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ABSTRACT 

ABSTRACT 

A monolithically integrated optical displacement sensor in the 
GaAs/AlGaAs material system has been developed, fabricated and 
characterized. The device was a double Michelson interferometer with an 
integrated light source, photodetectors, couplers and phase shifters. A key 
point of the work was the development of a single growth-step distributed 
Bragg reflector laser which served as the light source of the interferometer 
circuit. Special attention was also directed at the establishment of a bandgap-
engineering technique (vacancy-enhanced disordering) allowing the 
definition of absorbing areas for the pumped laser section and the 
photodetector and transparent areas for the waveguiding sections and the 
grating section of the laser. The combination of the vacancy-enhanced 
disordering and the laser process enabled the fabrication of a fully integrated 
optical Michelson interferometer with quadrature signal detection. The 
maximal measurement distance with this double Michelson interferometer 
was 25 cm, and a maximal resolution of 20 nm was seen. Although using 
relatively simple standard processes, complex optical functions could be 
realized on a single chip. 
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1. INTRODUCTION 

1. INTRODUCTION 

Contactless optical displacement sensing has a large field of industrial 
and scientific applications. These include, for example, precise mechanical 
measurement systems, the monitoring of moving stages of CNC machine 
tools, and also the displacement control of mobile parts in microsystems. One 
possibility to optically realize displacement measurements is by use of the 
Michelson interferometer. In this device, the interference between a reference 
and measurement beam, which are produced by a fixed reference and a 
movable object mirror, respectively, allows detection of the displacement of 
the latter. The following work describes the design, fabrication and 
characterization of a GaAs/AlGa As-based monolithically integrated 
displacement sensor. The final device is configured as a double Michelson 
interferometer and consists of a laser, waveguides, detectors and phase 
shifters. 

1.1 BACKGROUND 

The first experiment with a Michelson-type interferometer was carried 
out by A.A. Michelson in 1881 [1], [2], [3]. This historical experiment proved 
that the speed of light was not influenced by the relative motion of the earth 
in a hypothetical ether. Since, in those days, only gas vapor discharges were 
available as light sources, a displacement measurement at distances up to 1 
meter was limited by the coherence length. Today, with the use of highly 
coherent lasers, we are able to measure an interference signal at a distance of 
several meters without any obvious reduction of the signal contrast. 

Following the deployment of semiconductor lasers, Michelson 
interferometers based on integrated optics became very attractive for optical 
displacement measurement, predominantly because of their reduced size and 
enhanced robustness; numerous types have been fabricated and tested. One 
of these approaches has been described by Ulbers [4] and was commercially 
available (Hommelwerke GmbH) for some time. The device consisted of a 
double Michelson interferometer on a silicon chip; the light was guided 
through planar waveguides. One of the reference arms contained an 
additional phase shifter to produce two signals in phase quadrature. An 
external gradient index (GRIN) lens was used for the collimation of the 
measurement beam; a temperature- and current-stabilized diode laser served 
as light source. Finally, an external dual-photodetector was necessary to 
measure the two interferometer signals. The packaged measurement head 
with all interferometer components was 65 mm long and 17 mm in diameter. 
The maximal measurement distance of this interferometer was 250 mm with a 
resolution of 250 nm; a maximal measurement speed of 200 mm/s was 
guaranteed by the manufacturer. 
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1. INTRODUCTION 

The integrated optical Michelson interferometer fabricated by Jestel [5] 
(University of Dortmund, FRG) used ion-exchanged stripe waveguides on a 
glass substrate, thermooptic phase modulators to define the relative phase 
shift between the two reference arms and directional couplers to divide the 
incoming light into reference and sensing beams. This device was driven with 
a diode laser as well, used external photodetectors and one externally-
mounted beam-shaping element. Optical heterodyning by single sideband 
detection using a staircase modulating function which was applied to one 
phase modulator enabled the detection of displacements with a very high 
resolution, 1 run. 

Displacement detection is also possible with Macn-Zehnder type 
interferometers; Voirin [6] (CSEM Neuchâtel) reported an integrated optical 
Mach-Zehnder interferometer for displacement sensing. This sensor was 
fabricated in glass with ion-exchanged stripe waveguides and wavelength-
stabilized within to 10*. The usual external elements (laser, detectors, and 
GRIN lens) were necessary to operate the interferometer. A maximal 
measurement distance of 120 mm with a resolution of ±100 nm was reported. 

Recently, Ura [7] published a monolithically integrated optical position 
sensor. This Ill-V-semiconductor-based device was configured as a Michelson 
interferometer and consisted of a DFB laser, planar waveguides and grating 
couplers. The grating coupler served as beam splitter and also as collimation 
lens for the measurement beam. Despite the restricted measurement distance 
of 20 mm and the lack of a direction determination, this element 
demonstrated the possibility of monolithically integrating active and passive 
optical components. 

In this work, we discuss a monolithically integrated double Michelson 
interferometer, which unites active optical components, such as lasers, phase 
shifters and detectors with passive ones, waveguides and couplers, on a 
single chip. This goal could only be realized through the use of III-V-
semiconductors. The advantages of monolithically integrated circuits include: 
no tedious alignment procedures, extremely small physical size and high 
robustness. In addition, such devices may be fabricated in mass production. 
Furthermore, the emission wavelength of lasers fabricated in the 
GaAs/AlGaAs material system can be chosen between 760 nm and 860 nm. 
Thus the wavelength can be set near to the Rb or Cs gas absorption lines, 
allowing frequency stabilization using these standards. 

1.2 OVERVIEW 

The integration of active and passive optical components into a photonic 
integrated circuit depends strongly on the process compatibility of the single 
elements. Areas with different bandgaps were necessary, for example, to 
fabricate lasers and transparent waveguides on the same piece of 
semiconductor. Furthermore, a special laser type with only one cleaved facet 
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!.INTRODUCTION 

mirror had to be developed. Finally, since the signals to be measured were 
very small, excellent isolation between laser and detector was needed. These 
principal integration requirements, and some general aspects of the single 
components, are described in chapter 2 of this dissertation. 

Small changes in the physical dimensions or structure of photonic 
components can lead to significant changes in device behavior; thus, the most 
suitable design must be found by the use of simulation programs. This 
software was partly commercially available, but part of it had to be developed 
during this work. In chapter 3, we will have a closer look at the simulation of 
waveguides, lasers, couplers, the grating and also the entire interferometer. 

There are several techniques to define sections with a different bandgap 
on the same chip. Most of them are relatively sophisticated. Among these 
techniques, those using quantum well intermixing are suitable because they 
can be done after growth with few additional processing steps. For this 
dissertation, we developed a vacancy-enhanced disordering process which 
will be described in detail in chapter 4. The processing, some fabricated laser 
devices and their features will be presented. 

The special light source of our interferometer circuit is a distributed 
Bragg reflector (DBR) laser. The fabrication and testing of this circuit element 
will be addressed in chapter 5. With regard to the integration of DBR laser 
and interferometer, a first simple monolithically integrated device, consisting 
of laser, waveguide and monitoring photodiode will be described. 

Different kinds of interferometers were fabricated; the first were single 
Michelson interferometers with no direction determination. In a second 
fabrication run, double Michelson interferometers with one phase-shifted 
reference arm were produced. This configuration allowed us to detect both 
the direction and the magnitude of the movement. The two interferometer 
types were characterized in terms of coherence length of the employed laser, 
signal contrast and maximal resolution. The most interesting interferometer 
results will be shown in chapter 6 of this work. 

In the conclusions of chapter 7, we will give an outlook of future 
potential applications, possible improvements of the single components and 
the whole system. The performance of the presented interferometers will be 
compared to that of previously mentioned similar devices. 

The appendix contains some additional information such as descriptions 
of special processing steps, detailed processing plans of all used processes, 
and algebraic calculations. 
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2. PRINQPLE OF OPERATION 

2. PRINCIPLEOFOPERATION 

In the first section of this chapter, we will describe the basic concepts of 
displacement sensing using Michelson interferometers. The second section 
will treat the individual components and the working principle of an 
integrated optical interferometer. It includes some aspects of waveguide 
fabrication; the fabrication of all active devices will be described in separate 
chapters. The last section will briefly illustrate the requirements for 
monolithic interferometer production. 

2.1 THE MICHELSON INTERFEROMETER: A HISTORICAL SUMMARY 

Contactless displacement measurements can basically be carried out by 
timeof-flight measurements, by triangulation or by interferometric methods. 
The last approach often uses the classical Michelson interferometer, in which 
the light is divided into two orthogonal beams by a beam splitter. As shown 
in figure 2.1, the two light rays are then reflected by a fixed reference mirror 
and a movable object mirror, respectively. After passing through the beam 
splitter again, they are guided into the same interferometer arm and there 

fixed 
reference mirror 

light 
source 

beam 
splitter 

(gas vapour discharge) 
telescope -

compensation 
glass plate 

/} n movable 
=^7"^ U measurement mirror 

(micrometer screw) 

interference 
pattern 

Fig. 2.2 - The classical experimental setup used by A.A. Michelson 
(1881) 

produce an interference pattern. The investigation of this interference pattern 
is useful for either displacement or spectroscopic measurements. Counting 
the moving interference fringes allows detection of the displacement of the 
measurement mirror. A measurement of the fringe contrast as a function of 
mirror displacement (autocorrelation function) can be used to determine the 
linewidth of the light source (spectroscopic measurement). However, the first 
application of this experiment in 1881 was neither a displacement nor a 
spectroscopic measurement, but rather a proof for the non-existence of the 
luminiferous ether. 
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2. PRINCIPLE OF OPERATION 

In the experimental setup used by Michelson, an additional glass plate 
in the measurement arm compensated the two passes of the light in the 
reference arm through the beam-splitting glass plate. The contrast of the 
interference fringes was measured by comparing it with the one produced by 
two parallel glass plates. The signal contrast is often referred to as visibility, 
possibly because the human eye was used as detector in this experiment. 
Using nearly collimated light resulted in a circular interference partem, which 
was helpful for the determination of the movement direction. The latter was 
indicated by the shrinking or the expansion of the interference rings. 

In today's approaches, the eye is replaced by photodetectors. The trick to 
electrically detect a direction change consists thus of using two 
photodetectors instead of only one. Both of them are placed in the 
interference pattern and are separated by one quarter of the fringe period. 

When measuring the autocorrelation function of a light source using a 
Michelson interferometer, interference fringes can be seen as long as the 
difference in the optical path length between reference and measurement arm 
is smaller than the coherence length of the light source. If the path length 
difference is zero, the mirrors are said to be in optical contact. Since all his 
light sources were gas vapor discharges using, for instance, O2, H2, Na, Cd, or 
Hg, Michelson could measure interference using only moderate deviations 
from this optical contact criterion. For the red Cd-line for example, which 
exhibited a nearly ideal, Gaussian-shaped autocorrelation function and 
therefore also a Gaussian lineshape, the maximal possible deviation was 
around 0.5 m. This corresponded to a coherence length of 1 m and a linewidth 
of 500 MHz. Other discharges, such as Na, showed more complicated 
autocorrelation functions and Iineshapes. 

When stabilizing their laser light source on a gas absorption line, 
modern laser interferometers, for example the LAS 780 laser interferometer of 
Hytron [8], can be used as length standards; their accuracy is better than 10-8. 

2.2 INTEGRATED OPTICAL DISPLACEMENT MEASUREMENT CHIP 

By taking advantage of the small size of a semiconductor laser, we can 
use it as the light source of an integrated optical Michelson interferometer. In 
such integrated optical devices, the light propagates in waveguides instead of 
the free space. This requires the fabrication of waveguides as well as of active 
components. These subjects will be addressed in the following section. 

2.2.1 Waveguides and layer structure 

As seen in the introduction of this work, many attempts have been made 
to fabricate integrated optical interferometers. So far, most of them were not 
monolithically integrated in the strict sense of the word; they did not combine 
light emitters and detectors with the interferometer on the same piece of 
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2. PRINCIPLE OF OPERATION 

material. Since efficient light emitters can not yet be fabricated in silicon or 
glass, we decided to use III-V-semiconductors as substrate material for a truly 
monolithic chip. The successful use of these materials for semiconductor 
lasers allowed the fabrication of other kinds of optically active and passive 
structures such as waveguides, beam splitters, phase shifters and detectors. 
Basis for the fabrication of all these components is the definition of a 
waveguiding structure. 

A slab waveguide is a planar structure consisting, in general, of a 
waveguide core with a slightly higher refractive index and two (upper and 
lower) cladding layers with a lower refractive index. In the GaAs/AlGaAs 
material system, we have the possibility of growing epitaxial layers with 
continually changing composition and refractive index. Depending on the Al 
mole fraction, material with a refractive index between 3.64 for GaAs and 2.94 

p-typeGaAs = 

IWyPeAI111Ga0JAs - i 

HiTWWiCAlJjGa07A* T = E 

MyP8AI04Ga0JAs ^ 

ivtypeGaAs 

Fig. 2.2 - Cross section through a ridge waveguide structure in 
the GaAs/AlGaAs material system. 

for AlAs (measured at X = 820 nm) can be grown on each other without any 
strain [9]. This is due to the nearly perfect lattice matching between GaAs and 
AlAs; the two materials have a lattice mismatch of only 0.127 % [10]. As 
shown in figure 2.2, we used an Alo.3Gao.7As layer (n = 3.421) for the core of 
our slab waveguides while the cladding layers consisted of Alo.8Gao.2As 
(n = 3.112). This three layer slab waveguide structure led to optical 
confinement in the vertical direction. 

In the horizontal direction, confinement could be achieved by using 
ridge waveguides. Such ridges were fabricated using a dry etching process 
(see appendix). They had a width of 3 ^m, and the residual clad thickness 
above the core was approximately 100 nm. This thickness was an important 
design parameter for the waveguide; it allowed the customization of the 
mode behavior of a single waveguide or the coupling strength between two 
neighboring waveguides. All curves used in our interferometers had radii of 
500 jam which appeared to be the absolute minimum for acceptable radiation 
loss. Smaller curve radii require a strongly index-guided waveguide structure 
in order to reduce radiation loss in the curves. This stronger index-guiding 
can be achieved through a deeper waveguide etch, if necessary through the 
core. By this measure, the relative index step between the effective indices 
under the ridge and beside the ridge can be enlarged considerably. This 
allows the realization of smaller curve radii. As a possible drawback, we have 

3pm 

160 nm cap 

850 nm upper dad 

165 nm cor» (ind 7 nm GaAi QVf) 
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2. PRINQPLE OF OPERATION 

to deal with multimode waveguides. In section 3.1, some design rules and 
examples of such waveguiding structures will be presented. 

Another important detail is the very thin quantum well (QW) layer in 
the center of the core. This layer determines the absorption edge of the 
material and therefore also the emission wavelength of electro- or 
photoluminescence (PL). In chapter 4, we will see how a partial intermixing of 
this layer can be used to selectively blue-shift the PL spectrum of the material. 
In our case, the waveguiding areas typically had a 25 nm blue-shifted 
absorption edge in order to reduce absorption loss due to band-edge 
absorption. Furthermore, the use of a QW helps to decrease the threshold 
current density of semiconductor lasers; a reduction by a factor of 10 with 
respect to the devices without a QW has been reported in the literature [H]. 
The layers of our slab waveguides were grown by metalorganic vapor phase 
epitaxy (MOVPE). Substrate and lower cladding were n-doped, the core with 
the QW remained not-intentionally-doped, and the upper cladding layer was 
p-doped. In order to form good p-contacts, an additional highly p-doped, thin 
cap layer was employed. 

2.2.2 Directional couplers and Y-couplers 

The directional couplers [12] used in our interferometer circuits 
consisted of two parallel ridge waveguides, 1 urn apart. Because of the small 
separation, the electric fields in the two waveguides are coupled to each other, 
and the resulting electric field overlap transports energy from one waveguide 
into the other. The length of the parallel section required for a particular 
splitting ratio can be simulated approximately by using coupled mode theory. 
Our preliminary experiments showed, however, that the coupling ratio of the 
couplers of a certain design varied by ±20 %. This large variation was 
understood as process-dependent: a small difference of the etch depth 
changes the confinement of the optical mode in the waveguides and therefore 
the coupling strength between them. For our waveguide design, a coupling 
length of 500 urn usually resulted in a splitting ratio of around 50:50 %. 

As an alternative to the directional couplers, we used also Y-couplers for 
the splitting of the incoming laser light into reference and sensing beams. A 
Michelson interferometer using these elements has, as opposed to the one 
using a directional coupler, an additional intrinsic loss of 3 dB; but, on the 
other hand, the waveguide loss of the directional coupler is much larger due 
to the longer optical path. The design of our Y-couplers was very simple: no 
tapered section was used to support a well-defined mode before splitting [13]. 
We employed two curved waveguides with the same curve radius to split the 
light. This non-ideal design resulted in some variations of the splitting ratio, 
similar to that observed with the directional couplers. The reason for these 
variations is likely an undesired mode-conversion in the splitting region of 
the coupler. 

8 



2. PRlNQPLE OF OPERATION 

2.2.3 Lasers 

All further components of the interferometer circuit were based on the 
layer structure and the waveguide concept described above. For optically 
active devices such as lasers, detectors or phase shifters, dopants forming a p-
i-n-junction were required. Details concerning the operation principle of 
semiconductor lasers can be found in many textbooks and publications [14], 
[15], [16], [17], In such semiconductor lasers, the laser cavity is typically 
formed by a pair of cleaved facet mirrors. As we will see in chapter 5, such a 
Fabry-Pérot laser is not an ideal candidate for the monolithic integration with 
an optical integrated circuit. Because of its potential for monolithic 
integration, its relatively simple fabrication, and its excellent spectral 
properties, we decided to use a so-called distributed Bragg reflector laser 
(DBR-laser) [18]; here the laser cavity is built between one cleaved facet and 
one wavelength-selective Bragg mirror. Processing and characterization 
details will be presented in chapter 5. 

2.2.4 Detectors 

The detectors of this integrated optical circuit were configured as 
waveguide photodiodes. They had the same, unshifted absorption edge as the 
material of the pumped laser section. The working principle of such a 
photodetector is the inverse of that of a semiconductor laser [19], [20]: one 
absorbed photon produces an electron-hole pair; these two particles are 
separated by the electric field of the p-i-n-junction and generate a measurable 
photocurrent. The detectors used in these experiments were 500 urn long and 
reverse biased at -12 V. The leakage dark current density at this reverse 
voltage was typically less than 10 mA/m2 . 

2.2.5 Phase shifters 

In each of the two reference arms of our double interferometer, we 
inserted a phase shifter. Its working principle is based on the quantum-
confined Stark effect (QCSE) [19], [21], [22]. The QCSE uses the exciton 
absorption peaks of the QW, which shift to smaller energy when an electric 
field is applied perpendicular to the substrate plane. The final effect is an 
electric field-induced, variable red-shift of the absorption edge, or, when 
measuring at a fixed wavelength, a field-dependent change of the absorption 
index of the material. As can be calculated using the Kramers-Kronig-
relations, such a change of the absorption index is always coupled to a change 
of the real refractive index or the optical path length. We use this change in 
optical path length for the generation of a variable phase shift between the 
two interferometer signals. 

The phase shifters in our interferometers were 340 um long; this length, 
and the use of only one QW, allowed a one-pass phase shift of TC/16, which 
was just one quarter of the desired value. To achieve with these shifters the 
maximal possible refractive index change of An = 0.5 x 10~3, a reverse voltage 
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of -12 V had to be applied. Under these conditions, an intensity reduction of 
around 10 dB was seen in the reference beam. As we will see in chapter 6, this 
intensity reduction was not overly detrimental for the measurement of an 
interference signal. 

2.2.6 The entire interferometer 

The arrangement of the individual components in a so-called double 
Michelson interferometer is very similar to that presented in the work of 
Jestel. As shown in the following figures, the light of the DBR laser is split by 

reference beam 

detector reference beam 

GRIN lens 

U--

semi-transparent mirror 

Eg 2 > Eg1 

Fig. 2.3 - The arrangement of the single components to a 
double Michelson interferometer with directional couplers 

a first Y-coupler into two nearly independent single Michelson 
interferometers, which share only light source and sensing beam. In both of 
these interferometers, the light then passes through either a directional 

detector reference beam 

detector reference beam 
semi-transparent mirror 

^ > E 9 1 

Fig. 2.4 - The arrangement of the components to a double 
Michelson interferometer zoith Y-couplers 

coupler (figure 2.3) or two cascaded Y-couplers (figure 2.4). These couplers 
divide the light into two reference and two sensing beams each; the latter are 
combined into a single sensing beam through a final Y-coupler. The light of 
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each reference beam is then reflected at the cleaved facet mirror, passes again 
through the coupler(s), interferes with a fraction of the light reflected by the 
external semi-transparent mirror, and is guided into the corresponding upper 
or lower photodetector. 

In addition, we used two phase shifters in each reference beam in order 
to allow a variation of the intrinsic phase between reference and sensing 
beam. As mentioned in the previous section, the length of these shifters was a 
little too short for switching between 0 ° and 90 ° phase difference; we 
achieved a phase shift of only 20 °. An improvement of the phase shifter 
behavior is possible either through a longer phase shifter or through the use 
of more quantum wells. While the first method increases also the parasitic 
intensity modulation, the second generates high laser threshold currents. The 
total length of the entire interferometer was 1.95 mm for the Y-coupler-based 
devices and 2.6 mm for the directional coupler-based interferometers. The 
width of these devices was 0.35 mm. 

2.3 INTEGRATIONREQUIREMENTS 

The monolithic integration of active and passive optical components into 
a photonic integrated circuit (PIC) requires, in general, a technique to define 
areas with different bandgap energy, the development of an integratable light 
source, and a good optical and electrical isolation between light emitters and 
detectors. Since the technologies and processes of the first two requirements 
are subject of special chapters, we give in this section only a brief overview 
and motivation. 

2.3.1 Transparency of the waveguides 

In order to produce waveguides which are transparent for the emission 
wavelength of the monolithically integrated laser, we have to define areas 
with a different bandgap energy across the chip. One possibility to solve this 
problem is selective area growth [23]. This method uses structured SÌO2 masks 
allowing simultaneous epitaxy with different growth rates, and, therefore, the 
growth of QWs with different thicknesses. Other possibilities are selective 
partial intermixing of the QW using impurities [24], [25] or vacancies [26]. The 
main advantage of the two latter methods is that they require no additional 
regrowth. We decided to use the vacancy-enhanced disordering (VED) 
process to achieve the selective intermixing of the QW because it appeared to 
be realizable in the most straight-forward manner. In chapter 4, we will 
extensively discuss the processing and the measurement results of these 
experiments. 

2.3.2 Integration of light sources into PICs 

A second important step towards the monolithic integration of light 
emitters and optical interferometers is the development of an integratable, 
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process-compatible, stable light source. In the past numerous approaches, 
including evanescent coupling between waveguides and absorbing regions 
(requiring an additional impedance matching layer and regrowth) [27], [28], 
butt coupling between laser and photodetector (needing a mirror dry etch 
technique) [29] or the use of surface emitting lasers and photodiodes 
(requiring high-quality dry-etched mirrors) [30], have been developed to 
address the integration issue. In our work, the use of a single-growth-step 
DBR laser looked most promising with respect to both process compatibility 
and feedback stability. Trie development and the characterization of this DBR 
laser and its integration within a simple PIC will be presented in chapter 5. 

