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BiIPOLAR CASCADE EMITTERS
FOR RADIO-FREQUENCY
AND

ELECTRO-OPTICAL APPLICATIONS

|. Introduction

This final report details the development of two unique kapchscade (BC) emitter
devices for radio-frequency (RF) and electro-optical (Egpleations. The first device is a
bipolar cascade vertical-cavity surface-emitting laB& YCSEL) designed to demonstrate
high slope efficiency {1 W/A) and high-speed operation-§ GHz). This device was
developed to provide a direct-drive source for RF photomik pplications. The second
device is a bipolar cascade light emitting diode (BC LED) gesd to demonstrate a broad-

area high-brightness light source for a hybrid range-sitgrsensor (HRIS).

Chapter Il details the development of the BC VCSEL. The desighraodeling of
the BC VCSEL is presented including the initial developmenthefbroad area BC LED.
Results achieved for a three-stage BC VCSEL included 7.4 GHH#-sigaal modulation
and a slope efficiency of 0.46 W/A at an environmental tempegadf -50°C and room
temperature small-signal modulation of 3.4 GHz. The dedailevelopment for the BC VC-
SELs are reported in W. J. Siskaninetz’s AFIT dissertatiit].[

Chapter Ill details the development of the high-brightnessLIEDs. This research
experimentally determined the maximum extentd40pum a TJ can be used to uniformly
inject holes into a broad area device. It also detailed tisigdefor BC resonant-cavity
(RC) LED to be used as the light source for the HRIS. The detaks@ldpment for the
BC LEDs are reported in R. J. Turner’'s AFIT dissertation [33]



ll. Bipolar Cascade Vertical-Cavity Surface-Emitting Lasers for RF
Photonic Link Applications

2.1 Introduction

The AFRL has been successfully designing and growing GaAsébadge-emitting
and VCSELs for Air Force applications since the mid 1990s [28] [15]. The incorpora-
tion of multiple active regions into a VCSEL structure is a @dicated endeavor because
it significantly increases device growth times. These lomgmh times introduce drift
considerations in the growth rates, material layer contjgosiand combinations of both.
A migration to a VCSEL structure rather than an edge-emitsitigcture is required for
single-spatial mode emission in a BCL incorporating more tfwanstages. This chapter
presents details on the design and fabrication of such BC VG3&meet the demands of

such a device to be employed as a direct-drive laser for use RF-Link system.

The methodology employed in the development of the BC VCSHLdied in this
chapter is as follows: (1) Designgak microcavity that includes a three-QW active region
(AR), atunnel junction (TJ), and an oxide aperture (OA), tibethe microcavity to develop
a modular format to rapidly develop designs for simulati@).Model, grow, fabricate, and
characterize BC LEDs to determine the best microcavity tonperate into a BC VCSEL
structure. This avoided the long growth times, as well ayidesl a rapid prototype to
investigate. (3) Grow, fabricate, and characterize hijgkesl BC VCSELs. Note, semi-
conductor modeling is not included in the BC VCSEL charac&ion. AFRL and AFIT
have semiconductor modeling software capable of investig&C structures that require
guantum mechanical tunneling in simple devices like BC LEDisdm not presently have

the more sophisticated software for BC VCSELSs.

2.2 Bipolar Cascade Vertical-Cavity Surface-Emitting Laser Cavity Design

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

developed code. These design software routines allowegjid development of numer-



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 2.1 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 2.1:  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).



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 2.2 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 structurgure 2.2 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 2.2 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 2.3 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 2.2:  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.

2.3 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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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.



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 2.4.3.

Figure 2.4 is the band diagram for the-n LED with ann-doped OA. Figures 2.5,
2.6, and 2.7 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 [27].

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



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.

2.4 Bipolar Cascade Light Emitting Diodes

2.4.1 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 TJ429 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 [2, 35]. 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 [13]. 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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to scattering and free-carrier absorption. However, withppr insertion in the cavity in a

resonance node, much of the loss can be avoided. These \oifidas 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 2.8. 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 2.8:  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 [27].

2.4.2 Bipolar Cascade Light Emitting Diode Growth & Fabrication.  To investi-
gate the electrical, optical, and electroluminescent (@bperties of the microcavities, BC
LEDs were grown by moleculear beam epitaxy (MBE) in a Varian Ggystem om-type

