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Preface 1

Preface

The year 1998 was again very successful for the Department afe®gtronics. Two major achieve-
ments of the VCSEL group, namely the diode cascade VCSEL antigh power VCSEL array were
listed in the top developments in laser diode research in 1998ubkshed by the IlI-V Compound
Semiconductor Journal in its December 1998 issue. Peter Wngesup has developed high-power
single-mode selectively oxidized edge-emitting laser diodi#ls record performance. Markus Kamp’s
group used homoepitaxy to demonstrate narrowest photoluneinesdines in GaN and to obtain pn-
junction light emitting diodes on GaN bulk substrates for tiht fime world wide. The systems group
achieved 12.5 Gb/s optical data transmission over various wyffgber. More hi ghlights are to be found
in the various contributions in this review.

The Department was delighted to host world-famous Dr. Shaiidynura from Nichia Chemicals, Japan,
and Prof. Dr. Alexander E. Junovich from Moscow State Univer$tussia, as distinguished Guest
Professors for a shorter and longer period, respectively. Tioreeer members of the Department,
Gernot Reiner, Dirck Sowada, and Klaus Faltin received tbeilng. degrees in electrical engineering.
All three of them already held attractive positions in indudtefore they submitted the final version of
their theses. In total 14 diploma theses and 5 semester projedampleted by the various students
in the Department. Unfortunately, Margit Kohler, a most fglpskilled, and friendly technical staff
member left us for joining her husband in Munich.

As in recent years, close cooperation with industry, in paidicin the areas of laser diodes and optical
interconnects, joint projects granted by the Federal MipisfrResearch and Technology as well as the
European Community, and project support fr om the Nationari®e Foundation and the Volkswagen
Foundation form the basis for the high tech research of the ffrapat. Excellent clean room facili-
ties and laboratory equipment, funded by the local goveninprovide a favorable environment for co
mpetitive research. Numerous invitations to internatiaaaferences and a large number of paper pub-
lications document the activities of the Department. A tieddist can be found at the end of the present
review.

The Head of the Department still serves as an elected Vicederasif the University of Ulm. Unex-
pectedly, he was elected as a Regular Member of the Heidefmademy of Science.

Karl Joachim Ebeling January 1999
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Fabrication and Characterization of Laser Diodes
with Native Oxide as Surface Passivation

Eckard Deichsel

To simplify the fabrication sequence of broad-area lasers, tip@sidon of a surface passivation layer
has been replaced by a self-aligning oxidation step. The aeisistivity of 4 Kcn? is comparable to a
conventional SNy passivation layer. Due to the self-aligning process, two litlapdyy steps have been
combined resulting in a reduced fabrication time. The devigacteristics show optical output powers
in cw operation of 2.4 W and wall-plug efficiencies of 55 %. @dditional Ab sGag.2As layer does not
influence the series resistance.

1. Introduction

High-power laser diodes offer lots of applications, for exértbe use in medical systems, pumping
of solid state laser, and material processing. The increasingrdefoasuch devices leads to enforced
research. For manual fabrication in research laboratoriegcl gnd easy process technology is desired.

The conventional fabrication sequence for broad-area lasscibed in [1] usually needs five lithogra-
phy steps which are required for ridge etching, surface pagsivai-contact metallization, electroplat-
ing, and top metallization. Additionally, four vacuum pesses are necessary. To simplify and accelerate
the fabrication, two changes to the existing fabricatiorcpes have been introduced. First, the surface
passivation has been replaced by a self-aligning oxidation $tep saves one lithography step and one
vacuum step. Secondly, the lithography steps for electriogland top metallization have been com-
bined. This also saves one lithography step. Compared to tivegtional process, the effort needed for
fabrication is reduced by 20 %.

2. Fabrication

A 200-nm-thick AbsGay.2As layer is included under the highly-doped p-contact layfethe MBE-
grown GRINSCH structure. The definition of the ridge is pearfed by wet-chemical etching. An
accurate control of the etching depth is very important icathe removal of the AlsGay 2As layer
which is needed for the formation of the native oxide. Thedatibn is performed in a 40@C steam
atmosphere. Due to lateral oxidation, the width of the cdrdeea is reduced. However, for broad-area
lasers this reduction is nearly negligible. The p contacbisned by a Ti/Pt/Au metallization. Fig.1
schematically shows the laser structure with native oxide aacigassivation.

For combining electroplating and top metallization, a khitZ photoresist treated with chloro-

benzene before development provides good conditions, cphatly with regard to the top-

metallization lift-off step where negatively-sloped siddwalare needed. After substrate
thinning and n-contact metallization, the sample is cleavesingle lasers which are mounted junction-
side down on a diamond heat spreader fixed on a copper submount.

The SEM micrographs of cleaved laser facets are shown in Fith&native oxide for surface passivation
of the Aly §Ga& 2As is darker than the conductive &G 2 As layer.
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Fig. 1. Schematical view of a laser with native oxide as surface passivation

Fig. 2. SEM micrographs of cleaved facets of a 108-wide broad-area laser. On the right side, the native oxide
appears as darker areas.

3. Characterization

For the electrical characterization of the surface passivagieveral 20@m x 200um metallization pads
on the native oxide have been applied with voltages up to Th¥.leakage currents are shown in Fig. 3.
The break-through voltages are above 10V in each case. Thiéicpedes resistance is about @&y
which is 7 orders of magnitude larger compared to the resistah2- 10~* Qcm? for a forward-biased
laser diode. One sample shows a much deeper mesa etching thahahelbierefore, the native oxide
was much thinner (about 50 nm instead 200 nm) which leads teased leakage currents at voltages
above 3V and a break-through voltage of only 5V. This provesrteed for an accurately-controlled
etching process. Additionally, a sample with a 120-nm-thigiNgipassivation layer has been measured
showing similar series resistances and break-through voltégss 40 V.

The P-TI andI -V characteristics of a 10Qdm x 100um laser measured at $8 with an integrating
sphere are shown in Fig. 4. Optical output powers of 2.4 W haea behieved at 3 A. The threshold
current is 135 mA and the differential resistance 165 mMlso shown is the wall-plug efficiency which
reaches values up to 55 %.
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Fig. 3. Leakage currents for surface passivation withFig. 4. P-1I, I-V characteristics and wall-plug effi-
a normal ¢) and a very thin €) native oxide, and a ciency of a 100@m x 100um laser measured at 28
120-nm-thick SiN4-passivation layere|). with an integrating sphere.

4, Summary

In conclusion, we have reduced the fabrication effort foralrarea laser diodes using a self-aligning
oxidation process. The optical and electrical charactesistie not influenced by the 200-nm-thick
Aly sGa 2As layer. Especially the series resistance does not increaseallie compared to epitaxial

material without the AJsGa 2 As layer.

References

[1] J. Heerlein, E. Schiehlen, Rader, and P. Unger, “63 % wall-plug efficiency InGaAs/AlGaAsdl
area laser diodes and arrays” Hroc. CLEO/Europe 98, CThGR. 267, Glasgow, UK, Sept., 1998.
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12.5 Gbit/s data rate fiber transmission using single-mode selectiyel
oxidized GaAs VCSELs at\A = 850 nm

Felix Mederer and Peter Schnitzer

We demonstrate for the first time 12.5 Gbit/s data rate fiberamaigsion using high performance single-
mode GaAs VCSELSs with 12.3 GHz modulation bandwidth. Tkeriait rates remain better than0—!!
for transmission of PRBS signals over 100 m multimode fiber anddirigie-mode fiber, respectively.

1. Introduction:

Over the past years vertical-cavity surface-emitting lasé@SELS) have become devices with excel-
lent electrical and optical properties. Selective oxidatias led to VCSELSs with threshold currents in
the sub-10Q:A range [1,2], low threshold voltages and high wallplug effiwies [3], and modulation
bandwidths of up to 21.5 GHz [4]. High bit rate data transmissibh0 Gbit/s over 500 m multimode
fiber (MMF) using proton implanted InGaAs VCSELs [5] and 10 @&bover 100 m MMF using oxi-
dized InGaAs VCSELs [6] have been reported. These expergséioiv that VCSELSs are very attractive
light sources for fiber based local area networks like the Giggthernet standardized for data rates of
1 Gbit/s, 850 nm wavelength and »n core diameter MMF of lengths up to 550 m [7]. The contin-
uously increasing need to provide higher network capaciti@gslyinitiated by the Internet boom will
require even faster networks than the Gigabit Ethernet.

In this work, we report 12.5 Gbit/s data transmission over 100 MAvV&nd 1 km single-mode fiber
(SMF) using single-mode selectively oxidized GaAs VCSELs ngjtat 850 nm. In both cases the
bit-error rate (BER) remains better tha@r ! for pseudo-random bit sequence (PRBS) transmission.

2. Device structure:

The one-wavelength thick inner cavity of the VCSEL contdimee active GaAs-AlaGay sAs quantum
wells designed for 850 nm gain peak wavelength. Lateral otwenfinement is achieved by selective
wet oxidation of a single 30 nm thick AlAs layer. This layer isf&dd towards a node of the standing wave
patternin order to reduce the built-in effective index diidand optical losses for increased single-mode
output power. Polyimide passivation serves to reduce the piareapacitance of the electrical contacts.

3. Device characteristics:

Current is supplied using a microwave probe and light is laadéh a butt-coupled 50m core diameter
MMF or 5 um core diameter SMF. Fig. 1 summarizes the CW output charsiitsrof the laser diode
with 3 um active diameter. Threshold current and voltage are 1.3 nthA2aN, respectively. Laser
emission at 3 mA driving current and about 2./8/ output power is centered at 846 nm as displayed in
the inset in Fig. 1. The side-mode suppression ratio is 30 dB ewier unmodulation.
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Fig. 1. Output characteristics and spectra at CW and modulated operatioiyyith 1 V at 3 mA bias of the
3 um active diameter, laterally oxidized GaAs VCSEL.

To measure the modulation characteristics free from extparakitics the laser diode is contacted with a
microwave probe. The modulated light is detected with a 1% 8&hdwidth InGaAs pin photodiode and
recorded with an RF spectrum analyzer. Fig. 2 depicts typinall-signal amplitude characteristics. The
modulation bandwidth increases with increasing driving @oirr The maximum electrical and optical
bandwidth obtained at a current of 3 mA is 12.3 GHz and 13.3,@ékpectively.

20

Response (dB)

0.01 0.1 1 10
Frequency (GHz)

Fig. 2. Small-signal frequency response qir8 active diameter VCSEL for various bias currents.

4. Fiber data transmission:

Fig. 3 summarizes the transmission experiments performed at BiasAcurrent and 12.5 Gbit/s PRBS
transmission over 100 m of MMF with a wordlength23f- 1 andV,,, = 1 V modulation voltage. Circles
denote back-to-back (BTB) testing, triangles represent 1 knmsore diameter SMF transmission, and
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squares depict 100 m 56m core diameter MMF transmission. In all cases the BERs rematierliban
10~ 1. The received optical power for a BER td~!! is —12.5 dBm and the power penalties for 1 km
SMF and 100 m MMF transmission are 1.2 and 7 dB, respectively. @lagively high optical powers
necessary for BERs di0—!! are primarily due to the low sensitivity of the InGaAs photaiéor used.
The eye diagram in the inset of Fig. 3 is recorded at a BER)ot!. The eye opening is about 400 mV

102

—o— BTB
—s— 100m MMF
" —a— lkm SMF

1v

104}

BER

6| %
10 *é#

108}

-10
10 B I20ps

40 30 20 10 0
Received Optical Power (dBm)

Fig. 3. BER characteristics f@ — 1 word length PRBS data fiber transmission over 100 m MMF and 1 km SMF.
For comparison, results for back-to-back (BTB) testing are also givea.ifset shows the eye diagram recorded
for BER =10~!! after 100 m transmission.

with a slightly asymmetric shape but without any significantxaten oscillations. The relatively broad
rising traces of about 40 ps width are due to the pattern degpeigrn-on jitter.

5. Conclusion:

In summary, we have for the first time demonstrated 12.5 Gbité filer transmission using selec-
tively oxidized GaAs VCSELs. The BER remains better than'! for 100 m MMF as well as for

1 km SMF transmission. 12.5 Gbit/s is the limit of the bit-erresttset used. Due to dispersion the
transmission distance for MMF is limited to about 100 m which iad¢eordance with the graded-index
fiber bandwidth-length product of 1.25 Gbikm atA = 850 nm. Transmission experiments withusn
core SMF were restricted by the available fiber length. Thaiobd results clearly indicate that GaAs
VCSELs are attractive transmitters for high speed fiber opteréconnects.

6. Acknowledgement:

This work was supported by the German Science Foundation YDH@&nks are due to Anritsu Inc. for
providing the bit-error analyzer.
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Gas Source MBE Growth of 1.3um-InAsP/InGaAsP MQWs GRINSCH
Laser showing Low Threshold Current Density and High Output Powe

Hin Yiu Chung, Georgi Stareevillgen Joos,ilfgen Mahnf3

We report the successful fabrication of the first Gas Source MBE myioMisP/InGaAsP multiple-
quantum well lasers with compositional linearly graded InGagsRfinement layers. The optical qual-
ity of the InAsP/InGaAsP quantum wells are investigated by rmonperature photoluminescence (PL)
spectroscopy; Intense PL-signal with small FWHM is observed in strestcontaining three quantum
wells indicating that our structures are of high optical qualiNonlinear temperature-ramps are devel-
oped and applied to the gallium effusion cell in order to grattite-match compositional linearly graded
InGaAsP confinement layers. X-ray rocking curves show that ttiedamismatches of the graded In-
GaAsP layers are well belowx110-3. These results indicate that the control of material supply dyrin
growth of the InGaAsP layers is highly precise. Laser structusggaining graded confinement layers
and three quantum wells are grown and fabricated into brosshdaser diodes. Threshold current den-
sity of 160A/crhwas obtained for 1.5 mm long lasers. This value is among theslosver achieved for
1.3um lasers grown by any kind of MBE process.

1. Introduction

Low threshold current density lasers operating at n8 wavelength are of particular importance for
optical data links and optical telecommunications. To mb&t meed, laser diodes containing active
zones with large carrier and optical confinements are oftgnterest. In this work, we use strained
InAsP/InGaAsP MQWs instead of conventional lattice-matcin€zblAsP MQWSs as the active zone. The
benefits of using InAsP/InGaAsP MQWs include a larger condadtiand offset AE./AE, = 0.5 [1]
and the incorporation of compressive strain in the QWs. Thelaaeduction band offset tightly confine
carriers in the QWs, where the compressive strain in the QWs hehgsluce the Auger recombination
and inter-valence band absorption [2]. Since the strain inrtAsP QWs is usually quite high, it is
desirable to use a small number of QWSs in the active zone. Thetef@ have decided to investigate
the behaviour of the lasers containing three QWSs. Tensily gdaharriers are used in the MQWs for
compensating the compressive strain in the wells. However, @ampttis made to achieve zero-net-strain
condition. Compositional linearly graded index separatdinement heterostructure (GRINSCH) made
up of InGaAsP provides an effective optical confinement inati@/e region and hence helps to further
reduce the threshold current density of the laser. By combitiege two techniques, a drastic reduction
of threshold current density can be expected. Up to now, nalitlge laser diodes containing InGaAsP
GRINSCH are grown exclusively by MOVPE [3]. It is mainly duette fact that in MOVPE process,
the material compositions seem to be easier to control by tlesgrenass flow controller. In this work,
we use Gas Source (GSMBE) to grow Am3 InAsP/InGaAsP lasers with InGaAsP GRINSCH. Precise
nonlinear temperature ramps are developed for the gallffusien cell and linear ramps are used for
the AsH; gas supply in order to achieve the highly demanding GRINS@jibre
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2. Epitaxy and Characterization

The growth of epitaxial layers was carried out in a Riber 3MB& system using elemental In and Ga
as the group-Ill source materials. Pure Askhd PH, precracked at 90@, were used as the group-V
precursors. Be and Si were used as the p-type and n-type dopapixtively. All layers were grown on
(100) InP substrates? aff towards the nearest10) direction. The substrate temperature during growth
was 480°C for all layers and was measured by an Accufiber pyrometer.

One of the main concern of using GSMBE for the growth of GRINS&4¢rs is its capability of growing

high quality quaternary InGaAsP layers with graded compmsiton InP without crystal relaxation. In
order to grow lattice-matched graded InGaAsP layers, theriahtipplies of In, Ga, As and P have
to be precisely controlled during growth . For As and P suppttes AsH; and PH precursors can be

controlled with a relatively high precision by using Pressuoei@l loops. In our control system an
accuracy of better than 0.12% in the process gas supply canhiievad even during ramping of the
setpoint of the gases.

For the Ga supply, the situation is far more complicated. Simsagroup-11l source material is in form of
melt and is evaporated from the effusion cell, achieving dioaously and linearly graded material flux
means that a ramping of the effusion cell temperature willdmeasary. Although ramping the effusion
cell temperature with high precision (better than 0.1% ingerature) is no longer a difficult task, the
material flux coming out from the effusion cell does not alwéglfow the profile of the temperature
ramp of the effusion cell. It is mainly due to the fact that tamperature response of the material flux
is in general nonlinear. Furthermore, flux transient due #i ltess immediately after opening of the cell
shutter makes the flux control at the growth-start of the GRIN3$€gion non-trivial. In this work we
use nonlinear temperature ramps for the Ga effusion cell iaraalinearize the material flux. In Fig .
1, two nonlinear temperature ramps with their correspondisgonses in material flux are shown.

In Fig. 1(a), the effusion cell temperature is ramped fromveelotemperature to a higher one imme-
diately after opening of the shutter. The steep slop at the higjrof the temperature ramp serves to
compensate the heat loss during shutter opening. After thetathping rate is continuously regulated
in order to maintain the flux-linearity. With this nonlineamp (Ramp 1) the linear Ga flux ramp shown
in Fig.1(c) is obtained. In Fig. 1(b), the nonlinear temperaramp (Ramp 2) for achieving a linearly
decreasing Ga flux is also shown. Again, an acceptably linearu@adkiation is achieved.

