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Quantum-Véll Intermixing for Fabricationof
Lasersand PhotonicintegratedCircuits

Daniel Hofstetter,Bernd Maisentdlder, and Hans P. Zappe

Abstract— Various applications of quantum-well intermixing,
ranging from multiwavelength lasers to complex photonic
integrated circuits, are described. The fabrication of these
GaAs—AlGaAs-baseddevicesrelies on the postgrowth definition
of regions with varying bandgap, enabling the manufacture
of wavelength shifted modulators and lasers, as well as the
integration of transparent waveguides with absorbing lasers
and detectors. The impurity-fr ee vacancy-enhanceddisordering
technique employed, and its integration with existing process
technologies, will be presented, and examples of multicolor
lasers, wavelength shifted modulators and integrated optical
interfer ometers are shown. Theseapplications yield high-optical
functionality using relatively simple processand integration
technology.

Index Terms— Interfer ometers, monolithic integration, multi-
wavelength lasers, photonic integrated circuits, quantum-well
intermixing.

I. INTRODUCTION

VER THE PAST two decades,quantum-well-inter-
mixing (QWI) techniqueshave maturedfrom a level
of rather academicinterest into a versatile tool for the
fabricationof numerousoptoelectronialevices,suchashigh-
power semiconductodasersor photonic integratedcircuits.
Startingwith impurity-inducedlayer disordering[1], a variety
of methodssuchasvacancy-enhancedisordering(VED) [2],
ion-implantation-inducedntermixing [3], and laser-assisted
disordering[4] have beeninvestigatedin many laboratories.
While the former is probably the most popular, and has
alreadyleadto severalcommercialproducts mostof the other
techniquesare not yet employedin large-scaleoptoelectronic
device manufacturing.The presentarticle will review some
of our recent results using VED for the fabrication of
lasers, optoelectronic componentsand photonic integrated
sensorcircuits, therebyindicating that the technologymay be
approachingan industrially attractivelevel of maturity.
The next section will outline some of the intermixing
techniquegdevelopedand studiedin the pastandwill discuss
their potential device applications.We follow this with an

disordering,which we have developedand employedfor the
fabrication of numerousoptoelectronicdevicesand circuits.
We conclude with a look at the design, fabrication and
performanceanalysisof multicolor lasers,wavelengthshifted
modulatorsand two monolithically integratedoptical sensor
circuits. The latter structures,complete monolithic sensor
microsystemsmay be of particularindustrialinterestasthey
are small, robust, and capableof being producedby mass-
fabrication techniques.

Il. SUMMARY OF IMPORTANT INTERMIXING TECHNIQUES

The combinationof lasersand transparenivaveguideson
a single epitaxially grown substratefor the fabrication of
photonicintegratedcircuits requiresthe definition of regions
with differentbandgapenegies.The meango solvethis prob-
lem can be divided into growth and intermixing approaches.
The most popular amongthe growth methodsare selective
areagrowth [5], [6] and etch-and-regrowtton a patterned
substrate[7], [8]. The first allows the simultaneousepitaxy
using different growth rates, and, therefore,the growth of
guantum wells with different thicknesses.In contrast, the
secondusessubsequengrowth of materialwith differentQW
thicknesses.

An alternativeapproactrelieson selectivepartial intermix-
ing of the QW usingimpurities[9] or vacancieg10]. During
a high-temperatur@nneal,the QW materialintermixeswith
that of the barrier material, resulting in a changein QW
shapeand thus transition enegies. Key to the applicability
of a QWI approachis the ability to selectively define the
regionswhich are to be intermixed and those that are not.
The primary advantageof intermixing methodsis that they
requireno epitaxial regrowthand are thus potentially simpler
andmore cost-efective. In the following, we describeseveral
QWI approachesand meansof patterning intermixed and
nonintermixedregions.