(100) GaAs substrates consisting of a microcavity desigadzt in a§>\ thick p-i-n VC-
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SEL or a BC VCSEL structure with 1-, 2-, or 3-stages. Initiadigyen LED p-i-n and BC)
structures were grown to quickly evaluate the affects ofimpphe OA, as well as to de-
termine if thicker TJ layers would be beneficial to BC LED penfance. The microcavity
is stacked between 20@0thick GaAs cladding layers. Thei-n LEDs top cladding layer
is C-doped at £10'® cm~2 and the bottom cladding is Si-doped at ¥'® cm~3. The BC
LED’s cladding layers are both Si-doped at¥'8 cm~3. A 1-stage undopedtdoped BC
LED device is shown schematically at the bottom of Figure ESchg)\ thick stage con-
sists of a graded OA located in the first node (left to rightiguFe 2.8), a triple QW active
region located in the third antinode, and a tunnel junctmoated in the fifth node of the
cavity resonance. Placing the OAs and tunnel junctionsemtides minimizes losses and
placing the QW in the antinode maximizes the gain achieveswh fihe cavity. The graded
OAs consist of a 186 thick Al,Ga,_,As layer withz increasing from 0.1t0 0.9, a 300
thick AlggsGay 02As OA (undoped for the-i-n, 1- and 2-stage BC LEDs anddoped at
2x10'8 cm3 for the 3-stage BC LED), and a 180thick Al,Ga,_,As layer withz de-
creasing from 0.9 to 0.1. The AR has threeBhick INg.20Gay.s0AS QWS separated by
100A thick GaAs barriers. The GaAs TJ consisted ofd layer C-doped at §10*° cm™3
and ann ™ layer Sid-doped with an effective doping level ef 2 x 10* cm™3. The TJ
layers were either 104 or 200A thick to investigate the minimum layer thickness required

for optimal device performance. Additional TJ growth distajppear elsewhere [25].

The next series of crystal growth consisted of five samplewgiconsecutively 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 2.4.3, 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 2.1 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 2.1 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 recalibrated to enseradry compositions
and growth rates are well defined, due to the system comyplexiinges 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 2.1:  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
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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.

2.4.3 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 2.9, 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 barrieudsssd in Section 2.3. 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 2.10, 2.11, and 2.12 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 2.9:  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 2.10 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 2.10:  \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 2.11 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 2.11:  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 2.2

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 2.5-2.7 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 2.12 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 2.2. 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 2.2:  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 2.12 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 2.11. While spectrally this is true at tiesign wavelength o£980 nm,
the detector used for collecting the light in Figure 2.11lexik the entire waveband of
emitted light. Therefore, the total integrated output ninestonsidered for the LI. The final
column in Table 2.2 quantifies the area of each EL measureamehtorroborates the LI
data in Figure 2.11 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 2.12; 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 2.12: 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 2.13 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 2.13: Near-field intensity image of a pt 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 2.14 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 2.14:  Near-field intensity images of pfh x 50 um 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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2.5 Bipolar Cascade Vertical Cavity Surface Emitting Lasers

25.1 Introduction. BC VCSELs are promising for producing signal gain under
high-speed modulation conditions in the RF range [20]. 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 [11], improved RFeidamce matching through
increased series resistance [7], and reduced noise figsigesegult of uncorrelated carrier

recycling among stages [16].

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 characterizations4[22, 34], to date we have located
only the high-frequency analysis reported bydgh et al. [12] 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 [24, 26, 28]. 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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2.5.2 Bipolar Cascade \ertical-Cavity Surface-Emitting Laser Growth & Fabrica-
tion. Figure 2.15 a) illustrates the schematic layer diagram &ngle-stage BC VCSEL
structure, Figure 2.15 b) is a micrograph of a fabricatedhtsigeed BC VCSEL device,
and Figure 2.15 c) is a close-up scanning electron micres¢®BM) 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 [27] and a GaAs TJ [25] 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 2.15: 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 2.15 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. Semi-ring annuli ohmic toptaots were formed
lithographically and contact metal (30Ni/ 170 A Ge / 3304 Au/ 150 A Ni/ 3,000A Au)
was evaporated onto the patterned topside. The mesa dryvegistopped on the third
GaAs layer of the bottom DBR, just below the cavity as deterdhioyin-situ reflectivity.
The bottom contact was patterned and the same metals wessitdgbon both the patterned
side and the backside (for thermal contact). The contacts aenealed in forming gas
at 410°C for 15 s. This annealing step was performed to allow for yidadion device
characterization. The OAs were formed with an in-situ ott@afurnace [6] at 400C
for four hours, yielding an approximate 10n oxide penetration depth. The anneal and
subsequent oxidation did not affect the quality of the oheoictacts. Next, a 5,008 thick
SizN, layer was deposited for electrical isolation and sidewa#igivation, followed by a
5 um layer of SU-8 (a very thick epoxy-based negative photetessed for planarization.
The mesas and bottom contacts were opened lithographigatlythe uncovered i,
was subsequently dry etched with Freon 23{@0 sccm-2 sccm) to completely clear out
the mesa aperture and the electrical contacts. The gragndkground(g-s-g) cascade
contact pads were lithographically defined and Ti - Au (iOG 4,000 A) layers were

sputter deposited to ensure step coverage.

2.5.3 Bipolar Cascade \ertical-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 2.4.3, except a 5% nedéradity (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 2.3 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 2.3, 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 2.3, 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 fumctfimumber of stages

and as a function of temperature.

High-frequency laser modulation response measurememnéspeeformed at the same
temperature at 1 or 0.5 mA intervals along the positive stufg@e LI curves. The output
modulation was determined using th@arameters obtained from an HP-8720A microwave
network analyzer (MNA) [30] [8]. The test system consistaatable CW current source
connected to the Port-1 bias-tee of the MNA. The MNA applief0edBm (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
collected using a 6@m core multimode fiber and detected using a 25 GHz high-speed d
tector. The output signal from the detector was returneatbzof the MNA via a 40 GHz
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Table 2.3: 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

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 aest&en times.