Two compositional graded InGaAsP layers are needed for théNGRH lasers. The first graded In-
GaAsP layer (lower GRINSCH) starts with InGaAsE=0.98:m), Q(098), and ends up with InGaAsP
(A=1.1Qum), Q(110), and in the second graded InGaAsP layer (upper GBRHYS$he compositional
grading of the quaternary layer is vice versa. For the groWthelower GRINSCH, the temperature of
the Ga effusion cell is ramped according to Ramp 1 and a lipeadending ramp is applied to the AsH
supply. For the growth of the upper GRINSCH, Ramp 2 is used. Wi Aupply, in this case, is varied
linearly in a descending manner. In all cases, the In angldidrces are kept constant.

The graded InGaAsP layers are characterized by X-ray diffnameasurements. The rocking curves of
the two kinds of graded layers are shown in Fig . 2. We find outithiaoth cases, the lattice-mismatches
are below & 10~3. These results clearly show that graded InGaAsP layers grown3WRE are ex-
cellent. Another prerequisite for achieving laser diode$ v threshold current is the ability to grow
high quality QWs structures. The QWs structure used in this worlsists of 8 nm thick InAsP QWs
with a compressive strain of 1.5% and 16 nm thick InGaAsP quanaurnens (QBs) with a tensile strain
of 1.1%. Room temperature PL measurement is carried out omuetigte containing three QWs. An
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Fig. 1. Nonlinear temperature ramps applied to the Gallium effusion aelihie generation of linearized Gal-
lium material flux. (a) Nonlinear ascending temperature ramp; (b) Nonlinesgeshding temperature ramp; (c)
Linearized Ga flux generated by ramp 1; (d) Linearized Ga flux generated by ramp 2.

intense and sharp PL peak is observed at around u9®&avelength. The FWHM of the PL peak is
52 meV which indicates that the optical quality of our QWsighh

3. Laser Structure and Performances

The laser structures contain three QWs surrounded by two 15Gickndraded InGaAsP layers. The
cladding layers are 1.2m thick Si-doped InP and 1.2m thick Be-doped InP, respectively. A 50 nm
thick highly Be-doped InGaAs forms the upper contact layster the epitaxy, the laser samples are
processed into broad-area ridge-waveguide lasers havipgrbétripe width and various lengths. The
facets of the lasers are as-cleaved and non-coated. No heatspior special mounting technique is
used.

The laser diodes are investigated at room temperature untsr pondition. The pulse width is &s
and the duty cycle is 0.1%. The lasing wavelength for all devis around 1.3m. In Fig.4, the output
power of a 1.5 mm long laser is plotted as a function of the dgwdurrent. The threshold current density
j¢n is 160 Acnr 2 which is among the lowest values achieved for An3 lasers grown by MBE methods
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Fig. 2. X-Ray Rocking curves of 150nm compositional linearly gradedisP layers. (a) Material grading from
Q(0.98:m) to Q(1.1Q:m); (b) Material grading from Q(1.16m) to Q(0.98).

[4]. At 10xjs,, @ maximum peak power of up to 307 mW per facet is measured. théthe results, a
differential quantum efficiency, of 58.3% is obtained. Lasers with various lengths are alsctigeged
with respect to their threshold current densities and diffés@equantum efficiencies. By plotting the
threshold current density as a function of the inverse cawvitgtle, we obtain a threshold current density
of 130Acn 2 for infinitely long cavity. The internal quantum efficiengy and the internal loss; are
88% and 4 cm!, respectively. The transparent current densitrjd the modal gaiiigy are calculated
graphically according to the equation [5]:

Ny jo emp(ai + (1/L)In(1/R)

i Tgo -b @)

Jth =

Here N, is the number of quantum wells adtithe reflectance of the facets. Fgnye obtain a value of
90 Acnt 2 and forT'gg the value is around 30 cm . The characteristic temperature of the lasers is also
estimated for the temperature range betweéClihd 60C and has a value of 50K.

4. Conclusion

In conclusion, we have successfully fabricated the first GSMBR/gioAsP/InGaAsP triple QW lasers
with compositional linearly graded InGaAsP confinement layeXonlinear temperature ramps have
been developed for the Ga effusion cell for the growth of tredgd InGaAsP layers. X-ray rocking
curves show that the lattice-matchings of the graded layersxcellent. 1.5mm long broad area ridge-
waveguide lasers exhibit a threshold current density of 16@nA/@At 10xj,,, a maximum peak output
power of up to 307mW per facet is observed. By extrapolatidhreshold current density of 130Acth

is obtain for infinitely long cavity. The differential quamh efficiencyng and the internal quantum
efficiencyn; are 58.3% and 88%, respectively. The value of internal losscisi4'. The transparent
current densityg of the laser is found to be 90 Acmi and the modal gaifigois around 30 cm'®. These
values are among the best achieved forin8lasers grown by MBE techniques.
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Fig. 3. Output Power vs Current characteristic of a 1.5mm long 3X§RikGaAsP) QWs laser.
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Infrared Light-Emitting Diodes with Lateral Outcoupling Taper

W. Schmid

We present a non-resonant light emitting diode with a novetepnof light outcoupling. Light is gen-
erated in the center of a radially symmetric structure and praag between two mirrors to a tapered
region where outcoupling occurs. Different process routesdaveloped resulting in on-substrate as
well as substrateless devices.

1. Introduction

One of the cardinal problems limiting the performance ohtigmitting diodes (LEDSs) is their low
efficiency caused by total internal reflection (TIR). Diffet@pproaches already exist to overcome this
problem. Among those are resonant cavity LEDs with their medifinternal direction of spontaneous
emission [1], surface textured devices with a back side mirrare/iphotons repeatedly try to escape
[2], or the use of transparent substrate [3]. We introduce a nesseq of efficient outcoupling for both
top and bottom emitting devices. While top emitters have theaatage of remaining on the original
substrate, substrateless bottom emitters require no distriButagty reflector (DBR) allowing an easy
process transfer to other materials and wavelengths. In beitedethe light is generated in a central area
of a radially symmetric structure and the total internallyaetiéd part of light propagates between a high
reflecting mirror and the surface of the semiconductor to adHyetapered region. Here light is coupled
out by successively decreasing the incident angle of the lighettapered surface until it overcomes the
condition of TIR. Because light is redirected in a more systarahtather than random way compared
to surface textured devices only a few reflections are reduifhis relaxes the requirements to be met
by the mirror which is realized in the top emitting device as/dGaAs/GaAs DBR combined with a
thick wet oxidized AlAs layer. In the bottom emitter the retfier consists of a Au layer deposited on a
passivation layer.

2. LED Structure and Processing of Top-Emitting Devices

Fig. 1 shows a schematic cross-section of a processed LED. The tageBE grown on GaAs sub-
strate. The lowermost layer stack consists of an AlIGaAs/GaAs DBiRRami additional thick£& 160 nm)
AlAs layer which is completely wet oxidized. A following 1/4m thick n-GaAs layer offers lateral op-
tical confinement and is employed to create an n-short to stbstfhe I 15Ga g5As quantum well
based active region includes a 30 nm thiclg MGa o3As layer to be partially oxidized to concentrate
light generation to the center of the device. A several huhdra thick GaAs layer serves as p-region
and contributes to lateral optical guiding.

The processing is as follows. After MBE growth a few hundred nickthedestal with the outer diameter
of the later device is wet etched. A photo resist is depositedcaodlarly structured with a slightly
smaller size. In a reactor with a well defined temperature agdric solvent concentration the photo
resist reflows to the edge of the pedestal and assumes a lensed sbdpesudidace tension [4]. Using
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Fig. 1. Schematic cross-section of an top-emitting LED. The right ipantindicates layer composition.

ion beam etching with low selectivity the structure is palyidansferred into the semiconductor. After
removing the photo resist both AlGaAs layers with 97 and 100 %dXitents are simultaneously wet
oxidized. A lower oxidation rate of the thin layer is ensurgdaolding a few percent Ga. This enables
a partial oxidation of the current confining layer while th@ioal guiding layer is completely converted
to Al, O, despite of its larger diameter. To overcome the resultingtedat isolation a metal contact
between the tapered n-region and the substrate is requireti ighiealized as quarter ring shaped contact
to limit the shaded area. For the p-contact we use a small cirtiflRt/Au metallization on the flat top
surface. Finally, a bond pad is deposited on a passivation layer.

3. Characteristics of Top-Emitting Devices

The left and right parts of Fig. 2 show CCD images of a fully gssed device under external illumi-
nation and in LED operation, respectively. The bright emissing clearly demonstrates an efficient
outcoupling in the tapered area. Output and voltage cheniatits of a 10Qum device with an active
diameter of about 3lxm and a taper angle of 20are displayed in Fig. 3. The optical output power
is measured with an integrating sphere. For calibration arageeemission wavelength of 930 nm is
estimated from the measured spectrum taken at a current of 4 ralAoas in the inset of Fig. 3. The
LED is driven up to 4 mA where the output power reaches A80 A maximum quantum efficiency
ng = 12 % is obtained in the current range between 0.6 and 0.8 mAgoreling to a current density
of about 70 A/cri. Conversion efficiency is up to 10 %.

4. Substrateless LED Structure and Processing

Since an effective DBR cannot be easily manufactured in aiérizd systems we have also investigated
an alternative processing route which results in a substrated&ssibemitting device as shown in Fig. 4.

Fig. 2. CCD images of a device of 1Qfin
diameter. In the top view of the left hand
side we can see the quarter ring n-contact and
the circular p-contact deposited on the top and
connected to a bond pad. The right hand side
picture shows the near field emission pattern
of the device at a current of 1 mA.
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The lowermost layer used as an etch stop consists of 200 nm thick. Ad&tive region as well as n-
and p-type layers are similar to those in the top-emitting@k=si Also, the first processing steps are the
same except that no oxidation step is applied. Light generaioestricted to the central region by the
relatively high resistance in the p-type material and the sdiatheter p-contact. The p-bond pad of the
top-emitting devices is provided by a homogeneous Au layechvsimultaneously serves as a reflector.
For substrate removal additional processing steps are requiteslAu layer thickness is galvanically
increased to about Am. After gluing the wafer upside down on a glass carrier, the satesis chemo-
mechanically thinned down to 5ém. Finally the substrate is selectively etched with ai©OxHNH,OH
solution where theH is adjusted to 8.1 [5]. In this way the quarter ring n-contgagiears at the surface
and can be used for independent addressing current supply.

5. Characteristics of Substrateless Devices

\oltage and output characteristics of a device with a8bouter diameter are shown in Fig. 5. An optical
power of 1 mW is obtained at a current of 7 mA. Quantum efficyepcas well as conversion efficiency

n are about 15 % at currents in the 1.5 to 2.5 mA range. The deeiefaefficiency at higher currents
can be related to heating and current spreading effects. Thieadpoltage corresponds to the bandgap
energy. The series resistance of about 25 t®3§® mainly due to the small area of the n-contact and the
high p-layer resistance required for current confinementic@ptharacteristics of smaller devices with
the same p-contact area are additionally plotted in the dragand show inferior characteristics. This
clearly indicates that we have not yet achieved an optimwitdealesign where gain due to improved
outcoupling is in the same range as losses due to absorption.

Ing 15Gag gsAS p-contact  Au-reflector passivation

N

n-contact AlAs

Fig. 4. Schematic cross-section of a substrateless LED with a lateral taper.
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6. Conclusion

We have presented a new concept for efficient light outcogdiiom LEDs applying a radial taper
combined with spot-like central light generation. For miatlesystems with efficient DBRs we have de-
veloped a processing route resulting in efficient devices witttee requirement of epitaxial lift-off. First
test structures show a quantum-efficiency of 12 %. Using subsemateval devices with efficiencies of
about 15 % have been fabricated which can ease be transfemededal systems where effective DBRs
cannot be realized. The results clearly show that LEDs wittrdditaper can be extremely attractive for
achieving high light outcoupling efficiencies.
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High Power 3x3 VCSEL Array

Michael Miller, Martin Grabherr

We have fabricated high power and highly efficient bottonttergi3 x 3 VCSEL arrays with an optical
output power of 650 mW under cw operation at room temperatilifee maximum spatially averaged
power density is 370 W/cnfor the total chip size of 420420 un? for the cleaved array. This requires
an improved mounting technique for efficient heat sinkinpefdevices.

1. Introduction:

Vertical cavity surface emitting lasers (VCSELS) have beconpesar devices for various applications
in data transmission, especially parallel optical intercotsiédheir output power is limited to a few mw
due to the small active diameter of about /A and thermal rollover. To obtain higher optical power
one can increase active size of a single laser at the cost of dewy&ediplug efficiencies [1] or switch
to two-dimensional arrays which provide high output powdrstél high conversion efficiencies [2].
For both conceptions improved heat sinking of the devicesdspensable.

2. Devices:

p-type
Bragg-reflector

Si;N, passivation
= layer

oxide aperture

l 3 InGaAs QWs
l n-type
light output light output Bragg-reflector
GeAuNiAu/Au-contact Si,O,)N,-AR-layer

Fig. 1. Schematic drawing of a two-dimensional bottom emitting ZC&rray soldered on diamond heat spreader.

We have designed and fabricated efficient VCSEL arrays comgisti3 x 3 bottom-emitting devices for
a wavelength of 980 nm. The structure shown in Fig. 1 is grown bgt source MBE and consists of 30
p- and 24 n-type Bragg-reflectors surrounding the inner gavith three 8 nm thick InGaAs quantum
wells. 70 um diameter mesas are wet chemically etched down to the deptiedfiner cavity and
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current apertures of 50m in diameter are formed by wet oxidation of a 30 nm thick AlAgér just
above the p-type cladding layer. The center to center spégtween neighboring elements is 14@.
Evaporation of the p-type contact is followed by depositiba passivation layer on the epitaxial side.
After thinning of the substrate to a thickness of around ABDan anti-reflection coating is sputtered.
To structurize the emission-windows a dry etching step with GAi8done. The n-type contact is then
evaporated and structured by lift-off technique andaithick Au-layer is deposited galvanically for
bonding. Finally, the cleaved arrays are soldered junctida diown on diamond heat spreaders and
heatsunk on copper submounts. The characteristics of good isgldee mechanical stability and good
thermal and electrical contacts. Therefore an eutectic AalBy consisting of 80% Au and 20% Sn
is used as a hard solder. The array is mounted using a Die Bondierthickness of the solder is 5
wm which is quite large. Various tests have shown that it can thecedd below Zum. There are many

Fig. 2. Impression of a mesa from an array soldered orig. 3. Torn off mesas at oxide aperture after removing
a heat sink and removed afterwards. the soldered array from the heat sink.

influences during the soldering process like pressure, atmaspieenperature and time. Fig. 2 shows
the surface of a metallized diamond with solder on it after aayawas soldered and removed again.
The maximum temperature and the soldering time were not wiglisted so in the impressions from
the mesas a lot of airholes can be seen which causes insufficegntghcontact and bad mechanical
stability. In spite of these bad conditions an increase in thieapiutput power can be seen but there is
still place for improvements. After several tests it was possiblechieve a good soldering which can
be seen in Fig. 3. Again an array was soldered and removed afgswut now the soldering interface
is intact. The mesas were torn off where the current apertaseaxidized and one can see the broken
crystal structure.

3. Measurements:

The output characteristics of the individual elements frtwa 8 x 3 array are given in Fig. 4. The
threshold current is about 17 mA which gives a threshold ctidensity of about 870 A/ckh The
maximum output power range is between 55 and 65 mW and thermiaxiconversion efficiency is
between 32 and 36% at 3 times threshold. The differential eggistis 8.%X2. Due to the common
p-contact after mounting the array on the diamond heat spreatithe elements have to be driven
parallel. Therefore a good homogeneity of the elementseénatinay is necessary which can also be
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Fig. 4. CW output characteristics of the 9 individual Fig. 5. CW output characteristics of a mounted 3
elements with 5um active diameter. array.

seen in Fig. 4. This results in an overall output power of 650 ni\&baut 9 times threshold and 15%
conversion efficiency under cw operation. The LIV curves ig.H show a threshold current of 153
mA corresponding to 9 times the threshold of an unmounted ioha device. Threshold voltage and
differential resistance are 1.8 V and D4respectively. The slight increase of the differential resistan
for the parallel driven devices is due to the not perfect saldeon the diamond. Maximum conversion
efficiency reaches 25% at 3.2 times threshold at an outputmpoin&70 mW. The maximum spatially

averaged power density is 370 W/Efor the total chip size of 420420 m? for the cleaved array.

4. OQutlook:

Further investigations will be done for larger arrays withrenelements and a higher density. Therefore
the soldering technique has to be investigated in detail. Vfaportant for densely packed VCSEL
arrays is the thermal cross talk between the elements. To getinformation about this, independently
addressable elements in an array are requested. This can beydasiag structured heat sinks.
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Biased and Bias-Free Multi-Gb/s Data Links Using GaAs VCSEL's and
1300 nm SM Fiber

Peter Schnitzer and Felix Mederer

Selectively oxidized single-mode GaAs vertical-cavity suréamiting lasers (VCSEL's) are investigated
for biased 3 Gb/s and bias-free 1 Gb/s data links. Bit error raBER’s) of better thari0—!! for
pseudo-random data transmission over 4.3 km of standard 1300 ge-sitode fiber are demonstrated.
A simple mode filter is used to suppress intermodal dispersion. Gogeements of the Gigabit Ethernet
are fulfilled even for bias-free operation.

1. Introduction

Optical data links are very promising in terms of their capett increase the speed of digital networks
such as local area networks (LAN’s) and wide area networks (WAN-or continuously decreasing
transmission distances high-bit-rate optical fiber links evaiperform their copper-based competitors
with regard to cost per available bandwidth. Due to their amding properties, selectively oxidized
VCSEL's have become prospective candidates for transmittelnggh-bit-rate fiber links. Threshold
currents in the 5@A regime [1], threshold voltages close to the bandgap voltagmmbination with
high wall-plug efficiencies [2], polarization control, ambdulation bandwidths of 21.5 GHz [3] all show
the enormous potential of these laser diodes. Multimode fib&tEMinks of 500 m length at data rates
of up to 10 Gb/s biased [4] and 2.5 Gb/s bias-free [5] have ajrbadn demonstrated. All these features
in combination with geometrical advantages allowing easyéiion of one- and two-dimensional arrays
make VCSEL's highly attractive for various kinds of opticklta links such as fiber-based [6] and free-
space [7] parallel optical interconnects. Aside from few-t@@istance MMF data links, it is highly
desirable to employ VCSEL's in standard 1300 nm single-mode ®®F) lines in order to profit from
inexpensive devices for high-bit-rate networks such as tlgal@i Ethernet which is designed for data
rates of 1 Gb/s and fiber lengths of up to 550 m of&0 diameter MMF and> 3 km SMF [8].