Thefirst QW intermixingtechniqueto be demonstratesvas
impurity-inducedlayer disordering(lILD). In 1981, Laidig et

in-depth look at one of these methods, vacancy-enhanced @l [1l, [11], demonstratedhe disorderingof an AlAs-GaAs
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superlatticeusing Zn as the active species.In these early
experiments,a thermal annealof severalhours at tempera-
tures of 600°C was used.As a result of this process,they
found, dependingon the annealconditions,differentgradesof
intermixingin a superlatticeln 1983,laserswith blue-shifted
emission wavelengthswere fabricated using this technique
[12]-[14]. In 1984, stripe geometryQW laser devicesusing
IILD to laterally definethe waveguideof a buriedheterostruc-
ture becameavailable[15]-[17], and one year later, the first



QW laserwith transparentacetwindows fabricatedby IILD
was demonstrated18]. Since then, this intermixing method
hasbeenrefined,andis now probablythe one which is best
understoodandusedfor a variety of commercialproducts;the
mostprominentof theseare high-powersemiconductofasers
with disorderedfacet windows.

Insteadof incorporatingimpurities, suchas Si, Mg, or Zn,
into the lattice with a diffusion processpne canalsouseion
implantation.Implantationhas the primary advantageof not
automatically introducing heavy p- or n-type doping when
incorporating the reactive speciesand of having a greater
variety of speciesavailable [19]-[21]. On the other hand,
the crystal damagedue to the high implant enepies is not
as easily removableasin the caseof other material systems
suchas Si. Both of the aboveintermixing processesely on
impurity atomswhich enhancethe Al-Ga self-diffusion by
different mechanismsAlthough there are still debatesabout
the exact nature of the intermixing processesthe important
role of the column-Illl-vacanciesand column-Ill-interstitials
could be confirmedby severalexperimentsand authors[22].

Ten years ago, impurity-free intermixing methods, such
as VED, became popular, mainly becausethey offer the
possibility of intermixing without doping, thereby prevent-
ing strong free-carrierabsorption,and without implantation-
inducedcrystaldamagewhich would otherwisebe responsible
for scatteringloss. The first experimentsused an As-rich
ambient in a quartz ampoulein order to prevent crystal
surface damageby arsenic out-diffusion [23]. In 1988, an
evaporatedSiO, encapsulantto enhanceintermixing was
demonstratedor the first time [24], [25]. Soon thereafter,
other dielectrics such as SiON or SisN, turned out to be
suitablefor the purposeof creatingvacanciesand therefore
supportingintermixing. In 1993, somefluoridessuchas Srk,
or AlF; were discoveredto efficiently prevent QWI [26].
These materials allowed the definition of a certain pattern
with different bandgapenepies, essentialfor the fabrication
of opto-electroniadevices.The emeging applicationswill be
discussedn detail in the following section.

While the thermal annealstep in most intermixing tech-
niguesis carriedoutin RTA ovens,thereareotherapproaches
which use the absorptionof a high-enegy laser beam to
generatethe high temperaturesrequired locally. Although
this approachis in generalnot very different from vacancy-
enhancedlisordering,there might somebenefitsin terms of
obtaining sharptransitionsbetweenintermixed and noninter-
mixed material.In photonicintegratedcircuits, this approach
may haveadvantage# reductionof waveguidelosses.

For reasonsof processsimplicity and compatibility with
existing fabrication steps,we decidedto employ VED for
the fabricationof lasers modulatorsand, ultimately, complete
monolithic optical circuits. As a meansof evaluating the
efficacy of this approacHor generatingselectivelytransparent
regionson a single substrate we first studiedthe extent of
wavelengthshift with annealon simple epitaxially grown sub-
strates/ater usedfor the fabricationof heterostructurdéasers.

VED: TECHNOLOGY
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Fig. 1. PL wavelengthshift of SiO»-cappedand SrF;-cappedmaterialafter
VED at different annealtemperaturesand annealtimes. Excitation of the
photoluminescenceas accomplishedvith an argon-ionlaser(A = 488 nm,
P = 10 mW) and measuredat room temperature.