2.3.3 Electrical and optical device isolation 

In interferometric systems, very small optical signals often have to be 
measured. This requires good optical and electrical isolation between laser 
and detector. For obtaining electrical isolation, we employed an ion 
implantation process (H+, 4xl015cnr2, 40/70/100 keV) [31] during which all 
waveguiding areas remained unimplanted, except 2 urn wide stripes across 
the waveguides. These small implanted stripes are shown schematically in 
figure 2.5; they destroyed the electrical connection between active laser region 
and passive interferometer region, while the optical connection was not 

active region passive region 

waveguide (3 pm wide) 

implanted stripe (2 \xm wide) 

Fig. 2.5 - Schematic top view of an implanted 
stripe across the waveguide 

adversely affected. To protect the waveguides from being implanted, we used 
a 2.8 firn thick photoresist layer; this photoresist mask could be removed after 
implantation by an oxygen plasma ash. The optical loss induced through the 
implanted stripe was on the order of 1 - 2 dB. Optical isolation was 
accomplished by a deep isolation trench between laser and detector; this 
trench was filled with the p-metalization layers. 
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3. SIMULATION 

This chapter will treat the simulation of different component parameters 
and also the behavior of the entire interferometer. The output of our 
simulation software was the basis for device design and fabrication. 
Although, in special cases, only a moderate agreement between calculation 
and experiment was seen, such calculations helped us to obtain a better 
understanding of the device and to find suitable starting conditions for our 
experiments. 

3.1 WAVEGUIDES 

As shown in the waveguide cross section of figure 3.1, we used for this 
work ridge waveguides with a width of w = 3 um, a core thickness of 
2h = 165 run; the residual clad thickness, t, had to be determined by 
calculation. 

Fig. 3.1 - Cross section and simulated 
parameters of a ridge xvaveguide 

After epitaxial growth in the y-direction, we therefore had only w and t 
as free parameters; these could be simulated by using two different software 
methods. Both residual clad thickness and ridge width define whether a 
waveguide with a certain core thickness and pre-defined refractive indices 
supports only its zero-order mode or not. A waveguide in which only the 
zero-order mode can propagate is referred to as a monomode waveguide. For 
interferometer circuits, the use of such monomode waveguides is necessary 
because of the otherwise random phase between reference and sensing beam, 
but also for their easier theoretical treatment and for increased signal contrast. 

3.1.1 Effective index approximation 

With the first method, which is called the effective index approximation, 
we calculated the ridge widths for waveguides which can support the n-th 
order mode. In order to obtain these results, we solved two independent one-
dimensional planar waveguide problems. Figure 3.2 shows a zig-zagging 
mode, which propagates in a planar (or slab) waveguide of thickness 2h and 
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refractive indices ncore and ndad. The propagation direction is z, and the angle 
between the zig-zag-mode and the y-direction is 6. 

nclad 

nclad 

JL VU 

Fig. 3.2 - Definition of the axes in a planar or slab 
waveguide zoith zig-zag-mode 

Solving the slab waveguide problem means that we have to solve a 
somewhat simplified wave equation for a traveling TE plane wave. The 
mathematics which is necessary to calculate the field distribution can be 
looked up in reference [32]. Since the dependence on time and propagation 
direction are sinusoidal, and the variation in the x-direction is zero 
(3Ex(x,y)/ ox = 0), we find that 

Ex(x,y) = E ( y ) = E 0 e 
-ikyy 

(3.1) 

describes the solution of the electric field distribution in the y-direction. In 
(3.1J, ky is the propagation constant in the y-direction. Within the core ( I y I < 
h), ky is a real number, kyeoie/ which gives an oscillating behavior 

M y ) = E^ -cos fk^y ) (3.2) 

for E(y); outside the core ( I y I > h), ky is an imaginary number, -i-kyi:Ud, 
resulting in an exponential decaying behavior 

E,(y) = E d i d . e - k - M (3.3) 

for E(y). Figure 3.3 shows the field distribution with the corresponding 

clad 

Z> » E(y) 

clad ( E(y) - e****** 

Fig. 3.3 - The electric field distribution in a 
slab umveguide 
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propagation constants. The continuity of the electric fields and of their 
derivatives at y = ±h results in an eigenvalue equation 

2hkyoB( - ran = 2 • arc tan -&*- (3.4) 

in which m is the waveguide mode index. 

ky = nM r e ko cose 

kz = W ko s i n e 

Fig. 3.4 - Propagation constants of a zig­
zagging mode in a slab waveguide 

The propagation constant, ko = 2n/Xo, of figure 3.4 is defined as the 
wavenumber of a wave propagating in vacuum. Using figure 3.4 and the 
definition of the effective refractive index,, ruff = ncore-sinG, which corresponds 
to the propagation constant seen by the traveling wave in the guide, kz, we 
can write the real propagation constant of the core in the following form 

k*„=ko>L-»!; (3-5) 

Similarly we obtain the number for the propagation constant of the 
exponentially decaying tail 

K^=*J*ls-*lM (3.6) 

Inserting the last two equations into (3.4), we end with 

2 h k J n L - n ^ - m 7 t = 2-arctan / f " ? (3.7) 
4 

For an asymmetric slab waveguide (which has been realized beside the ridge) 
with two different refractive indices, nupdad and niowdad, in the cladding layers, 
we can evaluate a more complicate expression 

2 h k J n L - r 4 - m * = arc tan N " ^ + a r c tan K " ^ " (3.8) 

for the determination of the effective index. 
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vertical 

n«» 

horizontal 

neü 

M 
fielt 

The above slab waveguide problem had 
to be solved twice in the vertical and once in 
the horizontal direction; the definition of the 
directions is shown in figure 3.5. In the 
vertical direction, it was necessary to find the 
effective mode indices under the ridge rwff 
using (3.7) and beside the ridge n«ff using 

""""" (3.8). For this purpose, we had to solve 
equations (3.7) and (3.8) numerically. The 

Bg. 3.5 - Refractive indices for results of this calculation were then used to 
the effective index approxima- define a new slab consisting of a core with 
Hon in the horizontal direction thickness w and refractive index n^f and two 

symmetric cladding layers with refractive 
index neff. The solution of this new slab waveguide was obtained using a 
similar equation like (3.7), but for TM waves. It gave then an approximate 
value for the effective refractive index in the propagating direction of the 
wave. This method usually gives good results for optical modes far away 
from cut-off and simple waveguide cross-sections. 

Figure 3.6 shows the 
effective refractive index of the 
m = 0, 1, 2..., n-th mode as a 
function of the ridge width for 
165 nm core thickness. We carried 
out this simulation using a ridge 
waveguide with zero residual 
clad thickness beside the ridge, as 
shown schematically in figure 3.5. 
The material of the waveguide 
core was Alo.3Gao.7As and that of 
the cladding layers was 
Alo.8Gao.2As. As seen in figure 3.6, 
a ridge waveguide with 
increasing ridge width can 
support a successively increasing 
number of optical modes. For a 3 um wide waveguide, we have a total of 5 
allowed modes. In our case, however, the residual clad thickness of 100 nm 
prevented such an excessive number of supported modes; only up to three 
were seen in our waveguides, usually generated in the splitting region of Y-
couplers. 
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Fig. 3.6 - Effective indices of the different 
order modes as a function of the ridge width 
(core thickness = 165 nm) 

3.1.2 Simulation of the ridge waveguide 

Solving the fields in a ridge waveguide can also be done by finding a 
solution of the wave equation using a so-called shooting method. This type of 
algorithm starts with a guess of the eigenvalue of the Helmholtz-equation, 
implements the boundary conditions at one side, propagates across to the 
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other side using the wave-equation 
and tests how well the boundary 
condition at the far side has been 
fulfilled. Then the algorithm tries 
to minimize the error function of 
the calculation by using a new, 
better eigenvalue. Since the 
propagation of the mode is 
calculated in small segments only, 
the method can use a series 
development of the wave equation 
with only three or four terms. This 

,.. ., -, T* . • r » . • iti makes the program very fast [33], 
Fig. 3.7 --The soutien of the Smontai slab [M] %J s h o w s s i m u l a t e d 

zoave%u\de problem under the nave i ^ . e- , , , , ,. . , 
o r ö electric field and refractive index 

distribution as a function of vertical 
position of the one-dimensional slab waveguide structure as above. The core 
thickness was again 165 nm. Our experimental results showed, however, that 
this method appeared not to be sufficiently accurate for our applications. 
Experimentally tested, 3 urn wide, ridge waveguides with a 180 nm thick 
residual clad (in the same material system as in figure 2.2) were not 
monomode, in contrast to the prediction of the program. 

0.5 1.0 1.5 2.0 
Vertical position [pm] 

A better agreement with our experimental data was achieved by using 
the so-called method of lines [35]. Here, the same wave equation as above, 
which simplifies into a Helmholtz-equation for the considered ridge problem, 
is solved by a semi-vectorial method instead of using the previously 
described shooting method. Through a one-dimensional discretization of this 
Helmholtz-equation, the computational effort can be reduced without 
affecting the accuracy of the results. In our case, the simulation with such a 
software [36] predicted a minimal 
residual clad thickness of 220 nm for 
a 3 jim wide and 165 nm thick 
monomode waveguide. 
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In figure 3.8, the simulation of 
different residual clad thicknesses 
for monomode behavior, depending 
on core thickness and ridge width, is 
presented. The general trend of 
these calculations was: a thinner 
core and a wider ridge require, for 
monomode behavior, a thicker 
residual clad above the core. We 
thus see that the finally chosen and FiS- 3-8 " Minimal residual clad thickness 
fabricated design with 3 urn wide f°r a monomode waveguide as a function of 
waveguides and a 100 nm thick the core thickness and the ridge width 
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Core thickness [nm] 
260 

20 



3. SIMULATION 

residual clad was not exactly the ideal one. But experiments showed that we 
had to consider also the radiation loss in the curved waveguides and, due to 
absorption loss in the waveguides, also the total interferometer length. These 
facts prevented the use of the design with a 220 nm thick residual clad which 
would have produced very weakly index-guided waveguides with an 
unacceptably large minimal curve radius of 10 mm. 

3.2 LASERS 

1.0' 

0.8 

threshold current 
loop gain mode TEOO 
loop gain mode TE01 

The software used for the simulation of lasers was basically the same as 
the one used for the ridge waveguides. The main difference was that we could 
simulate current injection and investigate the behavior of threshold current 
density and loop gain of two different modes as a function of the etch depth. 
An arbitrary facet reflectance and device length of the simulated Fabry-Pérot 
laser structure could be set in the structure file of the program [37]. 

For the simulation presented below, we assumed exactly the same layer 
structure and waveguide cross-section as in figure 2.2; the pumped section 
length was 500 urn and the facet reflectivity was 30 %. Figure 3.9 shows the 
dependence of the loop gain on the residual clad thickness for the first order 

mode and, in addition, the 
threshold current of such a laser 
structure. The loop gain of the 
zero order mode was set constant 
at unity, according to the 
threshold condition for 
mode. If we increased 
residual clad thickness 
decreased the etch depth), 
gain of the first order mode 
decreased rapidly from 0.72 
towards 0; and at a residual 
cladding thickness of 180 nm, the 
mode was no longer guided (cut-

Fig. 3.9 - Calculated parameters of a Fabry- off condition for this mode). The 
Perot laser structure threshold current of the structure 

increased from 6.5 to about 
31 mA due to a larger current spreading in the thicker upper cladding layer. 
In good agreement with the simulation of the last section, we calculated here 
again a residual clad thickness of about 200 nm for monomode behavior. For 
the reasons mentioned in the previous section, this 200 nm thick residual 
upper clad was not realized in our devices; as a consequence, the waveguides 
were expected to be multimode. Experimental data showed, however, that the 
laser emitted monomode probably because of the higher total loss of higher 
order modes. 
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3.3 GRATING 

One of the most important parameters for the fabrication of a DBR laser 
is its grating period. This period determines at which wavelength the laser 
emission will take place. In order to fabricate a device with a low threshold 
current, it is necessary to achieve a perfect matching between the center of the 
material gain peak and the reflectivity peak of the Bragg reflector. The shape 
and the position of the Bragg peak can be calculated using [38], [39] 

<w= 
-iK-sinh(SL) 

S-cosh(SL) + iAß-sinh(SL) 
(3.9) 

where 

Aß « 2HnJ Ì -
A. K 

(3.10) 

and 

S ̂  ^K2-(Aß)2 (3.11) 

In these formulae, K is the coupling coefficient between the waveguide modes 
propagating in the forward and the backward-direction, L the length of the 
grating section, r(>.) is the wavelength-dependent grating reflectivity, \ the 
wavelength, Xen^ the Bragg resonance wavelength and ruff the effective 
refractive index of the structure. 
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Using these formulae and 
the waveguide design of figure 
2.2, we calculated several grating 
reflection curves as shown in 
figure 3.10. The width of the 
central, so-called stopband, is 
defined as the distance between 
the two first points with zero 
reflectance. This width depends 
on the coupling coefficient and 
can therefore be used to 
determine the latter experi­
mentally. The maximum 

Fig. 3.10-Calculated Bragg filter curves of a reflectance changes with increa-
grating with 381 nm period and different s i n g K/ ^ r e a c hes (for our 
values for K. grating length and period) 100% 

for K = 200 cm*1. The filter curve which has been realized in our devices has a 
width of approximately 1 nm and its height indicates a maximal reflectance of 
92 %. Of course, the maximal reflectance of the grating is also determined by 
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the length of the periodic corrugation. In this example, we assumed a length 
of 200 urn. The period of this grating was 381 nm and the resonance 
wavelength of the laser structure was set at 828 nm. The simulated depth of 
the grating lines (160 nm) and the 70 nm thin buffer layer between bottom of 
the grating and waveguide core resulted in a coupling coefficient of 100 cm-1. 

In practice, we usually started with the layer structure and the emission 
wavelength of Fabry-Pérot lasers fabricated in the material. We then had to 
determine the transmissivity of the grating and the wavelength filter action of 
the Bragg reflector. Considering the penetration depth of the light into the 
Bragg reflector, we can define its effective length, LeH, through 2icLeff = 
tanh (KL), where L is the total length of the Bragg reflector. The transmissivity 
was given by the product tcLeö, while the filtering action was set by the 
number of grating periods. Thus, a long weak grating acts as a good 
wavelength filter, but it increases the threshold current of the device. On the 
other hand, a short strong grating is a poor wavelength filter, but due to the 
short penetration of the light and the therefore short unpumped section, a low 
threshold current can be expected. Grating transmissivity, threshold current 
density, and wavelength filtering were the input parameters for the 
simulation program, which gave the above grating period with the required 
etch depth and the thickness of the buffer layer as results. 

3.4 COUPLERS 

For the presented work, we invested some effort in the simulation of 
directional couplers. While the behavior of a 2x2-coupIer is relatively straight­
forward, predicting the splitting ratio of a 3x3-coupler is more difficult. This 
was the main reason for concentrating on this latter element. Basis for these 
calculations were again the coupled mode equations [40]. 

Let us consider in an example the coupling between three neighboring 
fibers, which are arranged in an isosceles triangle configuration. The angle 
between the two equal sides should be at least 60 °, as shown schematically in 
figure 3.11. The arrangement of three ridge waveguides, as shown in the right 
half of figure 3.11, can be understood as a special case of the triangle 
configuration with an angle of 180 ° between the equal sides. 

Fig. 3.11 - Arrangement of three fibers and three ridge zoaveguides 
into a 3x3-coupler structure 
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We thus have, in general, equally strong coupling K between the central 
waveguide and the two outer ones, and weaker coupling <XK (a < 1) between 
the outer waveguides. Setting the parameter a to any value between 0 and 1 
allows the indirect determination of the geometric arrangement of the three 
fibers. The special case a = 1 corresponds to the symmetric triangle 
configuration; for reasons of mathematical simplicity, we will assume this 
condition here. The relation 

â_ 

dz 
\ d j / 

r o -ÌK - U ^ '-^ 
- Ì K 0 -CÛK 

- ÌK -CÜK 0 J ^J 

(3.12) 

describes the amplitudes of the electric field, a^ and their coupling behavior 
when propagating along the z-direction. The solution of this equation is 
explained in detail in the appendix, therefore we state here only the starting 
conditions and the solution. The starting conditions 

(3.13) 
(«,(0)1 
a2(0) 

U3(O)J 
= 

'Ä1 

0 
.0, 

were chosen in a manner to have an input electric field amplitude A in the 
central waveguide (index 1), and initially no intensity in the two outer 
waveguides (indices 2 and 3). 

We then obtained the following solution for one pass through the 3x3-
coupler: 

fa,(z)ì 
a2(z) 

U 3 (z). 

3 3 

3 3 

V 3 3 

(3.14) 

As shown in the right picture of figure 3.11, we fabricated a simplified double 
interferometer using such a 3x3-coupler. For the calculation of the three 
interference signals produced by this device, we had to solve the above 
system of differential equations twice: once for the first pass through the 
coupler and then, after being reflected at the chip facets and the external 
mirror, respectively, also for the second pass. The calculation of the 
interference signals produced by the interferometer structure mentioned 
above typically results in a picture like in figure 3.12. For this calculation, we 
assumed a strong coupling between the outer waveguides (a = 1), the 
coupling coefficient K was defined via KL = 0.45, allowing the use of an 
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of the outer waveguides was used 
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An interesting feature of this 
configuration was the inherent 
phase shift [41] between the three 
signals. Usually the phase shift 
between two independent signals 
of a double interferometer has to 
be adjusted with the help of phase 
shifters. By using a 3x3-coupler, the 

f desired phase shift of 120 ° could 
Fig. 3.12 -Calculatedinterference signals of ^ a d ü e v e d ^ a b s e n œ o f 

a 3x3-coupler-based interferometer p h a S f i s h i f t i n g c o m p o n e n t W i t h o u t 

using tedious mathematics, the 
mechanism of this inherent phase shift is not straight-forward to explain. But, 
obviously, the presence of an ovemext-neighbor interaction (a > 0) and the 
use of an outer waveguide as sensing beam are necessary requirements for 
producing this phase quadrature. In reality, however, we can of course not 
achieve equal strong coupling between the two outer waveguides and 
between neighboring waveguides. Assuming an a - 0.2, a coupling strength 
of KL = 0.45 and using one of the outer waveguides as sensing beam, an 
inherent phase shift of around 20 ° can be expected between the two 
interferometer signals. In a 3x3-coupler-based double interferometer, we 
therefore still need an active phase shifting component. 

3.5 INTERFEROMETER 

The signal generation in our monolithically integrated interferometer 
included one parasitic reflection in the sensing beam. This reflection was 
caused by the cleaved facet, which also served as mirror in the reference beam 
of our interferometer. In the sensing beam, however, the reflection at the same 
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Fig. 3.13 - The single Michelson interferometer chip 
zuith external elements and simulated parameters 
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two interferometer arms, a one-pass coupling loss C at the external 
collimation lens, a constant offset signal loess, and the laser output intensity Io 
had to be considered in the simulation. 

Figure 3.13 shows these quantities, which influenced the behavior of our 
interferometer. The constant offset is due to optical crosstalk between light 
emitter and photodetector. Considering the parasitic reflection at the AR-
coated facet of the device, the very simple formula for dual beam interference 
turns in a rather complicated expression: 

Ko) = U 1 + I 0 

+2 

( r 0 -Cr) 2+4Cr 0 rs in 2 ( | ) 

( l -Cror)2
+4Cr0rs in2(J j 

r0
2 (l + r0

2 ) cos » - Cr0r(r0
2 cos(S + 4») + cos(5 - ¢)) 

( l -Cr 0 r ) :
+ 4Cr 0 r s i n 2 ^ ] 

(3.15) 

The following notation was used in this equation: B = 4ndr\/X is the 
measurement phase, d the mirror distance, r the mirror reflectivity, ro the AR-
coated facet reflectivity, n the refractive index of the surrounding medium, 
and X the measurement wavelength. The calculations leading to equation 
(3.14) are explained in more detail in the appendix. 

Figure 3.14 shows the calculated interference signals for four different 
external mirror reflectances. The intrinsic phase difference was set at $ = 
3 rad, the measurement facet had a parasitic reflectance of 10 % (ro = 0.31); this 
resulted in an out-of-phase amplitude addition between the interference 
signals of the parasitic Fabry-Pérot interferometer generated by the cleaved 

facet and the external object 
mirror in the sensing beam, 
and of the regular Michelson 
interferometer. Furthermore, 
the interference signal of a 
Fabry-Pérot interferometer is 
cosine-shaped only for very 
small mirror reflectances. 
Larger reflectance of the 
mirrors, like in our case (r > 
30 %), results in a spike-like 
interferogram. These spikes do 
not result in a cosine-function 
when they are added to the 
interferogram of the regular 

Fig. 3.14 - Calculated interference signals with Michelson interferometer. For 
25,50, 75 and 100 % external mirror reflectance phase differences of 4» = n or <J> 
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interferogram. These spikes do not result in a cosine-function when they are 
added to the interferogram of the regular Michelson interferometer. For phase 
differences of <f> = n or <f> = 0, the total interference signal was not obviously 
distorted because of the in- or anti-phase addition of the two single 
interference curves. But all intermediate phase values caused an 
asymmetrically skewed shape of the total interference signal. 

As we will see in section 6.5, the resolution of a displacement 
measurement suffers when using distorted instead of ideally sinusoidal 
signals. This is due to the non-ideal shape of the Lissajous-figure, which can 
be obtained by plotting the two interference signals as a function of each 
other. If this plot is a circle, a phase interpolation of 1 ° can be achieved; but 
the interpolation resolution decreases soon to less than 20 ° when using an 
ellipse or egg-shaped Lissajous-figure. A suppression of the parasitic 
reflection at the cleaved facet would therefore be helpful for high-resolution 
displacement measurements. 
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4. VACANCY-ENHANCED DISORDERING 

In this chapter, we will discuss how the selective partial intermixing of a 
single QW structure can be obtained. This process is used to reduce the 
absorption loss of the waveguides in our integrated circuit; the pumped laser 
sections remain in their as-grown state. Furthermore, a comparison of the 
most appropriate further bandgap engineering methods will be given. 

4.1 PRINCIPLE AND COMPARISON TO OTHER METHODS 

As discussed in section 2.3, the definition of transparent and absorbing 
areas on one and the same substrate is of fundamental importance for 
semiconductor integrated optics. There are several approaches to generate a 
III-V-semiconductor-based chip with transparent and absorbing areas. The 
most popular among them are selective area growth (SAG), growth on a 
nonplanar, patterned substrate, partial waveguide etch with subsequent 
regrowth, the combination of III-V-semiconductor-based and dielectric 
waveguides, evanescent- or taper-coupling of two in the vertical direction 
sandwiched waveguides, and, finally, the selective partial intermixing of the 
QW using vacancies or impurities. 

4.1.1 Growth methods 

SAG is a growth technique using SÌO2 stripe masks with windows 
between them. Between these stripes, the crystal growth rate decreases with 
increasing window width or increases with increasing mask width. This 
allows the simultaneous epitaxy of quantum well structures with different 
thicknesses, and therefore the growth of structures with different bandgap 
energies. Several groups have reported on photonic integrated circuits using 
SAG [42], [43], and have achieved good device behavior. Especially popular 
was the integration of a distributed feedback (DFB) laser with waveguides; 
output powers and quantum efficiencies exceeding 10 mW and 20 %, 
respectively, were reported. The coupling efficiency between laser and 
waveguide was 50 %. 

In contrast to SAG, the growth on a nonplanar, patterned substrate 
allows the subsequent epitaxy of a passive waveguide and an active layer of, 
for example, a DFB laser. The light of the latter is then butt coupled into the 
passive waveguide. With this method, coupling efficiencies of 60 - 75 % were 
reported [44], [45]. The output at the waveguide facet of the device was up to 
2 mW and limited only by the waveguide loss of more than 20 dB. By using 
this method, the fabrication of a photonic integrated circuit, consisting of laser 
passive waveguide and intensity modulator, could be realized [46]. 

The combination of a ridge waveguide laser with an oxide waveguide 
requires a high-quality mirror dry etch technique [47]. In this device, most 
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loss (estimated value 1.1 dB) was created at the interface between the etched 
laser mirror and the SiCVwaveguide. Nevertheless, nearly balanced output 
power of 27 and 30 mW was seen from the glass waveguide and the cleaved 
facet output of the laser. The glass waveguide supported, due to its large 
dimensions (4 x 100 urn2 cross-section), various optical modes, and is 
therefore not suitable for interferometric circuits. 

Recently, a passive Mach-Zehnder-interferometer with both a III-V-
based and a dielectric ridge waveguide was demonstrated in our laboratory. 
Refilling of etched holes in the nonplanar substrate with Si02/Ti02-layers was 
performed before waveguide etching. The coupling loss at the interface III-V-
semiconductor/dielectrics is considerably larger here than in the previous 
approach, but, on the other hand, the ridge waveguides used in this work are 
singlemode which is necessary for interferometric applications. 