In this work, we report on laterally oxidized GaAs VCSEL's fnased 3 Gb/s and bias-free 1 Gb/s non-
return-to-zero (NRZ) pseudo random bit sequence (PRBS) tiasiem with23! — 1 wordlength. The
BER remains belovt0~!! after transmission over 4.3 km of 1300 nm SMF and mode filtering.

2. Device structure

The laser structure under investigation was grown by solid-sourmlecular beam epitaxy.
The bottom distributed Bragg reflector (DBR) consists of 30.%ype Silicon doped AlAs/
Aly2Ga gAs layer pairs. The one-wavelength thick central region @imst three 8 nm thick GaAs
quantum wells embedded in Ad/Ga.5As spacer layers to provide efficient carrier confinement. The
p-type top DBR consists of 26 Carbon dope@ #Ba sAs/Alg gGay.1As layer pairs. An extra 30 nm
AlAs layer inserted in the lowest top mirror pair is selectivelydized for current confinement after wet
chemical mesa etching. In order to obtain single-mode operdtie oxidation layer is shifted towards
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the node of the standing wave pattern yielding weak indexingif®]. After oxidation a p-Ti/Pt/Au top
ring contact is deposited on top of the mesa to achieve goodcobmnitacts as well as light emission
through the top DBR. Ti/Au conducting tracks and bondpa@sdaposited on a polyimide insulation
layer. Polyimide provides a smooth planar surface, good pdssiyand improves high frequency be-
havior due to the small permittivity. Mechanically polishitige GaAs substrate down to 1n and
evaporating a Ge/Ni/Au broad area contact are final procegs.ste

3. Experiment

Fig. 1 summarizes the output characteristics of tiweactive diameter VCSEL source employed in the
transmission experiments.
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Fig. 2. Optical spectra of single-mode VCSEL with
Fig. 1. Output characteristics of laterally oxidized —10 dB widths of 0.15 and 0.3 nm for 2.6 mA biased
single-mode GaAs VCSEL. Vpop = 1.5 V and bias-freeV,, = 2 V modulation,
respectively.

Threshold current is as low as 7%@\ and threshold voltage is 1.8 V. The laser diode shows single-
mode operation up to a driving current of 5 mA. For the transmissxperiments, the laser is either
directly driven by a pattern generator at 1 Gb/s wifly = 2 V without any additional bias, or by a
bias current of 2.6 mA and 1 or 3 Gb/s PRBS wif), = 1.5 V which are combined in a bias-tee and
fed to the VCSEL source. The laser is wire bonded to an SMA soolatdp feeding lines as short as
possible. Output power is launched in a butt-coupled SMF wBh core diameter and 4.3 km length.
Although butt-coupling effectively changes the outputnairreflectivity, no time-dependent feedback
effects are introduced. The transmitted signal is passed thrawgriable attenuator and detected with
a Germanium avalanche photodiode. The preamplified bit seguis monitored with an electrical
sampling oscilloscope and analyzed with a BER detector. Therspgiwen in Fig. 2 are centered at
819 nm and 820 nm for bias-free,y = 2 V operation and 2.6 mA bias current ang,V= 1.5 V
modulation, respectively. In both cases the side-mode suppndsdarger than 35 dB and thel0 dB
spectral width is 0.15 nm for biased and 0.3 nm for bias-freeatjmer. Mode filtering is realized by
macro bending of the fiber [10]. For a fiber subjected to smaliusadends, the number of modes
decreases due to the power leakage caused by radiation of loigieg modes [11]. The used 8.3n
core diameter SMF is a two-mode fiberat 820 nm since we obtain

2
V= TﬂaNA — 3.5 (1)
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for the normalized frequency parameter [12], where- 4.15 um is the core radius and NA 0.11
is the numerical aperture. Step index fibers are single-mpde U = 2.405 and are two-mode up to
V = 3.83 [12]. Therefore, we observe both the J;Rand LR; mode after 4.3 km propagation in the
fiber as shown in Fig. 3 b). Simple mode filtering selects therladd@ R); mode displayed in Fig. 4 b).
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Fig. 5. Signal of LB; mode (solid line) and LR mode (dashed line) after 4.3 km SMF transmission.

A fiber loop with a diameter of 17 mm and 5 windings is used for enillering. This diameter has
been chosen to obtain sufficient losses of the;LfAode. The fiber mode filter can be applied either
at the fiber input or at the fiber output since no transfer of gnbegween the two modes is observed.
Mode coupling cannot be excluded in general but dependseomitro bending spectrum of the actual
fiber. The disadvantage of the coexistence of thg, ldhd he LR; modes is illustrated in the blurred
eye diagram in Fig. 3 a) and the time delayed secondary pulseglas dashed line in Fig. 5, where
the signal of a logical “one” followed by 15 logical “zeros” at@b/s after 4.3 km SMF transmission is
recorded. The solid line is the information carried by thg;LlRode while the dashed line represents the
information carried by the L mode. Mode filtering removes the dashed line in Fig. 5 and leathe
eye diagram shown in Fig. 4 a). This eye diagram is wide-opdrshows neither double lines nor any
remarkable relaxation oscillations. Fig. 6 summarizes thdteestithe BER measurements. Solid and
open circles denote 1 Gb/s biased back-to-back (BTB) testidglé8 km SMF transmission, solid and
open squares denote 1 Gb/s bias-free back-to-back testing&kth4MF transmission, and solid and
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open triangles represent 3 Gb/s back-to-back testing andrd.SMF transmission, respectively. The
received optical powers for biased and bias-free back-té-testing for a BER ol0~!! are—25.8 dBm
and—24.5 dBm while the corresponding power penalties for 4.3 km SMRdnaission are 2.8 dB and
2.5 dB, respectively. The on-off ratio for biased operatioatieut 17 dB. For biased 3 Gb/s modulation
the received optical power for back-to-back testing- 22 dBm and the power penalty for 4.3 km SMF
transmission is 2.1 dB.

102F
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o 1 Gb/s4.3km
o 1 Gb/s BTB bias-free
i = 1 Gb/s bias-free 4.3 km
2~ 3 Gb/s BTB
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Fig. 6. Bit error rates witl23! — 1 wordlength for various combinations of bit rate and modulation scheah
for back-to-back (BTB) and 4.3 km SMF transmission.

4. Summary & Conclusion

In summary, we have demonstrated 3 Gb/s biased and 1 Gb/s e@s¥re 1 PRBS signal data trans-
mission with 820 nm single-mode VCSEL over an inherently twadatbstandard SMF line of 4.3 km
length. A BER of better tham0~!! has been achieved and the power penalty for 4.3 km transmission
is about 2.1 dB for 3 Gb/s biased and 2.5 dB for 1 Gb/s bias-fregufation. The investigated GaAs
VCSEL is able to fulfill the requirements for the Gigabit Ethet using existing 1300 nm SMF even for
bias-free operation. The single-mode VCSEL produces néigigihromatic and waveguide dispersion
over the given distance due to the extremely narrow emissiewidth. However, fiber transmission
produces modal dispersion which is suppressed by applying simpdie fiitering and thus does not
affect BER characteristics. The results show that the singleei&ISEL'’s in combination with mode
filtering are well suited for high-bit-rate data transmissiorroseveral kilometers distance indicating
simple ways for upgrading existing fiber links for extended @lamgth or bit rate operation.
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Thermal crosstalk in densely packed high power VCSEL arrays

M. Grabherr, M. Miller, H.J. Unold

We present detailed investigations on the thermal interadtietween closely spaced vertical-cavity
surface-emitting laser diodes (VCSELS). Applying the resuksiiple modeling of cw output character-
istics, thermally induced power limitations of two-dimensiaraays can be described. Experimentally
0.56 and 0.8 W cw output power at room temperature and €l 0espectively, are observed for an array
of 23 elements with 40m active diameter and 9@m center spacing.

1. Introduction

In the last few years the optimization of VCSELSs for opticaiad@ansmission led to highly efficient de-
vices, mainly due to reduced series resistances in the Braggtoefi¢l] and improved current confine-
ment by an oxide aperture [2]. VCSELSs are limited in optiagpwt power by thermal rollover, therefore
efficient devices which benefit from reduced dissipated powawgitomising prospects for high optical
power generation. Upscaling the active area of well estaldishgle top- and bottom emitting VCSELSs
results in 180 mw and 350 mW cw output power for 180 and 20Qum active diameter, respectively
[3]. However, both approaches suffer from a disadvantegeeasdse of conversion efficiency, which
is understood from modeling the cw output characteristicsbasdundamental electro-optical param-
eters. The two dimensional arrangement of individual VCSEtsighed for high efficiency operation
is an obvious possibility to achieve high output powers at Hffitiencies. The overall output power
scales sublinear with the number of individual lasers, depgnaiinthe thermal interaction between the
array elements. Therefore, the thermal crosstalk is an imptgperameter to describe the output char-
acteristics of densely packed two-dimensional arrays thaigedigh output powers at high conversion
efficiencies as well as high spatially averaged power dessitie

2. Thermal crosstalk in bottom-emitting arrays

For the investigated arrays bottom-emitting devices aréeped because of the better beam quality
and the possibility of junction-down mounting for better hemahoval [4]. The device structure and the
processing are described elsewhere [5]. In order to understatitimal effects in monolithic arrays we

have measured the temperature increa®g of a VCSELA as a function of dissipated powAP;, 5

in a neighboring VCSELB. The thermal cross-resistance.R; is defined in analogy to the thermal

resistance as
ATy

—_—. 1
APdiss,B ( )

To separate the mutual thermal interaction between the twioeke deviced is driven under pulsed con-
dition. Thus the time averaged dissipated power can be negdlelt Fig. 1 the thermal cross-resistance
of unmounted lasers versus device spadiigplotted for distances from 70 up to 3. From the fit
function, we obtain a thermal cross-resistance which is inseebortional to the device spacing plus

Rcrass,AB =
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Fig. 1. Thermal cross-resistance,Rs versus device
spacing.
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In order to study the thermal interaction between parallipledrdevices in some detail measurements
are performed on ax31 VCSEL array mounted on a diamond heat sink. This heat sinkges\struc-
tured metal pads to allow individual operation of the thregices. Fig.2 shows an image of this test
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Fig. 3. Measured output characteristics of the individ-

ually addressable 3x1 VCSEL array where the devices
Fig. 2. Image of the separately operated 3x1 array. Thare driven separately, two in parallel, and all in paral-
left device is driven under pulsed conditions, the centellel under cw conditions. Dashed lines correspond to
device is off, and the right device runs cw. simulations including thermal crosstalk.

structure, where the left device is driven under pulsed candif the center device is off, and the right
device runs cw. The active diameters areui®and the center spacings between devices are.v0
Solid lines in Fig. 3 show the measured LI curves of the threécdswdriven separately, two in parallel,
and all three in parallel, respectively. The threshold cursernles perfectly with the number of devices
driven in parallel. Also differential quantum efficiency isrsstant for all cases just above threshold.
At higher driving currents the parallel driven devices suffem additional cross heating resulting in a
power penalty compared to the sum of the output powers wheerdsieparately. The total optical power
of an array can be calculated by applying the functional biehaf the thermal crosstalk versus device
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spacing to the simple modeling of output power versus lasermtimgoduced in [4]. The result is

Z Rth,jm((uk + im : Rd)zm - Popt,m)

“hw,. . e
Popt,array = Z ?(7’] - Zth)nd : (1 - 1 AToff ) (2)

=1

The first factor in the sum describes the optical output powemndifiradisturbed individual VCSEL of
constant injection efficiency, whereas the second part atsdanthe thermally induced decreasing
differential efficiency due to superposition of self- and crosating. Mounted test structures show the
same measured improvements for both the thermal resistancénanbermal cross-resistance. The
simulated dashed LI curves in Fig. 3 for the individually opedaelements of the test structure and the
resulting simulated output characteristics for the devicésedrin parallel show excellent agreement
with the measured solid curves. This confirms that the presende@lnoan be used as a powerful tool
for estimating the output characteristics of densely packetd/aras a function of device size, device
spacing, and number of elements.

3. Two-dimensional densely packed bottom-emitting array

We have fabricated two-dimensional arrays with 23 individgl@ments arranged in a honeycomb struc-
ture as shown in Fig. 4 in order to achieve the highest packingifeand a highly symmetrical thermal
interaction. The mesa diameters are#®and the center spacings amount tqu@@ Fig.5 depicts the
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Fig. 4. Honeycomb arrangement of a 23 element VC-ig. 5. Light-current and voltage-current characteris-
SEL array. The device spacing is ft. View of epi-  tics of the 23 individual lasing array elements before
taxial side. mounting.

output characteristics of the unmounted individually dniedements. The 23 LI curves show good ho-
mogeneity in threshold currents of about 15 mA, thresholchagals of 1.6 V, and about 50 % differential
guantum efficiency. The differential resistance iS0L0The maximum conversion efficiency of 22 %
is reached at three times threshold current. Thermal rallogeurs at six times threshold current at a
maximum output power of about 30 mW per element.

Soldering the array junction-side down onto the heat sinkRaklements are electrically connected in
parallel. The solid lines in Fig. 6 correspond to the experitaignobtained output characteristics of the
mounted array. The threshold current of 340 mA is exactly®@@si the threshold current of an individual
device. The differential quantum efficiency is slightly redd to 43%. Due to additional series resis-
tances by non-optimized solder and mounting techniques,ffieeahtial resistance is 1.13. Therefore



Thermal crosstalk in densely packed high power VCSEL arrays 29

20r 0.7 10 0.8
S 06l T T ~ 0.7}
= . / > 18 ~ <06
S =205 % g i
S N
= = Nole @ 0.5F
£ [ 504 168 g
o -
Wiop & S 5 0.4t
S g0 143 S 03}
e [ 302 5 o
g 5r° e < 502
0 0.1f
0.1
oL 0 L L L L 0 0 ! ! !
0 500 1000 1500 2000 0 500 1000 1500 2000

Laser Current (mA) Laser Current (mA)

Fig. 6. Comparison of measured (solid) and simulated

(dashed) total output characteristics of the mounted

two-dimensional VCSEL array where all 23 lasing el- Fig. 7. Temperature dependent output characteristics
ements are driven in parallel. of the mounted array.

threshold voltage is slightly increased to 1.8V and conversfboiency is limited to 13 % at almost
three times the threshold current. The maximum output potvéreamal rollover is 0.56 W at an array
current of 2 A. The dashed lines in Fig. 6 represent the resolts $imulations using equation (2) and the
extracted parameters from the individual unmounted VCSEhs.simulated LI curve fits the measured
one quite well, although the quantum efficiency is slightly Benan the experiment. Since the increase
in series resistance due to mounting is neglected the difiateasistance of 1.18 is underestimated in
the model giving 0.44. Therefore the maximum conversion efficiency is overesticheaebout 18 %,
which, however, can be taken as guideline for optimum maognti

Temperature dependent LI characteristics of the array asepted in Fig. 7. For heatsink temperatures
between -10C and 30C the threshold current only varies slightly, the minimum siwe@d current is
obtained at room temperature. For lower heat sink temperaeat removal is more efficient resulting in
a maximum output power of 0.8 W for a laser current of 2 A and a& ie& temperature of -E@ where

no thermal rollover is observed yet. The corresponding spatiaeraged power density is 0.47 KW/gm

4, Summary

Densely packed two-dimensional bottom-emitting VCSEL arhgive been fabricated and mounted.
Detailed investigations of the thermal interplay betweetividual elements considered in a simplified
simulation of output characteristics show guantitativelydbgut power limitation by both thermal ef-
fects, self and cross heating. In experiments 0.56 W and 0.8 Wabputput power at room temperature
and -10C, respectively, are observed. The maximum spatially averpgedr density of 0.47 W/cis
promising for of high power applications.
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CAIBE etching for high-quality GaN Homoepitaxy

Markus Schauler and Christoph Kirchner

Chemically-assisted ion-beam etching (CAIBE) was used to remuay-surface damage from polished
GaN bulk substrates prior to growth. Subsequently, GaN layers deposited by metal organic vapor
phase epitaxy (MOVPE). Only the CAIBE-treated areas revaaireor-like surface without trenches,
scratches, or holes. A dramatic increase of crystal quality isrddteed by low-temperature cathodolu-
minescence (CL). Compared to not CAIBE-treated materialChéntensity is improved by a factor of
1000 and the linewidth is ten times narrower.

1. Introduction

Due to its excellent optical and electrical properties, G&tMets attention of numerous research groups
worldwide. The wide direct bandgap, the thermal, mechin&ad chemical robustness, and the high
luminescence efficiency make group llI-nitride semicondiscthe superior material system for opto-
electronic devices in the ultra-violet to visible range. Desfhe advantages of group llI-nitrides, the
technology still suffers from mismatched heteroepitaxialgho Mismatch in lattice constants and ther-
mal expansion coefficients between substrate (mostly sappH8€pand epitaxial layer inhibit perfect
crystal formation, resulting in0° to 10'° dislocations per cfq Additionally, the low thermal conduc-
tivity of sapphire limits heat dissipation. Further limitat®for devices derive from different crystal
orientations between sapphire and GaN layer, which contplicieaving of laser facets. Since those
problems do not exist with GaN substrates, by definition, thisnisimg approach is currently under
investigation for devices. First light-emitting diodes grommGaN bulk substrates where twice as bright
as their counterparts on sapphire, which is attributed tdaiver dislocation density and a higher hole
concentration [1].

2. Experimental

The single crystal GaN substrates used in the present work havepbeduced from gallium melts
under high nitrogen pressure and high temperatures by thePtegsure Research Center (Unipress) in
Warsaw [2]. This process yields flat GaN platelets with a sizgppf@x. 100 mm. The [0001] axis is
perpendicular to the substrate surface. Top and bottom sideahdifferent chemical behavior [3]. The
N-side can be mechano-chemically polished whereas the irmetéfninated side can be mechanically
polished only. Despite its inertness, the Ga-terminated sidavizrdble for device fabrication, since
the N-side incorporates easier donors, but less acceptors. lllvfog process steps are done on the
Ga-terminated (0001) side of the crystals.