The epitaxiallayer structureusedfor thesefirst experiments
was grown by metal—oganic vapor phaseepitaxy (MOVPE)
on a GaAs substrate(n-doped10'® cm~2 Si). An undoped
165-nm-thick Al 3Ga& 7As waveguidecore containing one
GaAs QW (7 nm) was sandwichedbetweena 1.14:m-thick
Al sGay 2As lower claddinglayer (n-dopedl.5 x 10'% cm™3
Si) and an 0.854:m-thick Al sGay 2As uppercladdinglayer
(p-doped 10 cm—2 Mg). A 160-nm-thick highly p-doped
(5 x 10'® cm™3 Zn) GaAscaplayer completedthe structure.

The VED processrequiredthat the samplebe completely
coveredwith a singlelayer of eithere-beamevaporatediO,
or thermallyevaporated®rF;. Thefabricationstepsto achieve
this structurewere basedon a self-alignedprocessihis was
important becausean uncappedGaAs surface experiences
a much higher risk of being damagedduring RTA than a
cappedone.After depositionof a200-nm-thickSiO, layer,we
photolithographicallydefinedareago be coveredwith Sri,. In
theseregions the SiO, layerwasremovedby CF, reactiveion
etch (RIE). Using the samephotoresistmaska secondtime,
we then evaporatech 250-nm-thickSri, layer and patterned
it using a liftoff process.

During the subsequenRTA step, group-lll-vacanciesare
generatedunder the SiO;-cap but not under the Srk-cap.
Under SiO,, the vacanciepromoteintermixing of Ga atoms
in the initially pure GaAs QW with Al atomsof the adjacent
Alg.3Gay 7As core, therebyincreasingthe Al-contentandthe
enegy bandgapof the QW. The final effect is an anneal-
temperature-dependebiue-shift of the transition enegy, a
changemanifestedin a shift of the photoluminescencéPL)
spectrum.Fig. 1 shows the achievedblue-shiftsin the PL
spectrumas a function of temperatureand annealtime. After
an RTA of 30-, 60-, and 90-s duration, and at temperatures
betweer910 °C and960 °C, we measuredlue-shiftsof 5-68
nm underthe SiOs-cap andlessthan 10 nm underthe Srk;-
cap, yielding a differential of almost 60 nm. For further
processingbothdielectriclayershadto be removedthe SiO;
layer was strippedin a CF, plasmaand the SrF, layer in
diluted HCI (HCI/H,O 1:10, 10 s).
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Srk-capped Fabry-&ot lasers.
Fig. 2. PL intensity of Si@-capped and Se~capped material after VED at
different anneal temperatures and anneal times.

A. Multiwavelength Fabry—&ot Laser Arrays

In Fig. 2, the PL intensity as a function of the PL shift 1he layer structure for the FabryéRt lasers was identical