29



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

measured and fit frequency responses have been scaled taygplot

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

Response = 20log (2.2)

where MTF is the two-pole modulation transfer function. The two-pfaem takes into
consideration the low-frequency parasitic peak that wésnobbserved. The scaling has
been changed from 10log, as in reference [24], to 20log lsecthe 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 cidutaaximum frequency
response extracted by tlie-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

A+B+C
|MTF(w)| = \/(1 F 72 022w + (w2 — w2)?] (2.2)

par

where the independent varialbles the angular frequency and

= C2(1+70,0)wr (2.3)
= 2CnCrarw?[(VTpar — Dw? + w?] (2.4)
| (2.5)

The fit parameters include:, = 2 f,, the relaxation oscillation frequency; the damp-
ing rate;C,,, the single pole\/TF amplitude constant,,,, the parasitic amplitude con-

stant; and,,,, the parasitic time constant which is converted to a pacasgiquency,f,.,

by
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fpar = L (26)

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

f peak s

o

F T30 (2.7)

fpeak =

and the calculated -3 dB frequendy,s 45 caic,

2

f-3 aB catc = fpear, + £/ Fpear + 1} (2.8)

are determined. These fitted and calculated parametersobéa@ed for all frequency

response measurements as a function of bias current.

The damping rate is proportional to the square of the relaxaiscillation frequency
[1,3,4,10]

V=K (2.9)

XTn

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

when only considering the damping rate by [1, 3,4, 10]

2271
f—SdB damp — T (210)

Similarly, the thermally-limited modulation bandwidthgssen by [1, 10]

f—3dB therm — 1+ \/éfr mazx (211)

and the modulation bandwidth limited by parasitics is [1, 10
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f—3dB par — (2 + \/g)fpar- (212)

Figure 2.16 shows a representative set of measured anddiiteiney response data
for the 28ym mesa device at a mount temperature of “60The frequency response for
this device was performed with 1 mA steps from 2 to 12 mA. FegRirl6 shows current

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

I=6mAf, =60GHz
I=5mAf,  =7.0GHz
I=4mAf,  =71GHz
1=3mAf, =64 GHz
1=2mAf,, =54GHz

Response (dB)

Frequency (GHz)

Figure 2.16: Measured and fit frequency responses fam28liameter mesa 3-stage BC
VCSELSs 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 showahetail the relation
as a function of CW drive current.

2531 Sandard Laser Characterization Results (LI, LD, and VI). Fig-
ure 2.17 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. Tresarand temperature combina-
tion represents the overall best performing single-magtd 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 detunlgtive to the gain peak and

from small round-trip gain due to the low number of DBR paird anly three QWSs. This
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detuning results in degraded CW performance of all of the BC MGS# higher tempera-
tures. The VI data in Figure 2.17 c) unequivocally shows #tpeeted BC VCSEL behavior

as the number of stages is increased.
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Figure 2.17:  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 heavy line portdriise LI curves indicate the
linear regime where the slope efficiencies were calculaiée vertical lines in a) are the
currents where the frequency response characterizatisobtained.

Several mesa diameters lased at all of the temperaturesacdatirization for the
3-stage BC VCSEL. The best operation in all cases was a@CG50ut mesas ranging from

22 um to 30pm in diameter also lased at room temperature. The most coengee of data
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occurred for the 3-stage BC VCSEL with mesa diameter gi@8where a complete set of
LI, LD, VI, and frequency response characteristics was nwe 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 2)hd b). The increased
round trip gain from the additional stage manifests in ainssope efficiencyss;,,., 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 devida TanA for the 3-stage device.
Again, the 1-stage LI and LD results are significantly redijtecause 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 seen in Figure 2.17 b). It haslvepeatedly 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 veltelgwever, increasing the num-
ber of stages reduces the threshold and operating curnedi$a the same drive power,
the same amount or more light power is generated with additistages. BC VCSELs

improve slope efficiency and improves wall-plug efficiengyapi.,!

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, Fig2.17 a), and LD, Figure 2.17
b), characterization [4]. The low-current truncation ie th-stage LI, LD, and VI is due to
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 2.18 shows the operating characteristics for theaesBC VCSEL with a
28 um mesa at chuck temperatures of 8D, -25°C, 0 °C, and 25°C. The operating
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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 magnitirden -50°C to 25°C. Another
observation is the nearly linear translation of the lighalp@ower with increasing drive
current, Figure 2.18 a) or power, Figure 2.18 b). This is &g ikdicator that the InGaAs
QW gain peak is poorly aligned with the cavity resonance éonm temperature operation.
By judiciously reducing the well width, the alignment of th&\Qgain peak and cavity
resonance can be optimized for room temperature operatigare 2.18 c) also shows the
expected reduction in voltage with increasing temperaluesto bandgap narrowing as the

temperature increases.