First, the Ga-terminated side was mechanically polished. pittsess is known to create sub-surface
damage, that interferes with the later epitaxial growth.conventional IlI-V-technology, this damage
is chemically removed, a method not possible for nitrides, asetis no suitable etchant known. We
investigated the suitability of CAIBE to remove sub-surface dgen Only one half of a sample is CAIBE
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treated, whereas the other is left unetched for comparisdwerefore, the sample surface is partially
coated with photoresist, acting as an etch mask. Then, thengtchdone at a substrate temperature of
25°C using 6 sccm argon and 4 sccm chlorine, for 10 minutes processrisulting in an etch depth of
approx. 300 nm. Despite the use of chlorine, the etch processimdted by the physical component,
since the etch rate depends only weakly on the chlorine fluxutt&ging induced crystal defects are
minimized by decreasing the ion energy from initial 400 eV @@ £V at the process end. Nevertheless,
the process is supposed to create ion damage up\tdegp.

After stripping the photoresist, GaN films are deposited in azooitial, radio-frequency heated, water
cooled quartz MOVPE reactor (AIXTRON AIX 200 RF), operatadav pressure. Trimethylgallium
(TMGa) and ammonia are used as group lll- and group V-precsirsespectively. Following an initial

10 minute annealing step at 1030, under a steady flow of ammonia, the undoped GaN is grown to a
nominal thickness of 1.mm. During the growth, the V/llI-ratio is kept at 4000 and tleenperature is
1030°C.

The low-temperature (5 K) cathodoluminescence measurememesperformed at the Institutif ex-
perimentelle Physik at Otto-Gericke University in Magdebutith the equipment available there, a
resolution of about Lim is achieved.

Figure 1la shows a SEM micrograph of an epitaxial GaN layer. Ugper part of the image is the epi-
taxial layer grown on the previously dry-etched region, velasrthe lower part is grown on the formerly
masked, not CAIBE-treated area. The CAIBE-etched part ostmple reveals an improved surface
topology with almost no visible scratches, trenches, or holesur€ijb shows the CL intensity distri-
bution of the same region of the sample. On the etched parthtéesity variation is almost negligible.
In contrast, the area being not etched yields only weak CL Edh800 times less intensity) which also
fluctuate locally.

The comparison of local CL spectra of epitaxial GaN layers graw etched and unetched GaN sub-
strates in figure 2 reveals large differences. The measuredsiiditteof the spectrum obtained on top of
the pretreated region (fig. 1a, area A) is about ten timeowamrthen that of the non-etched region(fig.
la, area B). However, the CL measurements are known to beestillution limited by the spectrometer
employed. This is confirmed by photoluminescence (PL) measamts which yielded a linewidth below
1 meV, however, being still resolution limited [4].

3. Summary

In conclusion, the developed dry-etching CAIBE process is #-suited treatment to eliminate
polishing-induced sub-surface damage. The crystal qualitieaeti is significantly better than that of
the best heteroepitaxial material. This defect-free etzbitocess has proven to be an excellent tool for
fabrication of device structures that need an overgrowthgseduring fabrication e.g. DFB laser diodes.
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Etching Behavior of GaN Using Chemically-Assisted lon-Beam Etching

F. Eberhard, M. Schauler, E. Deichsel, C. Kirchner

The characteristics of GIAr chemically-assisted ion-beam etching processes for Gahb@ted. The
etch rate and anisotropy have been investigated varying ionggngélt angle, substrate temperature,
and Ch, flow. Vertical and smooth sidewalls, which fulfill the requiretsesn laser facets, have been
demonstrated in GaN.

1. INTRODUCTION

The fabrication of laser mirrors with a dry-etching proce$ssed the monolithic integration of optoelec-
tronic devices and a cost reduction by processing the lasersubiveeffer basis [1]. Especially for GaN
lasers, an etching process for the mirror facets is highly da@siisince reproducible cleaving of GaN
crystals grown on c-face sapphire is rather sophisticated anduality of the cleaved surfaces is un-
satisfying [2]. In chemically-assisted ion-beam etching (CAIBEe physical component of the etching
process (sputtering) can be separated from the chemicalaramtithe substrate surface. This allows
accurate control of the etched profile and an improved uralaisig of the etching mechanism. In this
experimental study, we investigate the etching behavior &.Ga

2. EXPERIMENTAL

For the experiments we have used undoped GaN with good surfapdotogy grown by metal-organic
vapor-phase epitaxy (MOVPE) on c-plane sapphire substratessarhples have been dry-etched in a
CAIBE system equipped with an electron-cyclotron-resonaB&R) ion-beam source and a load lock.
The substrate is located on a rotatable stage, that can be tomgerontrolled in the range ef25 °C

to 125 °C. Additionally, the stage can be tilted relative to the iome offering an extra possibility
to control the profile of the etched structures. The chemiaactive chlorine is introduced through
a ring nozzle onto the substrate surface, whereas Ar is used ggdsefor the ion source. Detailed
examinations have been performed by varying the ion-beasiemation voltag&’g, the incidence angle
of the ion beam, the flow of the chemically-reactive gag;,, and the temperature of the substr&te

For the fabrication of vertical and smooth dry etched mirrtivere are strict requirements regarding the
etch mask. Characteristics of a good etch mask are high meahanid chemical resistance, vertical
profile in order to avoid facet roughing by edge erosion, anddimiacets [3, 4]. A trilevel-resist system
has been utilized as etch mask. A hard-baked photoresist is ssmdtam layer, covered with a 50-nm-
thick Ge intermediate layer. The imaging layer is formed Ipoaitive photoresist, which is structured
by contact printing. The pattern transfer into the interragzliayer and the bottom layer is done by
CHR3/0, plasma etching (PE) ands@eactive ion etching (RIE), respectively. During the oxygda,

the top resist is also removed.

The sidewalls of the 2.4m high remaining hard-baked bottom layer are nearly vdrtidth a rough-
ness of approximately 15 nm. In contrast to standard photoré&sistrilevel resist can withstand high
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Fig. 1. Etch rate dependence of (a) GaN and (b) hard-baked resist on sutestrpézature at various ion beam
energies¢ci, = 4 sccm).

temperatures and high ion energies without undergoing s@egradation. After etching, the mask can
be removed in an organic solvent.

3. RESULTS

The control of etch rate and anisotropy in CAIBE etching cardbee by adjusting the physical and
chemical component. The physical part is given by energyeatidensity and angle of incidence of Ar
ions bombarding the substrate whereas the chemical coimbritistdetermined by reactive gas flow and
substrate temperature.

The etch rate data of GaN as a function of substrate tempesatgeshown in Fig. 1a for ion energies

of 400 eV, 600 eV, and 800 eV. The chlorine flow is maintainedistcm, the argon flow is kept constant

at 6 sccm. We observe a linear increase in etch rate with beamgyesied beam current, as can be seen
in Fig. 3a. For temperatures in the range-&f5 °C to 125 °C there is no significant change in the etch
rate for all three ion energies. This indicates that etchinGaN is dominated by the physical etching

component. It should be mentioned that at ion energies of 8@he temperatures lower th&éfa °C the

(b)

Fig. 2. GaN profiles etched at substrate temperatures and tilt anglesiota)25°C, o = 0°, (b) T' = 125 °C,
a = 0° and (c)T' = 125°C, a = 20°. The ion-beam acceleration voltagelis = 600V, the chlorine gas flow
through the CAIBE ring nozzle igc;, = 4 sccm.
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Fig. 3. Viewgraph (a) gives the dependence of etch rate on ion energy fasranetlow ¢¢;, of 4 sccm. The etch
rate is normalized t&/s - Is. (b) Etch rate dependence of GaN on chlorine gas flow. The substrate temmp&rat
is125°C.

bottom surface is very rough.

In contrast to the etch rate, the sidewall angle can be influebgéehe ion energy and substrate temper-
ature. For low temperatures, intense overcut profiles areeethj as depicted in Fig. 2a. This sample
has been etched at a substrate temperatuie ef —25°C and an ion energy of 600 eV resulting in a
sidewall angle of about5 °. By increasing the temperature 1?5 °C, the sidewall angle can be reduced
to 5 °, which is shown in Fig. 2b. Even steeper sidewalls can be adhleyeaising the beam energy. At
an ion energy of 1000 eV aril = 125 °C we observe a facet angle ®f.

A comparison between the etch rate of GaN and resist, both ddpictFig. 1, shows that for high
temperature and increasing ion energies the ratio of GaNrateho resist etch rate (selectivity) rises,
leading to reduced mask erosion and therefore to reduced didmgées. The etch rate dependence of
the hard-baked photoresist on temperature is not well unaetstme possible reason is an increased
reaction rate of photoresist and chlorine forming non-vigatilorinated reaction products.

Another possibility to control the slope of the sidewall is tottile substrate relative to the ion beam. Fig.
2c shows GaN sample etched with a tilt anglef 20 °. During the etching process, the sample has been
rotated. Using this technique, we achieve vertical and smsiddwalls which meet the requirements on
laser facets. The lower sloped part of the facet, caused by shaglofithe ion beam by the etch mask,
is not critical for laser facet applications. Increasing tlieangle further leads to undercut profiles.
The roughness of the etched sidewalls, which is mainly detewmiy the roughness of the etch mask,
is approximately 15nm and thereby well below 50 nm as reddide reactive ion etching (RIE) by
Nakamura [2]. A possible drawback of tilting the sample is iomdge due to direct impingement of
ions onto the facet surface.

The low chemical component in dry etching of GaN can be seengn3b, showing the etch rate as
a function of chlorine flow for ion energies of 400 eV, 600 exde800 eV. Altering the chlorine flow
from 0 sccm (sputter etching) to 2 sccm at an ion-beam voltagésof= 400V increases the etch rate
of GaN by 66 %. A further enlargement of chlorine flow bringg®aia decrease in etch rate, caused by
energy loses of the Ar ions due to an increased number of colfisiath chlorine molecules [3]. The
enhancement in etch rate caused by chlorine increases to 10igfctie beam energy of 800 eV is used.
At this energy, the maximum etch rate of 181 nm/min is reaateth chlorine flow of 4 sccm, resulting
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from increased consumption of chlorine atoms during etching.

4. CONCLUSION

In this paper we studied the dependence of etch rate and etfile pf GaN on reactive gas flow, substrate
temperature, ion energy, and tilt angle. Our main motivai®to get vertical and smooth dry etched
sidewalls for laser mirror application. Due to the low cherhitgh part in GaN, it is not possible to
achieve vertical profiles under vertical incidence of thédkris by choosing a balanced ratio of physical
and chemical etching component as for GaAs [5]. Tilting thada is therefore essential to achieve the
desired profiles.
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RCE Photodetectors based on VCSEL Structures

Thomas Kradl

We have fabricated vertical-cavity surface-emitting lasers$®Cs) based top illuminating resonant
cavity enhanced (RCE) detectors simply by partially remowapgmirror pairs of a VCSEL structure
by wet-chemical or dry etching. The observed maximum quanficieety is 73 % with a spectral full
width half maximum (FWHM) of about 1.7 nm. This particular R@#ector was fabricated by etching
away eight top mirror pairs of a VCSEL structure, with 15.5 toprami pairs remaining. The widest
measured FWHM is 6.5 nm with a peak efficiency of 36 % in the ca&& ¢dp mirror pairs remaining.
An increase in the 3 dB detector bandwidth up to 2.8 GHz coulddserved by reducing the active
device diameter from 90m to 20um.

1. Introduction

An important figure of merit for photodetectors used in opticammunications is the bandwidth-
efficiency product. In conventional detectors thick actiggions are required for high quantum effi-
ciencies. Thick active regions, however, reduce device spgemmigise of the long transit times required.
As aresult, to optimize the gain-bandwidth product it is desig to enhance quantum efficiency without
increasing the active layer thickness. RCE photodetectorshirsadtive regions placed inside a Fabry-
Perot resonant microcavity such as RCE Schottky [1], RCE P]Nafd VCSEL based RCE detectors
[3][4] to combine high efficiency and high-speed response. 8thee RCE photodetectors working at
850 nm and 950 nm offer the possibility to complement the highgsmance VCSELSs for short-distance
optical communications.

A major advantage of using VCSEL sources together with VCSEetdeRCE detectors on chip is,
that they can share the same epitaxial layer structures andrtfeemacessing steps which makes this
combination highly attractive for low cost integrated apations such as two-dimensional bidirectional
optical interconnects [5].

2. Device Structure and Fabrication

The investigated top illuminating VCSEL sample grown by solidurse molecular beam epi-
taxy (MBE) contains a half-wavelength thick inner cavitytlwithree active GaAs quantum wells
(QWSs) of 8 nm thickness each. The top and bottom mirror consist3d 2arbon doped p-type
Alg.9Gay.1As/Aly.2.Gay gAs and 32 silicon doped n-type AlAs/pGay sAs Bragg reflectors, respec-
tively. In order to achieve lateral current and optical coafent for VCSEL structures by oxidation,
a 30 nm thick Ab.g6Gay.04ASIAIASIAl ) 96Gay 04AS layer is placed in the first quarter wavelength layer
above the cavity.

To form the lateral patterning of the devices a standard VCfahtication process is employed including
wet-chemical mesa etching and selective wet oxidation, /F(Pting contact deposition, polyimide
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passivation and bondpad deposition. An additional photdlithphy step is required for reducing the
reflectivity of the p-type top mirror of the RCE devices byleng. The removal of the mirror layers is
achieved wet-chemical or dry etching, Fig. 1.

3. Experimental Setup

The problem of measuring RCE photodetectors is the narrowtrgphdandwidth in the range of 1 nm

to 7 nm due to the Fabry-Perot resonator. Therefore, faledcsingle-mode VCSELs with an FWHM

below 0.2 nm in continuous wave operation were chosen astsligince where the emission wavelength
could be shifted of about 1 nm by varying the driving curreng. 2 shows the general measurement
setup used in order to determine the quantum efficiency of thiickted RCE devices. The quantum
efficiency was calculated by measuring the photocurrenttamhtident light power where it is assumed
that the photocurrent is proportional to the absorbed powehe quantum wells. For this purpose,

TiPtAuU ring contact,

TiAu bondpad
%ﬁ -~
) \ " s etiector Microscope Microscope
’ : T e aporore Objectives Objectives
— 3 active GaAs QWs 0 0 0 0
n-doped I]lmﬂm[ Flbef
Bragg reflectors VCSEL

I
GaAs-substrate

Power Meter

RCE Detector

GeNiAu contact

Fig. 1. Schematic of a VCSEL based top illuminatingig. 2. General setup used for measuring the photocur-
RCE detector including top mirror etching. rent as a function of the incident light power.

the laser emission was coupled into a & multi-mode fiber, transmitted to the detector setup and
focused on the RCE detector where the photocurrent was measudifferent applied voltages. The
emission wavelength of the VCSEL was obtained by connectmdjltler to an optical spectrum analyzer
(Anritsu) of 0.1 nm wavelength resolution. The power on the RIEtEctor side of the fiber was measured
(Advantest, optical power meter) between the two lenses. leraodobtain the actual incident power on
the detector surface, we multiplied the measured power byraat@n factor which considered the loss
of the microscope objective between the RCE detector andalempmeter. The correction factor was
set to 1.3 after comparing the power on both sides of the ofgecti

4. RCE Detector Measurement Results

The quantum efficiency spectrum of RCE devices allows one tambnportant information about the
sensitivity and the wavelength selectivity of the detectoe [Eft-hand side of Fig. 3 shows the influence
of a reduced top mirror reflectivity on the quantum efficiespgctrum to the RCE detector. The insert
shows an SEM picture of the device with 8 top mirror Bragg pamsoved by wet-chemical etching. The
active device diameter is 1Q0n. Itis seen that the removal of eight top mirror pairs leagssmgnificant
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Fig. 3. Measured spectral quantum efficiency before and after etching of gighirn@r pairs (left-hand side) and
after etching of 19 top mirror pairs (right-hand side) with respect ¢cahplied reverse bias. The insert shows an
SEM picture of a section with 8 top mirror pairs removed by wet-chemicalrgch

improvement in the quantum efficiency and to a slight increasled FWHM of about 0.2 nm. The peak
guantum efficiency increases from 13 % for the non top mirrohed device up to about 73 % for the
etched one with a related FWHM of 1.7 nm at a reverse bias of V1 Fhe measured values in the
bias-free case are 69 % and 1.8 nm for the peak efficiency andwhdM-of the eight mirror pairs
etched device, respectively. An increase in the FWHM up to f3sobserved in the spectrum on the
right-hand side of Fig. 3 where 19 top mirror pairs are etchedya The peak quantum efficiency of
about 36 % is observed in the bias-free case. For an appliededviers of -1.5 V, however, the quantum
efficiency is 26 % and thus resulting in an inverse voltage dégece compared to the previous devices.
The influence of the top mirror reflectivity and the appliedtage on the maximum quantum efficiency
and the related FWHM is summarized in Fig. 4. The voltage dépece of the quantum efficiency can
be matched in transmission matrix simulations assuming a redudédtgorption coefficient due to a
reduced overlap of the electron and hole wave function veitlerse bias [6][7]. The measurement results
in Fig. 4 suggest that the boundary of increasing and decreasaiggificiency with reverse bias locates
between 12.5 and 15.5 top mirror pairs matching the thesaiatbtained value of 13.5.

Figure 5 shows the modulation response of au®® and 20um diameter RCE detector. The 3 dB
bandwidths of the 9:m and 20um diameter detector of 335 MHz and 2.5 GHz, respectively, are
limited by parasitic oxide and space charge capacitances. i§hiso indicated by an increase of the
3 dB bandwidth up to 390 MHz and 2.8 GHz of the @t and 20um diameter detector, respectively,
due to an applied reverse bias.

5. Conclusion

In conclusion, we have fabricated RCE photodetectors adijaoesingle-mode VCSELSs by using the
same epitaxial layer structure and lithography process. Théfisgmt change in the detector perfor-
mance due to top mirror etching was demonstrated where wéebta0 % quantum efficiency com-
bined with 5 nm spectral half-width for a number of 8 top mirpairs. A 3 dB bandwidth of 2.8 GHz
was achieved for a 20m diameter detector. Thus, the characteristics of RCE phteotigs sharing
similar epitaxial layer structures and the same processing SsSep€8ELs are encouraging for densely
integrated bidirectional optoelectronic chip intercoctse
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Mode analysis of Oxide-Confined VCSELSs using near-far field approaches

Safwat William Zaki Mahmoud

We analyze the transverse mode structure of selectively oxidigigchi’eavity surface emitting lasers
(VCSELSs) in the 850 nm spectral region using both near and fat ippbroaches. The relatively strong
index guiding devices show a noticeable reduction of the spetwhereas weak index guiding devices
show large spot size. Also, we report a study on the butt-couplirugesity of these devices using flat-
cut uncoated single mode fibers (SMF) with different core dians. The large core SMF diameter
Dy = 8.3 um for standard 1300 nm wavelength data transmission require alsififfer to reduce the
contribution of the excited higher order fiber modes.