The approach using a tapered waveguide for the coupling of the laser 
light into the lower output waveguide requires relatively complicated 
processes for taper fabrication and an additional regrowth. With this coupling 
scheme, usually 10 -15 % coupling efficiency and up to 10 mW output power 
can be achieved [48], [49]. 

4.1.2 Methods based on QW intermixing 

The second class of methods to define different bandgaps on a QW 
substrate is selective, partial QW intermixing. We can distinguish between 
impurity-induced disordering (IID), using, for example, Si or protons [50], 
[51], [52], and vacancy-enhanced disordering (VED) [53], [54], VED uses the 
property of group-III-vacancies to diffuse at elevated temperatures from the 
wafer surface towards the waveguide core and to promote there a disordering 
of the QW. Both IID and VED need a high temperature thermal annealing 
step at about 800 to 1000 0C. As a drawback, this annealing step can change 
the doping profile of the p-n-junction and also the optical properties of the 
crystal. We decided to use VED for our integrated circuits, because it required 
only the evaporation of two different surface dielectric layers and the use of a 
rapid thermal annealing (RTA) oven; this appeared to be realizable in a more 
straight-forward manner than the adoption of a SAG process. In the 
following, we will concentrate on the mechanisms and process details of the 
VED. 

4.2 MECHANISM AND PROCESS 

4.2.2 VED mechanism 

Basis for the VED process is the generation of group Ill-vacancies using 
two different dielectric cap layers and an RTA step. Under an SrF2-layer, only 
few vacancies are produced during RTA, while the Si02-layer creates many 
vacancies by out-diffusion of Ga from the GaAs cap into the SÌO2. During 40 s 
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RTA at 960 0C, these vacancies diffuse through the upper cladding into the 
QW region and promote an intermixing between Al of the adjacent core 
material (Alo.3Gao.7As) and Ga of the initially pure GaAs QW. This process 
increases the Al-content of the QW material and therefore its bandgap energy; 
a larger bandgap energy corresponds to a blue-shifted PL spectrum, and a 
blue-shifted absorption edge. Since only few vacancies are produced under 
the SrF2-Iayer, only little intermixing takes place. 

4.2.2 Process details 

VED required only a few and unsophisticated additional processing 
steps. The process started with the e-beam evaporation of a 200 ran thick SÌO2-
layer. This evaporation was performed in a standard e-beam evaporation 
machine (Balzers BAK 550). The base pressure was po = 2x10* Torr, the 
deposition rate 3 A/ s and the pressure during evaporation around 
pevap = 5xl0-5Torr. The samples were mounted on a planetary drive; this 
resulted in a very homogeneous layer deposition and thickness. The final 
thickness of the SiC>2-layer could be determined by measuring the 
eigenfrequency change of an oscillating quartz crystal. 

After deposition, the SiC»2-layer was patterned by standard 
photolithography and reactive ion etching (RIE). For RIE, we used 50 seem of 
CF4 at a pressure of 50 mTorr and an rf power of 100 W. The reverse voltage 
for these process parameters was -330 V. It was important to prevent over-
etch in order not to damage the future contact region of the lasers. Without 
stripping the photoresist mask, we then thermally evaporated 300 nm SrF2 
(deposition rate 5 A/s) from a tungsten crucible. The evaporation procedure 
started at a base pressure of po = 5x10* Torr; the deposition rate of 5 A/s had -
to be controlled manually by adjusting the current density through the 
crucible. The pressure during deposition was pevap = IxIO"4 Torr. Due to the 
high melting point of SrF2 (1450 0C at 1 bar, vapor pressure lxlfr4 Torr at 
1000 0C [55]) and in order to achieve a homogeneous layer deposition, we had 
to use a baffled crucible; its labyrinth guaranteed the evaporation of the 
molten material and prevented direct sublimation of the powder. The final 
thickness of the SrF2-layer was measured by the same method as above. 

The SrF2-layer was patterned in a self-aligned lift-off process by simply 
removing it from the photoresist on the lower SÌO2. Best results were achieved 
when using Microposit 1165 remover in combination with weak ultrasound. 
Since S1B2 is a very brittle material, this lift-off technique worked very well 
even without special attention paid to an undercut mask profile. The result of 
this procedure was a nearly planar structure completely covered either with 
SrF2 or SÌO2. Selective intermixing of the QW was accomplished by high 
temperature RTA (960 0C140 s). The samples used a proximity GaAs wafer to 
prevent surface damage by arsenic out-diffusion. After RTA, we removed the 
SÌO2 by the same RIE process as above and the SrF2 by a subsequent dip in 
diluted H Q (HCI/H201: 9,10 s). 
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The method using a proximity wafer was performed in favor of the 
annealing under an actively generated arsenic overpressure; in earlier 
publications, this overpressure was usually generated by sealing the samples 
under an arsenic-rich atmosphere into a quartz ampoule. During the 
subsequent RTA, no surface damage was created. In our first experiments, the 
wafer surface after removal of the SrF2-layer exhibited many round defects. 
Their average diameter was 5 urn and the distance between them around 
20 urn; a typical depth of 2 urn was seen. Of course, this high defect density 
allowed no ridge waveguide-based device fabrication. Experience showed 
that it was important to keep the deposition rate of the dielectric layer low; 
this guaranteed a homogeneous growth of the layer. As opposed to other 
workers in this field, we evaporated our layers without the recommended 
powder mixture of SrF2/AIF3 [56], [57], [58]. About 8 % aluminum-fluoride 
was reported to be helpful for the deposition of layers with a small grain size 
[59], but in our experiments, the addition of AIF3 resulted in a more difficult 
evaporation procedure and in a highly un-removable dielectric film. 

4.3 PHOTOLUMINESCENCE RESULTS 

The characterization of intermixed and non-intermixed QWs was 
performed using photoluminescence (PL) measurements. Our experimental 
setup consisted of an argon ion laser (X, = 488 nm, P = 10 mW) for the 
excitation, a grating spectrometer with 0.32 m focal distance, and a GaAs 
photodetector. All measurements were carried out at room temperature. Slit 
width of the spectrometer was 200 um, and the grating had 1200 lines/mm. 

910 920 930 940 950 960 

Anneal temperature [0C] 

Fig. 4.7 - Photoluminescence wavelength 
shifts for different annealing conditions 

Figure 4.1 summarizes the results of these PL measurements; all 
samples were cleaved from the same wafer, of which one half was coated 
with SiO^ and the other with SrF2. The layer structure was identical to that 
presented in figure 2.2. RTA at temperatures between 910 0C and 960 0C and 
for 30, 60 and 90 s duration was carried out. Under the SrF^layer, the blue-

32 



4. VACANCY-ENHANCED DISORDERING 

0 10 20 30 40 50 60 70 

Wavelength shift [nm] 

Fig. 4.2 - Photoluminescence intensity as a 
function ofivavelength shift 

shifts of the PL peak wavelength remained smaller than 11 nm, while under 
the SiCfe-layer, up to 68 nm wavelength shift was seen. 

Figure 4.2 shows that the PL intensity decreased continually by two 
orders of magnitude when increasing the blue-shift of the PL spectrum from 5 
to 68 nm. As we will see in the next section, this was not detrimental to device 
_ _ fabrication, because only passive 

optical components such as 
waveguides or couplers were 
fabricated in the intermixed QW 
areas. 
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Figure 4.3 shows an as-grown 
and a blue-shifted PL spectrum. 
The peak wavelength of the 
intermixed PL spectrum is blue-
shifted by 35 nm ; this corresponds 
to a bandgap increase of 68meV. 
Using bandgap differences of that 
order of magnitude reduced the 
waveguide loss due to band-edge 
absorption considerably. When 

fabricating waveguides from unshifted and from shifted material, we could 
see a decrease in loss from 60 to around 30 dB/cm. Finally, we measured the 
transition between the shifted and the unshifted region by high-resolution PL 
and found a complete change of the bandgap energy within a distance of less 
than 30 urn and 60 % of the total change within 5 jam distance. 

°- 720 740 760 780 800 620 840 860 880 

Wavelength [nm] 

Fig. 4.3 - Shifted and unshifted Pl 
spectrum after an RTA of 960 0C and 30 s 
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4.4 MULTIPLE WAVELENGTH FABRY-PEROT LASERS 

In order to demonstrate the utility of the VED process for selective QW 
intermixing without degradation of the p-n-junction, we fabricated 
monolithically integrated Fabry-
Pérot lasers with two different 
emission wavelengths [60]. The 
process started with the same 
layer structure as above and 
employed dry etching of 4 urn 
wide ridge waveguides. 250 run 
SÌ3N4 served as passivation and 
electrical isolation layer on the 
sidewalls of the ridges. The length 
of the cleaved lasers was 500 urn, 
and the different laser types were 
separated by 250 jam. For 
comparison purposes, we Fig. 4.4 - Optical spectra of SiOrcapped, 
fabricated lasers with exactly the SrF2<apped and as-grcnun material Fabry-
same design from as-grown Perot lasers 
material. 
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Figure 4.4 shows the optical emission spectra of the three laser types. 
The peak wavelengths of the annealed lasers were 825 nm (SrF2-capped) and 
805 nm (Si02<apped); as-grown material lasers emitted at 827 nm. The 
devices showed comparable threshold current densities (as-grown: 
600 A/cm2, Si02-capped: 500 A/cm2, SrF2-capped: 700 A/cm2) and slope 
efficiencies (as-grown: 0.52 W/A, SiC>2-capped: 0.42 W/A, SrF2-capped: 
0.36 W/A). The threshold voltages, defined by Va. = V(Iih), showed a 
considerably increased series resistance of the SrF2-capped devices (as-grown: 
2.1 V, Si02-capped: 2.15 V, SrF2-capped: 3.3 V). This was understood partly as 
a CF4-RIE-induced damage of the contact region [61], but also through a 
slightly misplaced p-n-junction due to dopant migration during RTA. 

In later processing runs, we changed the order of the removal steps for 
S1O2 and SrFi this allowed protection of the laser contact region from RIE 
plasma damage by the still existent SrF2-layer. Replacing SÌO2 plasma removal 
by a chemical wet etch step using HF is not recommended because of small 
holes in the GaAs cap layer caused by RTA. Starting at these holes, an 
undesired cladding etch by HF is possible. Since the holes in the cap appear 
only after RTA, the patterning of the SiCMayer should be possible by wet 
etching. This would reduce the number of plasma exposures from three to 
one; the only remaining plasma process would then be the contact hole etch 
on top of the ridges. 
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5. DBRLASERS 

In the following chapter, a description of the fabrication and 
characterization of our single-growth-step DBR lasers will be given. In the last 
section of the chapter, we will present a prototype of an integrated optical 
circuit. This device consists of a DBR laser with a transparent waveguide and 
a monitoring photodetector, and its fabrication procedure was a combination 
of the VED and the DBR laser process. 

5.1 PRINCIPLE OF OPERATION AND FEATURES 

The main difference between a III-V-based Fabry-Pérot (FP) laser and a 
DBR laser is the type of mirrors employed. While in a FP laser both mirrors 
are cleaved facets, the DBR laser uses at least one wavelength-selective, un-
pumped Bragg mirror. The length of this DBR section allows it to be used not 
only as a laser mirror, but also as an optical connection, of variable 
transmissivity, between laser and photonic integrated circuit (PIQ. This 
function is very important because of the high feedback sensitivity of 
semiconductor lasers. The choice of a DBR laser as light source in a PIC is 
therefore no accident, since the Bragg reflector acts simultaneously as laser 
mirror, wavelength filter, and also as optical connection between laser cavity 
and PIC. 
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Fig. 5.1 - Analogy between a dielectric "k/4 layer stack and 
a 1st order Bragg mirror (cross-section). 

The "working principle of such a Bragg grating mirror can be easily 
explained if we realize the analogy between dielectric mirrors and Bragg 
mirrors. Both of them use stacks of X/4 layers with two different refractive 
indices, as shown schematically in the cross-sections of figure 5.1. As opposed 
to dielectric mirrors, which may use twenty pairs of SiC>2/Ti02-layers with a 
large difference of the refractive indices (SÌO2:1.45 and TÌO2: 2.33), we have to 
deal with very small differences of the effective refractive index in a Bragg 
mirror. Typical effective index values for 230 run and 70 nm residual clad 
thickness, which correspond to the thicknesses on the top and the bottom of 
the grating lines, are run = 3.25 and neff = 3.23. This small index difference 
requires many more X/4r layers or grating periods to achieve a certain 
reflectivity. 
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As drawn on the right half of figure 5.1, these X/4 layers are, in the case 
of a first order grating, 65 nm long waveguide sections, which are defined by 
the surface corrugation of the grating. A typical value of 500 grating periods 
can be proposed to achieve a mirror reflectance of around 90 %. Since the 
grating period of such a first order grating is only 130 nm, for edge emitting 
lasers usually a third order grating will be fabricated (A = 390 nm). Gratings 
with this period may be defined much easier than first order gratings by 
holographic means (see section 5.2). The simulation of the grating period has 
already been discussed in section 3.3. 

Fig. 5.2 - Schematic picture of a single-growth-step DBR 
laser with a holographically-defined, recessed grating 

Figure 5.2 shows the two-section-DBR laser used for this work; the 
device consisted of a pumped laser section and an unpumped Bragg mirror 
section. These features allowed a rather simple fabrication procedure without 
epitaxial regrowth and, thanks the use of a so-called grating recess, without a 
deep grating etch [62]. The grating recess is a lowered part of the waveguide 
cladding in the grating section; its depth defined a residual clad thickness of 
230 nm. The subsequent grating etch was shallow (d = 160 nm) and therefore 
relatively easy to control. Varying the thickness of the buffer layer between 
bottom of the grating and waveguide core allowed customization of the 
coupling coefficient. 

On the other hand, this type of grating mirror can produce, especially 
with even thinner buffer layers, a very strong coupling coefficient (up to K = 
400 cm-1) compared to epitaxially overgrown structures. This is because of the 
large index step between AtaGaojAs and air. In previously published DBR 
laser work, typical coupling coefficients of K < 100 cm-1 were reported [63], 
[64]. 

The short penetration depth of the light into a grating with a strong 
coupling coefficient (Left < 100 urn) reduces the threshold current density of 
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the device mainly because of reduced absorption loss in the unpumped 
grating section. The Iinewidth, however, can be reduced by using a longer, 
weaker grating; for more periods make the Bragg reflection curve (figure 3.10) 
narrower and allow a better wavelength filtering. The presently fabricated 
lasers have effective grating lengths of 200 urn and a reflectance of 90 %. This 
results in twice the threshold current density of FP lasers with equal pumped 
length. 

There was one more reason to use DBR lasers in our interferometric 
circuits: the temperature tuning can be modehop-free over a temperature 
range of 10K, while the FP lasers have modehops every 3 - 5 K. These 
modehops can change their position on the temperature-scale during aging of 
the laser, a property which makes FP lasers not very attractive for wavelength 
stabilization. 

5.2 GRATINGFABRICATION 

The holographic definition of gratings for DBR lasers has a long 
tradition. Although the first DBR laser devices operated with 
photoHthographically-exposed gratings [65], [66], the first holographically-
defined grating for a GaAs/AlGaAs DBR laser was developed soon thereafter 
[67], The setup for our holographic exposure consisted of a HeCd-laser (X = 
441.6 nm, P = 100 mW), whose light was split into two orthogonal beams of 
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Fig. 53 - Schematic picture of the holographic 
setup used for grating exposure 

equal intensity. As shown in figure 5.3, these two laser beams were then 
converted into spherical waves by focusing them with microscope objectives 
(magnification 4Ox, NA = 0.65) onto 5 urn pinholes. The latter served as spatial 
filters and acted as point-like light sources. The required angle 0Bragg between 
the interfering laser beams was determined by the desired grating period 
according to 
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2n0 sin eBrtgg 

Here A is the grating period, no the refractive index of the atmosphere, X the 
laser wavelength, and ©Bragg the Bragg angle. A larger exposure distance 
(distance between pinhole and sample) resulted in a longer grating period. 
Due to the interference between two laser beams with spherical wavefronts, 
the generated interference pattern did not produce straight grating lines but 
rather hyperbolae, even at an exposure distance of 65 cm. A further undesired 
property of holographic grating exposure using spherical wavefronts was the 
chirp of the grating period. With our setup, we minimized the chirp to within 
AA = 0.5 nm by using a rather large exposure distance (in an area of 2x2 cm2). 
After a measurement of the grating period, the latter could be corrected to a 
certain amount by moving the sample holder. 

For the fabrication of DBR gratings, we started with dry etching of the 
grating recess to a depth of 230 nm above the core. This process was a 
magnetic field enhanced reactive ion etch (MERIE) using 2 seem SiCU, 200 W 
rf power, -110 V dc bias, and 0.2mTorr pressure. Then we spun a thin 
photoresist layer (diluted Shipley S1805/EC solvent 1:1) on the sample; the 
preferred thickness on top of the recessed waveguide was one half of the 
grating period, hence 200 nm. After holographic exposure (5 min), we 
developed the grating mask for 30 s (Shipley developer/HïO 1:1). In order to 
protect the top of the grating profile from the subsequent O2-RIE, we 
evaporated 4 nm Cr under an angle of 13 ° to the substrate plane on to both 
sides of the grating profile. A 10 min anisotropic CVplasma etch (80 W, 
5 mTorr) resulted in a clean grating mask. The transfer of this photoresist 
grating into the semiconductor material was performed again by MERIE 
(6 seem, 200 W, -110 V, 1 mTorr) and produced a rectangular-shaped grating. 
Finally, we removed the photoresist mask through a 30 min O2 plasma ash. 

In the course of this work, we used no etch stop layers to define recess 
depth or grating depth. For a more accurate determination of these depths, it 
would be very advantageous to run the process with a selective dry or wet 
etch process. In the GaAs/AlGaAs material system, the use of GaInP etch stop 
layers appears to be one of the most promising approaches. 
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5.3 DEVICEBEHAVIOR 

5.3.1 Electrical and spectral properties 

Except for the preliminary aging tests, all characterization was 
performed on devices in bar form. We contacted the devices with probe 
needles which were mounted in probers (The Micromanipulator Co.). The 
characterization setup consisted of a Peltier temperature-stabilized Al-mount 
(Temperature controller ILX LDT-5910B), an optical multimeter (ILX OMM-
6810) with a combined wavelength-power-measurement head, and an HP 
4155A semiconductor parameter analyzer. For near-field measurements, we 

B16 817 818 819 820 821 822 
Wavelength [nm] 

Fig. 5.4 - Optical spectrum of a DBR laser driven at 2.3 x Ia. 
The inset shozus the 7-V- and the P-I-curve. 

used a microscope objective (magnification 4Ox) and a CCD camera (SONY 
CCB-M25/CE) with pixel clock. The latter allowed the pixel by pixel read out 
of the intensity information by a frame grabber system. For testing the 
material quality, we usually fabricated broad area laser devices (see 
appendix). These were driven pulsed at room temperature with a pulsed 
current source (Precision pulsed current source ILX LDP-3811). Preliminary 
spectral measurements were carried out using a fiber-coupled grating 
spectrometer (ANDO AQ-6312B); the spectrum of figure 5.4, however, was 
measured with a high-resolution grating spectrometer (JOBIN-YVON 640, 
0.64 m focal distance, 600 lines/mm, 0.025 nm resolution). 

We initially fabricated DBR lasers of various designs with pumped 
section lengths of 480, 730 and 880 urn, DBR section lengths of 1000, 500 and 
200 urn, and ridge widths of 3 and 5 urn. As shown in the inset of figure 5.4, 
our DBR lasers had a maximal output power of 5 mW; the required injection 
current to achieve this power was 50 mA. A typical threshold current of 
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25 mA was seen for 500 um long and 3 um wide devices; this corresponds to a 
threshold current density of 1.6 kA/cm2. 

The temperature dependence of the threshold current can be described 
by 

I-1CT) = V e 1 * (5.2) 

This T-dependence was rather strong; we observed a To = IOOK. The 
threshold voltage, defined by Vth = V(Ith), was Vth = 3.3 V, caused by a 
relatively high series contact resistance of the device. FP lasers with the same 
pumped section length had typical threshold currents of 12 mA, a threshold 
current density of 0.8 kA/cm2, and a To = 220 K. The optical spectrum (figure 
5.3) shows a main peak at 820 nm with a sidemode suppression ratio of 27 dB. 
The longitudinal mode separation of 0.173 nm results in an effective grating 
length of around 80 urn, this can be calculated by using 

2L 
2neff(L+Leff) 

AW*™ = ~ , / . . . (5-3) 

A measurement of the stopband-width, Aforagg, from the subthreshold 
spectrum allowed determination of the coupling coefficient of the grating. 
The equation used for this calculation was [68] 

*+-~ilr (5-4) 

For the device data presented in figure 5.3, we estimated a value of K = 
350 cm-1, in agreement with the simulated value of K = 390 cm-1, when using 
no buffer layer between bottom of the grating and core. In a later stage of this 
work, we inserted a 70 nm buffer; this measure reduced the coupling 
coefficient to about K = 100 cm-1. 

The linewidth of these DBR lasers was determined by a scanning FP 
spectrum analyzer; the result of such a measurement was equipment-limited, 
Av < 20 MHz. A more accurate measurement using a self-heterodyne 
technique resulted in a linewidth of Av = 500 kHz. The far-field was measured 
with a pivot-mounted silicon-photodetector and showed a 13 x 40 * angular 
distribution (FWHM) for the horizontal and vertical directions, respectively. 
These values agree well with those reported in the literature for devices with 
similar ridge dimensions [69], [70]. 
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0.26 nm/K 

5.3.2 Temperature tuning 

As mentioned already in section 5.2, one of the most important features 
with respect to wavelength stabilization of a DBR laser is its temperature 
tuning behavior. Because of the wide modehop-free tuning range of DBR 
lasers, they are very suitable for frequency or wavelength stabilization. DBR 
lasers tune with temperature almost exclusively due to the temperature-
induced change of the material refractive index. On the other hand, the 
temperature tuning of a FP laser is mainly governed by the temperature-
controlled change of the material gain peak. This explains the large difference 
of the T-tuning coefficients, dX/dl, of these two laser types. In figure 5.5, we 
measured dÄ./dT = 0.078 nm/K for the DBR devices, while for the FP lasers, a 

d V d T = 0.26 nm/K was seen. 
The T-tuning of DBR lasers 
showed no large modehops over 
20K; the FP lasers fabricated 
from the same substrate showed 
mode-hopping (A?- = 1 nm) 

m 0 » „ _-::„*—•-~-i every 3 - 5 K. At room 
temperature (T = 298K), there 
was an emission wavelength 

a24h • —'- M*" 1 difference between DBR and FP 
is 20 25 30 35 lasers of 3 nm. This discrepancy 

Temperature pc] was caused by a small {~ 1 nm) 
Fig. 5.5 - Temperature tuning of DBR laser mismatch between simulated 
and FP laser a n d a c t u a l gat ing period. 

On our DBR lasers, we usually could see very small modehops from one 
Iasing mode to the next. These wavelength jumps were only around 0.2 nm in 
wavelength as seen in figure 5.6 (left); they correspond to the longitudinal 
mode separation of a 600 urn long DBR-cavity. For the explanation of this 
phenomenon, it is important to know that our DBR lasers can be considered 
as FP-lasers with one wavelength-selective mirror. As shown in figure 5.6, the 
longitudinal mode separation of 0.2 nm indicates that more than just one FP-
mode occurs within the 1-2 nm wide Bragg peak. 
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Fig. 5.6 - Sdiematic picture of the modehop-behavior (left) and the different T-
dependencies of gain and Bragg peaks (right) 
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If the gain peak is shifted to the short wavelength side of the Bragg peak 
at room temperature (see figure 5.6 right), the shortest-wavelength FP-mode 
within the Bragg peak will always läse. According to 

d"cff , p d i W dNq^ , L d"dr 
dÀpp \ ffY 3N dT J *ff 3T dX BngE 

= X - ^ i ~ , , — < — ^ (5-5) 

and 

dT D -(X) ' OT 
(5.6) 

and in agreement with the schematic representation of the tuning coefficients 
in figure 5.6, the FP-modes tune more slowly with increasing temperature 
than the Bragg peak. In the previous equations, XFP and Xßragg are the 
waveIength_of the Iasing FP-mode and the Bragg wavelength, respectively; 
neff(X) and netf(X) the wavelength-dependent refractive indices of pumped 
and Bragg section; nes and neff the effective refractive indices of pumped and 
Bragg section for the Bragg wavelength; native m e refractive index of the 
active layer; N and Nth the carrier density and the threshold carrier density; ( 
and Leff the pumped section and the effective grating length; T = 0.41 the 
confinement factor of the core and T the temperature. 