for both shifted and nominally un-shifted material is showr{® the one used for the initial intermixing experiments. These
it appears that the PL intensity of Si@apped material lasers consisted of a gm-wide single-mode ridge waveguide
decreases exponentially with the amount of blue-shift. Thighich was dry etched to a depth of 100 nm above the
phenomenon may occur because of the indirect recombinatiy@veguide core. Passivation and electrical isolation of the
of electrons and holes via deep interband levels, formed Hgge sidewalls was accomplished through a 250-nm-thick
Ga-vacancies, or by the spilling of carriers from the QWECVD-grown SiN-layer. After a contact hole etch on top
into the barrier region (which is more likely in an intermixecPf the ridges, standard p- and n-metal layers were evaporated.
and, therefore, shallow QW). The slight PL intensity increase In order to demonstrate the effect of material subject to a
of the Srk-capped material could be due to greater surfadED anneal on laser performance, we fabricated Falgyet
roughness causing light scattering into the acceptance ar‘Q@FS in both the shifted and the unshifted regions of annealed
of the collection optics of the spectrometer. material, as well as in as-grown material [27]. The lasers
As a reduction in PL intensity could thus imply a degradavere 500 m long and were tested under CW conditions
tion in material quality, we were cautious in the application ¢it room temperature. The bars were tested p-side up on
intermixing to various devices. For multiwavelength laserg, copper heat-sink. The spectra of representative as-grown,
for example, a blue-shift of only 20 nm was employedsrF-, and SiQ-capped devices are shown in Fig. 3; we see
which, according to Fig. 2, leads to only a 30% reductiolaser emission at wavelengths of 826, 823, and 805 nm. The
in PL intensity; the change in laser behavior is discussed WED-induced wavelength shifts were thus 3 and 21 nm, for
a following section. For the fabrication of photonic integratethe nominally unshifted and shifted regions, respectively. All
circuits, use of the blue-shifted regions was confined to thlasers emitted light in a single lateral and longitudinal mode
of passive waveguides, whose performance is not expectedvith a sidemode suppression of abeu20 dB.
be affected by a degradation in PL efficiency. The threshold current density of the as-grown laser was
The VED approach for selectively promoting a blue-shift i800 A/cn¥ and its slope efficiency 0.52 W/A. In comparison,
the absorption wavelength can then easily be used to defthe SiG-capped laser had a lower threshold current density
transparent regions in a waveguide-based optical circuit @f 500 A/cn? while the Sriz-capped device had a somewhat
QW material; for the sensor applications discussed below, thigher threshold current density of, = 700 A/cn?. The
passive waveguides and couplers were fabricated in regiahspe efficiencies of the Siecapped laser (0.42 W/A) and
covered with SiQ during anneal, whereas the lasers anghe Srk-capped laser (0.36 W/A) were lower than that of the
photodetectors were defined in the unshifted regions defineddygrown laser.
SrF,. For the multiwavelength lasers, we used both the shiftedThe higher threshold current and lower slope efficiency
and the unshifted sections of the material for their fabricatioof the Srk-capped laser were probably caused by repeated
plasma exposure of its contact region during Si@moval,
SiO, patterning and $N4 patterning. This was also indicated
IV. L ASERS AND ELECTROOPTIC DEVICES by the higher threshold voltage of the SrEapped device
We subsequently employed the VED technique for th@ (Iy,) = 3.3 V) when compared to the as-grown and the
fabrication of multiwavelength Fabry€rot lasers, wavelength SiO.-capped laser(({i;,) = 2.15 V). We believe that the
shifted modulators and distributed Bragg reflector (DBR)nexpected higher threshold current of the as-grown device is
lasers with a nonabsorbing reflector. This broad range cdused by a slightly different ridge geometry due to processing
application provided an indication of the flexibility of the VEDvariations across the wafer. Pulsed operation of these lasers
approach for use in numerous types of optoelectronic devicdil not markedly change the threshold currents or the external
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operating wavelength at 830 nm, only the longest wavelength
(827 nm) shows appreciable transmission at zero modulator
bias. —10-dB modulation depth was achieved at a bias of
—-25V, and-20 dB at a bias of-3.6 V. For the mod-
ulator fabricated in intermixed material, with the extinction
characteristics shown in Fig. 4(b};10-dB modulation depth
was reached for-4.3-V modulator bias, and-20 dB was not
accomplished. Since the optimum operating wavelength for
the shifted modulator was at around 810 nm, its modulator
characteristics show considerably higher biases than the un-
shifted one for a similar degree of extinction. For example,
we notice that for the unshifted device and an excitation
wavelength of 821 nm, only-1.9-V bias is necessary to
achieve 10% of its unbiased transmission, whereas the shifted
modulator requires-3.6-V bias for a comparable modulation
depth. When comparing the shape of the extinction curves
at 827 nm, we realize that the intermixed modulator shows
an extinction characteristic dilated along the voltage axis.
If we assume a linear relationship between modulator bias
and position of the absorption edge, this suggests that the
absorption edge changed both wavelength position and shape
during the intermixing process. The observation that the ab-
sorption edge becomes more gradual in an intermixed QW
is consistent with the fact that its depth and shape change
from a deep square potential into a more rounded, shallow
potential.