1. Introduction

In recent years the performance of vertical-cavity surfaggtting semiconductor lasers (VCSELS) has
advanced. Using ADs layers for fabrication, low threshold currents [1] and hidfiteencies have been
achieved [2]. The high index semiconductor surrounding thetalex dielectric oxide material forms a
lens-like element. This lens can partially compensate foditfiction of the mode in the spacer regions
and DBR’s. In this paper, we present the Near Field (NF) and Fdd B-F) approaches that study the
fundamental mode confinement of 850 nm VCSELSs in which thdebdyer has different positions from
the active layer and the node of the standing wave pattern.

2. Device Structure and Output Characteristics

The lasers studied are designed for emission near 850 nm wavelamgéere the one wavelength
thick inner cavity contains three active quantum wells, daas 8 nm thick GaAs separated by 10nm
Al.oGay gAs barriers, surrounded by carbon doped p-typgs8ay 1 As-Alg 2 Ga gsAs and silicon doped
n-type AlAs-Aly 2Ga gAs quarter wavelength Bragg reflector stacks. Lateral cuenfinement is
achieved by selective wet oxidation of a single 30 nm thick Al&ger embedded in a quarter wave-
length layer, three mirror periods from the active regiongample A, and directly above the active
region for sample B. Evaporation of TiPtAu ring contacts ontthp side and GeNiAu on the bottom side
is the final process of fabrication. Using the one-dimensiamaisfer matrix method [3] in such VC-
SEL structure we could determine the electric field amplitadie the wavelength detuning),, due to
presence of oxide layer. Also, we used the formi\g. ¢ = n.¢r - Adyz /Ao to determine the effective
cavity indexAn.¢y in relation to the wavelength detunidg,,, the effective cavity index.;; and the
wavelength in the absence of the oxide laygr The position of the oxide layer is adjusted to be a small
step far away from the node of the electric field for sample A, sgelFand for sample B to lie exactly
in the node as shown in Fig. 2. The results indicate that theteféecavity index of sample A is five
times larger than that of sample B and the latterAas;; = 1 - 103, This indicates that the more the
oxide layer approaches the node of electric field amplittiie|ess the built-in effective index guiding.
Fig. 3 depicts the continuous wave (cw) output charactesigf two different active diameter devices
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Fig. 1. The standing wave pattern of sample A. Fig. 2. The same a4 Big.for sample B.

from sample A. The inset illustrates the oscillation of the twifedent VCSELs on the fundamental
mode A = 815nm) at 2.5 mA current. Fig. 4 depicts also the characteristichefdifferent devices
from sample B in cw operation, where the inset illustrates thetspef the fundamental mode for these
devices A = 844.5 nm) at 2 mA current.

3 7 4 — 6
om — IV,D,=4pum oz  FV.Dy=35um
, S  + I-P,D,=4pum{6 T — P, Dy=3.5um
: 358 = -V, D, =6 um 3l {353 1V, Da=5.5um
St A g -e- I-P, D, = 6 um1® s — g -—I-P,D,=55 umi
£ “ ¢ 14 o % N R A %
5 | 7 g % 3%
2 13 © = =
E?_ > [¢) o
1 o 12 >
{11
0 0
Current (mA) Current (mA)

Fig. 3. The operation characteristic of two different Fig. 4. The same as Fig. 3 but for sample B and the
VCSELs from sample A. The inset shows the spectranset shows the spectra at 2 mA current.
at 2.5 mA current.

3. Experiment and Analysis
A) Experimental Setup

The setup for the NF experiment shown in Fig. 5 consists of a higtigion 3-dimensional piezoelectric
driven stage and the digital control electronics. High resmtusensors are installed as a feedback for
positioning all three axes. Within the operating ranga @i um for the three directions the resolution
is better than 50 nm. Optical output power from the VCSEL iszhed into the tapered tip of a single
mode optical fiber with 0 um core diameter and 2 m length. These fibers were fabricatedfispty

for these purposes where the tip is a semispherical lens witlatwesradiusk = 6 um. The tip collects
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Tab. 1. The measured spot sizes and the corresponding active diametefer samples A and B.

Sample A Sample B
a(pm) | wr (pm) | a (pm) | wr (pm)
4.0 2.1 3.5 2.5
6.0 2.6 5.5 3.0

the light and couples it to the core of the fiber during scanpilogess. The transmitted signal is detected
with a Germanium pin photodiode and converted into an ansitpgal through the optical power meter
(OPM), which is connected with one of the general purposeogriaputs of the control electronics. The
control electronics can thus read simultaneously the positighrough the three sensors and the analog
input. Finally these data can be collected with the help of gk&RC program.

B) Comparison between Measurements and Calculations

The theoretical procedure outlined in [4] is used to caleuthe NF and FF intensities of the Gaussian
beam of fulll/e? width 2 - wy,. The results of NF scanning for the smallest device from samplea at
single mode operating current are shown in Fig. 6 where the lsodidepresents the calculations and the
triangle symbols represent the measurements. The measureeRsitinof this device is compared with
the calculations and shown in Fig. 7. For sample B the resultdaf¢dnning for the smallest device at
a single mode operating current are shown in Fig. 8. Fig. 9 teflie measured FF intensity of this
device in comparison with the calculations. From these figuresan see the calculations fit well the
experimental data. Table 1 summarizes the values of spot simsponding to the different devices of
the two samples. As one can see, the spot size of the devices gjdagiample A are less than that of
sample B although the active diameter of these devices arer ldrgn that of sample B. This indicates
the presence of strong optical confinement in sample A whichagdalthe large effective index step.
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Fig. 5. Experimental setup for measurement of NF pattern from VCSEL.
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C) Coupling Efficiency

The butt-coupling efficiency, of VCSEL into flat cut single mode optical fiber (SMF) is measursithg
the NF scanning system with two different fibers of core diansdigr = 5 um and8.3 um, respectively.
Calculations using an overlap integral between Gaussianifunscalong with the parameters of the spot
sizes given in Table 1 fit the experimental data well, as showkign 10 for the5 um core diameter
SMF. In the case 08.3 um core diameter standard telecommunication SMF for 1300 hengiven
850 nm range operating wavelengths results in a frequeneymeer above the higher order mode cutoff
value so that the fiber supports two modes. The contributioneoéttond mode is reduced by using a
fiber loop with 12 mm diameter and 7 windings as shown in Fig. hene the solid line represents
the calculations, the triangle symbols represent the measatadndthout filter and the plus symbols
represent the measured data using the simple filter.
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Fig. 10. The coupling efficiency of VCSEL from sam-  Fig. 11. The same as Fig. 10 but &8 um SMF.
ple A into5 um flat cut SMF.

4. Concluding Remarks

e The simple theoretical procedure predicts well the measuata which indicate that a stable
positioning is achieved using the NF scanning system.

e The calculated butt-coupling efficiency of VCSELSs into flat fiber using the measured parame-
ters of beam half width yields good agreement with the medstaga, i.e. the tapered tip optical
fiber is suitable in NF scanning system.

e The inclusion of the simple filter in the case of large core di@m8MF leads to sufficient losses
of the high order modes.
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Gas Source Molecular Beam Epitaxy of GaNAs and GalnNAs

Irene Ecker and Susanne Menzel

We report on the growth of GaNAs and GalnNAs layers with Gagsc8ouolecular Beam Epitaxy
(GSMBE) using the alternative nitrogen precursors ;N&d DMHy. Emission wavelengths up to
1260 nm in the quaternary alloy semiconductor GalnNAs are dsirated.

1. Introduction

For fiber communication laser diodes with emission wavelengittis3 and 1.5%m are of great interest.
The material system InGaAsP on InP substrate is suited for thislevegth range. Preferable would be

a system which is compatible to the well-known GaAs technol@pmbining GalnNAs with wide gap
materials such as AlGaAs that can be formed on GaAs substratiel@sdetter electron confinement so
that the characteristic temperaturg)®f long wavelength laser diodes can be improved in comparison
to devices based on InGaAsP/InP [1].

This becomes more evident if one considers the relationskhiyeles lattice constant and bandgap energy
in 111-V semiconductors (Fig. 1). Adding of In to GaAs increagke lattice constant while incorporation
of N decreases it. By appropriate choice of In to N content §ABican be grown lattice-matched to
GaAs. The observed reduction of bandgap energy through atidargd N is an untypical behaviour for
quarternary llI-V alloy semiconductors.
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Fig. 1. Relationship between lattice constant and bandgap energy [1].
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2. Nitrogen Sources

The growth of N containing layers requires efficient sourd@sactive nitrogen. Usually plasma-assisted
nitrogen sources are used [1]. The generation of reactivegair is done by RF, ECR or DC discharge.
However, the creation of high energetic ions can lead to desaf the crystal during growth. This
results in a degradation of optical quality.

Therefore, we investigate the alternative nitrogen precarsibl; and DMHy. DMHYy is a particularly
attractive source because it decomposes at relative low tatapes on GaAs substrate [2].

3. Epitaxial Growth
Epitaxial growth is carried out in a modified Riber 32 P GSMBIhe injection of DMHy is made
through a Low (LTI) and the injection of NHthrough a High Temperature Injector (HTI). The Group-

llI-Elements In and Ga are provided as elements in effusiia.cEhe hydride arsine (As}) serves as
Group-V-precursor. As substrate semi-insulating (100) GaApikfeady quality is used.

4. Material Characterization

Detection of nitrogen incorporation and its consequencesaterial quality and emission wavelength
is measured by X-ray diffraction (XRD) and photoluminesce(irie.

A) Nitrogen Incorporation in GaNAs

The investigated samples are all of the same structure. Aftel0@rd3thick GaAs buffer follows a
GaNAs layer of 100 nm.
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Fig. 2. PL spectra of samples grown with NH
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Fig. 3. PL spectra of samples grown with DMHy.

With ammonia as nitrogen precursor one can recognize frorRlthgpectra that an increasing injector
temperature leads to higher wavelengths (Fig. 2). For DMFdaction of substrate temperature results
in longer emission wavelengths (Fig. 3).

From the corresponding X-ray measurements it is difficult tossetear link between nitrogen incor-
poration and injector temperature for ammonia because afelhévely low nitrogen content (Fig. 4).



Gas Source Molecular Beam Epitaxy of GaNAs and GalnNAs 49

However, for DMHy as nitrogen precursor the relationship leetwsubstrate temperature and nitrogen
incorporation is confirmed (Fig. 5). The redshift of the PLksefom the bandgap of GaAs is consistent
with the nitrogen concentration determined by XRD. Moragdlie appearance of thickness fringes is an
indicator for good interface quality.
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Fig. 4. XRD rocking curves of GaNAs/GaAs layers Fig. 5. XRD rocking curves of GaNAs/GaAs layers
grown with NH;. grown with DMHy.

Table 2 shows the comparison between the calculated nitraggarts by PL and XRD measurements.
The values obtained from photoluminescence were estimated thg following empiric equation [3]

Ey(z) = 1.42 — 20z + 280z> eV ([N] < 3%) 1)

Tab. 2. Comparison of nitrogen content as determined by XRD and PL ferafit nitrogen precursors.

NH; DMHy

Sample [N] Sample [N]

Tarr T PL XRD Tsubstrate \L PL XRD
X450 | 0.40 X563 1.16| 0.71
X477 | 0.54 X535 1.38| 0.99
X470 | 0.64| 0.2 X533 1.49| 1.23

With DMHy as nitrogen source a higher nitrogen incorporaiioiGaNAs is achieved. Latest results
show an emission wavelength shift of 200 nm which corresponds itoogen content of about 2 %.

B) Nitrogen Incorporation in GalnNAs

To verify nitrogen incorporation in the quaternary semiamtdr GalnNAs samples containing two
quantum wells are grown. The first pure InGaAs quantum welh@layer structure, shown as inset
in Fig. 6, serves as a built-in reference for the second Galnfjlfstum well grown under identical
conditions. Fig. 6 and 7 show the low- and room-temperature Bttapm of a sample with the second
quantum well grown under NHinjection. A peak wavelength shift of 40 nm of the GalnNAs quam
well compared to the reference InGaAs quantum well is obskerve
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Up to now wavelengths close to 1200 nm are demonstrated with NEmploying DMHy emission
wavelengths up to 1260 nm are obtained at room-temperdtigeq).
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5. Summary

GaNAs is successfully grown by GSMBE using alternative nitrqgecursors. With DMHy a maximum
wavelength shift of about 200 nm, being equivalent to a ngrogontent of about 2 %, is achieved. In
the material system GalnNAs wavelengths up to 1260 nm are edaéturther investigations will focus
on device structures.
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2D VCSEL Arrays for Chip-Level Optical Interconnects

R. King

Oxide-confined vertical cavity surface-emitting laser diodéGSELS) are fabricated for applications
in chip-level optical interconnects. 980 nm wavelength devin arrays with 48 elements are inves-
tigated. Threshold voltages of 1.5V and operation voltagdew 2 V of submilliamp threshold current
lasers are fully compatible to 3.3V CMOS technology. Modoilabandwidths of 9.5GHz at 1.8 mA
laser current with a modulation current efficiency factor (MQES 10 GHz4/mA is demonstrated
for 3um diameter VCSELs. No error floors are observed down to bit erre@srdBERs) of 10'! at
12.5 Gb/s data transmission.

1. Introduction

Parallel optical links will penetrate more and more intcearsuch as inter-cabinet and inter-board down
to intra-board data communication, nowadays mostly dorathhy electrical interconnect solutions. In
recent years, one-dimensional parallel datacom links havelerated progress in optical interconnect
technology [1] but the hardware is too bulky and the aggeedptrate is far too low for chip-level
interconnects. In order to satisfy the increased need for dadaighput per area in chip-level links
two-dimensional (2D) interconnects and integrated witiechnologies such as flip-chip bonding are
necessary. The left-hand side of Fig. 1 shows a schematic of dgbamaioelectronic interconnect on
chip-level. Source and detector chips are directly bonaed 8i CMOS chips and the optical datastream
is transferred from one chip to another chip using free-spatiesogr 2D waveguide arrays.

The right-hand side of Fig. 1 shows a photograph of a fabridaa@dmitter chip where a bottom-emitting
VCSEL array with 48 elements is flip-chip mounted on a @& CMOS driver chip[2]. Due to their
high efficiency at low driving currents, high-speed data traasion capabilities and the possibility of
2D array fabrication as well as the intrinsic compatibilitittwfiber and free space optics VCSELs are
regarded as a key enabling technology for low-cost chiptigptcal interconnects.

2. Chip Fabrication and VCSEL Characteristics

The left-hand side of Fig. 2 shows a photograph of a fm(thick bottom emitting VCSEL array. The
active region of an individual laser is formed by three 8 nnckldompressively strained JaGa gAs
guantum wells embedded in GaAs barriers for 980 nm emissioelemagth. The inner cavity is sand-
wiched between an upper p-doped and a lower n-doped Braggta@flconsisting of 20.5 and 30 quarter-
wavelength GaAs/AlssGay.12AS layer pairs, respectively. Graded interfaces @&ddping reduce series
resistance significantly. Current is injected through the ugsagg reflector by a full size p-contact.
Current confinement is achieved by selective lateral oadadf a 30 nm thick AlAs layer after mesa
etching and stable single-mode emission is enforced by smak @pdrture and weak optical confine-
ment. Polarization can be controlled using off-angled sutestnaelliptical current apertures [3]. Mount-
ing the array junction-side down is done straightforward saitelectrical contacts are on the top-side
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Fig. 1. Schematic of parallel optoelectronic interconnect on chip-levati{ieid side) and 48 VCSEL array
flip-chip mounted on Si CMOS driver circuits (right-hand side).
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Fig. 2. Photograph of a bottom emittink8 element VCSEL array with 25@m pitch and two individual contacts
per device (left-hand side) and operation characteristics pfa 6xide diameter device within an array (right-hand
side).

and laser emission occurs through the substrate at 980 nm watrel@hg layout concept can be carried
forward to the optical interconnect standard 850 nm waveleregime by employing, e.g., GaAs sub-
strate removal after mounting [4]. The VCSELSs are arrang&b@tm pitch and have two contacts per
device for individual high bit rate modulation. The VCSELswaell as the plated vias, which connect
the n-contact to the top-side metallization, are connecyddbeks to remote wettable metal pads.

The right-hand side of Fig. 2 presents driving and output dtaritics of an array device with n
active diameter. The threshold current is 0.9 mA and the totdstoltage is 1.45 V. At an optical output
of 1 mW the voltage drop across the device is only 1.6 V. The aifmer characteristics of VCSELs
designed to achieve low series resistances and high conver§icierefies at low output power (e.g.
1 mW) are listed in Tab. 3

As the VCSEL source chips are to be mounted on SiCMOS chipdwdaio get very hot it is important
to know about the temperature dependence of the operatamaateristics. Fig. 3 shows the variations
of threshold currents and laser currents at 1 mW optical oapuat function of heatsink temperature of
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D,=3um D,=5pm D,=8.5um
threshold  P,,;:=1mW threshold  P,,;:=1 mW threshold  P,,;:=1mW
I=0.6 mA I=1.8mA I=0.9mA I=2.1mA I=1.8mA I=3.1mA
U=15V U=1.7V U=1.45V U=16V U=1.48V U=1.58V
14=65 % n=33% 14=64 % 1n1=30% 14=62 % n=21%
R4=1550 R4=107Q R4=719
P;=0.9mW  Py=2.1mW Py=1.3mW P;=2.4mW Py=2.7TmW  P;=3.9mW

Tab. 3. Operation characteristics of VCSELs with different active diameters.

three VCSELs with um active diameter. The In content of the QWs is chosen to olst@ain peak
wavelength of 955 nm at room temperature. At room tempesdahe cavity mode which determines the
emission wavelength and the spectral gain peak of the VCSELlirgit A,;=954 nm is aligned. The
VCSELSs emitting at\,;=967 nm and\,;=984 nm have a relative mode-gain misalignment-df nm

and+29 nm at room temperature, respectively. The VCSEL with roemmperature mode-gain detuning
of +29nm (triangles) operates as a temperature insensitive laskee agtuning at room temperature
results in mode-gain alignment at a higher temperature. Tdwelngths and the differential quantum

efficiencies of the VCSELSs shift at a rate of 0.07 nm/K and -0/R %espectively.
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Fig. 3. Variations of threshold currents (left-hand side) and laser dsregrl mW output power (right-hand side)
as functions of heatsink temperature for the three VCSELSs with diffenexe-gain offsets. The active diameter
of the VCSELSs is about bm and the gain peak wavelength at room temperature is about 955 nm.