Due to the different T-tuning coefficients of Bragg peak and FP-modes, 
the progressively longer-wavelength modes will start to läse successively, 
corresponding to the 0.2 nm jumps in the left picture of figure 5.6. The larger, 
up to 1 nm wide, wavelength jumps occur if the Bragg peak is essentially 
broader than the separation between two neighboring FP-modes. If the gain 
peak of such a device shifts into the center of the Bragg peak by temperature, 
all modes within the Bragg peak have almost the same reflectivity, and the 
DBR laser will exhibit a T-tuning behavior similar to a FP laser in this T-range. 

The wavelength-dependent effective index, rwff(X), and the effective 
index at Xßragg, IWf, of both pumped and Bragg section correspond to the 
phase and the group velocities of the traveling wave, respectively, and 
depend on each other as follows: 

O-(X) = D - - X ^ (5.7) 

The value of the dispersion term in equation (5.7) can be calculated using a 
table with wavelength-dependent refractive indices [71]; we estimated 
drwf/dX = -2.5x10s m_1. Since this dispersion term is small, we can set n ^ and 
rteff(A.) equal, neff = neff(X) = 3.24. In the Bragg section, neff(X) and ruff are set 
equal at 3.16. 
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A quantitative analysis of the T-tuning coefficients of Bragg peak and 
lasing FP-mode of the DBR laser exhibited theoretical values of 
d?.Fp/dT = 0.062nm/K and d>.Bra&g/dT = 0.078nm/K, when assuming a T-
dependence of the effective refractive index of ôneff/cT = 3XlO4 K-1 (calculated 
using equation (5.6)), a carrier-induced refractive index change of 
inactive/ON = -O.óxlO-20 cm3 (according to references [72], [73] and [74]), and a 
T-dependence of the threshold carrier density of dNth/dT 3SxIO16Cm-3 K-1 

(see reference [64]). 

According to Suematsu [64] and in agreement with our experimental 
data, this results in 0.2 nm-mode-hopping every 10 -15 K, when operating the 
laser in a mode which is on the blue end of the Bragg peak. The modehop-free 
T-range can vary from device to device, corresponding to the different T-
dependencies of Bragg peak and FP-modes. Due to the different temperature 
tuning coefficients of gain- and Bragg peak of a DBR laser, we can always 
reach the T-range, at which the gain peak matches exactly the position of the 
Bragg peak by heating. Although this is the desired regime of maximal 
grating reflectivity, a strong grating with K » 100 cm-1 and a wide Bragg 
peak (AX.Bragg » 1 nm) can cause an undesired FP-Iaser-like T-tuning 
behavior. In conclusion, small DBR laser mode-hops can be seen whenever we 
have a mismatch between gain peak and Bragg peak at room temperature. 
For strong gratings and an exact match between gain and Bragg peak, 1 nm 
modehops are expected. 

5.4 INTEGRATION 

As a prototype integrated circuit, we fabricated a DBR laser with a non-
absorbing grating section, a transparent waveguide and an absorbing 
photodetector [75], [76]. The absorbing and transparent areas of this device 
were defined by VED, thereby demonstrating the ability of a combined 
VED/DBR laser process to fabricate PICs of increasing complexity [77]. A 
schematic picture of the device is shown in figure 5.7. 
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Fig. 5.7 - Schematic picture of an integrated circuit with DBR 
laser, transparent waveguide and photodetector 
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The pumped laser section and waveguide photodetector were each 
500 jam long. The length of the grating section was 130 um and that of the 
transparent waveguide 570 urn; a ridge width of 3 urn was employed. The use 
of a 70 run buffer layer between waveguide core and bottom of the grating, 
and the short grating section, were responsible for the large amount of light 
transmitted by the grating section. We calculated a grating reflectance of 50 %, 
in fair agreement with the measured value (30 - 40 %) obtained through a 
subsequent cleave and anti-reflective coating of the facets behind the 
photodetector and the transparent waveguide section. The grating period was 
380 nm, giving raise to laser emission at 814 run with a sidemode suppression 
ratio of 25 dB. This peak could be temperature-tuned with a tuning coefficient 
of dX/dT = 0.06 nm/K, compared to dX/dï = 0.25 nm/K at FP lasers of the 
same processing run. The blue-shift between PL spectra of shifted and 
unshifted areas was only 17 nm and achieved by a 25 s RTA at 960 0C. This 
procedure resulted in 30 dB/cm absorption loss in the waveguides. 

Based on the detector responsivity of 0.6 A/W, the waveguide length of 
570 nm, the waveguide loss of 30 dB/cm, and the results shown in figure 5.8, 
we could determine the output power on both sides of the laser. We achieved 
nearly balanced output power emerging from both cleaved facet and grating 

mirror. External quantum 
efficiencies of n = 0.21 W/ A 
from the cleaved facet and 
n = 0.13 W/A from the 
grating side facet were 
observed. The differential 
quantum efficiency was thus 
20 %. Small ripples in the P-I-
curve of these DBR lasers 
were noticeable; they indicate 
that the laser has to optimize 
its internal stored energy 
under changing phase 

conditions due to carrier- and 
Fig. 5.8-Optical poiuer and photodetector current ^ ^ ^ ^ ^ ^ refraC-
versus laser injection current ^ ^ x c h a n g e g S u c h 

ripples are unique features of a laser with a wavelength-selective (DBR) and a 
nonwavelength-selective mirror (cleaved facet). A typical threshold current of 
22 DiA was measured on these devices. 
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As mentioned above, the photodetector showed a high responsivity of 
0.6 A/W, implying 90 % quantum efficiency. At injection currents above 
35 mA, the photodetector seemed to saturate. Because of the poor electrical 
isolation between laser and photo-detector, we biased the detector with a 
voltage of OV during these measurements. Main reason for the saturation 
mentioned above was probably this missing reverse voltage on the 
photodiode. Under reverse voltage, an ohmic leakage current was seen, 
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indicating a resistance of only 5kCl between the two active devices. 
Nevertheless, the successful combination of a single-growth-step light emitter 
and a postgrowth bandgap-engineering technique has been shown. 

In future processing runs, we could suppress this electrical crosstalk by 
inserting two additional process steps. These process steps were the proton 
implantation of all non-waveguiding areas and the removal of the highly p-
doped cap layer outside all contact areas. A narrow 2 urn wide implanted 
stripe across the waveguide and the missing cap layer guaranteed the 
electrical isolation between adjacent active devices and also between active 
devices and waveguides. 
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In this section, we describe the fabrication procedure, the 
characterization, and the measurement results of our displacement sensors. 
We discuss first the single Michelson interferometer, and a second part 
contains the double Michelson interferometer work. Details of the fabrication 
will be presented in the appendix. 

6.1 PROCESS RECAPITULATION 

The full interferometer process will be described step by step in the 
appendix, therefore we will give here just an overview of all processing steps, 
without going into too much detail. For the fabrication of the monolithically 
integrated interferometer as presented in section 2.2.6, we used one epitaxial 
growth step, 8 photolithography steps and one holographic exposure. Since 
we usually worked with quarters of 2 inch GaAs wafers, our masks covered 
an area of 20 x 20 mm2. Smallest dimensions on the masks were 1 urn; this 
allowed fabrication by laser writing instead of e-beam writing. 

6.1.1 Layer structure 

The layer structure used for these monolithically integrated 
interferometers was grown by metal-organic vapor phase epitaxy on a GaAs 
substrate (n-doped 1.2XlO18Cm-3 Si) in a single growth step. It included an 
undoped 165 nm thick Alo.3Gao.7As waveguide core containing a single GaAs 
quantum well (7nm). This higher refractive, waveguiding layer was 
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Fig. 6.1 - Layer thicknesses and doping levels of our separate 
confinement double-heterostructure 

sandwiched between a 1.1 urn thick Alo.8Gao.2As lower cladding layer (n-
doped 1.5x1018 cm-3 Si) and an 0.85 um thick Al0.sGa0.2As upper cladding layer 
(p-doped 1.SxIO18Cm-3 Mg). A 160 nm thick highly p-doped (8xl018cnr3 Zn) 
GaAs contact layer completed the structure, as depicted in figure 6.1. The 
characterization of the quantum well structure was performed by measuring 
the PL spectrum (see also section 4.3). The doping levels were measured by 
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repeated etching of the surface and a subsequent determination of the 
conductivity (Polaron); the lattice constant was determined by X-ray 
diffraction. The substrate thickness of 400 urn allowed a minimal cleaved laser 
bar length of 1 mm. For FP laser fabrication, it was often necessary to cleave 
shorter pieces. This required wafer triinning to a minimal thickness of around 
100 urn by grinding and subsequent polishing. The polishing is not 
compulsory, but the surface roughness causes some strain in the material; on 
thin wafers this can result in bending. For the elimination of this strain, the 
wafer surface can also be wet etched in a citric acid/hydrogen-peroxide 
solution. The irunimal material thickness to be etched is twice the grain size of 
the grind. 

6.1.2 Interferometer process 

As shown in figure 6.2, processing started with the e-beam evaporation 
of 200 run SÌO2. This layer was patterned in a first photolithography step and 
RIE. Without stripping the photoresist, we then evaporated 300 run of SrF2 in 

B SiO2 

B SiO2 deposition 

• photoresist 

B 1st photolithography: SiO2 patterning 

• SrP2 

S SrF3 deposition 

SrFî SiO1 

O SfF2 patterning by lift-off / RTA I dielectric removal 

S 2nd photolithography: partial cap etch 

mptantcd CtGQs 

i : I ) ' 

6 3rd photolithography: proton implant 

Fig. 6.2 - Process steps 1 - 6 for interferometer 
fabrication 
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a self-aligned process. The patterning of this layer was performed by a lift-off 
process in Microposit remover 1165. Selective intermixing of the QW under 
the SiCh layer was then accomplished by a 40 s RTA at 9600C. The two 
dielectric layers were then removed by RIE (SÌO2) and a subsequent dip in 
diluted HCl (SrF2). In a second photolithography step, we prepared the chip 
for cap etch, which was done using a citric acid-based wet etchant. The GaAs 
cap layer was removed everywhere except in the contact region; this reduced 
the electrical crosstalk. 
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O 5th photolithography: isolation trench etch 
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J 
^ J 1 ^ 

O 7th photolithography: p-metal 

Fig. 6.3 - Process steps 7 - 11 far interferometer 
fabrication 

The third photolithography step used a 2.8 jim thick photoresist mask in 
order to protect the waveguiding regions from being proton-implanted. 
Proton implantation was performed at three different energies 
(40/70/100 keV) and a dose of 4 x 1015 cm-2. After a 30 min O2 plasma ash to 
remove the resist mask, we exposed the fourth photolithographic mask for 
dry etching the ridge waveguides (see figure 6.3). The etch depth of this 
MERIE step was defined to result in a residual clad thickness of 100 nm above 
the core. Using the same etch conditions, we dry etched the optical isolation 
trench between laser and photodetector ridge after the fifth photolithography 
step. 

The sample was then covered with a 250 nm thick PECVD SÌ3N<i-layer in 
order to passivate and electrically isolate the sidewalls of the ridges. After the 
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sixth photolithography step, which was used for the definition of the contact 
holes on top of the ridge waveguides, we dry etched the S^Nj-Iayer by RIE 
using CF4. The next, hence seventh, photolithography step was carried out 
with Hoechst AZ 5214 image reversal photoresist, resulting in an undercut 
mask profile; this was necessary for patterning the p-metalization. After 
evaporation of the p-metal layers (Ti/Pt/Au), we patterned these by a lift-off 
process using acetone (figure 6.4). Following the optional thinning of the 
substrate, we evaporated the n-metal layers (Ge/Au/Ni/Au) and annealed 
both p- and n-contacts in the RTA oven at 435 0C. 

p-metal S p-meial 

Si p-metal deposition (Ti/Pt/Au) and Irrl-oft 

^ ^ ^ ^ ^ L grating 
1 ; •'•& recess = s^pEfa; 

O 8th photolithography: grating recess window/ recess etch 

pumped 
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* holographic grating mash fabrication 
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-ns\rv\r\j\rd 

I - I I 

O wafer thinnmg and n-metalization (Ge/Au/Ni/Au) 

P"mp«i waveguide 
ft -'^^a grating n i 

ajJ^S 
B facet coatings (HR I AR) 

Fig. 6.4 - Process steps 12 - 17 for interferometer 
fabrication 

The eighth and therefore last photolithography step defined the grating 
recesses; these were again etched by CF4-RIE and MERIE to a depth of 230 nm 
above the core. Spinning of a very thin photoresist layer prepared the sample 
for holographic grating exposure using a HeCd-laser. Following development 
(Microposit developer/H2O, 1:1) and a double-sided 4nm thin Cr-
evaporation on top of the photoresist grating profile, we carried out an 
anisotropic O2-RIE. This process resulted in a clean grating mask, which was 
transferred into the remaining upper clad of the recessed waveguide again by 
MERIE. After the removal of this grating mask, we cleaved the wafer into 
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bars of 1.95 and 2.6 mm in length- Finally, an AR-coating on the measurement 
facet and an HR-coating on the laser facet was evaporated. These facet 
coatings should be understood rather as facet passivation layers and not as 
essential for CW laser operation and good signal contrast. 

6.2 CHIP DESCRIPTION 

In the following, we describe two different devices: the first is a single 
Michelson interferometer (SMI) such as shown schematically in figure 3.13; 
the second are configured as double Michelson interferometers (DMIs) and 
their schematic pictures are shown in figures 2.3 and 2.4. The SMI consisted of 
a DBR laser, a directional coupler, and a photodetector, while the more 
complicated DMI employed a DBR laser, two Y-couplers, two directional 
couplers, two photodetectors and two phase shifters. As already mentioned in 
section 2.2.6, we also fabricated DMIs without any directional couplers, but 
with four Y-couplers (figure 2.4). This measure resulted in a shorter total 
device length of only 1.95 mm. The length of the DMI with two directional 
couplers was 2.6 mm; the SMI was again 1.95 mm long. An individual SMI 
had therefore a size of 1.95 x 0.25 mm2, while DMIs were 2.6x0.35 mm2 in 
size. 

The pumped laser section and the waveguide photodetector were both 
500 u.m long; ridge width was 3 urn for all waveguides. The phase shifters in 
the two reference arms had a length of 340 urn, which was somewhat too 
short (see section 2.2.5). For the fabrication of the first generation SMIs, we 
employed three different coupler lengths of 100, 275 and 450 urn. The 
variation of the grating length was 150 and 200 urn. In the course of the 
experiments, the 450 urn coupler length and the 200 jun grating section length 
gave best results with respect to splitting ratio of the coupler and threshold 
current density of the laser. Therefore we decided to use these lengths in the 
second generation SMIs and DMIs consequently. 

Since curves with a too small radius can change the modal behavior of 
an originally monomode waveguide, we tried to work with a larger curve 
radius of 5 mm instead of the previously fabricated 500 um. This reduced the 
width of the chip from 0.35 mm to 0.25 mm, and the total chip size of a DMI 
to about 2.6 x 0.25 mm2. Due to the small distance between laser and 
photodetector (only 40 um) of these R = 5 mm-interferometers, we expected 
them to have a slightly higher optical crosstalk than the R = 500 jam-devices 
with 125 urn distance between laser and photodetector. Unfortunately, the 
isolation trench was too shallow, resulting in a much higher optical crosstalk 
of these R = 5 mm-devices. Therefore, no successful operation of them was 
demonstrated. 

As a further alternative, we fabricated DMIs using a 3x3-coupler 
structure. Such devices have been reported to result in an automatic phase 
quadrature, when using one of the outer waveguides as measurement arm 
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[78], [79]. Since our experiments showed a wide distribution of the phase 
between the two interference signals, we were not able to distinguish between 
processing-induced and design-inherent phase difference variations. 
Nevertheless, the 3x3-coupler structure has its advantages: Y-couplers were 
often responsible for mode conversion in the measurement arm, and an 
elimination of Y-coupler-based beam splitters could improve the quality of 
the mode behavior. For an improvement of the phase behavior, it will be very 
important to use monomode waveguides and an improved Y-coupler design 
with a tapered section. 

As shown in the process recapitulation (section 6.1), we used facet 
coatings in the first SMI fabrication run. The HR-coating of the laser facet 
consisted of an e-beam evaporated, X/4 Si02-layer (141 nm, n = 1.45, resulting 
in a total phase change per pass of 7i/2), a n d a V ^ Al-mirror (75 nm, n = 
2.745, resulting in a additional reflection-induced phase shift of n). This HR-
coating improved the facet reflectance from 30 % to about 92 %; the threshold 
current was reduced from 60 mA to around 35 mA [80]. On the measurement 
facet, we evaporated a one layer AR-coating consisting of a XfA Balzers PASO 
Ill-layer (108 nm, n = 1.9, total phase shift Tt). This AR-layer reduced the 
reference signal by a factor of 15, due to a residual reflectance of 2 %. The 
measurement signal increased by a factor of 2, due to the smaller facet 
reflection. This adaptation of the relative signal amplitudes of reference and 
measurement beam improved the contrast of the total interference signal. But 
the considerable reduction of the reference beam intensity resulted in a net 
reduction of the signal amplitude. In the second fabrication run, we therefore 
eliminated the facet coatings in favor of improved laser and directional 
coupler performance. 

6.3 MEASUREMENT SETUP 

A test bench for the characterization of optical Michelson 
interferometers was set up in the course of this work. All optical components 

Fig. 6.5 - The schematic picture ofthe measurement setup for interferometer 
characterization 
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were mounted on an Al-rail which allowed a fast exchange or movement of 
the single components. As shown in figure 6.5, these components were the 
temperature-stabilized mount for the interferometer chip, the 
micromanipulator holding the external gradient index (GRIN) lens, the 
movable, semi-transparent object mirror and the CCD camera with its 
ancillary lens. 

For the temperature-stabilization, we used a 15 x 15 mm2 Peltier-element 
(thermo-electric heat pump) with a thermo-resistor, and an ILX temperature 
controller (ILX LDT-5910B). This equipment allowed temperature 
stabilization to within ± 50 mK. The temperature-stable mount itself was a 24 
x 40 mm2 Al block, on which we placed and contacted the interferometer 
chips in bar form. For contacting the active devices, we used the same probers 
as for laser testing (The Micromanipulator Co.). The detector current 
measurements and the control of the modulator voltages were realized by an 
HP 4155A semiconductor parameter analyzer. Because of the relatively slow 
sampling rate of only 3 Hz, we were restricted in the displacement speed. The 
DBR laser was powered by a separate laser diode current source (ILX LDP-
3811) which allowed pulsed or continuous wave operation of the laser. 
Thanks to the monolithic integration of all necessary optical functions, we 
needed only one additional external optical element; this element was the 
GRIN lens for measurement beam collimation. Its pitch of 0.23 required 
0.5 mm distance from the measurement facet; this reduced the risk of 
scratching the interferometer facet. In a more advanced system, however, the 
GRIN lens would be fixed onto the chip, requiring a quarter pitch GRIN lens. 

Fig. 6.6 - Photograph of the measurement setup for 
interferometer characterization 

Figure 6.6 shows a photograph of the measurement setup. The white 
object at the left is one of the probers; right behind it, the mount for the chip 
can be seen. The block with the three small micrometer screws holds the 
GRIN lens, and the larger block with the electrical connection bears the 
gimbal-mounted mirror. On the right side of the picture is the CCD camera 
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with the lens. The background of the picture is filled with the piezo-control 
units, and on the top one can see the microscope for optical inspection of the 
probers on the chip. 

The movable object for these measurements was a semi-transparent 
mirror, which could be moved and tilted in two axes by piezo-actuators. The 
linear displacement was performed by a Photon Control X-Y-2-stage 
(Nanoblock) and controlled by a piezo-control unit (Melles Griot 17PCZ003) 
with feedback loop. Maximum drive voltage of the piezo-actuators was 75 V. 
A 5 nm positioning accuracy with a repeatability of 5 nm was guaranteed by 
the manufacturer. 

For testing of the SMIs, we controlled the mirror movement by an 
external voltage ramp. A continuous displacement of 20 um in one direction 
was achieved. The characterization of the DMIs required periodic changes of 
the movement direction; therefore, we used a symmetric sawtooth voltage 
from a function generator to drive the piezo-control. The magnitude of this 
voltage was adjusted to change the direction after each 2 urn and its frequency 
of 0.0167 Hz induced such changes every 1 min. These conditions gave best 
results in combination with the sampling rate of the detector current 
measurement. 

The use of a semi-transparent object mirror and the CCD camera 
facilitated the rough alignment of the measurement beam into 
autocollimation. Fine adjustment was carried out during the measurement by 
optimizing the detector signal. For this alignment, we used a gimbal mirror 
mount with two piezo-actuators, the latter resulting in a tilt accuracy of 
0.33 urad/V in the horizontal and of 0.67 urad/V in the vertical direction. The 
piezo-control unit for the tilt control (Physics Instruments P 263-20) supplied 
the piezo-actuators with a voltage of maximally -1000 V. 

6.4 MEASUREMENTRESULTS 

The SMIs fabricated in the first fabrication run were tested at room 
temperature when driving the DBR laser with an injection current of 50 mA 
CW. The laser threshold current was Ith = 35 mA, resulting in a threshold 
current density of 2.2kA/cm2. Emission wavelength was 820 nm, and the 
sidemode suppression ratio was determined to 25 dB. During the 
measurements, the photodetector was reverse biased at -5 V; the leakage dark 
current at this voltage was 500 pA. Between adjacent laser- and photodiodes, 
a resistance of 10 GQ was seen; thus the resistance increased by a factor of 106 

due to the proton implantation and the cap etch. Typical responsivity of these 
photodetectors was 0.5 A/W. Figure 6.7 shows part of a measured 
interferogram for a mirror distance of 3 cm and a mirror reflectance of 95 %. 
The maximal resolution of this measurement was one quarter of a fringe, thus 
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100 run. The maximal measurement distance was, limited by the enhanced 
laser linewidth, 45 cm. 

Interference measurements at constant mirror distance but using 
different mirror reflectances allowed the determination of the optical crosstalk 
between laser and photodetector. For the interferogram in figure 6.7, we 

estimated the optical crosstalk 
to be 15.8 nA; subtracting this 
value led to a signal contrast of 
V = 0.8 [81]. The experimental 
determination of the crosstalk 
signal current required the 
following procedure: the 
interference signals for 13 cm 
mirror distance and five 
different mirror reflectances (r 
= 0, 5, 54, 67 and 95 %) were 
measured. Then the resulting 

13O ' 2 4 6 8 averaged detector signals and 

Position [um] *** ^S1 1 3 1 amplitudes served 
as input numbers for the 

Fig. 6.7-Interferogram fir 3 cm mirror distance subsequent calculation. This 
as measured by integrated photodetector calculation used the equations 

(3.15), (6.1) and (6.2) five times 
each, and finally, a least squares fit was used to determine the five unknowns. 
These were: crosstalk signal (Icross), DBR laser output (Io), intrinsic phase 
difference (¢), parasitic facet reflectivity (ro), and GRIN lens coupling loss (C). 
The averaged detector signal, Iaverage, is defined by 

! . ^ = - ( 1 ^ + U ) (61) 

where W 1 and Imax are the minimal and maximal detector signals, 
respectively. The symbol A in 

A = | ( l m a x - I m i n ) (6.2) 

stands for the amplitude of the interference. With the help of (3.15), (6.1) and 
(6.2), we were able to calculate the averaged detector signals as well as the 
signal amplitudes as a function of the five unknowns. Since we measured 
with five different mirror reflectances, we obtained five equations for 
averaged signal and another five for the signal amplitude. Finally, the least 
squares fit solved the over-determined system of equations (10 equations for 5 
unknown numbers). As already mentioned, we obtained a value of 15.8 nA 
for the crosstalk; the total coupling loss in both directions through GRIN lens 
and AR-coated facet was on the order of 15 dB. The calculated values for the 
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five unknowns were thus: loos* = 15.8 nA, Io = 7.1 nA, ro = 3 %, C = 40 %, and $ 
= 3 rad. 

