where the best frequency

response characterization was obtained.

110



5 5
~ 4 4  ~
= =
g g
= 3 3 =
] (D)
2 2
o) o
) 2 A~
= =
l K
- I

0 0

0 3 6 9 1215182124 O 40 80 120 160

a) q Current (mA) b) Drive Power (mW)

6 AN 3 =
> ‘xx o
%) ; é\& -6 Q
g 4 NN 2
e &K 5 2
> NN SO

\ -12
% KA g5

0 :a ®
0 3 6 9 1215182124 0 2 4 6 8 10 12 14
C) Current (mA) d) Frequency (GHz)
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Appendix D. Multiple Temperature Quad Charts

his appendix details device characterization by compandgidual 1-, 2-, and 3-
Tstage BC VCSELs by mesa size as a function of temperature. Tdraatbrization
is provided in a quad chart format for every mesa size withahehart illustrating the
light power versus drive current (LI), the b) chart illusing the light power versus drive
power (LD), the c) chart illustrating the voltage versuwdrcurrent (VI), and the d) chart
illustrating the frequency response. The color schemeeistidal for all quad charts with
mount temperatures of -5C (blue), -25°C (red), 00°C (black), and +25C (green). The
vertical lines in the LI chart indicate the operating cutrdre best performing frequency

response shown in the frequency response chart in d).
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Figure D.1:  Operating characteristics for 2th diameter mesa 1-stage BC VCSELSs at
a mount temperature of -5. a) is the LI, b) is the LD, c) is the VI, and d) is the fre-
guency response. The vertical lines in a) are the currengserthe best frequency response

characterization was obtained.
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