Table 2.4 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 2.4: 28:m diameter mesa BC VCSEL operating parameters.
Temp- Stage [th nslope nwallplug Ifreq resp f73 dB Meas

°C (MA) (WIA) (Wou/Wa) (MA)  (GH2)

-50 3 0.7 0.46 0.05 4.0 7.1
2 2.0 0.36 0.05 6.0 45
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 45 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

2.5.3.2 High-Seed Laser Characterization Results.  Figure 2.17 d) shows
the frequency response for the 3- and 2-stage@8diameter mesa devices at the chuck
temperature of -50C/ [24]. 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 2.18 d), does operate under small-signal modulatitna 3.4 GHz -3 dB response
cutoff. However, the modulation peak is quite sharp, intiingaincreasing the current injec-

tion should increase the -3 dB frequency bandwidth. Unfately, the modulation signal
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Figure 2.18: 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.

falls off at higher bias currents because the laser is opgratar the maximum of its pos-
itive LI slope,i.c the gain peak is red-shifting out of the cavity resonancereasing 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 2.17 d) correspond to fith vataxation

oscillation frequencies off, = w, /27 =, 4.78 and 6.27 GHz, and damping ratesof:,
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35.4 and 46.3 n3 for the 2-stage and 3-stage measurements, respectivgly.ei2.19 a)
and b) show the damping ratg,as a function of resonance frequency squafédor the 3-
and 2-stage BC VCSELSs, respectively, with;2& diameter mesas, as well as the associated
K-factor. Figures 2.19 c) and d) show the calculated -3 dbuleaqy, 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 fesmy, 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 2.5 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 [1]. 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-

2.6 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 VCSELs 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 thata 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
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Table 2.5:  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 [1].

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

room temperature operation. First and foremost, the QWatk 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 sizésiekess differences due to

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

K -factor.
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[ll. Bipolar Cascade Resonant Cavity Light Emitting Diode

3.1 Introduction

This chapter discusses the methodology used in developg&TRiped EMIttER
(STREMER). The STREMER is a BC resonant-cavity light emittingdéi (RCLED),
which is not a typical LED, but a collection of technologiésitimprove the operational
output of the basic LED. For this reason, several prelinyiregperiments were necessary
prior to settling on a final device design. The purpose ofdhmsliminary experiments was

to

e Determine the appropriate growth process for best TJ cumewnoltage (I-V) slope

under forward bias

— An abrupt dopant profile is demanded for best TJ charaadteastve.

e Determine the optimal location of the TJ with respect to thsA

— Highly doped TJ are scattering centers and heat sourcesoaitdireduce over-

all device power

e Determine the impact of heat on the resonance peak of theaetoavity (RC)

— RC will be designed with a red shifted center frequency in etgi®n of the red
shifted emission spectrum from the InGaAs MQWSs. This allowesémission

peak to match the cavity resonant peak under normal operatio

Some features were also modeled using Cros$ligiatftware, a finite element anal-
ysis tool for semiconductor device modeling. Crosslightosposed of a number of com-
puter aided design simulation modules, which simulate thet®nic and optoelectronic
properties of semiconductor devices. The simulation pgekare based on finite element
analysis in two and three dimensions. There are a numberysfqai and numerical models

utilized to calculate various parameters describing tmBop@ance of the device simulated.

The APSYS module, with the quantum mechanical tunnelinglogipy, was used to

model the behavior of wide area BC-RCLEDs. APSYS is a generglgser two dimen-
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sional finite element analysis and modeling software progend was used to generate the

following pertinent data:

e Current versus voltage characteristic
e Band diagrams under various bias conditions
e Spontaneous emission spectrum as a function of current

Because the preliminary testing was essential to develdpmdinal design, a brief sum-
mary of the conclusions reached from each test is includedtsTinclude: 1) TJ growth
process investigation, and 2) TJ-AR separation (TAS) datetion, to establish an appro-
priate distance to insert between the TJ and AR to lessemtpadt of the TJ on beam

uniformity, total output, and wavelength shift.

3.2 Tunnel Junction Optimization

To produce an optimal BC device, a quality TJ is key. Once am@btTJ growth
process was identified, it could be integrated into the gnonith the other device layers.
Fabrication of RCLEDs has been perfected over many years ang standard growth

processes exist and were used as a template for this device

3.2.1 Tunnel Junction Growth Process.  Six different TJ samples were used for
this investigation. All samples were grown by molecularrbespitaxy in a Varian Gen-ll
system. The various test samples are shown in Table 3.1. @ferswvere labeled G2-
3255, G2-3256, G2-3257, G2-3258, G2-3259, and G2-3260.ei/&255 and 3256 are

identical growth runs to test system variation.