Concerning the optical crosstalk, we decided to insert an optical 
isolation trench between the active devices. This feature can reduce the 
crosstalk considerably. To improve its action, we refilled the trench with the 
p-metal layers; this should hinder the light from going directly into the 
photodetector. The limited etch depth of this trench resulted in no 
considerable crosstalk reduction. 

In order to determine the maximal object distance, we measured the 
signal contrast or visibility, defined by 

V = I m"~ I m i n (6.3) 
I__+I__-2I , v ' mix min cross 

as a function of mirror distance, z [82]. 

The Fourier-transform of this so-called auto-correlation function, V(z), is 
the lineshape of the light source; the maximal mirror distance at which 
interference can be seen is one half of the laser's coherence length. For our 

SMIs we observed, as indicated 
in figure 6.8, a fairly rapid 
decrease of the visibility with 
increasing mirror distance. For 
constant mirror reflectance 
(r = 67 %) and 3 cm distance, a 
contrast of 0.58 was measured, 
but at a distance of 45 cm, the 
visibility dropped to 0.03. The 
coherence length, Lc = c/Av, of 
the integrated DBR laser is 

0 2 °"3 0 4 ° 5 therefore 1 m; the linewidth 
Mirror distance [m] A v = 5 0 0 ^ 2 A c o n t r o l 

. _ , , , , measurement of this value using 
Fig. 6.8 - Measured signal contrast versus , -„.,««„«. r p e™w^™ 

,. ,,-,„/ x •. a scanning r r spectrum 
mirror distance (67 % reflectance) , ,. , . . ., 

•* ' analyzer resulted m a similar 
linewidth; however, the spectrum looked rather noisy. The reason for this 
enhanced linewidth was probably the disturbance of the laser activity 
through too much feedback caused by facet reflections. Without using optical 
isolation, it might be difficult to improve the laser properties. 

6.5 DIRECTION DETERMINATION 

In order to recognize a change in movement direction, and also for 
resolution improvement, we fabricated DMIs in a second processing run. As 
described in section 6.2, the realization of these devices required the 
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monolithic integration of many more optical components. The photograph of 
figure 6.9 gives an idea of the complexity of such structures. 

Fig. 6.9 - Photograph of a monolithically integrated displacement 
measurement chip with direction determination 

The picture shows two complete DMIs, the upper one with two 
directional and two Y-couplers, the lower one with one 3x3-coupler. The 
500 urn long rectangles on the left side are contact pads of DBR lasers and 
photodetectors. The small 200 jam long boxes next to them are the grating 
recesses, and the 340 um long contact pads on the right side are phase shifters. 
The characterization of these interferometers was performed with exactly the 
same setup as before. The only differences concerned the control voltage for 
the piezo-actuated mirror displacement, and the acquisition of two detector 
signals instead of one. 

We carried out these measurements by using a reverse voltage of -12 V 
on the detectors in order to guarantee as large signals as possible. The 
electrical crosstalk was very small, in the range of 100 pA, corresponding to a 
resistance between neighboring diodes of 10 GQ. The optical crosstalk of these 
devices could be measured by suppressing all parasitic facet reflections before 
cleaving the measurement facet. To improve optical isolation, we etched (in 
favor of the p-metal-filled, not sufficiently deep isolation trench) trenches 
between the metal pads of lasers and photodetectors; these were not filled 
with metal layers. The result was an asymmetric and still relatively high 
crosstalk into the two photodetectors, asymmetric because of the different 
distances of the laser ridge to the trench on the right and the left sides of the 
laser. Typical crosstalks of 35 nA and 16 nA were seen. 
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Fig. 6.10 - The tivo detector currents of the DMl for 
3.5 cm mirror distance and 67 % mirror reflectance 

Figure 6.10 shows the two detector signals as a function of the total 
distance moved. The signal amplitudes were 0.5 nA and 0.4 nA. At 1.2 and 
3.2 urn, there are changes of movement direction, indicated by the 
discontinuities in the lower and the upper interference signals, respectively. 
The slightly skewed shape of the interferograms corresponds to that 
predicted in section 3.5. 

The measurement presented here was carried out with no phase shifter 
voltage; we thus see that the accidental phase shift due to length differences 
of the two reference arms can produce nearly the desired phase shift of 90 °. 
Through a measurement with -12 V reverse voltage on one of the phase 
shifters, we achieved a maximal phase change of 20 °. For the needed value of 
90 °, either a longer phase shifter or more QWs would be necessary. 

A change of the relative phase between the two signals could also be 
achieved passively by changing the feedback conditions of the measurement 
beam. The presence of different higher order modes in the measurement arm 
is responsible for the possibility to change the relative phase between the two 
signals. As already mentioned in section 6.3, we used an external CCD camera 
for monitoring the position of the reflected sensing beam. In the ideal case, we 
could see a circular light spot (originating from the emerging sensing beam) 
and a second, weaker spot (originating from the reflected sensing beam). 
Changing the feedback conditions means in this context changing the relative 
position of the spot generated by the reflected measurement beam with 
respect to the spot produced by the measurement beam emerging from the 
cleaved facet. This position change leads to the exciting of a different order 
mode with a slightly different wavelength, and this effect changes the 
intrinsic phase between each reference arm and the measurement arm. The 
result is therefore a changed relative phase difference between the two 
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interference signals. As presumed in section 6.2, the use of Y-couplers for the 
beam splitting and joining caused some mode conversions, and was not 
helpful for the waveguides to support exclusively the TEoo mode [83]. 

The maximal measurement distance with the DMI was restricted to 
25 cm, corresponding to a coherence length of 0.5 m and a linewidth of 1 GHz. 
All measurements were carried out using a 67 % reflecting object mirror. In 
order to improve the resolution of the displacement measurement, we can 

plot the two detector signals 
as a function of each other 
as presented in figure 6.11. 
This plot is often referred to 
as Lissajous-figure. The 
ratio between the two 
ellipse main-axes indicates 
that we achieved a phase 
difference of 70 ° between 
the interferometer signals. 
In the ideal case of 90° 

43.0 43.2 43.4 43~6 43.8 44.0 44.2 P*13«5 difference and equal 
Detector current 2 [nA] si&&1 amplitudes, a circle 

would result. Deviations 
Fig. 6.11 - Plot of the ftuo interferometer signals as hom ^ i d e a I s h a p e w e r e 

a function of each other ^ 5 0 c a u s e d b y m e d ^ ^ 

sine and cosine-signals due the parasitic reflection at the measurement facet. 
Nevertheless, the displacement measurement using this representation 
improved the resolution by an order of magnitude. If we assume a maximal 
phase interpolation of ())/20, we expect a resolution on the order 20 run. 

For all measurements, we observed a fair vibration sensitivity of the 
whole interferometer, a high sensitivity to mirror misalignment, and an 
extreme sensitivity for walking people influencing the very small currents in 
the measurements cables. The probe needles, with a short unshielded 
connection to the BNC cables, seemed to act as antennas. Finally, 
measurement of the interferometer signal without external mirror was used to 
determine the temperature stability of the device. The standard deviations of 
the measured noise signals were less than one tenth of the interferometer 
signals in both directions. A rough estimation of the influence of this noise on 
the maximal resolution showed a slight degradation of the phase 
interpolation to within <f>/15. 
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7. CONCLUSIONS 

In this work, we presented the design, fabrication and testing of SMIs 
and DMIs useful for optical displacement measurement. The fabrication 
procedure was based on a VED process for bandgap-engineering and the use 
of a single-growth-step DBR laser as light source of the interferometers. An 
SMI united a DBR laser, one directional coupler, and a photodetector on a 
single GaAs-based chip; the DMI contained a DBR laser, two Y-couplers, two 
directional couplers, two phase shifters, and two photodetectors on the same 
chip. Both interferometer circuits needed only an external GRIN lens for 
measurement beam collimation. The minimal resolution of the SMIs was 
100 nm, while with the DMIs a resolution of 20 nm could be reached, due to 
improved phase interpolation. The enhanced laser linewidth of about 
500 MHz allowed the measurement at a maximal distance of 45 cm with the 
SMI and 25 cm with the DMI. With the SMI, we could measure unidirectional 
movement of an object mirror, and with the DMI, direction changes could be 
recognized. A direction change was manifested in a discontinuity in one of 
the two independent interferometer signals. The amplitudes of the two 
interferometer signals were 0.5 nA and 0.4 nA, a constant offset signal due to 
optical crosstalk of 35 nA and 16 nA was seen. Although we used a relatively 
simple processing, various active and passive optical components and 
functions could be monolithically integrated. 

7.1 POSSIBLE APPLICATIONS 

Because of the small physical size of the interferometers presented in 
this work, we propose them for applications in small systems. These include 
especially micro-electro-mechanical systems (MEMS). Displacement 
measurements in such systems require high resolution (1 nm), but the 
measurement distances are rather small, up to a few millimeters. Although 
our interferometer reached a high degree of monolithic integration, several 
further developments are required for possible MEMS applications. One is the 
integration of the beam-shaping element, which might be combined with a 
means to achieve surface-emission of the sensing beam. For this purpose, a 
focusing, surface-emitting grating coupler would be a useful structure. The 
fabrication of such a chirped focusing grating might require an additional 
electron-beam writing step. A further necessary improvement is the increase 
of the interferometer resolution. The use of the device to measure the 
displacement of an AFM-tip or the movement of a membrane requires sub-
10 nm-resolution. 

A further possible field of application for these interferometers is exact 
displacement measurement in mechanical workshop-oriented problems. 
There is considerable interest in replacing the glass rule-based displacement 
sensing on moving parts of CNC machine tools, or in height gauges, by 
interferometric methods. For such systems, the use of a monolithically 
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integrated optical approach would be an important step towards 
miniaturization and, thanks to the DBR laser as light source, also towards 
frequency stabilization. The frequency stabilization of a semiconductor laser 
suffers from the presence of modehops. These can shift the wavelength 
during operation, and if a hop happens to occur exactly on the wavelength to 
be locked on, no stabilization is possible. DBR lasers show only few 
modehops within a wide temperature range, therefore, they are very 
promising candidates for possible frequency stabilization. 

Since our system is considerably smaller than bulk optical 
interferometers, even when using an external GRIN lens, the presented 
degree of integration could be sufficient for these applications. Concerning 
the performance, however, an improvement of the signal contrast, especially 
at larger distances, is required. For mechanical applications, a resolution on 
the order of 1(H and a measurement distance of 1 m appear to be standard 
values. In order to achieve this resolution, a temperature stabilization of the 
whole chip to within ±10 mK would be necessary. An improvement of the 
coherence length by a factor of 10 or 20 would help to make the presented 
system useful for such applications. Due to the adverse operating conditions 
(changes of temperature, refractive index) in a mechanical workshop, our 
interferometric displacement measurement system would have to be operated 
in a well-defined atmosphere when being used in a machine tool. 

7.2 IMPROVEMENTS 

As already mentioned in section 7.1, some improvements are required 
when using such interferometers in different applications. In order to 
improve the signal contrast, a rnore deeply etched isolation trench is required. 
This measure will enable operation of the R = 5 mm devices; the latter are 
expected to guarantee monomode behavior of the waveguides and no mode 
conversion in the curves. 

The size of the measurement signals depends strongly on the absorption 
loss in the waveguides. A controlled reduction of this loss through a longer 
RTA step, without affecting laser performance, would therefore be desirable. 
Also, one of the free parameters for the signal optimization is the laser output 
power. Although the signal size is only linearly dependent on the laser 
output, an increase of the latter by a factor of 10, for example by a reduction 
of the contact resistance, would be helpful for interferometer performance. 
The output power does not depend on interferometer parameters, and 
therefore such an increase would not require further design compromises. As 
a last point, the coupling; ratio of the directional- and the Y-couplers should be 
further optimized towards 50:50 % splitting ratio. This quantity has no 
influence on the signal contrast, but improves the signal magnitude. 

One disadvantage of the monolithic integration of lasers and optical 
circuits is the large heat dissipation of the light emitter. The produced heat 
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warms the whole interferometer up and has thus to be dissipated efficiently, 
in order to enable good temperature stabilization. A measurement resolution 
of IO6, often required in mechanical systems, requires a comparable or better 
laser frequency stability and therefore a temperature stability within ± 10 mK. 
Locking the laser frequency on a gas absorption line (for example Cs at 
852 run or Rb at 780 nm) can be accomplished by a fast feedback loop and a 
temperature-tuned control of the laser frequency. This would then include 
good heat-sinking of the interferometer chip. 

Finally, it will be important to guarantee a long lifetime of our DBR 
lasers. As already mentioned, this can be achieved by a reduction of the p-
contact resistance or a by preventing any dopant diffusion during the VED 
process. 
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APPENDIXA 

A.1 CALCULATIONS 

A.Î.13x3-coupIer solved by coupled mode theory 

This calculation is based on the theory of coupled modes using 
perturbation theory and follows the illustration of chapter 13 in the book of A. 
Yariv [84]. The electric field amplitudes in the three waveguides are 
represented by the vector components ai. As shown in figure 3.11, we 
consider three fibers in an isosceles triangle configuration. The angle between 
the legs with equal length should be at least 60 °. We thus have a central and 
two outer waveguides. The number K governs the coupling strength between 
central and outer waveguides. The value of CXK (a < 1 or a = 1) is the coupling 
coefficient between the two outer waveguides. 

The matrix equation to be solved is 

( 0 
à_ 
dz 

V 

- I K - I K 

- Ì K 0 -CtiK 

^-ÌK -CCÌK 0 ) 

(A.l) 

U 3 / 

This equation can also be written in the following abbreviation 

— a = A a where a = a(z) 
dz 

If we diagonalize the A, we get matrix 

(A.2) 

J = 
% 

0 

^o 

0 

X2 

0 

0> 

0 

?-3> 

' 

= 

\ 

0 

0 IÜ(_ a_V8 + a 2 ) 0 

0 0 ctiK 

(A.3) 

with the three eigenvalues, Xi1 of A as diagonal elements. The corresponding 
basis transformation is defined by 

J = S"l-A-S (A.4) 

using 
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S = 
l+ct* + aj8+a3 

-4 

- a + V8+a : 

1 
1 8+a3-aV8+ä*" 

-4 
- a -V8 + a3 

1 
1 

0 J_ 
"V2 J_ 
V2 

(A.5) 

which is an orthogonal matrix. We then solve the diagonalized matrix 
equation 

This results in 

^ b = J .b 
dz 

(A.6) 

b = 
(W 
Mz) 

U3(Z)J 
= 

fb?-e^i 
bl-ax* 
b°-e M 

(A.7) 

The solution vector a can be calculated from b using a" = S • b and 
J = S"1 A-S. The result is 

— S b = A-S-b 
dz 

(A.8) 

which is equivalent to the first equation. Finally, we have to determine the 
free constants by inserting the starting conditions 

a? = 8,(2 = O) (A.9) 

For the special simple case a = 1, the final result is given in equations (3.12), 
(3.13) and (3.14). For the calculation of the intensities out of the amplitudes, 
we have to consider the squares of the complex amplitude components a,. 

A.1.2 Interferometer with parasitic reflection in sensing arm 

If we have no parasitic reflection at the AR-coated facet of the device, we 
can calculate the dual beam interference between the electric fields 

E1 = E0r0-ei5 and E2 =E„r-e* (A.10) 

simply by adding the field amplitudes and taking the square of the absolute 
value; this is done in the equation 

1(6) = 1 ™ . + E l + E 2 (A l l ) 

and results in 
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1(5) = 1 eroismo + r '+ -
2r0r 

rn
2+r : •COS' (8-*) (A.12) 

Iooss is the crosstalk intensity, ro the reference mirror reflectivity and r the 
object mirror reflectivity. Considering the parasitic FP-cavity, formula (A.12) 
turns in a rather complicated expression. 

pwwitè Fibiy-Pfeot 
lnteffcrofncter 

(mdsuccment [fuse £} 

Fig. A.l - Single Michelson interferometer chip with 
all external elements ana simulated parameters 

The following notations and equations have been used in (A.10) to (A.12): 
6 = 47rdn/X is the measurement phase, C the GRIN lens coupling loss per 
pass, $ the intrinsic phase difference, Icross the crosstalk intensity and Io the 
DBR laser output. For the calculation of the more complicated case with a 
parasitic FP-interferometer in the sensing arm, we start with the electric field 
in the FP-cavity. Here the reflection on an interface semiconductor-air causes 
an additional phase shift of TT; therefore the reflectivity ro has an additional 
factor (-1). If we insert the electric fields 

E, s - E ^ r - e * and E, = En- r ° + r " e 

l-r0r-e i B (A.13) 

into equation (A.ll), we can calculate the total interference signal of an 
interferometer with parasitic FP-cavity: 

1(5) = I ™ . + L 

e + 

...+2 

( r 0 -Cr ) : +4Cr 0 r s in : 

( l - C r 0 r ) 2
+ 4 C r 0 r s i n 2 ^ ] 

r0
2 (l + r0

2 ) cos (|> - Cr0r(r0
2 cos(5 + <}>) + cos(ô - ¢)) 

( l - C r 0 r ) 2 + 4 C r o r s i n 2 ^ j 

(A.14) 
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In figure 3.13, we already presented the calculated interference signals for 
four different mirror reflectances r2. 

A.2 SPECIAL PROCESS STEPS 

A.2.1 Waveguide dry etching 

All waveguides used for these interferometers were fabricated with the 
same dry etch process. Processing started with the spinning of a 1.3 jam thick 
photoresist layer (Shipley S1813,4000 min-1). The photolithography step using 
the waveguide mask produced then 3 urn wide photoresist stripes. These 
structures were postbaked in a convection oven at 130 0C in order to allow a 
reflow of the photoresist and to achieve very smooth sidewalls [85]. The dry 
etching was performed by magnetic field-enhanced reactive ion etching 
(MERIE) using 2 seem SiCl4 at 0.2 mTorr pressure, 200 W rf power, and -110 V 
dc bias [86]. These conditions gave best results in terms of waveguide 
scattering loss and steepness of the sidewalls. For our weakly index-guided 
structures, we etched the waveguides to a depth of 100 nm above the 
waveguide core (see figure 2.2). 

A.2.2 Metals 

The patterning of the p-metal layers was carried out by a lift-off process 
using Hoechst AZ 5214 image reversal photoresist. This resist required a 
process which started with spinning at 4000 min-1 and following postbake at 
120 0C for 1 min. After 7 s exposure of the clear field p-metal mask, we had to 
make a hardbake at 120 0C for 2 min in order to stabilize the resist in the 
exposed areas. The following 14 s flood exposure un-crosslinked the 
unexposed areas, and the subsequent development (Shipley MF-319) removed 
the un-crosslinked photoresist; the generated undercut profile with an 
overhang of 0.5 nm was ideal for p-metal lift-off. We measured this overhang 
approximately in the SEM. 
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A.3 FULL PROCESS DESCRIPTIONS 

In this last section, we give the detailed process sheets for the broad area 
lasers, the Fabry-Pérot lasers, the DBR lasers, and the whole interferometers. 

A.3.1 Broad area laser process 

Layer identification 
SL 

MASKS 

Description 
Slit-mask with 50 urn slits for p-metal evaporation 

STEP 1 - STANDARD SOLVENT CLEAN 

Step 
1.1 

1.2 
1.3 

Process 
Trichloroethylene 
Acetone 
Isopropanol 
DI rinse 
Inspection 

Parameters 
2:00,25 0C / 1:00 ultrasound 
2:00,25 0C / 1:00 ultrasound 
2:00,25 0C / 1:00 ultrasound 
1:00; N2 dry 
Random dirt, filth and rubbish 

STEP 2 - P-METALIZATION 

2.1 
2.2 

2.3 
2.4 

Dehydration 
Mounting into 
vacuum holder 
Deposition 
Inspection 

180 0C, 30:00, oven 
Each piece covers at least one hole 

Ti/Pt/Au 80/120/100 nm 
Random dirt, filth and rubbish 

STEP 3 - WAFER THINNING 
3.1 
3.2 
3.3 
3.4 
3.5 

Wafer fix 
Triinning 
Release wafer 
DI rinse 
Inspection 

Wax on hot glass substrate 
Thickness: 100 urn, grit size 5 urn 
Trichloroethylene 10:00,50 °C 
1:00; N2 dry 
PR remnants, alignment 

STEP 4 - STANDARD SOLVENT CLEAN | 

4.1 

4.2 
4.3 

Trichloroethylene 
Acetone 
Isopropanol 
DI rinse 
Inspection 

2:00,25 0C / 1:00 ultrasound 
2:00,25 0C / 1:00 ultrasound 
2:00, 25 0C / 1:00 ultrasound 
1:00; N2 dry 
Random dirt, filth and rubbish 
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STEP 5 - ETCH WITH PHOSPHORIC ACID 

5.1 
5.2 

Stress removal 
Inspection 

H3PO4/HCI 3:1,1:30, soft soaking 
Random dirt, filth and rubbish 

: _ 

I STEP 6 - N-METAL DEPOSITION AND ANNEAL 

6.1 
6.2 
6.3 

Deposition 
Anneal 
Inspection 

Ge/Au/Ni/Au 30/47/30/100 nm 
RTA oven, 435 0C, 1:00 (Cantilever T-sensor) 
Surface morphology 

STEP 7 - CAP ETCH 

7.1 
7.2 

Cap etch 
Inspection 

C6H8O7ZH2O2 6:1,2:00 
Random dirt, filth and rubbish 

STEP 8 - SCRATCH AND CLEAVE 

8.1 
8.2 
8.3 

Scratches 
Cleaving 
Inspection 

Diamond scratcher, d = 500 um 
Cleave machine 
Surface of cleaved facets 
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A.3.2 Fabry-Pérot laser process 

MASKS 

Layer identification 

EBR 
WG 

CON 
PM 

Description 
Edge bead removal 

Waveguide 
Contact hole 

P-metal 

STEP 1 - STANDARD SOLVENT CLEAN 

Step 
1.1 

1.2 
1.3 

Process 
Trichloroethylene 
Acetone 
Isopropanol 
DI rinse 
Inspection 

Parameters 
2:00,25 0C / 1:00 ultrasound 
2:00,25 0C / 1:00 ultrasound 
2:00,25 °C / 1:00 ultrasound 
1:00; N2 dry 
Random dirt, filth and rubbish 

STEP 2 - PHOTOLITHOGRAPHY (WAVEGUIDES) 

2.1 
2.2 
2.3 
2.4 

2.5 
2.6 
2.7 
2.8 

Dehydration 
Photoresist 
Softbake 
Edge bead removal 

Exposure 
Development 
De-scum 
Inspection 

180 0 C 30:00, oven 
Microposit S1800-13, spin: 4000 rpm, 0:30 
115 0C, 0:45, hotplate 
Exposure: EBR mask, 0:50 
Development: Microposit MF-319,1:20 
WG mask (clear field), 0:06 
Microposit MF-319,0:40 
O2 plasma, 300 mTorr, 50 W, 2:00 
PR remnants, alignment 

STEP 3 - WAVEGUIDE RIDGE ETCH 

3.1 
3.2 

3.3 
3.4 

Hardbake 
Etch 

Inspection 
Characterization 

130 0C, 30:00, oven 
Magnetron RIE: 2 seem SiCU 
0.2 mTorr, 200 W, 110 V, 10 0C 
Etch rate: 45 nm/min 
Depth: 900 nm, Time: 20:00 
Surface debris, redeposition 
Etch depth (Dektak), profile (SEM) 
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STEP 4 - PHOTORESIST STRIP 