3. Small Signal and Large Signal Modulation Properties

The left-hand side of Fig.4 shows the physical origin of an eajaivt-circuit model for the VCSEL
impedance behavior. The equivalent-circuit model takesaescount bond pad capacitar@g,q, series
resistanceR;, oxide aperture capacitancg,, and active layer series resistarngg. Quantities of the
various elements are obtained by fitting the model to the rmeddRF S11 parameters. For the vector
high frequency impedance measurements individual lasems &rpolyimide planarized 48 array are
contacted with a coplanar probe tip. The model well describesmeasured data up to frequencies
of about 20 GHz. Tab. 4 gives determined parameters for M@BELs of differing active and mesa



2D VCSEL Arrays for Chip-Level Optical Interconnects 55

diameters. OnlyR, depends significantly on the bias current, the value listed Isgfior a bias current
of 3mA. The parameters scale with the dimensions of the VCSKL therefore the physical origin
proposed above seems reasonable. The solid lines in the rigtitdide of Fig.4 depict the bias

11, 131,
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Fig. 4. An equivalent-circuit model for VCSELSs (left-hand side) and mess(solid) small-signal modulation re-
sponse curves of a VCSEL and calculated (dashed) low-pass filter curveSI@ribhigh impedance modulation
source (right-hand side).

Da Dm Rs Ra Com Cpad
(em) (wm) (@) () (F) (pF)
3.5 32 55 100 0.56 0.13
5 34 46 61 0.68 0.13
8.5 38 36 35 1.0 0.13

Tab. 4. Equivalent-circuit parameters obtained by fitting the vector impedahVCSELs with different active
diameters D,) and mesa diameter®(,).

dependent small-signal modulation response curves gfira ¥CSEL measured with a 30 network
analyzer. The fitted parameters from the equivalent-dirowidel allow the calculation of the parasitic
roll-off in the modulation response, also shown as dashed lintiright-hand side of Fig. 4 for both a
high impedance and a $Dmodulation source. The VCSEL modulation bandwidth is seere tintited
by the electrical parasitics.

The left-hand side of Fig. 5 illustrates the high speed chariatits at low bias currents obtainable from
the VCSEL devices of various sizes. Thar8 single-mode device exhibits a modulation current effi-
ciency factor (MCEF) of 10 GHz/mA which decreases for larger diameter devices. We have employed
a 3um VCSEL as transmitter in optical data links. The right-han@ sifiFig. 5 shows the eye diagram

at 12.5Gb/s PRBS modulation and the bit error rate (BER)esufor back-to-back transmission and
transmission over fibers. The VCSEL is biased at three times tHoeahd modulated with 1 Wp. We

used 100 m graded index multi-mode fiber (MMF) or 1.9 km pgf®core diameter standard single-mode
fiber (SMF). In back-to-back transmission the minimum requpeder at the pin-InGaAs photodiode

is -11 dBm to achieve a bit error rate of 10 at 12.5 Gb/s. This relatively high power is due to the low
sensitivity of the 5@ pin-receiver used.
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Fig. 5. Bias dependent modulation bandwidths of VCSELs of variaesdjleft) and BER curves for different
transmission channels using a 980 nm VCSEL witinBactive diameter (right).

4. Conclusion

We have designed, fabricated, and characterized selectixelized single-mode and multi-mode emit-
ting VCSEL arrays ideally suited as transmitters in chipdemical interconnects, both in terms of
packaging and performance. Single-mode and multi-mod@& YCSEL arrays are flip-chip mounted
on Si CMOS driver chips in order to demonstrate VCSEL basedebgttronic transmitters on chip-
level. The low-capacitance design of the arrays enablesspgld data transmission up to 12.5 Gb/s per
element, far beyond the envisaged Gb/s CMOS speeds.
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Mirror Coatings for Edge-Emitting Lasers

Ulrich Martin

1. Introduction

Edge-emitting semiconductor lasers are used in a wide rangepti€ations. This type of laser can be
used as pump source for a solid state laser, as light emitter inrepldisier and as pump source for fiber
optic data transmission. Especially the increasing requiresrfentdata storage applications like CD-
RAM, CD-ROM and Digital Versatile Disc (DVD) expands the sprieacbf semiconductor laser diodes
in our daily work. In these applications, the laser devices laweork reliable without sudden failures
and degradation. It is necessary to protect the facets of sathictor laser diodes from environmental
influences. Lasers with an antireflection coating on each laset €an be used as optical laser amplifiers
if the reflectivity is reduced t@0—* [1]. Laser devices with a antireflection coating on one faegtloe
used for spectroscopy when combined with a grating as extezfiattor, since they are continuously
tunable over a wavelength range of more than 25 nm [2]. Cgsifor semiconductor lasers need different
reflectivities at each facet. Figure 1 illustrates the schienséitucture of a semiconductor laser device.
The front side of the laser is covered with an antireflectiortingao increase the light output of this
facet. The desired reflectivity is determined by the lengthihef device and its application. On the
backside of the laser is a high reflection coating to coupleaberllight back to the device and reduce
the output power at this facet. The coatings also have to gxhitumber of properties, e.g. chemical and
mechanical stability, good adhesion to the facet surface, leahanical stress, high transparency at the
emission wavelength, and an excellent behavior with respdifetine and catastrophic optical mirror
damage (COMD). For optical communication systems it is alsessary that the beam characteristics
of the laser devices do not change.

Laser Device

Laser
/ \ Emission

High-Reflection Anti-Reflection
Coating Coating

Laser Cavity

Fig. 1. Schematic illustration of a semiconductor laser with mirroringatfor optical emission on one mirror
facet.

2. Antireflection Coatings

According to the Fresnel equation

R=y =l (1)
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an uncoated laser mirror has a natural reflectivityzof 0.3. For this calculation, a refractive index of
n = 3.43 is assumed, which is a good agreement to bandgap modelingy thedmeasurement of the
group velocity of the laser light. To reduce the reflectivitylge facet, a single or a multi layer coating
is needed. The reflectivitR of a single layer antireflection film with the thicknessind the refractive
indexn at a vacuum wavelengthon a substrate with the refractive indexis given by the formula

_ (1= no)? cos’(9) + (B — m)?sin’(9) 2

T ()0 (6) + (% +0)sin’(0) @
nd

0= 2%7 )

[3]. By changing the film material, the minimum of the refleiii can be adjusted in a wide range. In our
sputter deposition system we can vary the composition of the dedasaterial by changing the oxygen
flux into the process chamber. So we can deposit nearly evesrialatomposition from silicon oxide

to silicon nitride. By choosing another sputter target it is @igssible to deposit aluminum oxide. Using
these materials it is not possible to achieve the desired vabfod 10% for the front mirror reflectivity

together with a minimum at the reflectivity versus wavelergytive. In this case the reflectivity depends
on the emission wavelength as illustrated in Fig. 2. If we comgite tolerances of the film thickness

Reflectivity

\ \ \ \ \ \ |m—t+ - JT—=
900 920 940 960 980 1000 1020 1040 1060 1080 1100
Wavelength (nm)

Fig. 2. Single layer design for a reflectivity of 5% at a wavelength of 860

after the depositioning process, the practical reflectivityeas in the range between the dashed lines in
Fig. 2. So the practical reflectivity can vary betweRnr= 3% and R = 9%. Better deposition tolerance
can only be achieved by an enormous effort. Another possililito use a multi layer coating to reduce
the reflectivity at the laser facet. These coatings also hawer aithivantages for semiconductor laser
devices. On one hand, the spectral bandwidth is increasedsfdesired reflectivity value, which can be
adjusted in a wide range. On the other hand, materials candsechvith respect to lifetime and critical
mirror damaging behavior. For the first tests, we designed a sitwpldéayer antireflection coating to
get information about processing and depositioning parasdtggure 3 illustrates the simulation (line)
and measurement result (circles) of such a coating. This typeaiing can be realized with a higher
reproducibility than a single layer coating in our depositgstem.
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Fig. 3. Example of a two layer antireflection coating
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Fig. 4. Example for a high-reflection coating.

To increase the reflectivity of a laser facet it is necessary to use than one dielectric coating layer.
So a high reflection coating is composed of a number of laydts different refractive indices. Using
a stack of quarter wavelength dielectric layers, the beamasctetl from all interfaces in the assembly
are of equal phase, they interfere constructively. By usingri@indicesns,ny,n1, of the substrate, the
high-, and low- index material angifor the number of the layers, the reflectivity in air or free spic

given by the formula

(1— (m))(@p) . T 2
L z (4)

(1+ (uyen - 7a

Ns
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[3]. The reflectivity increases with the number of layer palisreduce mechanical stress and increasing
the stability of the coating it is necessary to choose a layernmaafer good adhesion and reduce the
number of layers to the lowest possible number which is necessaeath the desired reflectivity. It
is also a good idea to put some chemically inert material to @peof the layer stack to protect the
coating and the laser facet from environmental influences. séinge materials can be used to build a
high reflection and an antireflection coating. So both cgatshould have nearly the same mechanical
and chemical properties. The reflectivity curve for a highefon coating is shown in Fig. 4.
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850 nm transparent-substrate wafer-fused bottom-emitting VCSELs

Jurgen Joos

This report deals with the fabrication and characterization oftbm emitting VCSELs at an emission
wavelength of 850 nm. The devices were realized by exchatigingbsorbing GaAs substrate for a
transparent GaP substrate using the wafer-fusion technique.

1. Introduction

Although vertical-cavity surface-emitting lasers (VCSELshwemission through the substrate (bottom
emitting device) are less prevalent than their counterpartiting through the epitaxial surface (top
emitting device) they offer several advantages. Bottom engif¥ CSELSs can easily be mounted upside
down by a flip-chip technique onto high-speed CMOS chips ifcaptransceiver modules. They might
be efficiently cooled by placing a heatsink near the activeezostead of on the opposite side of the
considerably thick substrate, and finally, it is not necessargdwd an emission window in the top
contact which leads to a less homogeneous carrier injectiompared to full area contact devices.

Due to the fundamental absorption of GaAs at wavelengthsesttben 870 nm bottom emitting VCSELs
at 850 nm need their GaAs substrate to be exchanged for a transpaaterial. GaP is an attractive
solution because of its transparency and its conductivityoalih its lattice constant (0.5451nm) is
severely differing from the one of GaAs (0.5653 nm). Wafesidn in contrast to epitaxial techniques
offers the possibility of combining semiconductor materiaithwignificantly different lattice constants.
This has been demonstrated by the fusion of InP and GaAs indavglength VCSELSs [1] as well as
GaP and InAlGaP in high-brightness (Ba .)o.5Ing5/GaP LEDs [2]. The conception of the wafer-
fused transparent-substrate 850 nm VCSEL is sketched in Fig. 1.

2. Technological Details

The fabrication of the devices starts by etching grooves ushrgnically assisted ion beam etching
(CAIBE) into the GaP material that prevent residual gases igniéts from being captured at the fused
interface during the fusing process. A subsequent thoroughintpahboth of the samples — the GaAs-
based VCSEL structure as well as the GaP substrate — ensures tiativeooxide or organic contam-
ination affects the electrical or optical quality of thearface. The wafer-fusion is carried out at Tem-
peratures of 675C or higher under elevated mechanical pressure for 30 minutééer ®®moving the
GaAs substrate by polishing and selective wet-chemical etdhimglevices are fabricated by standard
VCSEL processing techniques including mesa etching, oxiddtiocurrent confinement, and contact
metal evaporation.

This concept is similar to the one published by Sandia Natibahbratories in [3]. In contrast to our
structure they use n-type GaP and, according to this, an n-typPBR in order to get an n-n-junction
at the fused interface.
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Fig. 1. Cross section of a wafer-fused transparent-substrate 850 I8&N.C

As depicted in Fig. 1 the p-side contacts are evaporated op-thige GaAs layers rather than on the p-
GaP substrate although this would allow more homogeneouscajection. Investigations of different
metallizations on GaP have shown that it is hardly possiblehiizae ohmic contacts with low resistances
on GaP ap = 1-10'® cm~3 using Zn doping.

3. Performance

Fig. 2 shows the output characteristics of a wafer-fused 85¥@8EL in CW operation at room tem-
perature. A threshold current of 20 mA, a threshold voltage\whd a maximum wall-plug efficiency
of 12 % is observed at an active diameter ofu®8. These results are superior to those published in [3]
with respect to the threshold current density as well as to tieskiold voltage.
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Fig. 2. Room temperature CW characteristics of a wafer-fused transpatestitada 850 nm VCSEL with 28m
active diameter.

The threshold current of the fused devices rises by a factor @ngared to unfused VCSELs made
out of the same epitaxial material. Apart from thermal andimeaal stress that may lead to suffering
optical properties of the material the changing mirror iiléties due to different refractive indices have
to be considered. The p-DBR of the unfused VCSEL terminatds avibaAs-air interface which gives
an additional benefit in mirror reflectivity. By fusing the tapst p-GaAs layer to the GaP substrate this
benefit is eliminated resulting in rising threshold currentisTdrawback has been counterbalanced by
adding a few mirror pairs to the p-DBR.
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4. Conclusion

Very successful transparent-substrate bottom emitting VCSElsami emission wavelength of 850 nm
have been demonstrated by using wafer-fusion to add transgaaghsubstrate to conventional GaAs
vertical cavity lasers. A slight rise of the threshold current &mty caused by a decrease in the p-DBR
reflectivity due to adding the GaP material. The considerkante devices having an active diameter of
28 um operate under room temperature CW conditions at reasotiablhold currents and voltages of
20 mA and 2V, respectively.
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High-Power Semiconductor Laser Amplifier for Free-Space
Communication Systems

G. Jost

High-power semiconductor laser amplifiers are interestingicksy for new key technologies. They
promise high optical output power up to several watts and gaehibquality in combination with dif-
ferent master oscillators. A new free-space data transmission sy$tews the excellent properties of
our tapered semiconductor amplifiers with a VCSEL master asailfor an optical output power up to
380 mW at 2.5 Gb/s with BER bela@!*.

1. Introduction

Traveling-wave semiconductor amplifiers are compact devigth high wall-plug efficiency and a large
spectral amplification range. In view of these points, they drgrowing importance in future key
technologies as fundamental elements for optical freeespammunication systems. Especially, the
development of tapered amplifier with high signal gain and jtical output power of several watts,
preserving the optical beam quality of a single-mode mastdlateciwith a few mW optical power, has
raised a lot of interest due to the emergence of various apiplicalike optical intersatellite communica-
tion or indoor optical wireless IR LAN systems. In section 2. we destrate the fundamental properties
of a linear tapered semiconductor laser amplifier like opticdibut power, signal gain and wall-plug ef-
ficiency. Chapter 3. shows a new application and interestimgbamation of a vertical-cavity surface
emitting laser (VCSEL) as master oscillator and an edge-emittiower amplifier (VCSEL-MOPA).
Now a days, VCSEL are very promising devices for short distarigh;$peed optical data link applica-
tions. They are low cost devices with some excellent electaindloptical properties like low threshold
current allowing bias-free modulation [1] and a modulatiamd¢bwidth up to 21.5 GHz [2], but they are
limited in their optical output power to a few mW. With our nelata transmission system consisting of
a VCSEL master oscillator and an edge-emitting power amplifeesare able to combine a high-speed,
low cost and easy-to-modulate semiconductor device with agler, high efficiency amplifier. This
system allows data transmission experiments at 2.5 Gb/s withrbitrates belowl0~'! and an optical
power up to 380 mW.

2. Tapered Amplifier Structure and fundamental Characteristics

The layer sequence of the tapered semiconductor amplifierdeasdrown by molecular beam epitaxy
(MBE). The active region consists of a 8 nm compressively strdim@adAs quantum well, sandwiched
between graded-index AlGaAs layers (GRINSCH). With thiactire we achieve an internal efficiency
of 92 % and an intrinsic loss of 1.9 cth. The length of our devices is 2046n with an input aperture
of 7um for taper angles o4° and5°. For taper angles df° and10° we prefer a width of flum as
input aperture to overlap the assuming profile of a free-spdrasystem propagating gaussian beam .
The principle layer structure of such a device is depicted gn Ei The device is mounted junction-side
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Fig. 1. Schematic drawing of a tapered semiconductor amplifier with aHef@040mum and a taper angle of

5°.

Qutput Power (W)
=

©
o

0.0¢

Amplifier Current (A)

Fig. 2. Output characteristic of a tapered amplifier for different inputgrs up to a amplifier current of 2 A. The
maximum output power is 1.3 W at 8.9 mW input power. The maximumesédficiency is 0.83 W/A.

down on a diamond heat spreader with AuSn solder to obtain aHemwnal resistance, good adhesion
low thermal stress. Necessarily conditions for high power deviceachieve maximum optical output
powers without thermal roll-over. Another important supgosifor laser amplifiers is the suppression
of self oscillation due to reflections at the cleaved laser acEherefore both facets are coated with an
high-quality multi-layer antireflection coating. The refigity of the coating is less that0—* over a
bandwidth of 70 nm. With such laminated facets we obtain arease of the original laser threshold
and only spontaneous emission or amplified spontaneous emissiearfents up to 2A. The high
undulation-free gain of such an amplifier allows a variatibthe masteroscillator wavelength of 16.5 nm
FWHM. To characterize the high power, tapered amplifier weaisingle-mode edge-emitting laser
diode. The maximum input power available from this singledmalevice is 9 mW at 936 nm which
is adjusted to the maximum signal gain of the amplifier by viemmabf the master oscillator heat sink
temperature. Fig. 2 shows the output power for a device witipartangle o6° and a current up to
2.0 A versus the amplifier current. With an input power of 8.9 md/obtain an output power of about
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Fig. 3. Wall-plug efficiency versus the amplifier current for differerguhpower. The maximum wall-plug ef-
ficiency is 43% at a current of 1.5 A. Also for an optical output power 8\¥.at a current of 2 A and an input
power of 8.9 mW, the wall-plug efficiency is about 39 %
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Fig. 4. Setup of the data transmission experiment.