For moderate extinction ratios up to 10 dB, which are typical

Fig. 4. (a) Extinction curves of QCSE-based unshifted intensity modulators . e
measured for three different excitation wavelengths. (b) Extinction curvé@r operation at an excitation wavelength 20 nm above the
of QCSE-based wavelength-shifted intensity modulators measured for thiggndgap wavelength, we expect a chirp= An/Ak on the
different excitation wavelengths. The absorption edge of this device w o . . . .
blue-shifted by 20 nm. Btder of c = 2, resulting in an electrorefractive phase shlft
of n/4 for a 500pm-long modulator. Phase shifts of this

o o o o order will be used in the interferometer devices which will
quantum efficiencies and exhibited similar emission wavge presented in the next section.

length differences between the devices; this clearly indicates
that the wavelength shifts were not due to device heating.
C. DBR Laser

B. Wavelength-Shifted Modulators In the following paragraph, we describe some important
Using the same epitaxial layer structure as described abogleyice characteristics of a two-section DBR laser with a
waveguide-based electroabsorption modulators with differeminabsorbing grating. This laser was fabricated using the same
absorption edge wavelengths were fabricated on a single piémyger structure as described in the previous experiments. The
of semiconductor; these devices relied on the quantum cqumped section of the laser was fabricated in an area of the
fined Stark effect [28]. By fabricating modulators in regionship not subject to a bandgap shift during VED, while the
shifted and unshifted by VED, the absorption edge could IBragg reflector was etched into the shifted, thus nonabsorbing,
tuned in wavelength. Since, by the Kramers—Kronig relatioregion. A device containing this kind of DBR laser and coupled
electroabsorption implies electro-refraction, this fabricatiorte a passive waveguide and a photodetector, is presented in
induced wavelength tunability can be advantageously used Fig. 5. The use of a grating recess allowed accurate vertical
the optimization of electrorefractive phase modulators, as willacement of the grating [33]; this recess was dry etched to
be discussed in more detail below. within 150 nm of the active region, leaving an accurately
The 500pm-long 4+:m-wide waveguide modulators weredefined layer for the Bragg reflector. The holographically
tested in bar form on a temperature-controlled chuck. Lighefined third-order grating had a period of 375 nm, 1:1 line-
from an external-cavity tunable laser was focused onto thespace ratio and 100-nm depth. By varying the thickness
cleaved facet using a microscope objective; the transmittetithe buffer layer between grating and waveguide core, the
light was likewise imaged through an objective onto a Sioupling coefficient could be fine-tuned within a reasonable

photodetector and the signal amplified by lock-in techniquesnge.

The modulator transmission was evaluated at wavelengths oPerformance evaluation of discrete DBR lasers was carried

827, 821, and 805 nm. out CW at room temperature. Maximum output power was
As can be seen in Fig. 4(a), which corresponds to tlemW from the cleaved facet, threshold current was 26 mA

extinction curves for an unshifted modulator with an optimur@/;;, = 1.3 kA/cn?) and slope efficiency was on the order
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Fig. 5. Schematic picture of a two-section DBR laser with a recessed nonabsorbing grating and monolithically integrated with a transparer@ waveguid
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of 0.21 W/A. The subthreshold laser spectrum={ 0.96 x 70 —————
Ii1) shown in Fig. 6 allowed an approximate experimental T
evaluation of the grating coupling coefficient by determining 0 T

the stopband-width of the reflection curve. The value obtained

was 120 crm!, which compares reasonably well with the

calculated value of 100 cm. The spectrum above threshold,

measured af = 2.3 x Iy, is shown as an inset of Fig. 6;

it is single longitudinal mode with a primary emission peak

at A = 820 nm and a sidemode suppression ratio of 27 dB.