4.1 
4.2 

4.3 
4.4 
4.5 
4.6 

Plasma soften 
Microposit remover 
1165 (2 beakers) 
Isopropanol rinse 
DI rinse 
Plasma clean 
Inspection 

O2, 700 mTorr, 300 W, 15:00 
Beaker 1: 80 0 C 10:00 ultrasound 
Beaker 2: 80 0 C 10:00 ultrasound 
2:00,25 0C / 1:00 ultrasound 
1:00; N2 dry 
O2,700 mTorr, 300 W, 15:00 
PR remnants, random filth 

j STEP 5 - SI3N4 DEPOSITION 

5.1 

5.2 
5.3 

Deposition 

Inspection 
Characterization 

PECVD: 250 seem N2 

3SCCmNH3 

93 seem SiH4 

600 mTorr, 10 W, 300 0C, thickness: 250 nm 
Uniformity 
Ellipsometer: thickness, refractive index 

STEP 6 - PHOTOLITHOGRAPHY (CONTACT HOLE) 

6.1 
6.2 
6.3 

6.4 
6.5 
6.6 
6.7 

Photoresist 
Softbake 
Edge bead removal 

Exposure 
Development 
De-scum 
Inspection 

Microposit S1800-13, spin: 4000 rpm, 0:30 
115 0C, 0:45, hotplate 
Exposure: EBR mask, 0:50 
Development: Microposit MF-319,1:20 
CON mask (dark field), 0:06 
Microposit MF-319,0:40 
O2 plasma, 300 mTorr, 50 W, 2:00 
PR remnants, alignment 

STEP 7 - CONTACT HOLE (SI3N4) ETCH 

7.1 
7.2 
7.3 

Inspection 
Etch 
Damage remove 

Contact hole 
RIE: 50 seem CF4,50 mTorr, 100 W, 300 V, 5:00 
b-HF, 25 0C, 0:05 

STEP 8 - PHOTORESIST STRIP 

8.1 
8.2 

8.3 
8.4 
8.5 
8.6 

Plasma soften 
Microposit remover 
1165 (2 beakers) 
Isopropanol rinse 
DI rinse 
Plasma clean 
Inspection 

O2,700 mTorr, 300 W, 15:00 
Beaker 1: 80 0C, 10:00 ultrasound 
Beaker 2:80 0C, 10:00 ultrasound 
2:00,25 0C / 1:00 ultrasound 
1:00; N2 dry 
O2,700 mTorr, 300 W, 15:00 
PR remnants, random filth 
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STEP 9 - PHOTOLITHOGRAPHY (P-METALIZATION) 

9.1 
9.2 
9.3 
9.4 

9.5 
9.6 
9.7 
9.8 
9.9 

I 9.10 

Dehydration 
Photoresist 
Postbake 
Edge bead removal 

Exposure 
Hardbake 
Flood exposure 
Development 
De-scum 
Inspection 

180 0C, 30:00, oven 
Hoechst AZ 5214, spin: 4000 rpm, 0:30 
Hotplate: 120 0C, 1:00 
Exposure: EBR mask 1:00 
Development Microposit MF-319,1:00 
PM mask (clear field), 0:07 
120 0C, 2:00 
Without mask: 0:14 
Microposit MF-319 (without soaking), 2:00 
O2 plasma, 300 mTorr, 50 W, 2:00 
PR remnants, alignment 

STEP 10 - P-METAL DEPOSITION AND LIFTOFF 

10.1 
10.2 
10,3 
10.4 

Contact wash 
Deposition 
Liftoff 
Inspection 

HC1/H201:5,9°C,1:00 
Ti/Pt/Au 80/120/200 nm 
Acetone, 15:00,25 0C / 0:30 ultrasound 
Surface morphology 

STEP 11 - STANDARD SOLVENT CLEAN 

11.1 

11.2 
11.3 

Trichloroethylene 
Acetone 
Isopropanol 
DI rinse 
Inspection 

2:00,25 0C / 1:00 ultrasound 
2:00,25 0C / 1:00 ultrasound 
2:00, 25 0C / 1:00 ultrasound 
1:00; N2 dry 
Random dirt, filth and rubbish 

STEP 12 - WAFER THINNING 

12.1 
12.2 
12.3 
12.4 
12.5 
12.6 

Wafer fix 
Thinning 
Polish 
Release wafer 
DI rinse 
Inspection 

Wax on hot glass substrate 
Thickness: 100 urn, grit size 3 um 
AI2O3 slurry (fine) 
Trichloroethylene 10:00,50 0C 
1:00; N2 dry 
Random dirt, filth and rubbish 

STEP 13 - N-METAL DEPOSITION AND ANNEAL 

13.1 
13.2 
13.3 

Deposition 
Anneal 
Inspection 

Ge/Au/Ni/Au (30/47/30/100 nm) 
RTA oven, 435 0C, 1:00 (cantilever T-sensor) 
Surface morphology 

STEP 14 - SCRATCH AND CLEAVE 

14.1 
14.2 
14.3 

Scratches 
Cleaving 
Inspection 

Diamond scratcher, d = 500 um 
Cleave machine 
Surface of cleaved facets 
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A.3.3 DBR laser process 

Layer 

Step 
1.1 

1.2 

I 1 3 

2.1 
2.2 
2.3 
2.4 

2.5 
2.6 
2.7 
2.8 

3.1 
3.2 

3.3 
3.4 

MASKS 

identification 

EBR 
WG 

CON 
PM 

GRA 

Description 
Edge bead removal 

Waveguide 
Contact hole 

P-metal 
Grating recess 

STEP 1 - STANDARD SOLVENT CLEAN 

Process 
Trichloroethylene 
Acetone 
Isopropanol 
DI rinse 
Inspection 

Parameters 
2:00,250C/ 1:00 ultrasound 
2:00,25 0C / 1:00 ultrasound 
2:00,25 0C / 1:00 ultrasound 
1:00; N2 dry 
Random dirt, filth and rubbish 

STEP 2 - PHOTOLITHOGRAPHY (WAVEGUIDES) 

Dehydration 
Photoresist 
Softbake 
Edge bead removal 

Exposure 
Development 
De-scum 
Inspection 

180 0C, 30:00, oven 
Microposit S1800-13, spin: 4000 rpm, 0:30 
115 0C, 0:45, hotplate 
Exposure: EBR mask, 0:50 
Development: Microposit MF-319,1:20 
WG mask (clear field), 0:06 
Microposit MF-319, 0:40 
O2 plasma, 300 mTorr, 50 W, 2:00 
PR remnants, alignment 

STEP 3 - WAVEGUIDE RIDGE ETCH 

Hardbake 
Etch 

Inspection 
Characterization 

130 0C, 30:00, oven 
Magnetron RIE: 2 seem SiOU 
0.2 mTorr, 200 W, 110 V, 10 0C 
Etch rate: 45 nm/min 
Depth: 900 nm, Time: 20:00 
Surface debris, redeposition 
Etch depth (Dektak), profile (SEM) 
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STEP 4 - PHOTORESIST STRIP 

4.1 
! 4.2 

4.3 
4.4 
4.5 
4.6 

Plasma soften 
Microposit remover 
1165 (2 beakers) 
Isopropanol rinse 
DI rinse 
Plasma clean 
Inspection 

O2, 700 mTorr, 300 W, 15:00 
Beaker 1:80 0 C 10:00 ultrasound 
Beaker 2:80 0C, 10:00 ultrasound 
2:00,25 0C / 1:00 ultrasound . 
1:00; N2 dry 
O2, 700 mTorr, 300 W, 15:00 
PR remnants, random filth 

STEP 5 - SI3N4 DEPOSITION 

5.1 

5.2 
5.3 

Deposition 

Inspection 
Characterization 

PECVD: 250sccmN2 

3 seem NH3 

93 seem SiH4 

600 mTorr, 10 W, 300 0C, thickness: 250 nm 
Uniformity 
Ellipsometer: thickness, refractive index 

STEP 6 - PHOTOLITHOGRAPHY (CONTACT HOLE) 

6.1 
6.2 
6.3 

6.4 
6.5 
6.6 
6.7 

Photoresist 
Softbake 
Edge bead removal 

Exposure 
Development 
De-scum 
Inspection 

Microposit S1800-13, spin: 4000 rpm, 0:30 
115 0C, 0:45, hotplate 
Exposure: EBR mask, 0:50 
Development: Microposit MF-319,1:20 
CON mask (dark field), 0:06 
Microposit MF-319,0:40 
O2 plasma, 300 mTorr, 50 W, 2:00 
PR remnants, alignment | 

STEP 7 - CONTACT HOLE (SI3N4) ETCH 
1 7.1 

7.2 
7.3 

Inspection 
Etch 
Damage remove 

Contact hole 
RIE: 50 seem CF4, 50 mTorr, 100 W, 300 V, 5:00 
b-HF, 25 0C, 0:05 

STEP 8 - PHOTORESIST STRIP 

8.1 
8.2 

8.3 
8.4 
8.5 
8.6 

Plasma soften 
Microposit remover 
1165 (2 beakers) 
Isopropanol rinse 
DI rinse 
Plasma clean 
Inspection 

O2, 700 mTorr, 300 W, 15:00 
Beaker 1: 80 0C, 10:00 ultrasound 
Beaker 2:80 0C, 10:00 ultrasound 
2:00,25 0C11:00 ultrasound 
1.00; N2 dry 
O2,700 mTorr, 300 W, 15:00 
PR remnants, random filth | 
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STEP 9 - PHOTOLITHOGRAPHY (P-METALIZATION) 

9.1 
9.2 
9.3 
9.4 

9.5 
9.6 
9.7 
9.8 
9.9 

9.10 

Dehydration 
Photoresist 
Postbake 
Edge bead removal 

Exposure 
Hardbake 
Flood exposure 
Development 
De-scum 
Inspection 

180 0 Q 30:00, oven 
Hoechst AZ 5214, spin: 4000 rpm, 0:30 
Hotplate: 120 0C, 1:00 
Exposure: EBR mask 1:00 
Development: Microposit MF-319,1:00 
PM mask (clear field), 0:07 
120 0C, 2:00 
Without mask: 0:14 
Microposit MF-319 (without soaking), 2:00 
O2 plasma, 300 mTorr, 50 W, 2:00 
PR remnants, alignment | 

STEP 10 - P-METAL DEPOSITION AND LIFTOFF 

10.1 
10.2 
10.3 
10.4 

Contact wash 
Deposition 
liftoff 
Inspection 

HCVH2OlS, 9 0C, 1:00 
Ti/Pt/Au 80/120/200 run 
Acetone, 15:00,25 0C / 0:30 ultrasound 
Surface morphology 

STEP 11 - STANDARD SOLVENT CLEAN 

11.1 

11.2 
: 11.3 

Trichloroethylene 
Acetone 
Isopropanol 
DI rinse 
Inspection 

2:00,25 °C / 1:00 ultrasound 
2:00,25 0C / 1:00 ultrasound 
2:00,25 0C / 1:00 ultrasound 
1:00; N2 dry 
Random dirt, filth and rubbish 

STEP 12 - PHOTOLITHOGRAPHY (GRATING RECESS) | 

12.1 
12.2 
12.3 

12.4 
12.5 
12.6 
12.7 

Photoresist 
Softbake 
Edge bead removal 

Exposure 
Development 
De-scum 
Inspection 

Microposit S1800-13, spin: 4000 rpm, 0:30 I 
115 0C, 0:45, hotplate 
Exposure: EBR mask, 0:50 
Development: Microposit MF-319,1:20 
GRA mask (dark field), 0:06 
Microposit MF-319,0:40 
O2 plasma, 300 mTorr, 50 W, 2:00 
PR remnants, alignment 

STEP 13 - GRATING RECESS ETCH 

13.1 
13.2 
13.3 

Inspection 
Si3N4-etch 
Etch 

Grating recess window 
RIE: 50 seem CF4,50 mTorr, 100 W, 300 V, 5:00 
Magnetron RIE: 2 seem SiCU 
0.2 mTorr, 200 W, 110 V, 10 0C 
Etch rate: 45 run/min 
Depth: 770 nm, Time: 17:00 
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STEP 14 - PHOTORESIST STRIP 

14.1 
14.2 

14.3 
14.4 
14.5 
14.6 

Plasma soften 
Microposit remover 
1165 (2 beakers) 
Isopropanol rinse 
DI rinse 
Plasma clean 
Inspection 

O2,700 mTorr, 300 W, 15:00 
Beaker 1: 80 0C, 10:00 ultrasound 
Beaker 2:80 0C, 10:00 ultrasound 
2:00,25 0C / 1:00 ultrasound 
1:00; N2 dry 
O2,700 mTorr, 300 W, 15:00 
PR remnants, random filth 

STEP 15 - GRATING MASK FABRICATION 

15.1 
15.2 
15.3 
15.4 
15.5 
15.6 
15.7 
15.8 

I 15.9 

Photoresist 
Softbake 
Inspection 
Holographic setup 
Exposure 
Development 
Cr-evaporation 
02-etch. 
Inspection 

Microposit S 1800-01.5, spin: 4000 rpm, 0:30 
115 0C, 0:45, hotplate 
Surface morphology, thickness uniformity 
Grating period: A = 380 nm 
HeCd-laser (k = 441.6 nm), 5:00 (integrated) 
Microposit developer/HsO 1:1,0:30 
4 nm each side, 13 ° tilted to substrate plane 
RIE: 10 seem O2,3 mTorr, 80 W, 490 V, 10:00 
Profile and depth (SEM) 

STEP 16 - GRATING ETCH 

16.1 

16.2 
16.3 

Etch 

Plasma clean 
Inspection 

Magnetron RIE: 6 seem SiCU 
1 mTorr, 200 W, 110 V, 10 °C 
Etch rate: 60 nm/min 
Depth: 160 nm, Time: 2:40 
O2, 700 mTorr, 300 W, 30:00 
Profile, depth (SEM) and length (microscope) 

STEP 17-WAFER THINNING | 

17.1 
17.2 
17.3 
17.4 
17.5 
17.6 

Wafer fix 
Thinning 
Polish 
Release wafer 
DI rinse 
Inspection 

Wax on hot glass substrate I 
Thickness: 100 firn, grit size 3 um 
Al203 slurry (fine) 
Trichloroethylene 10:00,50 0C 
1:00; N2 dry 
Random dirt, filth and rubbish 

STEP 18 - N-METAL DEPOSITION A N D ANNEAL 

18.1 
18.2 
18.3 

Deposition 
Anneal 
Inspection 

Ge/ Au/Ni / Au (30/47/30/100 nm) 
RTA oven, 435 0C, 1:00 (cantilever T-sensor) 
Surface morphology 
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STEP 19 - SCRATCH AND CLEAVE 

19.1 
19.2 
19.3 

Scratches 
Cleaving 
Inspection 

Diamond scratcher, d = 500 um | 
Cleave machine 
Surface of cleaved facets 
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A3.4 Interferometer process 

MASKS 

Layer identification 
EBR 
DCA 
CAP 

II 
WG 
TRE 
CON 
PM 

GRA 

Description 
Edge bead removal 

Dielectric cap anneal 
Cap etch 

Ion implant 
Waveguide 

Isolation trench 
Contact hole 

P-metal 
Grating recess 

STEP 1 - STANDARD SOLVENT CLEAN 

Step 
1.1 

1.2 
1.3 

Process 
Trichloroethylene 
Acetone 
Isopropanol 
DI rinse 
Inspection 

Parameters 
2:00,25 0C / 1:00 ultrasound 
2:00,25 °C / 1:00 ultrasound 
2:00,25 0C / 1:00 ultrasound 
1:00; N2 dry 
Random dirt, filth and rubbish 

STEP 2 - PHOTOLITHOGRAPHY (DIELECTRIC CAP ANNEAL) 

2.1 
2.2 
2.3 
2.4 
2.5 

2.6 
2.7 
2.8 
2.9 

2.10 

Dehydration 
Si02-evaporation 
Photoresist 
Softbake 
Edge bead removal 

Exposure 
Development 
De-scum 
Inspection 
Etch 

180 0C, 30:00, oven 
Thickness: 200 nm, r = 3 Ä/s, po = 2x1fr6 Torr 
Microposit S1800-13, spin: 4000 rpm, 0:30 
115 0 Q 0:45, hotplate 
Exposure; EBR mask, 0:50 
Development; Microposit MF-319,1:20 
DCA mask (dark field), 0:06 
Microposit MF-319,0:40 
O2 plasma, 300 mTorr, 50 W, 2:00 
PR remnants, alignment 
RIE, 50 seem, 50 mTorr, 100 W, 300 V, 5:00 

STEP 3 - SRF2-DEPOSmON A N D LIFTOFF 

3.1 
3.2 

3.3 
3.4 

SrF2-evaporation 
Liftoff 

Isopropanol rinse 
Inspection 

Thickness: 300 nm, r = 5 Ä/s, po = 5x10* Torr 
Microposit remover 1165 
2:00, 80 0C / 1:00 ultrasound 
2:00, 25 0C / 1:00 ultrasound 
PR remnants, alignment 
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STEP 4 - DIELECTRIC CAP ANNEAL AND DIELECTRIC STRIP 

4.1 

4.2 
4.3 
4.4 

Rapid thermal anneal 

SiC>2-etch 
SrF2-removal 
Inspection 

960 0C, 40 sees, on GaAs proximity wafer 
(T-shaped temperature sensor) 
RIE, 50 seem, 50 mTorr, 100 W, 300 V, 5:00 
HC1/H201:9,0:20 
Surface damage, SiCh/SrF2-interface 

STEP 5 - STANDARD SOLVENT CLEAN 

5.1 

5.2 
5.3 

Trichloroethylene 
Acetone 
Isopropanol 
DI rinse 
Inspection 

2:00,25 0C / 1:00 ultrasound 
2:00,25 0C / 1:00 ultrasound 
2:00,25 0C / 1:00 ultrasound 
1:00; N2 dry 
Random dirt, filth and rubbish 

STEP 6 - PHOTOLITHOGRAPHY (CAP ETCH) 

6.1 
6.2 
6.3 
6.4 

6.5 
6.6 
6.7 
6.8 

Dehydration 
Photoresist 
Softbake 
Edge bead removal 

Exposure 
Development 
Cap etch 
Inspection 

180 0C, 30:00, oven 
Microposit S1800-13, spin: 4000 rpm, 0:30 
115 0C, 0:45, hotplate 
Exposure: EBR mask, 0:50 
Development: Microposit MF-319,1:20 
CAP mask (clear field), 0:06 
Microposit MF-319,0:40 
C 6 H 8 C V H 2 O 2 6:1,2:00 

Random dirt, filth and rubbish 

STEP 7 - PHOTORESIST STRIP 

7.1 
7.2 

7.3 
7.4 
7.5 
7.6 

Plasma soften 
Microposit remover 
1165 (2 beakers) 
Isopropanol rinse 
DI rinse 
Plasma clean 
Inspection 

O2, 700 mTorr, 300 W, 15:00 
Beaker 1:80 0C, 10:00 ultrasound 
Beaker 2: 80 0C, 10:00 ultrasound 
2:00,25 0C / 1:00 ultrasound 
1:00; N2 dry 
O2,700 mTorr, 300 W, 15:00 
PR remnants, random filth 

STEP 8 - PHOTOLITHOGRAPHY (ION IMPLANT) 

8.1 
8.2 
8.3 
8.4 

8.5 
8.6 
8.7 
8.8 

Dehydration 
Photoresist 
Softbake 
Edge bead removal 

Exposure 
Development 
Hardbake 
Inspection 

180 0C, 30:00, oven 
Microposit S1800-28, spin: 4000 rpm, 0:30 
115 0C, 0:45, hotplate 
Exposure: EBR mask, 1:10 
Development: Microposit MF-319,1:30 
II mask (clear field), 0:10 
Microposit MF-319,1:00 
130 0C, 5:00, hotplate 
PR remnants, alignment, reflow 
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STEP 9 - ION IMPLANT AND PHOTORESIST STRIP | 

9.1 
9.2 
9.3 
9.4 
9.5 
9.6 

Ship to NTB 
Ion implant 
Ion implant 
Ion implant 
Plasma clean 
Inspection 

Pack into black wafer boxes | 
H+,40keV,4xl015cnr2 

H+, 70 keV, 4xl015 cnr2 

HMOO keV, 4XlO1ScTn-2 

O2, 700 mTorr, 300 W, 45:00 
PR remnants, random filth 

STEP 10 - PHOTOLITHOGRAPHY (WAVEGUIDES) 

10.1 
10.2 
10.3 
10.4 

10.5 
10.6 
10.7 
10.8 

Dehydration 
Photoresist 
Softbake 
Edge bead removal 

Exposure 
Development 
De-scum 
Inspection 

180 0 Q 30:00, oven 
Microposit S1800-13, spin: 4000 rpm, 0:30 
115 0C, 0:45, hotplate 
Exposure: EBR mask, 0:50 
Development: Microposit MF-319,1:20 
WG mask (clear field), 0:06 
Microposit MF-319,0:40 
O2 plasma, 300 mTorr, 50 W, 2:00 
PR remnants, alignment 

STEP 11 - WAVEGUIDE RIDGE ETCH 

11.1 
11.2 

11.3 
11.4 

Hardbake 
Etch 

Inspection 
Characterization 

130 0C, 30:00, oven 
Magnetron RIE: 2 seem SÌQ4 
0.2 mTorr, 200 W, 110 V, 10 0C 
Etch rate: 45 nm/min 
Depth: 750 nm, Time: 16:40 
Surface debris, redeposition 
Etch depth (Dektak), profile (SEM) 

STEP 12 - PHOTORESIST STRIP 

12.1 
12.2 

12.3 
12.4 
12.5 
12.6 

Plasma soften 
Microposit Stripper 
1165 (2 beakers) 
Isopropanol rinse 
DI rinse 
Plasma clean 
Inspection 

O2, 700 mTorr, 300 W, 15:00 
Beaker 1:80 0C,10:00 ultrasound 
Beaker 2: 80 0C, 10:00 ultrasound 
2:00,25 0C / 1:00 ultrasound 
1:00; N2 dry 
O2, 700 mTorr, 300 W, 15:00 
PR remnants, random filth 
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STEP 13 - PHOTOLITHOGRAPHY (TRENCH) 

13.1 
13.2 
13.3 
13.4 

13.5 
13.6 
13.7 
13.8 

Dehydration 
Photoresist 
Softbake 
Edge bead removal 

Exposure 
Development 
De-scum 
Inspection 

180 0 C 30:00, oven 
Microposit S1800-13, spin: 4000 rpm, 0:30 
115 °C, 0:45, hotplate 
Exposure: EBR mask, 0:50 
Development: Microposit MF-319,1:20 
TRE mask (dark field), 0:06 
Microposit MF-319,0:40 
O2 plasma, 300 mTorr, 50 W, 2:00 
PR remnants, alignment 

STEP 14 - TRENCH ETCH 

14.1 

14.2 
14.3 

Etch 

Inspection 
Characterization 

Magnetron RIE: 2 seem SiCI4 

0.2 mTorr, 200 W, 110 V, 10 0C 
Etch rate: 45 nm/min 
Depth: 650 nm, Time: 14:30 
Surface debris, redeposition 
Etch depth (Dektak), profile (SEM) 

STEP 15 - PHOTORESIST STRIP 

15.1 
15.2 

15.3 
15.4 
15.5 
15.6 

Plasma soften 
Microposit remover 
1165 (2 beakers) 
Isopropanol rinse 
DI rinse 
Plasma clean 
Inspection 

Q2,700 mTorr, 300 W, 15:00 
Beaker 1: 80 0C, 10:00 ultrasound 
Beaker 2: 80 0C, 10:00 ultrasound 
2:00,25 0C / 1:00 ultrasound 
1:00; N2 dry 
O2,700 mTorr, 300 W, 15:00 
PR remnants, random filth 