1.3 W which corresponds to a signal gain of 21.6 dB. The almoséatiy output characteristic promises
a further increase of the optical output power, if we increaseamplifier current. Fig. 2 demonstrates
also that an increase of the input power up to 8.9 mW results imeease of the slope efficiency up
to 0.83W/A for a totally saturated amplifier. With this tapered semicatouamplifier and an input
power of 8.9 mW from a single-mode edge-emitting laser diodebtain a wall-plug efficiency of 48

at an current of 1.5 A as shown in Fig. 3. Almost at the maximunpaypower of 1.3 W the wall-plug
efficiency is more than 39 %. With decreasing input power thik-plag efficiency also decreases but
still at an input power of 2.5 mW we achieve a wall-plug effiaggiof 35 % and an optical output power
of 1 W. corresponding to a signal gain of 26 dB. Without opticgiut power the laser amplifier emits
only spontaneous emission and the wall-plug efficiency is éichat about 10 %. The high signal gain
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Fig. 5. Output characteristic of the VCSEL-MOPA. The maximum oupmwer is 380 mW at an amplifier current
of 2.8 A and a optical VCSEL input power of 1.45 mW.

and also small dimension of tapered semiconductor amplifiersefisae/the high wall-plug efficiency
at low optical input powers are properties which allows tbhenbination with low power devices like
VCSEL. Such a system makes clear that hybrid integrated dewbéh separately optimized devices
for each application offers a lot of new prospects in futurngteehnologies.

3. Tapered amplifier with VCSEL as masteroscillator for high-power highspeed data
transmission

For the data transmission experiment, we use an amplifier withysan aingle of 0° and an input aperture
of 5um. The length of the device is 204fn. In contrast to other transmission systems, we replaced
the edge-emitting single-mode laser diode by a low cost, bo#onitting VCSEL as shown in Fig 4.
Such a device has the potential to be mounted on silicon mttegjcircuits using flip-chip technology
[3]. The optical output power of the VCSEL with an aperturé&aim is 5 mW at a current of 9 mA. The
VCSEL is exhibiting single-mode emission at 943 nm up to a carmé’.4 mA and an optical output
power of 0.95 mW. The optical output of the VCSEL is directhupled into a tapered InGaAs/AlGaAs
semiconductor amplifier separated by a 30dB optical isolata. 3-shows the output characteristic
of the VCSEL-MOPA for amplifier currents up to 2.8 A and an oatiVCSEL power up to 1.45mW.
The maximum output power of the system is 380 mW correspondirantamplifier gain of 24 dB.
Modulation experiments with the combined system at variouSEICand amplifier currents show no
significant influence of the optical amplifier on the small-sigmadulation response up to 10 GHz.
Data transmission experiments have been performed at a VCS#sLchrrent of 3.4 mA and a data
rate of 2.5 Gb/s. With a semiconductor amplifier current of 2y@&Aachieve an optical output power of
165 mW. The amplified signal is passed through an attenuatoewittitenuation of about 45 dB to avoid
a destruction of the photodiode. The transmitted bit sequesng®nitored with an electrical sampling
oscilloscope and analyzed with a bit error detector. Fig. 6 shine eye diagram for 2.5 Gb/s PRBS
transmission with a word length @f — 1 at a BER of1l0~!1. The eye opening is about 0.4V having
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Fig. 6. BER at 2.5 Gb/s versus received optical power after 45 dB attenuaticgyardiagram corresponding to a
BER of 10~!! at a received optical power of -23 dBm.

a symmetric shape and without relaxation oscillation. Datastrassion with a BER below0~!! is
possible down to a received optical power of -23 dBm. Also for &¥C current of 5mA and an optical
output power of the amplifier of 380 mW, BERs of less than'! are possible.
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64 Channel Flip-Chip Mounted Selectively Oxidized GaAs VCSEL Aray

Roland &ger and Christian Jung

We have designed and fabricated a 64 channel optical modulg asialf-alignment flip-chip packaging
technique for two-dimensional (2D) GaAs epitaxial-side gngjtvertical-cavity surface-emitting laser
(VCSEL) array mounting without substrate removal on Si subcaiight emission is obtained through
a wet-chemically etched window in the Si subcarrier. The 2D peddently addressable selectively
oxidized GaAs laser array is arranged in ax8 matrix with a device pitch of 250m and each laser is
supplied with two individual top contacts. This metallizatswheme allows flip-chip mounting junction-
side down on Si subcarrier. The VCSEL array chip is placed abovevithéow in the Si subcarrier
and is assembled using a self-aligned bonding technique witim Bbler bumps. Arrays with 4Am
active diameter exhibiting threshold currents of less thanrhA and single-mode output powers of
2 mW. Driving characteristics of the lasers in the array are fulbmpatible to advanced 3.3 V CMOS
technology.

1. Introduction

VCSELSs are promising devices for use in optical data links Bmapel transmission and network com-
puting. The inherent possibility for realizing 2D arrays adlwas high-speed modulation and data gener-
ation make VCSELSs the transmitters of choice for parallelogpinterconnects. Due to high wall-plug
efficiency operation at low driving currents, VCSELs can rlthermal heating when using optical
interconnections combined with high speed ICs in opticaidcaiver modules. Optical transmitter and
receiver modules require reliable packaging technoldgieisiterfacing CMOS chips and optical fibers.
Shorter assembly times and simpler schemes for automatic ncéuntrfig can be obtained using self-
alignment techniques, especially for parallel intercommadth their high number of coupled elements.
The wavelength of existing modules with two-dimensional motemitting VCSEL arrays is due to the
absorption of GaAs Substrate usually 980 nm. However, 850 nheiprteferred emission wavelength
owing to inexpensive Si or GaAs photodetectors. Up to now,etlage not too many approaches for
the fabrication of low cost GaAs top-emitting VCSEL transeristusing flip-chip packaging and direct
coupling into a two-dimensional fiber matrix. In this papermgport on the fabrication of:88 element
850 nm wavelength VCSEL array modules mounted directly aguBcarrier, offering 64 independently
addressable channels for short-distance data transmission.

2. VCSEL array design and fabrication

Fig. 1 shows a schematic of an individual selectively oxidizgzt¢mitting GaAs VCSEL of the array.
The layers are grown by solid source molecular beam epitaxg.attive region consists of three 8 nm
thick GaAs quantum wells embedded ingAGay sAs barriers for 850 nm emission wavelength. The
lower n-type Si-doped and the upper p-type C-doped Bradgatefs consist of 38 and 27 dd Gay sAs-
Aly 9oGay 1As quarter wavelength layer pairs, respectively. Lateratenirconfinement is achieved by
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Fig. 1. Cross-sectional view of an individual top-emitting GaAs BLSf an array with corresponding contact
scheme. All electrical contacts are located on the top-side of the array. A ettable dielectric layer and the
wettable metal pads are necessary for the flip-chip bonding process.
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Fig. 2. Photograph of a top-emitting<® independently addressable VCSEL array with g&®device pitch and
two individual contacts per device.

selective wet oxidation of a 30 nm thick AlAs layer after wéemical mesa etching. A Ti/Pt/Au ring
contact is deposited on the top of the mesa to form the n-cor@axcthe top-side of the wafer chemically
assisted ion-beam etching is used to define a second larger mgzathdes access to the n-doped GaAs
substrate. A Ge/Au/Ni/Au broad area common n-contact is ewdpd and both contacts are annealed
at 410°C. After planarization and passivation of the mesa with twoedéht types of photosensitive
polyimides, the n-contact is brought to the surface by an mlpleited gold via in the polyimide, as
shown in Fig. 1. A non-wettable dielectric layer using polydmin combination with a wettable metal
pad serves to restrict the solder flow during the subsequentliiip-bonding process. Mechanically
polishing the GaAs substrate down to 1m0 and cleaving the sample into individual laser arrays of
5x5 mn? size are the final processing steps.

Fig. 2 shows a photograph of the top-emitting@®GaAs VCSEL array with two individual contacts per
lasing element. In the center the laser matrix with 250 device pitch is seen. The p-contact is taken
to the outside by long conducting tracks. The bond pads forahemmon n-contact are located next to
the p-contact bond pads. As the wettable metal pads defineoHitionm of the opto chip with respect to
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the silicon carrier, proper alignment is necessary. The Si stibcss fabricated from two-side polished
300um thick Boron doped (100)-oriented Si substrates. A square shaipeldw is etched by selective
chemical anisotropic etching in KOHy® solution at 70°C. A 300 nm thick SjN,4 layer deposited by
plasma enhanced chemical vapor deposition serves as an etchithaskch rate of (100) Si in the KOH
solution is typically about 3gam/h. The layout of the feeding lines on the Si subcarrier isgiesi for
flip-chip packaging of the VCSEL array and has been workedased on the geometrical dimensions
and positions of the alignment marks and emission window in tleailscarrier. The surface of the Si
subcarrier is passivated with a thin polyimide layer to preVeakage currents into the subcarrier. The
conducting Ti/Pt/Au tracks are arranged around the operingn-wettable dielectric layer (polyimide)
is deposited to prevent the solder from flowing along the tsaglring reflow and flip-chip bonding
processes. For the wettable metal pads a Au/Ni/Cu metallurgged, where Ni serves as diffusion
barrier for Sn used in the flip-chip bonding process. The diffndiarrier must be robust enough to be
utilized with the high Sn content of the eutectic 63Sn/37Rteso The final Cu metallization deposited
by electroplating is wettable by the solder. The VCSEL arregds to be arranged accurately relative to
the emission window in the Si subcarrier which is achieved byaajhed flip-chip bonding. As solder
material we use eutectic Sn/Pb which is electroplated on itsal&arrier. This material allows reflow
temperatures of less than 250 and a precise alignment is obtained by exploiting the sutiesion

of the solder bumps. The reflow and bond processes take placeatmasphere of nitrogen and formic
acid vapor (HCOOH) to protect the Cu metallization and thelesomaterial (Sn/Pb) from oxidation
and to promote solder wetting. For the flip-chip process weetdereloped and built a self-alignment
mounting machine which allows active adjustment of VCSElayand Si subcarrier. The laser array is
placed between the four alignment marks on the Si subcasiega stereo microscope. To increase the
alignment accuracy and ensure that the laser array is positioeerly to the Si subcarrier transmission
monitoring is used. When the VCSEL array is adjusted to the stibcavith tolerances of better than
20 um the bond process is started. The temperature in the soldebehasslowly raised to 180C and
after a few seconds abruptly increased to 260 The molten solder starts wetting the metal pads and
thereby adjusts the position of the laser chip in effort to minéhe surface area to reaching the lowest
total energy of the assembly. In the process, nitrogen and faaiitvapor are used as flux to support
efficient wetting and self-alignment. At the final position ttfep is stably fixed by rapidly cooling the
solder joint with nitrogen gas. The alignment accuracy is aga pm.

3. Continuous Wave Emission Characteristics of the Module

The performance of VCSEL arrays after packaging on the Siasulec has been investigated in detail.
Output characteristics of an individual laser of the arraydagicted in Fig. 3. Threshold current and
voltage are 0.7 mA and 2.2 V, respectively. Threshold curremiains rather unchanged after the bond-
ing process but a considerable increase of the voltage is oldsetvieh might be caused by a series
Schottky diode in the not yet optimized solder contact. Th&imam optical output power is 2.7 mW
and the wallplug efficiency of 2% is limited by the high voltage drop at the solder contacts. Eig.
shows the emission spectra of the individual VCSEL for diffedmting currents. The laser oscillates
on the fundamental transverse mode with a side mode suppressmfr@0 dB up to a current of
2.5 mA. Threshold current and emission wavelength distribstfithe 8<8 VCSEL array after flip-
chip mounting on Si subcarrier are depicted in Fig. 5 and 6,e@sgely. The threshold currents of the
lasers within the array remain nearly unchanged varying @etvd.7 and 1.1 mA. The emission wave-
lengths measured at 115, show a shift of 17 nm across the array in accordance with the untedu
array. Basically, we observe no substantial change in the dptitiasion characteristics before and after
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Fig. 3. Optical and electrical characteristics of a typicalFig. 4. Emission spectrum of a mounted VCSEL with
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chip bonded &8 array. Threshold current and maxi- wavelength of 842 nm on the fundamental transverse
mum conversion efficiency are 0.7 mA and ZQ re- mode showing single-mode operation up to a current
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Fig. 5. Threshold current distribution of a mounted Fig. 6. Two-dimensional wavelength distribution of
8x8 VCSEL array. All threshold currents remain be- a mounted &8 VCSEL array at a driving current of

low 1.1 mA. 1.5 ;4. The total wavelength shift across the array is
17 nm.

packaging of the VCSEL array. The higher voltage drop atsthoéd can be explained by non-ohmic
behavior of the not optimized n-type solder contact pad.

4. Conclusion

In summary, we have fabricated 850 nm wavelength 2D VCSELlyaiftgp-chip bonded on Si subcar-
riers which are ideally suited for transmitters in optical fibgodules or free-space indoor communi-
cations. Self-alignment techniques are used to realize feekiblependent addressing ok 8 arrays.
Measurements of top-surface contacted, top-surface emitdirtigal cavity lasers in the module show
single-mode output powers as high as 2 mW, threshold currehdsvil.1 mA, and 20% conversion
efficiencies after mounting resulting in more than 100 mW/tateay output power. All devices within
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the array are fully compatible with advanced 3.3 V CMOS tedbgy.
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SiBr, doped GalnP/AliInGaP Quantum Wells: Influence of structure and
growth conditions.

Matthias Golling, Georgi Stareev, Hin Yiu A. Chung arnidgen Mahnf3

The quantum well structure of red emitting InGaP/AliInGaP ladiedes is investigated by photolumi-
nescence spectroscopy. Growth parameters are optimized forghigtoluminescence yield. Different
doping schemes are tested for electrical property improventigeistshown that SiBy doping of conven-
tional laser structures gives similar results compared to solids®&ilicon doping.

1. Introduction

Laser diodes emitting in the red visible range are of greatéstdor many applications like data storage
(DVD), data transmission on short distances or laser printers. Heoiniprovement of laser character-
istics, the effect of different structures o n the optical prtipe are evaluated. To avoid influences of
electrical effects, samples are measured with photoluminessgectroscopy (PL) on undoped samples.

Electroluminescence is obtained in Beryllium and Silictraieromide doped samples. For comparison,
conventional InGaAs/GaAs edge emitting laser diodes dop#uSiBr, are processed.

2. Structure of samples

The basic structure of the MQW samples is shown in Fig. 1. On exadBaAs substrate, the quan-

Fig. 1. Basic structure of MQW samples
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tum well structure is embedded between cladding layers d&&NinP with various Aluminum content
Xc¢. The quantum well structure itself consists of three compregsstedined GalnP quantum wells,
separated by lattice matched GalnP barriers. The Indium gbot¢he quantum wellX g is a valuable

indicator for the quantum well strain.
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3. Characterization

The influence of quantum well thickness on PL properties isstigated with GalnP cladding layers.
For clarification, the active region of the device structsrdepicted in the inset of Fig. 2. As expected,
the intensity of the PL signal is strongly increasing with thicggantum wells. For a quantum well
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Fig. 2. Influence of quantum well thickness on PL in- Fig. 3. Influence of quantum well depth on PL intensity
tensity

thickness of 6 nm, a high intensity of the PL signal is achievedotBer important parameter is the
quantum well material composition. In Fig. 3, the influencdhaf Indium content on PL intensity in

6 nm quantum wells is shown. In the case of bulk GalnP, wherenstfaihe material and depth of

the wells equal zero, (the indium conteXiz is 49 %), the PL intensity is found to be weak. With an
increase of indium content & % the intensity rises by a factor 0. This effect is accompanied by a
red shift of the emission wavelength from 660 nm to 738 nm. Bdices are expected from the band
diagram. The increased Indium content enlarges band oftsatting into higher levels of excited states
and better carrier confinement.

Further increase of carrier confinement is achieved by enibgdte active zone into high bandgap
Al x.Gay51-x,Ino.49P cladding layers. The influence of aluminum content on phatoiescence
intensity is shown in Fig. 4. Compared to the quantum well stmectvithout aluminum containing

6
L | y Fig. 4. Dependence of Aluminum contetfs in
5 u — cladding layers. Carrier confinement is improved with
— 8 increased Aluminum content resulting into higher PL
S4r n levels.
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cladding layers, an aluminum content®% gives an increase of intensity by a factor2o$. With an
aluminum conteni ¢ of 25 %, a further increase by a factor of two can be observed. Highenialim
contents are expected to have little effect to PL intensity tduswitching to indirect bandgap. Indirect
Al x,Gay51-x.Ing.49P exhibits a decrease of carrier mobility and carrier dynarfii§, resulting into
poor electrical characteristics.

4. D0p|ng of AlxGag51_xIng.49P

Carrier transport to the active zone must be optimized to aetgefficient conductivity for electrolumi-
nescence. If the concentration of free carriers is too logvréisistance of the device is high, resulting in
high thermal stress, whereas a high do ping concentration teadabsorption of photons.