High-resolution spectral measurements and detailed near-field |

studies indicated that the laser operated with a single transverse 10

mode. Self-heterodyne measurements of the laser spectrum

gave a spectral linewidth of 500 kHz. The primary emission 0 L 1
. 810.0 8125 815.0 817.5 820.0 8225

peak could be continuously temperature-tuned between 15 Wavelength [nm]

and 35°C with a temperature tuning coefficient of 0.06

nm/FC. Fig. 6. Optical spectrum of a DBR laser with a 50@1-long pumped and a

; ; 30.um-long grating section driven dt = 0.96 x I;},. The inset shows the
_ Althoggh these_ DBR lasers were fabncatgd w_lth nonabsorljgectrum of the same device above threshold at 2.3 x I,
ing gratings, their threshold current density did not greatly
improve with respect to those devices which had absorptive

gratings. However, one has to take into account that these V. PHOTONIC INTEGRATED CIRCUITS

nonabsorbing gratings were designed to reflect only 40%ysing the above DBR laser process and VED, we then
whereas the absorptive gratings reflected close to 100%.pt different kinds of photonic integrated circuits. In this

the former case, we therefore had a nonabsorbing, but opd¥t section, we will discuss three rather advanced circuits;
moderately reflecting laser mirror, while in the latter, we dealfamely a DBR laser with integrated photodetector, and two

with an absorptive but also highly reflective mirror. Since Wghonolithically integrated interferometric sensors.
observed similar threshold current densities for both types of

DBR lasers, these two mechanisms balanced each other for ] )
our device configurations. A. Integration: Laser, Waveguide, and Photodetector

The reason for the use of two different grating strengths Numerous approaches have been developed for the integra-
was related to the fact that the DBR laser with the intermixeibn of a laser with an optical circuit; these include evanescent
grating section was designed for driving an optical integratedupling between waveguides and emitting regions (requiring
circuit whereas the device with the absorbing grating wasaa additional impedance matching layer and regrowth) [29],
discrete prototype device. The prototype was designed withg80], butt coupling between laser and photodetector (needing
the intermixing process and thus to have a minimal penetratiamirror dry etch technique) [31] or the use of surface emit-
depth of the light into the unpumped DBR section; a lonting lasers and photodiodes (requiring high-quality dry-etched
unpumped section would result in a high absorption loss andrrors) [32]. For the present work, the use of a simplified,
a high threshold current density. For the laser as part sihgle-growth-step, two section DBR laser, described above
the optical integrated circuit, in which the intermixing stef33], [34], represents an attractive solution with respect to both
was included, a longer DBR section could be made amdocess compatibility and feedback stability for an integrated
the reflectance could be reduced; a reflectance of 40% waterferometer.
sufficient to allow efficient lasing and left the remaining 60% To test the suitability of the DBR lasers and the VED tech-
for coupling into the optical circuit. nigue for bandgap shifting described above, a simple optical
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laser injection current of a DBR laser monolithically integrated with a
transparent waveguide and an absorbing photodetector.

(b)

. . L. . Fig. 8. (a) Micrograph of a DMI for optical displacement measurement with
circuit consisting of 50Q:m-long pumped laser sections, 130direction determination. On the far left, the contact pads for the pumped DBR

pm-long nonabsorbing DBR reflectors, 5Z@a-long transpar- section and the photodiodes are shown. The small rectangle to the right of

. . . he DBR laser contact pad is the grating recess with the grating. Above and
ent Wavegwdes, and SQﬂn-Iong absorblng photodlodes Wa%elow the word MOD, there are two contact pads for the phase modulators.

fabricated. The entire chip, 17Q@n-long, was traversed by Two directional couplers are visible above and below the word DC 550 and

a Sing|e 4ﬂm_w|de Waveguide and is shown Schematica”y ifp) micrograph of an MZI which is configured as a refractometer. The three
Fig. 5 contact pads for DBR laser, phase modulator, and photodiode are wired to