To form the TJ, degenerately dopedype andp-type epitaxial layers were grown on
n-doped GaAs substrates at a temperature oP68@vhich is a typical growth temperature
for this structure. For high quality TJs (those with low stisity) thep-n junction must have
an extremely abrupt doping profile, creating a thin spacegeheegion that will increase
the probability of quantum mechanical tunneling [5]. Daplevels for the TJ layers are

1 x 10¢° cm~3 for the Be dopedg-layer and 8 x 18 cm=3 for the Si dopedh-layer. Si
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Table 3.1:  Device labeling and description of the growthcpsses, to include adding
structures, or altering the vacuum gas flow, and the growtipézature.

| Wafer Number| Growth Variation | Growth Temperature
G2-3255 Standard 575°C
G2-3256 Standard 575°C
G2-3257 30 sec As flow inserted 575°C
G2-3258 | 20 A smoothing layer inserted 575°C

G2-3259 Remove 3.5 sec As flow afte 680°C
eachd-doped layer
G2-3260 Remove 3.5 sec As flow, 680°C

added 203 smoothing layer

=

becomes amphoteric for dopant levels this large, if thisoigpted with growths at high
temperatures, a self-compensation of the doped layer caur.o€o mitigate these issues,
0-doping was used to establish a high doping level througtiwut-layer. The growth of
10 A s-doped layers was repeated 20 times, resulting in a260doped layer. Also, it
has been reported that reducing the substrate temperaiae #00°C controls the self-
compensation effect [18], but because this layer is in the iAR,preferable to grow it at

the same temperature as the QWs.

Samples 3255 and 3256 were produced by growingthielayer directly on they™*
layer, resulting in the formation of the TJ. The next samBR57, has a 30 sec As flow
inserted into the growth. The As overpressure step allevd®pant (Si) to clear out of
the chamber reducing the possibility of self compensatiothéep™* layer. Sample 3258
has a 208 undoped smoothing layer added to the structure, between #ndyp regions,
to enhance the abrupt junction. By adding the smoothing Jdgerer dopants from the
degenerately dopedlayer will diffuse into the degenerately dopgdayer during growth.
In the baseline samples as well as sample 3257, a 3.5 sec Assftnme after each 14
0-doped layer is grown, but sample 3259 has these steps remdhe 3.5 sec As flow is
done after each-doped layer to allow time for the dopants to diffuse intoldnger. Lastly,
sample 3260 has the 3.5 sec As flow removed and te@@loped smoothing layer added.

These modifications were expected to increase the chandhs &rmation of an abrupt
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TJ, thus reducing the size of the space charge region, whitheduce the resistance of

the structure.

Another modification to the baseline growth process was ity tree growth temper-
ature. Typically, GaAs structures are grown above 8D@ produce high purity material,
several of the growths were at 576 to reduce the likelihood of dopant diffusion from

other layers. Only devices G2-3259 and G2-3260 were growmeatigher temperatures.

Electron beam (E-beam) evaporation was used to deposil&BDO 500 A Pt, and
3500 A Au, which formed the top-contact metal. The rear surface of the wafer was
evaporated 5& Ni, 170 A Ge, 330A Au, 150 A Ni, 3000 A Au, which formed then-
contact. These metal compositions are the standard nzetadins used at AFRL/RY. Ti
and Ni are used as seed layers for adhesion, Au/Ge is a widelymdohmic metal alloy,
the Pt layer is used as a barrier layer to prevent electratidgr, and the gold is the contact

surface.

A Tektronix Curve Tracer was used to produce an |-V curve fahedevice tested
from the respective wafer samples. The I-V curves were usedltin understanding the
impact of the variations made during the growth process. clinee tracer itself, produced
a linear I-V curve when the probe was placed in direct contaitt the curve tracer base.
This linear curve is shown in Figure 3.1. This slope is a catalce, and by taking the

reciprocal, the resistance of the apparatus, is found ®.0€,41.s = Q7.

Processed and tested devices ranged in size from smallesgést,50 — 1600 pm.

The smallest devices were the most resistive, and leasitedfdy the apparatus’ resis-
tance, while the largest ones (larger than 208) were the least resistive and were greatly
influenced by the curve tracer resistance. For this reasuytiee 50 and 10xm devices
were analyzed for best TJ slope efficiency determinatiogure 3.2.1 shows I-V curves
for all 50 um devices tested. A quantitative comparison revealed thates from wafer
samples G2-3255 and G2-3258 showed the steepest slopetingfidat these TJs had the
highest probability of quantum mechanical tunneling atltiveest applied voltage. Figure

3.2.1 shows a plot of the measured I-V curve éhgum device from wafer G2-3258, and
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Characteristic I-V Curve for Curve Tracer
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Figure 3.1:  The Tektronic curve tracer I-V curve. This line& curve was produced by
the curve tracer probe tip being placed in direct contadt e base.

Figure 3.4 provides a closer snapshot of the region of isteceirve-fitted, with the linear

regression equation established. A slope-6f2 A/V was observed in the measured data.

These TJs were modeled with Crosslight and plots of the uetiasd biased energy
bands are shown in Figure 3.5 and Figure 3.6. The green dotgeth the unbiased band
diagram is the Fermi level, and the multiple green dotteedim the biased band diagram
are the quasi-Fermi levels that manifests under forwarsl Giae I-V curve of the modeled

device is shown in Figure 3.7, and it has a slope-di.2 A/V as well.