STEP 16 - SI3N4 DEPOSITION 

16.1 

16.2 
16.3 

Deposition 

Inspection 
Characterization 

PECVD: 250 seem N2 

3sccmNH3 
93 seem SiHs 

600 mTorr, 10 W, 300 0C, thickness: 250 nm 
Uniformity 
Ellipsometer: thickness, refractive index 
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STEP 17 - PHOTOLITHOGRAPHY (CONTACT HOLE) 

17.1 
17.2 
17.3 

17.4 
17.5 
17.6 
17.7 

Photoresist 
Softbake 
Edge bead removal 

Exposure 
Development 
De-scum 
Inspection 

Microposit S1800-13, spin: 4000 rpm, 0:30 
115 0C, 0:45, hotplate 
Exposure: EBR mask, 0:50 
Development: Microposit MF-319,1:20 
CON mask (dark field), 0:06 
Microposit MF-319,0:40 
O2 plasma, 300 mTorr, 50 W, 2:00 
PR remnants, alignment 

STEP 18 - CONTACT HOLE (SI3N4) ETCH 

18.1 
18.2 
18.3 

Inspection 
Etch 
Damage remove 

Contact hole 
RIE: 50 seem CF4,50 mTorr, 100 W, 300 V, 5:00 
b-HF, 25 0C, 0:05 

STEP 19 - PHOTORESIST STRIP 

19.1 
19.2 

19.3 
19.4 
19.5 
19.6 

Plasma soften 
Microposit remover 
1165 (2 beakers) 
Isopropanol rinse 
DI rinse 
Plasma clean 
Inspection 

O2, 700 mTorr, 300 W, 15:00 
Beaker 1: 80 0C, 10:00 ultrasound 
Beaker 2: 80 0 C 10:00 ultrasound 
2:00,25 0C / 1:00 ultrasound 
1:00; N2 dry 
O2, 700 mTorr, 300 W, 15:00 
PR remnants, random filth 

20.1 
20.2 
20.3 
20.4 

20.5 
20.6 
20.7 
20.8 
20.9 

20.10 

STEP 20 - PHOTOLITHOGRAPHY (P-METALIZATION) 

Dehydration 
Photoresist 
Postbake 
Edge bead removal 

Exposure 
Hardbake 
Rood exposure 
Development 
De-scum 
Inspection 

180 0C, 30:00, oven 
Hoechst AZ 5214, spin: 4000 rpm, 0:30 
Hotplate: 120 0C, 1:00 
Exposure: EBR mask 1:00 
Development: Microposit MF-319,1:00 
PM mask (clear field), 0:07 
120 0C, 2:00 
Without mask: 0:14 
Microposit MF-319 (without soaking), 2:00 
O2 plasma, 300 mTorr, 50 W, 2:00 
PR remnants, alignment 

STEP 21 - P-METAL DEPOSITION AND LIFTOFF 

21.1 
21.2 
21.3 
21.4 

Contact wash 
Deposition 
Liftoff 
Inspection 

Ha/H201:5,9°C,l :00 
Ti/Pt/Au 80/120/200 nm 
Acetone, 15:00,25 0C / 0:30 ultrasound 
Surface morphology 
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STEP 22 - STANDARD SOLVENT CLEAN 

22.1 

22.2 
22.3 

Trichloroethylene 
Acetone 
Isopropanol 
DI rinse 
Inspection 

2:00,25 0C / 1:00 ultrasound 
2:00,25 0C / 1:00 ultrasound 
2:00,25 0C / 1:00 ultrasound 
1:00; N2 dry 
Random dirt, filth and rubbish 

STEP 23 - PHOTOLITHOGRAPHY (GRATING RECESS) 

23.1 
23.2 
23.3 

23.4 
23.5 
23.6 
23.7 

Photoresist 
Softbake 
Edge bead removal 

Exposure 
Development 
De-scum 
Inspection 

Microposit S1800-13, spin: 4000 rpm, 0:30 
115 0C, 0:45, hotplate 
Exposure: EBR mask, 0:50 
Development: Microposit MF-319,1:20 
GRA mask (dark field), 0:06 
Microposit MF-319,0:40 
O2 plasma, 300 mTorr, 50 W, 2:00 
PR remnants, alignment 

STEP 24 - GRATING RECESS ETCH 

24.1 
24.2 
24.3 

24.4 

Inspection 
SbNi-etch 
Etch 

Inspection 

Grating recess window 
RIE: 50 seem CF4,50 mTorr, 100 W, 300 V, 5:00 
Magnetron RIE: 2 seem SiCI4 

0.2 mTorr, 200 W, 110 V, 10 0C 
Etch rate; 45 nm/min 
Depth: 620 run. Time: 14:00 
Ridge sidewalls in recess, redeposition 

STEP 25 - PHOTORESIST STRIP 

25.1 
25.2 

25.3 
25.4 
25.5 
25.6 

Plasma soften 
Microposit remover 
1165 (2 beakers) 
Isopropanol rinse 
DI rinse 
Plasma clean 
Inspection 

O2, 700 mTorr, 300 W, 15:00 
Beaker 1:80 0C, 10:00 ultrasound 
Beaker 2:80 0C, 10:00 ultrasound 
2:00,25 0C / 1:00 ultrasound 
1:00; N2 dry 
O2, 700 mTorr, 300 W, 15:00 
PR remnants, random filth 
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STEP 26 - GRATING MASK FABRICATION 

26.1 
26.2 
26.3 
26.4 
26.5 
26.6 
26.7 
26.8 
26.9 

1 

Photoresist 
Softbake 
Inspection 
Holographic setup 
Exposure 
Development 
Cr-evaporation 
Cb-etch 
Inspection 

Microposit S 1800-01.5, spin: 4000 rpm, 0:30 
115 0C, 0:45, hotplate 
Surface morphology, thickness uniformity 
Grating period: A = 380 run 
HeCd-Iaser (X = 441.6 nm), 5:00 (integrated) 
Microposit developer/H20 1:1, 0:30 
4 nm each side, 13 ° tilted to substrate plane 
RIE: 10 seem O2 ,3 mTorr, 80 W, 490 V, 10:00 
Profile and depth (SEM) 

STEP 27 - GRATING ETCH 

27.1 

27.2 
27.3 

Etch 

Plasma clean 
Inspection 

Magnetron RIE: 6 seem SiCU 
1 mTorr, 200 W, 110 V, 10 0C 
Etch rate: 60 nm/min 
Depth: 160 nm, Time: 2:40 
O2,700 mTorr, 300 W, 30:00 
Profile, depth (SEM) and length (microscope) 

STEP 28 - WAFER THINNING 

28.1 
28.2 
28.3 
28.4 
28.5 
28.6 

Wafer fix 
Thinning 
Polish 
Release wafer 
DI rinse 
Inspection 

Wax on hot glass substrate 
Thickness: 100 um, grit size 3 um 
AI2O3 slurry (fine) 
Trichloroethylene 10:00,50 0C 
1:00; N2 dry 
Random dirt, filth and rubbish 

I STEP 29 - N-METAL DEPOSITION A N D ANNEAL 

29.1 
29.2 
29.3 

Deposition 
Anneal 
Inspection 

Ge/Au/Ni /Au (30/47/30/100 nm) 
RTA oven, 435 0 C 1:00 (cantilever T-sensor) 
Surface morphology 

STEP 30 - SCRATCH AND CLEAVE 

30.1 
30.2 
30.3 

Scratches 
Cleaving 
Inspection 

Diamond scratcher, d = 500 jam 
Cleave machine 
Surface of cleaved facets 
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STEP 31 - AIVHR-COATINGS 

31.1 
31.2 
31.3 
31.4 
31.5 
31.6 

Mount into holder 
Si02-evaporation 
Al-evaporation 
Mount into holder 
PASO Ill-evaporation 
Inspection 

HR-coating side 
Thickness: 141 nm, r = 3 A/s, po = 2x1fr6 Torr 
Thickness: 75 nm, r = 10 nm/s, po = 5x10^ Torr 
AR-coating side 
Thickness: 108 nm, r = 5 A/s, po = 2x1fr6 Ton-
Surface of coated facets 
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APPENDIX B 

B.l ABSTRACTS OF PUBLICATIONS I - VII 

Paperi 

D. Hofstetter, H.P. Zappe, J.E. Epler, and J. Sochtig 

Single-growth-step GaAs/AlGaAs distributed Bragg reflector lasers with 
holographically-defined recessed gratings 

Electron. Lett, vol. 30, no. 22, pp. 1858 -1859,1994 

A ridge waveguide GaAs/AlGaAs quantum well DBR laser, fabricated 
with a simplified grating recess-technology and a 3rd order grating is 
described. The reflector is fabricated on top of a recessed waveguide using 
holographic exposure followed by reactive ion etching. The laser operates on 
a single longitudinal and lateral mode with threshold current as low as 
2OmA, output power 5mW per facet and is intended for monolithically 
integrated interferometer applications. 

Paper II 

D. Hofstetter, H.P. Zappe, and J.E. Epier 

Ridge waveguide DBR lasers with non-absorbing grating and transparent 
integrated waveguide 

Electron. Lett, vol. 31, no. 12, pp. 980 - 982,1995 

A ridge waveguide GaAs/AlGaAs DBR laser with a non-absorbing 
grating section and a monolithically integrated transparent waveguide has 
been fabricated by the use of vacancy-enhanced quantum well disordering 
(VED). This technique allows the definition of absorbing and transparent 
regions, while requiring only a single growth step. No VED-enhanced 
degradation of laser quality was noted: optical output power was 5 mW from 
both the cleaved facet and grating reflector, threshold currents were 25 mA 
and slope efficiencies 0.2 W/A. 
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Paper III 

D. Hofstetter, H-P. Zappe, J.E. Epler, and P. Riel 

Monolithkally integrated DBR laser, detector and transparent waveguide 
fabricated in a single growth step 

IEEE Photon. Technol. Lett, vol. 7, no. 9, pp. 1022 -1024,1995 

The monolithic integration of a GaAs/AlGaAs distributed Bragg 
reflector laser with a non-absorbing grating section, a transparent waveguide 
and an absorbing photodetector is reported. Transparent and absorbing 
segments were defined after growth by vacancy-enhanced quantum well 
disordering (VED). Laser output power was 4 mW with a threshold current of 
22 mA. Detector current was linearly dependent on the laser output power 
and the emission from the grating side of the laser could be directly coupled 
into the detector. The conversion efficiency, defined as ratio between detector 
current and laser output power, was 0.47 A/W. Comparing as-grown, S1O2-
capped and SrF2<apped devices, both lasers and detectors were not seen to be 
adversely affected by the anneal required for the VED. 

Paper JV 

D. Hofstetter, H.P. Zappe, J.E. Epler, and P.Riel 

Multiple wavelength Fabry-Pérot lasers fabricated by vacancy-enhanced 
quantum well disordering 

Appi Phys. Lett, vol. 67, no. 14, pp. 1978 -1980,1995 

Wavelength-shifted GaAs/AlGaAs Fabry-Pérot ridge waveguide lasers 
were fabricated by vacancy-enhanced quantum well disordering using 
dielectric cap annealing. 500 um long and 4 um wide Fabry-Pérot lasers with 
emission wavelengths selectively shifted by 20 nm were integrated with 
unshifted lasers on the same chip, characterized and further compared with 
lasers fabricated from as-grown material. These investigations showed that 
the absorption edge of a single-quantum well double-heterostructure can be 
selectively blue-shifted after epitaxial growth without compromising diode 
laser performance. 
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Paper V 

D. Hofstetter, H P . Zappe, and R. Dändliker 

A monolithically integrated optical displacement sensor in GaAs/AlGaAs 

Electron. Lett., vol. 31, no. 24, pp. 2121 - 2122,1995 

A monolithically integrated displacement sensor has been fabricated in 
the GaAs/AlGaAs material system. The device is configured as a Michelson 
interferometer and consists of a DBR laser, a directional coupler, transparent 
waveguides and a photodetector. Interference fringes could be seen at a 
measurement distance of up to 45 cm, requiring only the alignment of an 
external GRIN lens for beam collimation. 

Paper Vl 

D. Hofstetter, H.P. Zappe, and R. Dändliker 

A monolithically integrated double Michelson interferometer for optical 
displacement measurement with direction determination 

/EEE Photon. Technol. Lett, vol. 8, no. 10,1996 

A monolithically integrated optical displacement sensor fabricated in the 
GaAs/ AlGaAs material system is reported. The single-chip device consists of 
a distributed Bragg reflector laser, two photodetectors, two phase modulators, 
two Y-couplers, and two directional couplers. It is configured as a double 
Michelson interferometer and allows the determination of both magnitude 
and direction of a displacement. The detection of two 90 ° phase-shifted 
interferometer signals also resulted in an improved phase interpolation of 
¢/20. Despite the relatively simple fabrication process, the integration of 
rather complex optical functions could be realized. 
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Paper VII 

D. Hofstetter, H.P. Zappe, and R. Dändliker 

Optical displacement measurement with GaAs/AlGaAs-based 
monolithically integrated Michelson interferometers 

Submitted to IEEE J. Lightwave TechnoL, August 22,1996 

Two monolithically integrated optical displacement sensors fabricated in 
the GaAs/AlGaAs material system are reported. These single chip 
microsystems are configured as Michelson interferometers and comprise a 
distributed Bragg reflector laser, photodetectors, phase shifters and 
waveguide couplers. While the use of a single Michelson interferometer 
allows measurement of displacement magnitude only, a double Michelson 
interferometer with two interferometer signals in phase quadrature also 
permits determination of movement direction. In addition, through the use of 
two 90° phase-shifted interferometer signals in the latter device, a phase 
interpolation of ¢/20 is possible, leading to a displacement resolution of 
20 nm. The integration of these complex optical functions could be realized 
with a relatively simple fabrication process. 

94 



Paper I 



Single-growth-step GaAs/AIGaAs 
distributed Bragg reflector lasers with 
holographically-defined recessed gratings 

D. Hofstetter, H.P. Zappe, J.E. Epler and J. Söchtig 

Indexing terms: Distributed Bragg reflector lasers, Holographic 
gratings 

A ridge waveguide GaAVAIGaAs quantum well DBR laser 
fabricated with a simplified grating recess-technology and a third 
order grating is described. The reflector is fabricated on top of a 
recessed waveguide using holographie exposure followed by 
reactive ion etching. The laser operates on a single longitudinal 
and lateral mode with threshold curreni as low as 2OmA, output 
power SmW per facet and is intended for monolithkaHy 
integrated interferometer applications, 

Introduction: Distributed Bragg reflector (DBR) lasers are attrac­
tive light sources due to their narrow li ne width, good frequency 
stability and large si demode suppression [I]. ID addition, they are 
suitable for monolithicaUy integrated optical circuits, because at 
least one cleaved facet can be replaced by a waveguide grating. 
Fabrication of DBR lasers is typically rather involved: where elec­
tron-beam direct write is used for grating definition, throughput is 
limited by the serial nature of this process [2, 3]; if regrowth after 
grating etch is required, for the formation of an upper cladding or 
for contact purposes, demands on material growth are significant 
[3, 4]; finally, for non-regrown waveguides with a thick upper clad­
ding, a deep grating etch is needed in order to achieve sufficient 
coupling. Recently, single growth step DBR lasers with an e-beam 
defined grating requiring a deep (lum) grating etch were reported 
[21-

We present in this Letter a single-growth-step DBR laser with a 
holographically defined grating fabricated in a recess etched into 
the upper cladding of the waveguide. This grating recess combines 
the advantages of a high coupling coefficient K, resulting from the 
small buffer layer between waveguide core and grating, with a sim­
plified grating etch process due to the small required etch depth, 
This relatively simple DBR laser fabrication procedure is fully 
compatible with a previously developed integrated optical interfer­
ometer process [S], making use of only two additional photolithog­
raphy steps (dielectric patterning) and one additional etch step 
(grating etch). 

cleaved tacet 

Fig. 1 Schematic diagram of ridge waveguide DBR laser with grating 
recess 

Device fabrication: The laser layer structure was grown by 
MOCVD on an n-type, Si-doped (1011Cm-*) GaAs wafer and con­
sisted of an 1100 nm «-doped (1.5 x 10"Cm-1Si)Al0IGaIi1As lower 
cladding, an undoped ISOnm thick AI03Ga0TAs waveguide core 

with one 8nm GaAs quantum well, a 780nm p-doped (10'1Cm-1 

Be) AJmGaojjAs upper cladding and a highly p-doped (8 x Wcnr* 
Zn) loOom GaAs cap layer. Magnetic field enhanced reactive ion 
etching (MERIE) in an SiCi4 plasma was used to dry etch a ridge 

' waveguide to a depth of d = 800nm (see Fig. 1). A 300nm layer of 
plasma-enhanced chemical vapour deposited (PECVD) Si3N, for 
electrical isolation of the surface allowed us to selectively contact 
the top of the ridge and also served as an etch mask for the subse­
quent grating recess etch. Nitride was removed from the contact 
hole and recess opening by dry etching using a CF4 plasma. 

P " » l ' l - S p m ' 

Fig. 2 SEM photograph of portion of DBR (A = 3SSnm) on top of a 
3/jm waveguide 

Following p-metal evaporation (Ti/Pt/Au), the grating recess 
was etched into the upper cladding of the reflector section to a 
depth of A = 800nm by SiCl, MERIE, stopping 140run above the 
AV]Ga0JAs waveguide core. The device was then coated with a 
thin photoresist layer, leaving a thickness of 300nm on top of the 
recessed waveguide. Holographic exposure using an HeCd laser at 
441.6nm, subsequent development and a soft-bake for resist side-
wall smoothness improvement [6] yielded a suitable dry etch mask 
for the grating etch by MERIE. The rectangular third order grat­
ing with a unity Line:space ratio was 140run deep and had a period 
of 385nm (see Fig. 2). Wafer thinning to 200um, n-metai contact 
(Ge/Au/Ni/Au) evaporation and cleaving to 1500 um length com­
pleted the process. 

DBR lasers with mask ridge widths W = 3 and 5um and with L 
= 480, 730 and 880um long gain sections were fabricated. The 
unpumped Bragg reflector lengths were 1000, 500 and 200um. For 
measurement comparisons, 1500um long Fabry-Pérot lasers were 
also made on the same chip. 
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Fig. 3 Optical spectrum of DBR laser at 2.Ì 1& 

Results: Typical threshold currents of these simplified DBR lasers 
were /rt = 20mA, yielding 7rt = 600A/cm: at an emission wave­
length of 820nrn; slope efficiency was 0.166W/A for emission from 
the cleaved facet. We compare this with Fabry-Perot lasers which 
had /„ = 15mA, Jrt = 450A/cmJ at 833nm and an efficiency of 
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0.2O5W/A. A typical emission spectrum, measures 'ith a high res­
olution grating spectrometer (0.64 m focal distant, 600 tine per 
mm grating, 0.05nm resolution), at I = 2.3 /rt for the DBR lasers, 
driven CW at 300K, is shown in Fig. 3. The sidcmode suppression 
ratio (SMSR) was 27dB and the main peak had a linewidth < 
15 MHz; measurement of the latter was equipment limited (scaning 
Fabry-Pérot Etalon, free spectral range = 2GHz, finesse = 150). 
The DBR devices had a temperature tuning coefficient of 0.7A/K 
and operated in the same fundamental mode over a temperature 
range of more than 2OK. The Fabry-Pérot lasers, on the other 
hand, had a temperature tuning coefficient of 2.5Â/K with mode 
hops every 3 to 5K. 

The value of the SMSR is given by the coupling coefficient, K = 
346cm"1, and the longitudinal mode spacing of O.I732nm. We 
determined K experimentally from the FWHM of the grating filter 
curve whkh could be determined approximately by measuring the 
laser spectrum at 0.96 /* [71- Numerical modelling for this grating 
structure gave K = 392cm'1, calculated for a zero buffer layer 
thickness. This buffer layer is the remaining cladding layer 
between the top of the core and the bottom of the grating, and has 
been shown by simulation to strongly affect K. Because this thick­
ness is accurately controlled by the grating recess etch, we have a 
sensitive method for customising K in this process. 

The process compatibility with integrated optical sensor circuits 
permits this laser to act as a light source for interferometer cir­
cuits. The reduced demands on dry etching allow sensitive control 
of K through variation of the recess etch depth thereby permitting 
easy optimisation of light intensity coupled into a following 
waveguide circuit. 

Conclusions: Single growth step quantum well DBR lasers with a 
recessed grating mirror have been described. The third order grat­
ing, fabricated by holographic exposure and dry etching, appeared 
only on top of the recessed waveguide. A threshold current of 
20mA, and a sidemode suppression ratio of 27dB were achieved 
when operated monomode at 820nm. The grating recess process 
allows easy customisation of K, important for subsequent integra­
tion with optical integrated circuits. 

Acknowledgments: The authors would like to thank H.P. Sch­
weizer for crystal growth, H. Birbaumer and H. Schutz for tips on 
grating fabrication. 
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Ridge waveguide DBR laser with 
nonabsorbing grating and transparent 
integrated waveguide 

D. Hofstetter, H.P. Zappe and J.E. Epler 

Indexing terms: Distributed Bragg reßectar laiers. Semiconductor 
quantum wells 

A ridge waveguide GaAi/AIGaAs DBR laser with a nonabsorbing 
grating section and B mortoiithicaUy integrated transparent 
waveguide tuu been fabricated by the use of vacancy-enhanced 
quantum well disordering (VED). This technique allows the 
definition of absorbing and transparent regions, and requires only 
a single growth step. No VED-enhanced degradation of the laser 
quality was noted. The optical output power was 5 mW from 
both the cleaved facet and the grating reflector, threshold currents 
were 25 mA and the slope efficiencies were 0.2W/A. 

Introduction: Monolithic photonic integrated circuits (PICs) often 
require coherent light sources without cleaved laser facets. Distrib­
uted Bragg reflector (DBR) lasers are ideally suited to this applica­
tion. Furthermore, a method is needed to produce absorbing and 
nonabsorbing regions on the same substrate without degrading 
laser performance. Pumped laser sections and photodetectors need 
to absorb at the operating wavelength, whereas the waveguides 
and the grating section of the DBR laser must be transparent. 
DBR lasers with a transparent grating section fabricated by 
vacancy-enhanced disordering (VED) [I) and DBR lasers evanes-
centry coupled with a transparent waveguide [2] have been 
reported. The first of these approaches demonstrated that the 
VED process can shift the energy bandgap, albeit at the cost of a 
very high laser threshold current, whereas the latter required 
extended regrowtb technology. 
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In this Letter, we demonstrate the use of the VED process to 
fabricate a low threshold DBR laser with a nonabsorbing grating 
section, monofithicaHy integrated with a 700um long transparent 
waveguide. The device demonstrates the utility of postgrowth 
processing for achieving spatially-defined transparency in a PIC. 
VED selectively alters the shape of the quantum well (QW) in the 
active region, using lift-off patterned SrF, and SiO1 surface dielec­
trics to define the transparent and absorbing regions and a high 
temperature rapid thermal anneal to accomplish disordering (3]. 

Device fabrication: An MOVPE layer structure grown on an n-
type, Si-doped, (10"cm->) GaAs substrate was used to fabricate 
the device. An undoped 165 um thick Al^Ga^As core containing 
a single 7nm wide GaAs quantum well was grown between a 
l.lum thick AljjGaojAs lower cladding layer (/i-doped 1.5 x 
IC'cm-' Si) and a O.Surn thick AV1GaOiAs upper cladding layer 
(p-doped !(!"cm-* Mg). The upper cladding was covered with a 
100 nm thkk highly /i-doped (8 x 1011Cm-1Zn) GaAs cap layer. 
The VED process started with a 200 nm thick e-beam evaporated 
SiO, layer, patterned by standard photolithography and reactive 
ion etching (RIE) in a CF, plasma. Using a selfaligned process, a 
250nm thick SrF] layer was subsequently evaporated, and 
removed from the underlying SiO2 by u'ftoff. The final wafer sur­
face was nearly planar and completely covered with either SiOj or 
SrF1. The selective bandgap-shih was then accomplished using a 
rapid thermal anneal in an N, ambient at 96O0C for 24s. 