S . . . the far right side of the device. The two parallel ridge waveguides with the
Similar to the DBR laser with a nonabsorbing grating se@hase modulator in one interferometer arm are separated by onlynsand

tion, we fabricated the grating and the transparent waveguije Visible just below the PSI logo.
of this device in an area subject to VED while the pumped
laser section and the photodetector were built in nonintermix8d Interferometer Design and Characterization

areas of the wafer. As shown in Fig. 7, we simultaneously The optical sensor circuits we describe in the following
measured the cleaved facet output power with an extermgl, paragraphs are a double Michelson interferometer (DMI)
photodetector and the output power from the grating side of theq a Mach—zehnder interferometers (MZI); both of them are
laser with the integrated photodetector; for current values UpdRown as microscope photographs in Fig. 8(a) and (b). The
35 mA, the two curves follow each other closely. Above thig| devices included one DBR laser, two photodetectors, two
current level, the integrated photodetector saturates, maifycouplers, two directional couplers, and two phase shifters.
because no reverse bias voltage was applied. This operatiig ridge width of the waveguides was;@ and all curve
condition was chosen because the resistance parallel to thgii were 500:m, while the MZI devices consisted of a DBR
reverse biased photodiode is about 8 knd thus leakage |aser, two Y-couplers, one photodetector, one phase modulator
currents were relatively high. The performance of integrateghd one dielectric waveguide. The passive waveguides were
photodiodes was found to be very similar to as-grown materibricated in the areas with intermixed quantum wells and had,
photodiodes. They typically exhibit a high responsivity of >0.8ecause of the relatively small bandgap difference of 45 meV
A/W, implying >90% quantum efficiency. between intermixed and nonintermixed sections, an absorption
In order to estimate the optical absorption loss of waveghss of 35-45 dB/cm. Since the total waveguide length did
uides fabricated in the intermixed areas of the device, we met exceed 3 mm, this relatively high absorption loss was
sured the cleaved facet output on the grating side before andr@dt overly detrimental for interferometer performance. The
ter having removed photodetector and transparent waveguiggal chip lengths were 2.6 mm for DMI's and 5 mm for
Since the performance of a DBR laser is adversely affected kyz|'s.
the presence of a cleaved facet on the grating side, we evapBoth the pumped laser section and photodetectors were
orated a single-layer antireflection coating on each cleavitbricated in the nonintermixed, and thus absorbing, areas of
facet. By this method, waveguide losses of 30 dB/cm wetke chip and had a length of 500m each. The length of
determined. This number is similar to the absorption loss me&e nonabsorbing DBR grating section was 200; here, we
sured on waveguides fabricated from as-grown material whesed a third order grating with a period of 380 nm, a depth
using an excitation wavelength 20 nm red-shifted to the abf 160 nm and 1:1 line-to-space ratio. A 70-nm thin buffer
sorption edge of the material. The fact that intermixed and dayer between the bottom of the grating and the waveguide
grown waveguides show comparable absorption losses wheme resulted in a calculated grating coupling coefficient of
measured under similar conditions indicates that the intermik80 cnt!; this gave the desired grating reflection coefficient
ing process does not introduce significant excess defect levels;about 95%. The left cleaved facet of the interferometer
these would appear as a greatly enhanced absorption lossserved as the second laser mirror.
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Fig. 9. The two detector currents of the double Michelson interferometp[g_ 10. Interferometer signal versus time for an MZI. At the analyte

for 3.5-cm mirror distance and 67% mirror reflectance showing the tWQas switched from A to B. and b, it was switched back from B to A. The
interference signals. As shown by the position graph, direction changggase shift is 5 in both directions. '

occurred at 1.2 and 3.2m.