Even though the curves do not look identical, the slope ofctimge is the key for
producing a model that is in close agreement with the medstakies. Focusing on the
voltage range from 0.0 to -0.8 V, the actual slope of the meakdata is 0.1672 A/V,
and the modeled data has an actual slope value of 0.1847 AyalnAeach of these val-
ues are conductances, and by taking the reciprocal, thstaese is found. Therefore
the measured resistané®, c.surea = 1/0.1672 = 5.98 , and the modeled resistance
Rinoderea = 1/0.1847 = 5.414 Q. Since the measured data was influenced by the curve

tracer’s resistance?,pparqtus MUSt be subtracted fromR,,,cqsurca, 1€avVING the actual mea-
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Figure 3.2:  Measured I-V curves taken from all bth devices tested. Devices from
wafer samples G2-3255 and G2-3258 show the best slope effjcie
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Figure 3.3:  Current-voltage characteristic recorded bycthge tracer. Focusing on the
lower left portion of the curve, a slope ef 0.2 A/V was calculated.
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I-V Characteristic of 50 um TJ y = 0.1672x + 0.012
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Figure 3.4: A close up view of the lower left portion of the levrve of devices from
G2-3256. A slope of- 0.2 A/V was calculated, and the steepest slope is most tésira
The multiple traces shown in the figure are a result of noisefthe curve tracer.
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Figure 3.5: The TJ under 0 V bias condition. The green doitezlis the Fermi level.
Degenerate doping brings the conduction band and valemzkibi close proximity at the
junction.
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Figure 3.6:  The TJ under forward bias condition. The gredteddines are the quasi-

Fermi levels. Under forward bias, the degenerate layerseparated by a thin forbidden
energy gap, increasing the probability of electron tummggli

I-V Characteristic of Modeled TJ = 0.1847x + 0.02
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Figure 3.7:  Current-voltage characteristic of TJ producgedCbosslight. The overall
slope of this curve is- 0.2 A/V, showing good agreement with measured values.
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sured resistanc®,...., = 4.98 ). The difference betweeR,, ;. and R,,.qcicq 1S about

8%, which proved to be acceptable for this investigation fralbsequent device modeling.

Although the TJs grown for this test are suitable for our eggpion, this series of
tests show that the lower temperature devices produce er lsétpe, under reverse bias,
in all devices. From this data, it was determined that G263&%d G2-3258 possessed the
steepest slope, 0.2 A/V. The TJ growth process used for \B#e3256 was selected for use
in this application, since the only difference between teeicks on the two wafers is that
G2-3258 has a 28 smoothing layer between the +/ n** junction, suggesting a simpler

growth process for G2-3256.

3.2.2 TJ-AR Segparation Layer Thickness Optimization.  Highly doped layers rep-
resent carrier traps in semiconductors, and doping ineseti® number of imperfections,
which lead to an increased number of traps, within the malte&in increase in the number
of scattering centers increases the probability of ShgeReed, Hall (SRH) recombination
occurring. It is possible that a large doping concentraithmluces an increased number of
traps and these traps can reduce the total output powertidwaially, TJs are heat sources,
since they are resistive to a degree, and temperature \gregtacts device operation, as
discussed previously. Finally, the TJ will exhibit a faidirong electric field that could im-
pact carrier flow. For these reasons we must isolate the Téhen8R by spacer layers. A
TAS investigation was conducted to determine an optimuratlon for the TJ with respect
to the AR, and determine the impact this separation has omeewiiformity, the amount

of thermally induced wavelength shift, and device totapotipower.

For these investigations, three different TAS distanceswelected and are shown
in Table 3.2. Each distance locates the TJ in a node withiiRtheFigure 3.8 shows the
layer structure, which includes, metal contacts, spageréa a MQW AR, the TAS layer,
the TJ formed by degenerately dopedandp-type layers and the GaAs substrate. Also, a

set of DBR pairs form a cavity around the TJ and AR.

Data collection was done using a Cascade Microtech proberstaith an IR camera

mounted to a telescope to record the beam profile. An ILX higive current supply was
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Table 3.2:  The distance between the TJ and AR in the respesaivples. The TAS layer
is measured iR.

| Wafer | TAS (A) | Wafer Number]
1 3045.0 G2-3263
2 1742.5 G2-3262
3 250.4 G2-3261

Contact Contact
DBR
tunnel
TAS junction
pt+GaAs %
nt+GaAs
DBR
n-GGaAs substrate
Au Contact Layer

Figure 3.8:  Device layer structure showing the TAS layehia device. The TAS layer
thickness is varied to move the TJ away from the AR.

used to power the devices. In each device, the TJ was pla@edade to minimize carriers
from being scattered by the TJ. All devices were 300 in diameter with a Sum wide
metal contact ring on the surface, with a;a® section of the contact used for probing. The
total cavity thickness of all of the devices used wa&£4 or 5568 A, with A = 980 nm and

Ngeas = 3.5.

Additional devices were fabricated with sizes varying fr@8®; m to 200um, to
identify the limit to the effectiveness of the TJ as a cursgreading layer in these devices.

All of these additional devices were one stage BCLEDs witln@bmetal contact layers.