For p and n doping, solid source Beryllium (Be) and Silicon €38 used, respectively. Both are well-
established dopants for IlI/V-MBE. Carbontetrabromide (gBras proven to be a reliable p doping
source in the AlGaAs System. One big advantage of Carbon is thk diffusion coefficient, allowing
sharper doping profiles than Be. For n doping of IlI/V-Semubaetors, solid silicon is known to be
a reliable source causing no trouble in general. However, ¢eatyre of the Silicon cell is relatively
high. For GaAs and, a temperature arou8d0 °C' is necessary to achieve a carrier concentration of
1 x 10'® cm=3. In AlGalnP, Silicon cell temperature has to be chosen apprabely 100 °C higher

for the same doping level. At this high temperature molecubevaporate from the surrounding of
the cell, possibly leading to nega tive effects. A solution tg fiioblem might be the gaseous silicon
precursor Silicontetrabromide (SiBr At 315 K, SiBry is a solid with vapor pressure of 23.3 mbar. It
is chemically similar to the p doping source GBalready used for the AlGaAs system. Usage of the
gaseous Si doping source is found to be not critical. In GaAsindogoncentration o x 10'8¢cm=3
could be easily achieved, as shown in Fig. 5. The equivalemhlpgassure is measured to control the
dopant flux. At a carrier concentration of6 x 10'8cm™3, a mobility of 2000 cn?/Vs is obtained,

19—,
i - ] Fig. 5. SiBy, as n doping source for GaAs
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indicating a good material quality. It is known that n dopargates deep levels in AIGalnP [2], but even
in this case SiBf can be used successfully. To prove the ability of both gaseoustgmanventional
InGaAs/GaAs edge emitting lasers have been grown with a naémized layer structure. The threshold
current density of the broad area laser diodes was slightlyeafhdkA/cn?, which clearly proves that
both p an n dopant are working quite well.
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5. Summary

Quantum well structures in the AIGaP/AliInGaP material systexelbeen characterized using photolu-
minescence spectroscopy. Optical parameters were improveatiagion of dimensions of the quantum

well structure. A new dopant precursor, Silicontetrabromiglénstalled and characterized to improve
the electrical properties. The doping ability is shown by trengh of conventional InGaAs/GaAs laser

diodes.
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Homoepitaxial growth of GaN by MOVPE: A new benchmark for GaN
technology

Christoph Kirchner

Using low pressure Metal Organic Vapor Phase Epitaxy (MOVPEhfamoepitaxy, GaN layers were
grown on GaN bulk single crystal substrates. The layers show worlokrdeaptical properties with
photoluminescence (PL) linewidths as narrow as 0.11 meV & 402 the (D', X) transition. The free
excitonic transitions Fl, FEg, their excited states and the Eransition could be clearly resolved at
4.2K.

1. Introduction

The 111-V Nitride semiconductor alloys (InAlGaN) have atttad a great deal of interest due to their po-
tential for fabrication of light-emitting devices (LEDS) eqating in a wide emission wavelength range,
from the red to ultraviolet. Intensive research on IlI-V Nigs has paved the way to commercially avail-
able high-power blue and green LEDs [1]. These LEDs are keypooents for the fabrication of full
colour displays with high luminous intensities. Blue emittlager diodes with InGaN multi quantum-
well structures as active layers are steadily improved andhae lifetimes above 10000 hours at room
temperature under continuous wave (cw) operation usingalfeepitaxially overgrown (ELOG) sub-
strates [2], [3]. Despite this progress, the GaN technologysstifers from mismatched heteroepitaxial
growth on sapphire or SiC substrates. Heteroepitaxy results¥ a4dd 3.5 % lattice mismatch for GaN
growth on sapphire and 6H SiC, respectively, causing high disilmt densities 0f0° to 10'° percm?.
This can only be avoided by substrates having closely matchigcklaonstants and thermal expansion
coefficients to the layers. Under ideal circumstances, i. e depitaxy, high quality layers can be grown
2 - dimensionally without formation of dislocations. Of the iésfale alternative substrate materials, only
LiGaO reveals good lattice matching to GaN, but thermal Btalis crucial at high temperatures re-
quired for GaN growth [4]. All heteroepitaxial growth pr@ses require nucleation layers deposited
at low temperatures prior to growth of the main layers toease crystal quality of the epitaxial lay-
ers. These two-step processes are complex and difficult to optifRizproducibility remains a problem
due to the fact that small variations in parameters duringsiéipn of the nucleation layers cause large
changes in main epitaxial GaN layer quality. Thus, directrginoon GaN substrates is clearly the first
choice: no lattice mismatch, identical thermal expansiorificients, resulting in excellent optical and
crystal quality of the GaN layers. However, GaN cannot be duilem a melt like GaAs or InP due
to the extremely high temperature and pressure required. ahekialk single crystal substrates used
for these experiments have been produced from atomic nitrdgsolved in gallium melts under high
nitrogen pressure and high temperatures at the High Pressurar&le§enter of the Polish Academy
of Sciences (Unipress, Warsaw, Poland) [5]. This process lea@sMN platelets with areas of around
100 mm? with [0001] orientation. Alternatively, GaN quasi substrates be fabricated by a HVPE
process (hydride vapor phase epitaxy). The high growth rgie® 80 um/hr on sapphire substrates
using ammonia and GacCl enable the growth of very thick laydrighvcan be used as substrates. The
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epitaxial layer quality achieved with this type of substrasesot as high as with the above mentioned
single crystal substrates, because HVPE GaN is deposited on sapphii@ue to the large thickness of
a few hundred microns, dislocation density is reduced, buirstitie range o107 percm?. Using ELOG
technologies, dislocation density can be further reduced. fajer advantage of the HVPE process is
the possibility to fabricate 2inch GaN wafers, enabling conmaéproduction of GaN based devices.
The GaN bulk single crystals cannot be fabricated in such sizib& ahoment, but provide the highest
quality substrates available.

2. Experimental

Epitaxial growth of GaN is performed in a horizontal, radliequency heated, water cooled quartz
MOVPE reactor (AIXTRON AIX 200 RF), operated at low pressureb&rate material are GaN crys-
tals with sizes of about 8x8 mim Trimethylgallium (TMGa) and ammonia (6.0 purity with atidhal
purifier) are used as group Il and group V precursors, respéctivydrogen is used as carrier gas.
Prior to growth, one half of the substrate is covered with ptestist and then etched with CAIBE using
a Ch - Ar process, resulting in an etch depth of around 300 nm. Mogldetbout the CAIBE treatment
are described in [6]. This partial etching allows direct camigon of the epitaxial layer quality grown
on etched and non-etched parts of the same substrate. Aftgristyifne photoresist, the substrates are
cleaned in organic solvents and deionized water. To improegental coupling of the substrates to the
susceptor, the backside of the substrates is metallized. Smaolta growth on up to three GaN bulk
single crystal pieces in one run allows to compare growth hebgwmorphologies and crystal quality of
epitaxial layers.

Due to the different shape and size of each substrate piece,aheonpling of each substrate to the
susceptor is different, causing problems in composition repribility of InGaN and AlGaN layers.
The high gas flow through the reactor during growth tendsftafid remove the lightweight substrate
pieces from the susceptor, therefore they have to be fixed wiéltl sapphire pieces. Indium-bonding,
a method widely used in MBE technology, could not be appliedssgfully. Most of the Indium is
evaporated due to the high growth temperature, and the resiriglly converted to Indium nitride,
which made it impossible to remove the substrates from the susceffter loading into the reactor,
substrates are heated up to 108Qunder a steady flow of an ammonia/hydrogen mixture for 10 tagiu
Following this annealing step, undoped GaN is grown to a tiesk of 1.5xm. During growth, the
reactor temperature is kept at 103D, while reactor pressure is 250 mbar. The ammonia and the TMGa
flow are 2.5 standard liters per minute andu2iol/min, respectively.

3. Results and Discussion

Regarding the surfaces of the overgrown GaN crystals, therstayrg differences in morphologies
between the previously dry-etched region and the not CAlig&ted area. The CAIBE-etched area of
the sample reveals an improved surface morphology with alntogisible scratches, trenches, or holes.
With a high resolution photoluminescence-setup (PL), low tenajure (4.2 K) PL measurements were
performed at the Department of Semiconductor Physics atddsity of UIm (K. Kornitzer, K. Thonke
and R. Sauer). A HeCd laser£325 nm) was used as the excitation source with a density of 20w/
Low temperature (4.2K) PL spectra of the CAIBE-treated areavséxcellent optical properties of
the homoepitaxially grown GaN (see Fig.1). The dominantditaons at 3.4655eV, and 3.4708 eV
can be identified as the bound excitong ( and (I’,X). The linewidths are 0.1 meV and 0.11 meV,
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Fig. 1. Photoluminescence of Jufn undoped GaN at 4.2 K, grown homoepitaxially on GaN substrate. Excitatio
source was a 325 nm HeCd laser with an excitation density of 20 m\&/Mhe linewidth is as narrow as 0.11 meV
for the bound exciton (B)X).

respectively. This compares favorably to the best value tegan the literature for MOVPE grown GaN
on a sapphire substrate using ELOG with a linewidth of 0.8 meV (BK)Lfor the (I,X) transition
which is broader by a factor of 7 [7]. Furthermore, as showngnF, the free excitonic transitions RE
FEg and their excited states are clearly resolved. The locatidfEpfis still subject of more detailed
examinations. This means, that the GaN quality achieved bybpitaxy is significantly better than the
best heteroepitaxial material reported yet.

4. Conclusion

Homoepitaxially MOVPE grown GaN reveals outstanding optoaality. Linewidths as narrow as
0.11 meV for the (B,X) transition at 4.2K are by a factor of 7 narrower than the asies for het-
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eroepitaxially MOVPE grown GaN on sapphire using ELOG. Thérpegment of the substrates with the

CAIBE etching process has proven to be mandatory to achiepeirad surface morphologies without

scratches, enabling fabrication of critical device structueeg. laser diodes. Homoepitaxy dramatically
improves the crystal quality of the grown GaN layers to a ld¢kat cannot be reached with sapphire
substrates.
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Optimization and characterization of MBE grown
InGaAs/AlGaAs GRINSCH structures

Roland &ger and Eckard Deichsel

We report on the characteristics of optimized graded-index sgpasonfinement heterostructures
(GRINSCH) for InGaAs/AlGaAs broad-area laser diodes. Theagjait structure consists of a single
8 nm InGaAs quantum well in the active region and AlGaAs dlagithyers. For n-type and p-type dop-
ing, elemental silicon and CBras carbon source have been used, respectively. To improve tiesalopt
field distribution and the carrier confinement in the active regidifferent GRINSCH profiles have been
investigated. Substrates of different suppliers have also heed in order to assess the influence of
defects on device properties.

1. Introduction

High-power broad-area multimode lasers are attractivecdsvior a wide range of applications. For
most of them, a small far field pattern is preferred. Becauseetidpendency between far field and
near field pattern via Fourier transformation, latter hastontproved. The refractive index profile based
on the Al content in the GRINSCH region determines this nesd fpattern width. Other parameters
like optical power densities on the facets, intrinsic absompfiitling factors, catastrophic optical mirror
damage levels (COMD), threshold current densities and filéatien are influenced by the refractive
index profile. Furthermore, carrier confinement in the &twne can be improved leading to a higher
characteristic temperature and therefore an increased maxoptical CW power level which is limited
by thermal rollover.

2. Experimental procedure

The epitaxial GRINSCH structure has been grown using a soliccediiber 32P MBE. A single 8-
nm-thick Iny.15Gay.s5As quantum well operating at an emission wavelength e 950 nm has been
centered within graded-index AlGaAs layers surrounded kys &k 7As cladding layers. A highly p-
doped ¢-10%° cm~3) GaAs cap layer concludes the laser structure. Four GRINSGietste types have
been used for a comparison of the laser characteristics, whiatepreted in Fig. 1.

To investigate the influence of the substrate quality on the [@sd#ormance, a series of identical struc-
tures has been grown on n-type GaAs substrates of four diffestgapliers. Three of them have been
made using vertical gradient freeze (VGF), the fourth usingzbatal bridgeman (HB) crystal growth
technique.
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Fig. 1. GRINSCH structures of four epitaxial samples.

3. Characterization

For quick characterization of the four different epitaxdaimples in Fig. 1, broad-area lasers have been
fabricated in a simple single-mask process. After Ti/Pt/Au ptacirmetallization the ridge has been de-
fined by self-aligning wet-chemical etching, followed by suéitg thinning and Ge/Au/Ni/Au n-contact
metallization. Bars with different cavity lengths have bedeaved and measured under pulsed condi-
tions.

PulsedP-I characteristics for different cavity lengths have been nreasurhe differential efficiencies
nq and the threshold current densitigs versus cavity length are shown in Fig. 2 and 3, respectively.
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Fig. 2. Internal efficiency and intrinsic absorption of Fig. 3. Threshold current density of the four epitaxial

the four epitaxial samples.

samples.

The internal efficiency); and intrinsic absorptior; are determined from Fig. 2. Values for the internal
efficiencyr; of up to 90 % have been achieved. The intrinsic absorptiae calculated to be as low as

1.8cnTl.

The threshold current densities for infinite long deviggs, .., given by intercept point of the fit and
ordinate in Fig. 3 have been improved. Values of 100 Aérhave been achieved, leading to threshold

currents less than 100 mA in pulsed operation for a0 100m broad-area device.
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Structure G % Jentoseo Jtr Orwin
(o] em1] [Acm 2] ry— ]
1 90 1.8 131 123 38
2 90 3.8 191 178 30
3 85 1.9 103 98 34
4 90 1.8 98 92 34

Tab. 5. Comparison of the four epitaxial structures.

Table 5 gives an overview over the characteristic paramefeate four structures. Reproducible results
have been achieved for internal efficiencies and intringisds. Threshold current densities and far-field
angles have been improved.

Due to the experiments according to substrate quality, Stredthas been grown four times on substrates
of different suppliers. The results are shown in Tab. 6.

Substrate h % Jentsoe Jer Orwin
%] fem™1] [Acm~2] {Acm 2] ]
A 90 1.7 98 92 33
B a0 2.0 95 89 36
C 90 1.9 119 113 34
D 90 1.8 98 92 34

Tab. 6. Comparison of four different substrate suppliers.

The main parameters as internal efficiencies, absorption lesskthreshold current densities does not
vary strongly. Only Substrate C shows slightly increased valudséshold current densities.

4. Conclusion

In summary, we have optimized the GRINSCH zone for 950 nm In€salsaAs broad-area laser diodes.
To improve the far field pattern and the carrier confinemerihéactive region, modified GRINSCH
profiles have been investigated. Highest internal efficienofed0 % and far-field angles of 3thave
been achieved. Substrates of different suppliers have alsaigsstigated. It was possible to show, that
the main device parameters do not depend on the substrateanfamafs in this comparison.
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Short Pulse Electroluminescence of GaN based Light Emitting Diodes

Veit Schwegler and Arthur Pelzmann

GaN based light emitting diodes have been investigated coimggetimeir electroluminescence behavior
under short pulse operation. The optical response has been meédsudifferent wavelengths and time
slots. The decay time of the electroluminescence being in tigeraf 1 - 100 ns is a powerful measure
for the recombination mechanism of the EL.

1. Introduction

In recent years an impressive progress has been made in thepghaesit of nitride based devices. High
brightness blue, green and amber light emitting diodes (LEBs)ell as most recently long-live blue
laser diodes have been demonstrated [1][2]. In spite of vetydiiglocation densitied (2 — 10'%m—2),
caused by heteroepitaxial growth, the realized GaN-basktdigitters show external quantum efficien-
cies up to 10%-16%. To develop such high brightness LEDs ariegffimjection of the carrier into the
active layer and a detailed knowledge about recombinatiechanisms, which take place, are neces-
sary. Usually photoluminescence (PL) measurements whererpedao examine optical processes in
the epitaxial layers. Furthermore, time resolved PL of LEDdties has been performed to learn about
recombination dynamics [3]. However, it is not clear whetbtmission mechanisms obtained by optical
excitation can be simply transferred to the case of device tparavhere the electrons and holes are
injected from the n- and p-doped cladding layers.

2. Experimental Setup

The LED structures under investigation were an AlGaN/GaN tiohbterostructure LED (DH) with a
150 nm thick Zn-doped GaN layer as active recombination zorean InGaN/GaN single quantum
well structure (SQW). The devices were soldered on a BNC cdanand dc biased with 0.1 mA during
pulse excitation via a bias-T. Electrical pulses with 10 ns ondpulse length were generated using a
Tektroniks 109 mercury pulser or an Avtech AVI-C. The reflectof the current pulse was minimized
by adding an impedance matching resistance network to thealewider test. The optical response of
the LEDs were detected by a Hamamatsu photo multiplier tub€r§PLight output and current were
sampled in time with a Tektroniks sampling oscilloscope TDS5R2®Acton 500 monochromator was
used for spectrally resolved measurements.

3. Measurements and Results

Figure 1 shows the optical response over all wavelengths ofdaped DH-LED and a SQW-LED, both
electrically pumped with 10 ns long current pulses of 1 A. Du¢hie short pulse width even at those
high currents the optical characteristics of the deviceslghwat be influenced by thermal effects, also
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Fig. 1. Photomultiplier response of the AlIGaN/GaN-DH LED and In&a®W LED after electrical 10 ns excita-
tion.

device degradation is avoided. A significant difference eoning the decay times of the LEDs can be
seen. The decay time of the InGaN SQW device is approx. 1 ns.hEdtr-doped DH structures two
exponential decay times with values of 2-3 ns and approx.s2§@ observed.

The origin of these two different carrier lifetimes is revazhby the time resolved electroluminescence
spectra of the Zn-doped AlGaN/GaN-DH LED, shown in figure 2 fatiaus times after excitation with
15 ns pulses. Along with the visible peak, centered at 421 nmirawer UV peak is observed, which
has a center wavelength of 367 nm with a full width half maxim(FWHM) of 8 nm. The visible
emission is attributed to recombination via Zn-recombimatienters. At high injection carrier densities
the Zn-recombination centers which have a very slow decag siaturate and an additional UV band is
pumped, based on an efficient band-band recombination misomavith faster decay times. A slight
peak shift of the UV emission can be observed which might be getkly band filling effects. The
almost two magnitudes longer decay time of the visible emisseombe explained by localization of
carriers at the Zn atoms, which increases the carrier lifetime

The time resolved spectra of the InGaN/GaN SQW LED are depintédure 2. Even at high current
pulses no UV band is generated. The single peak emission is edr#ed27 nm and has a FWHM of
19.9 nm. The emission maximum shifts after the electrical pusigagion from 427 nm to 429 nm. Since
the radiative lifetime seems to increase with higher In cantérs could be caused by In fluctuation in
the active layer [4].

4. Conclusion

Time resolved short pulse electroluminescence has proven tebiity to investigate recombination
processes in GaN based devices. The different decay times optitaldransitions give an evidence
about the efficiency, nature and place of the observed rectibin process.
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Fig. 2. Time-resolved electroluminescence spectra of a Zn-doped AlGaNBBEBNED and a InGaN-SQW LED,
which were extracted from the optical response of the device.
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