D. Refractometer Experiments Using a MZI

C. Position Sensor Based on DMI The fabrication of these Mzl devices differs from the
These interferometer chips were tested in bar form apdevious device insofar that we used a three QW active region
were temperature-stabilized to withit50 mK using a ther- instead of a single QW, and that the waveguide in the sensor
moelectric cooler. The measurement beam, collimated P@ad region consisted of a J@; on SiQ, dielectric waveguide.
an external GRIN lens (pitch= 0.23), was directed onto The first of these changes was made in order to enlarge the
a semitransparent, 67% reflecting mirror through which ttavailable phase shift of the phase modulator for possible phase-
reflected beam position could be observed by a CCD cameshifting interferometry; this was at the cost of a slightly higher
Observation was necessary to adjust the beam properly ithgeshold current density of the DBR laser. The second one
autocollimation. The semitransparent mirror was fixed to was required in order to increase the sensitivity, which is
piezo-driven, gimbal-mounted holder with which the meadefined as the partial derivative of the effective index in the
surement distance could be varied between 3 and 45 cgRnsor pad region with respect to a cover refractive index
With this arrangement, we were able to produce a movehange. For performing the refractometric measurements, a
ment with periodically ' = 60 s) changing direction; this flow cell was placed on top of the chip which allowed
back-and-forth-type of movement was necessary to chegkultaneously a flow of the analyte liquid across the sensor
the interferometer’s ability to recognize the movement direpad and making electrical contact to the laser, modulator and
tion. detector.
The DBR lasers in this circuit operated at a current level Fig. 10 shows the detector signal upon switching analyte A
of 60 mA and a reverse voltage of12 V was applied to B attimet; and back from B to A at,. Analyte A was de-
to the photodetectors. The length of the phase shifters wasized water{, = 1.3273), analyte B a solution of 10 vol.%
340 um, which gave a one-pass phase shift7dl6 when ethanol in water+#p = 1.3325), so that the refractive index
driven at—12-V bias voltage. Fig. 9 presents the result of adlifferenceAn = ng —n4 was An = 0.0052. The associated
interferometric measurement with a DMI at a mirror distangghase shift was measured to b& = 57 which corresponds
of 3.5 cm. Two changes of movement direction are clearlp the associated refractive index change.
visible in the figure: one at 1.2m and another at 3.2m. The resolution of this interferometer chip was determined
One interference fringe corresponds to a mirror movemepy measuring the detector signal of the Mach-Zehnder inter-
of one half of the measurement wavelength, namely 4ferometer drift with the measurement cell placed on top of
nm. Due to thermal fluctuations on the chip, a noise curreifte MZI with a continuous flow of analyte A. Using a linear
with an amplitude of about 20 pA was seen in the detectft, the phase drift was determined to be 39 mrad/min, which
current, such that the signal noise corresponded to about §@responds to a refractive index resolution of .80~ for
of the output signal amplitude. A more comprehensive studymeasurement period of 1 min.
of the measurement resolution and some noise issues appear&y assuming that approximately 10% of the total power
elsewhere [35]. from the cleaved facet mirror (0.5 mW) being emitted from
By measuring the response of a photodetector which wée grating side of the DBR laser, measuring a signal of 2.5
connected to a DBR laser via a straight 1.6-mm-long waveA at the photodetector, and assuming 0.5-A/W conversion
guide, we could estimate the waveguide loss in the intermixefficiency in the photodetector, we can estimate the waveguide
areas to be on the order of 40 tf Although this number loss to be approximately 40 cmh. This result is entirely
might look quite large, it did not affect the performance o¢onsistent with the result obtained with the DMI and loss
these interferometers. measurements on intermixed waveguides.



VI. CONCLUSION

We haveshownthat, within thelastdecadeQW!I techniques
have evolved into a versatile tool in Ill-V-semiconductor
device fabrication. We presentednultiwavelengthlasersand
monolithically integratedoptical sensordsfabricatedby VED.
The latter are single chip deviceswhich can perform either
contactlessoptical displacementmeasurementsr refractom-
etry experiments.They consist typically of a DBR laser,
detectorsmodulators anda combinationof 11I-V anddielec-
tric waveguides.We have shown that even rather complex
devicescombining optically active and passivecomponents
can be fabricatedwithout epitaxial regrowth given that QW
intermixing technologyis readily available.
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