3.2.2.1 TASLayer Thicknessvs Uniformity.  From previous assessments,
the TJ was expected to improve uniformity across the sudhwegde area devices over that
of the standard PIN LED, i.e. mitigate the current crowdsgie. Up to this point, 130m
devices had been tested with great success. With largecedg\good uniformity,~75%,

was also observed at 300n, as shown in Figure 3.9. This figure was produce using the

49



Meastirement

direct#on
|

Figure 3.9: A 300um device with a 5um Au metal contact ring. A 3@m section in

the upper left corner of the picture, quadrant Il, is labéjabe point.” Measurements
were taken, starting at the probe point and moving acrossufface of the device. The
probe point and the measurement direction are clearlydabdlhis picture was taken with
a 980M Spiricon IR camera using the laser beam analysis amdtiwom the manufacturer.

Spiricon image capture software to measure the pixel iitieasross the surface of the

device.

Analysis revealed that when the TAS increased, the beanoramify across the
300 xm devices improved. This was expected for reasons statdéidrezmncerning the
TJ as a scattering center and heat source. As the scattemibgr ¢s moved away from the

location where a multitude of carriers exist, the less ingaeill have on those carriers.

Figure 3.9 shows a photo from the IR camera showing the beafiiepof a device
from wafer G2-3262, TAS =1742 A. Figure 3.10 shows a plot of the emission across the

surface of a device from wafer G2-3262.

A 25% drop in power was observed as the surface was measuessdbe device
from the probe point. Wafer G2-3263 had devices that werpdrable and no discernable
data was collected, but from the other wafers, several dewiere extensively tested. Fig-

ure 3.11 shows a picture of a device from wafer G2-3161, TASG:2A and Figure 3.12
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Figure 3.10: Beam uniformity plot across surface of 300 device. The plot is from
data points measured across the device from the38ection to the opposite side. A pixel
intensity variation of 22% was observed across the surfaseveral devices.

shows a plot of the beam profile of the same device. Approxtpah 50% decrease in

pixel intensity across the device is seen due to the thinA&rlayer.

3.2.2.2 TAS Layer Thickness vs Wavelength Shift.  Since the final device
will be a resonant cavity structure, it was necessary torogete the amount of wavelength
shift, resulting from heating, under forward bias. The DBRels of the mirrors forming
the cavity increase in thickness, due to heating causeddsyrg, and thicker layers will
produce a red-shift in the resonant wavelength. The indexefodction also changes due
to the increase in heat, but to a lesser degree. Recall th@Blfelayer thicknesses is
equal toA/4n. As each layer becomes thicker, so does the opticalindistaaveled by the
reflected energy, causing a phase difference between tlieimovave and the reflected
wave, resulting in non-constructive reflection, or degivednterference. Hence the cavity
is no longer able to sustain a standing wave at the emitte@leagth inside the cavity,
i.e. no resonance at that wavelength, but it does have resera a longer wavelength, a

red-shift has occurred in the cavity.

An investigation to determine the amount of red shift wasdtmted, and the amount
of red shift was observed and noted such that the final dewvigel be designed with a cavity

that has a resonance at the expected red-shifted wavelehpgése tests were conducted
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Figure 3.11: A 30Qum device with 5u:m metal contact. The probe point and the mea-
surement direction are the same as previously stated, fierprbbe point to the opposite
side of the device. This picture was taken with a 980M Spirilf® camera.
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Figure 3.12: Beam uniformity plot across surface of 300 device. The plot is from
data points measured across the device from the probe pdiné topposite side. A pixel
intensity variation of nearly 50% was observed across thiase of several devices.
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on the same TJ devices used for the TAS determination. Dewiere grown with the
TJ located in resonant intensity nodes within the, very legonance, resonant cavity of
the devices, created by utilizing two toR (~ 0.2%) and three bottomK ~ 1%) DBR
pairs. Numerous devices were tested from wafers G2-3261G#8262, to determine
the wavelength shift. The device under test (DUT) is coregkd¢d an ILX Lightwave
Model LDP 3811 Precision Pulsed Current Source, capableamhieg current levels of
500 mA. A silica multimode fiber (core diameter = i81) is moved above the DUT in the
probe station, to couple a portion of the emission and cHanhimto an OSA. In general,
the devices selected for this experiment were the same eteused in the TJ location

experiment.

Devices from wafer G2-3261, TAS = 2504 were damaged at current levels in
the 215-220 mA range, and devices from wafer G2-3262, TAS42BA, were damaged
at ~300 mA, so the injection current levels did not exceed thesaes for the respective
devices tested. Five devices from each wafer were tested\ardge slopes were found.
Figure 3.13 and Figure 3.14 show average slopes for devioesdach wafer sample tested,
with regression equations for each group showing the wagéheshift, the slope of the line,
in nm/mA. The slopes of the regression equations are of tme fo\, /A, expressing the

amount of wavelength shift due to current change.

Modeled data from Crosslight was generated for comparistimtive measured val-
ues for this experiment as well. One would expect the refl-ghicoincide with the in-
creased injection current, as seen from the measured deWidiéh the model, no discern-
able differenced in the wavelength of the spontaneous @nis&s observed with varied
current, but with a change in temperature, a very noticeadaleshift occurred. This oc-
curred because no internal heating was used during the ationd. Attention is given
to the spontaneous emission rate since spontaneous emisglee light producing phe-
nomenon of interest in LEDs. Figure 3.15 shows plots of tletmeous emission rates at
300 K and at 373 K.
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Spontaneous Emission Rate vs Wavelength
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Figure 3.15:  Spontaneous emission rate vs wavelengths 8iohodeled data generated
at 300 K and 373 K, showing a red-shift (increase) in wavelerg the temperature in-
creases. The red curve has a peak at 980 nm and the blue cwiviétesl to peak value
of ~1003 nm. Although this trend is observed from the tempeeaset by the user at the
onset of model execution instead of with increase injectioment level, it is consistent
with the measured data collected.

Figure 3.15 shows that a thermally-induced red-shift daesiowith an increase in
temperature, in this case, it is the temperature establiah¢he onset of the model ex-
ecution (300 K), and the temperature due to injection cur{8n3 K). A similar shift in
wavelength existed in all modeled devices with various TABies. A temperature in-
crease is the result of an increase in injection currentaaadigher temperature, a shift in
the spontaneous emission rate is seen. One can argue thatréngse in temperature will
be larger as the TJ is brought into closer proximity with the,And by varying the tem-
perature during successive model executions, the modékistigely modeling the affect
of temperature increases induced by larger injection atsrevhich results in a red-shift in

wavelength emitted.

Table 3.3 shows the regression equations and slopes fosetchdevices measured.
It can be concluded that as the physical separation betweeml and the AR (TAS) is
increased, the amount of red-shift in wavelength emittedhfthe device reduces. This

test concludes that the smallest red-shiftof, /A7 = 0.12 nm/mA occurs due to heating
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Table 3.3: Identifies the wafer and the calculated slope. tiéra shows that when the
TJ is moved away from the AR, a smaller red shift occurs.

| Wafer | TAS ThicknessA) | Equation | 22 (nm/mA) |
G2-3261 250.4 Y =0.1738x + 980.676 0.17
G2-3262 1742.5 Y =0.1169x+977.57 0.12

from a device with a TAS = 1742 4, and the wavelength will change according to the

regression equation

Xo = 0.11697 + 977.57 (3.1)

where)\; is the design wavelength of interestiim, and/ is the injection current in A.

From the modeled data collected, the change in waveleghj)(as a function of

temperature changé\[T) is

Ao (1003 — 980)
- — 0.315 nm/ K 3.2
AT — (373 — 300) nm/ (3.2)

A relationship between the change in temperatus&)(as a function of the change

in current (Al) can now be determined:

AT AT A
Al A)y AT

— 0.381 K/mA (3.3)

3.2.2.3 TASLayer Thickness vs Total Power.  The final set of preliminary
experiments was done to observe the affect of TAS thicknashe total output power.
A silicon (Si) photodetector was attached to a Hewlett Pati&emiconductor Parameter
Analyzer (SPA) to record the device output power. The detegas placed directly above
the device at a distance about 1 cm. Although some energy enaylieen undetected due
to the emission cone of the device, it is believed that ovét 85the energy was captured

and measured. The SPA provided power for the detector andurezhthe optical energy,
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Figure 3.16: A plot of the total output power from two wafengaes with TAS = 250.6\
for G2-3161 and TAS = 1742 B for G2-3262. As the TAS increased, so does the total
output power.

which was then converted to a current by the Si photodeteAtpower conversion factor

was used to convert the optical energy to get a power reading.

As in previous testing, several devices were extensivaltetefrom each wafer. As
the TAS was increased, the total output power increaseadhnguiggests that the maximum
TAS of 3045.0A is optimal. This could not be confirmed through testing hmseadevices
from wafer sample G2-3263 were inoperable. 3.16 shows gegrawer versus current (L-
) curves for all devices tested. An increase in total oufpawer of 5.5 mW, from 3 mW
to 8.5 mW (65%), occurred as TAS increased from 250.0 to 1742.5

Total power data was also generated using Cros$liglor the 300um mesa devices
at temperatures of 300 K and 384 K and different TAS valued potted in 3.17.

Modeled temperature values were selected based on themskaip described by
3.3, for current levels up to 300 mA, the maximum value usatiénTAS layer characteri-
zation tests. 3.16 showed the maximum power occurrirg2®5 mA. Using this value, the
expected junction temperatureAsl” = 220 x 0.381 = 83.8 K. From a careful inspection

of the plots, two observations can be made: 1) holding the d&%tant and varying the
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Figure 3.17: A plot of the total simulated device power ofideg at 300 K and 384 K,
with TAS at 250, 1742.5 and 3044. As the TAS increased, so does the total output
power. Another interesting observation was the significearease in output power with
the change in temperature, which was on average about 2 mW.

temperature resulted in the most significant increase ipubytower,~ 2 mW increase oc-
curred with each device, an average increase of 40% peraj@)itiolding the temperature
constant and varying the TAS resulted in an increase in opipuer as the TAS increased,

but to a smaller degree;10% increas