920 930 940 t 950 960 
anneal temperature,*C güü) 

Rg- 1 Photoluminescenct wavelength shift of SiOfCapped and SrF1-
capped material after 30s rapid thermal anneal at various temperatures 

—D— SiO] cap 
—•— SrFj cap 

During thermal annealing, the group-Ill vacancies generated 
under the SiOj-capped regions diffuse through the upper cladding 
into the waveguide core. These vacancies promote intermixing of 
the Ga in the GaAs QW and the Al of the adjacent Al0JGa01As 
waveguide core, increasing the eiTective AJ content of the QW. 
The resulting larger bandgap blue-shifts the photoluminescenee 
(PL) spectrum and thus the lasing wavelength. SrF1, on the other 
hand, suppresses the generation of these group-Ill vacancies and 
no blue shift occurs during thermal annealing. As seen in Fig. I, 
the amount of blue shift under the SiO, cap can be varied between 
S and 28 nm with the anneal temperature, while on the same wafer 
under the same anneal conditions, the blue shift under the SrF, 
cap is only I - 5nm. The anneal time is held constant at 30s in 
both cases. During RTA, a GaAs proximity cap prevents surface 
damage of the sample due to As out diffusion [4]. 

After RTA, SrF, and SiOj were removed with diluted H Q 
(HClZH1O 1:9, 20s) and by RIE in CF1, respectively. Users were 
then fabricated by dry etching ridge waveguides, deposition of 
250nm Si1N, as an electrical isolation layer and Ti/Pt/Au/»-contact 
metallisation. The holographically-dcfined third-order grating (A 
= 380nm) was fabricated in a grating recess as described in [S]. 
DBR lasers with ridge widths of 2,3 and 4um, a constant pumped 
length of 500pm and six different grating section lengths (SO to 
150urn) were made and comparatively characterised. The lasers 
and gratings were integrated with a 700um long transparent 
waveguide. 
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Fig. 2 L-I curves of emission from the cleaved facet and the grating plus 
the transparent waveguide 

Pm (cleaved facet) 
Py, (grating side facet) 

Inset optical spectrum 

Results: As seen in Fig. 2, DBR laser threshold currents were typ­
ically 25mA on devices witha 4um stripe width and a SOOuin 
pumped length, corresponding to a threshold current density of 
1.2SkAZOi)1. The ripples in the L-I curve for optical output from 
the cleaved facet are reproducible and without hysteresis when 
increasing and decreasing the injection current. They indicate that 
the laser has to optimise its internal stored energy under changing 
phase conditions due to carrier and temperature induced refractive 
index changes. The ripples in the L-I curve were less pronounced 
for emission from the grating side of the laser than from the 
cleaved facet. We believe that this results from a trade-off between 
the grating transmission and the internal laser stored energy. A 
decrease in grating reflectivity induces a simultaneous decrease of 
the internal power and since the output power is the product of 
internal power and mirror transmission, nearly constant laser out­
put power is expected. 

The optical output power was SmW from both the cleaved facet 
and the grating side of the DBR laser at / = 2/rt and the slope effi­
ciencies were 0.21W/A at the cleaved facet and 0.19W/A at the 
grating. This balance is due to the low grating reflectivity (< 30%) 
and the transparency of the waveguide. The optical emission spec­
trum, shown in the inset of Fig. 2, shows a primary emission peak 
at X = 8I4nm and an SMSR of 25dB. No mode bops were seen as 
the temperature was varied from 7 to 25°C; the temperature tun­
ing coefficient was 0.05nm/°C. 

A comparison of Fabry-Perot lasers fabricated from the 
annealed but unshifled (SrF, capped) and as-grown (unannealed) 
material provided a further demonstration that high-quality lasers 
can be fabricated using VED. The former devices operated with a 
threshold current of 14mA (•/„ = 700AAm*), slope efficiency of 
0.36W/A per facet at an emission wavelength of X = 825 nm with 
SMSR = 2OdB. In as-grown material, the same laser structures 
yielded a threshold current of 12 mA (./„ = 600A/cm3) and a slope 
efficiency of 0.52 W/A per facet at an emission wavelength of J, = 
827nm with SMSR = 2OdB, demonstrating that devices produced 
in high temperature annealed material are of comparable quality 
to those produced in as-grown material, in contrast to results pub­
lished in [61, we could not see any dopant diffusion or a drift of 
the pn-junction by inspecting the stained facet in the scanning elec­
tron microscope. These data also helped to explain the somewhat 
high threshold current density of the DBR lasers, owing to the 
mismatch between the Bragg peak of the grating (814nm) and the 
laser gain peak (825 nm). 

Conclusions: Low threshold DBR lasers monolithically integrated 
with a transparent waveguide have been fabricated using selective 
vacancy-enhanced disordering. The performance of the laser was 
not adversely affected by the high temperature anneal required for 
VED, demonstrating the utility of this process for PIC fabrication. 
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Monolithically Integrated DBR Laser, 
Detector, and Transparent Waveguide 
Fabricated in a Single Growth Step 

D. Hofstetter, H. P. Zappe, J. E. Epier, Member, IEEE, and P. Riel 

Abstract—The mooolilfaic intégration of a GaAi-A]GaAs dis­
tributed Bragg reflector (DBR) laser with a Dooabsorbing grating 
section, a transparent waveguide, and an absorbing pbotodetector 
is reported. Transparent and absorbing segments were defined 
after growth by vacancy-enhanced quantum-well disordering 
(VED). Laser outpnt power was 5 mW with a threshold current 
of 22 mA. Detector carrent was linearly dependent on the laser 
output power and the emission from the grating side of the 
laser could be directly coupled into the detector. Ine conversion 
efficiency, defined as the rat» between detector current and laser 
output power, was 0.47 AAV. Using a comparison with as-grown, 
SiOz-capped and SrFi-capped devices, both lasers and detectors 
were not seen to be adversely affected by the anneal required for 
the VED. 

I. INTRODUCTION 

SEMICONDUCTOR integrated optics offers the potential 
for small optical systems that may be mass produced. 

Monolithic integration of the laser into a photonic integrated 
circuit (PIC) reduces coupling losses and enhances robust­
ness. However, a key problem in achieving integration is 
the definition of absorbing G2SeTs, detectors) and transpar­
ent (waveguides) regions. Numerous approaches, including 
evanescent coupling between waveguides and absorbing re­
gions (requiring an additional impedance-matching layer and 
regrowth, respectively) [I], [2], butt coupling between laser 
and photodeiector (needing minor dry etch technique) [3] or 
the use of surface-emitting lasers and photodiodes (requiring 
high-quality dry-etched minors) [4], have been developed to 
address the integration issue. 

We present in this letter a technique for the monolithic 
integration of a distributed Bragg reflector (DBR) laser with 
transparent waveguide and photodetector, using VED for the 
definition of the transparent and absorbing regions [5], [6]. The 
VED process requires no regrowth to define the transparent 
areas after epitaxial growth and allows a considerably higher 
conversion efficiency of laser output power into detector 
current than previous approaches. Although a rapid thermal 
anneal (RTA) of 960 0C and 24 s is necessary for the process, 
no degradation in the performance of lasers or photodetectors 
was noted. We thereby demonstrate the utility of VED for se­
lectively blue-shifting the absorption edge of a single-quantum 

Manuscript received Mirch 21, 1995; revised June 6, 1995. 
Tbc «tnhott t ie with the Piai Sdra i t i Insolute Zurich. Bideiierstnsse 569, 

8048 Zurich. Switzerland. 
IEEE Log Number 9413522. 

well double-heterostmcture and thus for direct application to 
PIC fabrication. 

n. VACANCY-ENHANCED QUANTUM-WELL 

DISORDERING MECHANISM 

Through a partial disordering of a quantum well (QW) 
in a double-heterosrnicture waveguide, the bandgap energy 
can be increased by up io 60 meV. This results in a biue-
shift of the absorption edge and therefore drastically reduces 
the absorption losses of a waveguide. The disordering is due 
to interdiffusion of Al and Ga between the GaAs QW and 
the Alo.3Gao.7As core region at elevated temperatures, and 
is greatly increased in the presence of a high concentration 
of column-ITJ-vacancies. VED relies upon tile outdiffusion 
of Ga ions into a SiO2 capping layer to generate these 
vacancies, which diffuse into the heterostructure promoting 
intermixing. SrF2 as a dielectric capping material inhibits 
vacancy generation, such dial very Unie interdifrusion occurs 
in the regions of the crystal covered by me SrF2 cap. 

By patterning the wafer surface after growth into regions 
covered by SiO2 and SrF2, we are easily able to produce 
a pattern of transparent and absorbing waveguide sections. 
The blue-shift due to VED under the SiOj-cap is temperature 
and anneal-time dependent, as seen in Table I. A wavelength 
shift of up to 68 nm under die SiOj-cap and less than 10 ran 
under the SrF2-cap was seen for a 90-s anneal at 960 0C. 
For the devices described in this letter, we applied only a 
24-s anneal in order to minimize p-dopant diffusion into the 
n-type lower cladding layer. The PL wavelength of the as-
grown materia] used for these experiments was 812 nm, that 
of me SrF2-capped material 810 nm, and that of die SiO2-
capped material 793 nm. Fabry-Pérot lasers fabricated from 
all diese types of material showed comparable properties. 
As-grown material lasers: A = 827 nm, Jth = 600 A/cm3, 
T) = 0.52 W/A; SiOj-capped lasers: A = 805 nm, Jth = 
500 A/cm2, T) = 0.42 W/A; SrF2-capped lasers: A = 825 nm, 
J t h = 700 A/cm2, 17 = 0.36 W/A. 

TU. FABRICATION 

A metal-organic vapor phase epitaxy (MOVPE) grown layer 
structure on an n-type Si-doped (1018 cm - 3 Si) GaAs substrate 
was used for waveguides, photodetectors, and lasers. The 
layers included an undoped 165-nm-thick Alo.3Gao.7As core 
containing a single GaAs quantum well (7 nm), sandwiched 
between a l.l*/im-thick Al0.eGa0.2As lower cladding layer (n-

104Mi35/95504.00 © 1995 IEEE 

Alo.3Gao.7As
Alo.3Gao.7As
Al0.eGa0.2As
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TABLEI 
PHOTOLUMtNESCENCE WAVELENGTH SHUT OF SiOj-CxPfED AND 

S(FÏ-CAPPED MATERIAL AFIER A RAPID THERMAL ANNEAL 

OF 3 0 . 60, AND 9 0 S AWD AT DIFFERENT TEMPEEATUTES 

dcncd »CGI 

anneal 
temperature 

rei 

910 
920 
930 
940 
950 
960 

wavelength 
shift SrFa 

[nml 

0.3/1.5/3.8 
1.6/3.4/4.9 
1.2/2.2/3.5 
2.0/4.5/8.4 
2.6/5.9/9.3 
4.1/7.4/10.8 

wavetenqth 
shift SiCfe 

rnml 

5.1/10.9/20.5 
7.3/19.1/35.9 
10.2/24.3/405 
14.4/30.2/50.6 
22.0/46.4/62.8 
28.9/48.0/68.0 

doped 1.5 x 1016 cm~3 Si) and a 0.8-jim-thick Al0.ijGa0.2As 
upper cladding layeT (p-doped 1018 cm""3 Mg). A 100-nm-
thick highly p-doped (8 x 1018 c m - 3 Zn) GaAs cap layer 
completed the structure. 

Processing started with a 200-nm-thick e-beam-evaporated 
S1O3 layer, patterned by standard photolithography and reac­
tive ion etching (RLE) using a CF4 plasma. Without stripping 
the photoresist, a 250-nm-dùck SrF: layer was then thermally 
evaporated. Subsequent lift-off resulted in a nearly planar 
surface covered completely either with SiOj or S1F2. The 
samples were then annealed by RTA for 24 s at 960 0C. During 
anneal, a GaAs proximity cap helps to prevent surface damage 
of die sample by generating a local As overpressure [7]. Both 
SrF; and SÌO2 were then removed, the former in diluted HCl 
CHOZH2O 1:9, 20 s) and the latter by CF4 RIR 

Ridge-waveguide DBR lasers were fabricated in this selec­
tively shifted substrate by dry-etching ridge waveguides in 
a process described previously [8]. The third-order grating 
had a period of 380 nm, 1:1 mark to space ratio, and a 
depth of 100 nm. There was a 30-nra buffer layer between 
grating and waveguide core, giving a coupling coefficient of 
approximately 100 cm - 1 . 1200-;im and 1700-fim-Iong bars 
were cleaved, yielding two different types of devices: me 
1700-ym bars consisted, as shown in Fig. I1 of 500-Lun-long 
pumped sections witìi 2, 3, and 4-^m ridge widths, 50- to 
150-/«n-long nonabsorbing DBR grating sections, 500- to 650-
/m>long transparent waveguides, and 500-jim-long absorbing 
photodiodes at the end of the waveguides. We describe in 
die following only devices with a 150-/im-tong grating recess 
(grating length = 130 iaa) and a ridge width of 4 ^m. The 
1200-pm bars were made out of the former ones by subsequent 
cleaving of the photodiode and the waveguide, and applying 
an AR coating after each cleave. 

IV. CHARACTERIZATION 

The DBR lasers were driven cw at room temperature; 
maximum output power was 5 mW from the cleaved facet 
alone, threshold current was 22 mA (Jx^ = 1.1 kA/cm2), and 
slope efficiency was on the order of 0.2 W/A. This latter value 
could be further improved by ensuring a closer wavelength 
match between the Bragg peak of the grating (814 nm) and 
die semiconductor gain peak (825 nm). The laser emission 
from die cleaved facet, as seen in Fig. 2, was single transveree 

grating (shSted) 

waveguide (1 

Jcfectui {urottfed) 

Rg. 1. Schematic diagram of DBR tesa monolithieally utegnted with » 
transparent waveguide tod a pbotodetector. 

60S 810 812 814 816 818 

w a v e l e n g t h [ n m ] 

Fig. 2. Optical output spectrum of the DBR laser. 

and longitudinal mode with a primary emission peak at X = 
814 m, a sidemode suppression ratio (SMSR) of 25 dB, and 
a FP mode spacing of 0.155 nm was obtained. The latter 
value corresponds to a cavity length of 630 ^m or an effective 
grating length of 130 ̂ m. The primary emission peak could be 
temperature-tuned between 7 and 25 0C without mode hops, 
leading to a temperature-tuning coefficient of 0.06 nm/°C 
(Fabry-Perot lasers: 0.25 nm/°C). Repeated plasma exposure 
of die contact region during SÌOj-patieniing, SÌ02-stripping, 
and SijN^-contact hole etch increased the series resistance of 
the lasers drastically (37 W) and resulted in a relatively high 
threshold voltage, V(/ t h), of 3.3 V. 

Due to Uw moderate grating reflectivity (30-40%) and 
the relatively high losses in die short transparent waveguide 
(30 dB/cm), we observed external quantum efficiencies of 
n = 0.21 W/A from the cleaved facet and q = 0.13 W/A from 
the AR-coated grating-side facet. This corresponds to a total 
internal quantum efficiency of 20%. In addition, no significant 
optical power emitted vertically from the grating was noted. 
Small ripples are noticeable in the light versus current (X-T) 
curves from both the cleaved facet and die grating. The pres­
ence of diese features indicates that die laser is undergoing an 
optimization of its internal stored energy under changing phase 
conditions due to carrier- and temperature-induced refractive 
index changes as current is increased, and are unique features 
of a laser with one cleaved (nonwavelengtii selective) and one 
grating (wavelengdi selective) reflector. These undulations, 
which were reproducible and without hysteresis, were less 
pronounced for emission from die grating side of the laser 
than from die cleaved facet. This occurs, we believe, because a 

Al0.ijGa0.2As
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Fig. 3- Optical power and integrated photodetector eurem venus laser 
injection current. 

decrease in grating reflectivity induces a simultaneous decrease 
of the laser internal power, resulting in nearly constant laser 
output power from the grating since the output power is the 
product of internal power and minor transmission. 

The I700-/jm-long devices added an absorbing 500-pm-
long photodetector to these laser/waveguide structures- The 
resistances parallel to the reverse-biased diodes and between 
them were all between 3 and 5 kfî. These small resistances 
generated large leakage currents across the p-n-junctions and 
are caused by the incomplete electrical isolation of the re­
maining upper p-clad between laser and detector. As shown in 
Fig. 3, we simultaneously measured the cleaved facet output 
power with an external photodetector and the output power of 
the grating side with the integrated photodetector. Loss mea­
surements showed that wavelength-shifted waveguides had 
optical losses comparable to as-grown transparent waveguides 
and are on the order of 1.5 dB for the short lengths employed. 
Due to the long absorbing length of the photodiode and 
based upon the measured small amount of transmitted light 
(typically 1% of the laser output power), we can assume a 
high responsivity (>0.6 A/W) of the photodiode; implying 
>90% quantum efficiency. Conversion of laser output power 
into detector current was slightly lower (0.47 A/W), if we 
assume that the laser output from the grating and the cleaved 
facet are roughly equal. No obvious performance differences 
between annealed and nonannealed photodetectors was noted. 

v. CONCLUSION 

DBR lasers monolithically integrated with a nonabsorbing 
grating section, a transparent waveguide and an absorbing 

photodetector have been fabricated while requiring only a 
single MOVPE growth step. The absorbing and transparent 
areas on the wafer were defined after growth by VED using 
two different surface dielectrics, SiOz for the transparent 
regions and SrF3 for the absorbing segments. The lasers 
operated cw at room temperature and emitted 5 mWatS14 nm 
in a single transverse and longitudinal mode. Conversion 
of laser output power into detector current was typically 
0-47 AAV. Device performance is not adversely affected by the 
VED process, and the simplicity and flexibility of the approach 
is useful for the design and fabrication of PICs fornumerous 
applications. 
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Multiple wavelength Fabry-Pérot lasers fabricated by vacancy-enhanced 
quantum well disordering 
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Wavelength-shifted GaAsZAlGaAs Fabry-Pérot ridge waveguide lasers were fabricated by 
vacancy-enhanced quantum well disordering using dielectric cap annealing. 500 firn long and 4 /tm 
wide Fabry-Pérot lasers with emission wavelengths selectively shifted by 20 nm were integrated 
with unshifted lasers on the same chip, characterized and further compared with lasers fabricated 
from as-grown material. These investigations showed that the absorption edge of a single-quantum 
well double heterostructure can be selectively blueshifted after epitaxial growth without 
compromising diode laser performance. © 1995 American Institute of Physics. 

Postgrowth control of a quantum well (QW) profile has 
important applications for monolithic integration of active 
and passive optoelectronic components. A straightforward re­
alization of many concepts in integrated optoelectronics re­
quires a postgrowth conversion of a semiconductor hetero­
structure into a pattern of transparent and absorbing regions. 
The absorbing sections become light sources and detectors 
while the transparent regions could be low-loss waveguides, 
phase modulators, or distributed Bragg reflectors. The most 
promising processes are based upon a local partial intermix­
ing of a quantum well to blueshift the energy band gap by 
several tenths of nm. Demonstrated techniques include 
impurity-induced disordering using various impurity 
species1"2 and vacancy-enhanced disordering (VED).1"7 VED 
by dielectric cap annealing has die advantage that only par­
tial intermixing occurs, leaving waveguiding structures in­
tact, and that the electrical properties of the material are not 
strongly affected. Recently, VED has been used to blueshift 
the absorption edge of the grating section of a DBR laser.8 

However, tìireshold currents were increased by either Zn dif­
fusion into the active layer910 or a mismatch between Bragg 
peak of the grating and gain peak of the material raising 
doubts about the applicability of the process. Our results in­
dicate that VED can be employed in integrated optoelectron­
ics without the drawbacks listed above. In this letter we de­
scribe the use of VED to locally shift the band gap of a 
single-QW separate-confinement double heterostructure. 
Ridge waveguide Fabry-Pérot lasers were fabricated from 
unshifted and shifted sections on die same laser bar. Both 
showed cw output powers up to 12 mW per facet, threshold 
currents less than 14 mA and a slope efficiency of 0.42 W/A. 
These values are comparable with those of unannealed de­
vices fabricated from the same material. 

The layer structure for these experiments was a 
MOVPE-grown separate-confinement double hetero­
structure grown on an n-type, Si-doped (1018 c m - 3 Si) 
GaAs substrate and consisted of the following layers: a 
1.1 /im thick Al08Ga0-2As lower cladding layer (n-
doped 1.5XlO18 CnT3Si)1 an undoped 165 nm thick 
Al0JGa07As core containing a single GaAs QW (7 nm) and 

an 0.8 firn thick Al08Ga0J2As upper cladding layer (p-doped 
10 'B cm - 3 Mg) covered with a 100 nm thick highly p-doped 
1018 cm - 3 (8X1018 cm~3 Zn) GaAs cap layer. 

Dielectric cap annealing, which is used for die VED, has 
been described extensively in Refs. 5 and 9; tiierefore, we 
will give only a brief introduction. Using standard processing 
techniques, the sample was completely covered wim a single 
layer of either e-beam evaporated SiO2 or thermally evapo­
rated SrF1. During rapid thermal annealing (RTA) at 960 0C 
for 30 s, group-Ill vacancies are generated under the SiO2 

cap, but not under me SrF2 cap. Under die SiO2, the vacan­
cies promote intermixing of die Ga in die GaAs quantum 
welt with column-m atoms [Al1Ga] of die adjacent 
Al0JGa07As core, thereby increasing the effective Al content 
and the energy band gap of me QW. Transmission electron 
microscope pictures of such intermixed quantum wells fab­
ricated in mis material system are shown in Ref. 11. Figure 1 
shows the achievable blueshifts of the photoluminescence 
spectrum excited with an argon-ion laser (X=488 nm, P=IO 
mW) and measured at room temperature. After RTA of 30, 
60, and 90 duration, at temperatures between 910 and 

910 920 930 940 950 

anneal temperature [0Cl 

960 
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RG. t. Photoluminescence wavelength shift of SiO2-capped and 
SrFj-capped material after vacancy-enhanced disordering at different anneal 
temperatures and anneal times. 
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960 0C, we measured blueshifts of the photoluminescence 
spectrum of 25 to 70 nm under the SiO2 cap and less than 
10 nm under the SrF2 cap. 

Lasers were then fabricated in bom the shifted and die 
unshifted regions and in as-grown material. The process has 
been described previously1 and is based upon dry etching of 
4 pm wide ridges to within 100 nm of die waveguide core. 
250 nm of Si3N4 was used as a passivating and electrically 
isolating layer on the shoulders and the sidewalls of the 
ridges. The material was cleaved into 500 /un long bars con­
taining shifted and unshifted areas. The different types of 
lasers were separated by 250 /un and were tested unbonded 
in bar form, under cw conditions and at room temperature. 

Figure 2 shows the emission spectra of three representa­
tive lasers driven cw above threshold, all at approximately 
the same current density. The as-grown. SrF2-, and 
Si02-capped devices exhibit a peak spontaneous emission of 
826, 823, and 805 nm. respectively; i.e., wavelengül shifts of 
3 and 21 nm. The corresponding photoluminescence wave­
length shifts measured in this material are 2 and 19 nm 
(XjnHi11=S 12 nm). These values are slightly smaller than 
those of the corresponding photoluminescence spectra (tri­
angles at 960 *C in Fig. 1) because of the shorter anneal time 
(24 s instead of 30 s). The lasing wavelengths are located at 
or 1 nm to the long wavelength side of the spontaneous 
emission peak, typical for our Fabry-Pérot lasers. All de­
vices are single mode with a side mode suppression ratio of 
20 dB when driven at / = 3 x / ^ . 

In Fig. 3 are shown the cw light versus current (L-I) 
data for die tiiree devices of Fig. 2. The as-grown laser had a 
threshold current of 12 mA (J01=OOO A/cm2) and a slope 
efficiency of 0.52 W/A. A maximum output power of 14 mW 
at / = 4x7^, was achieved. In comparison, me L-I curve of 
the Si02-capped laser had a lower direshold current of 10 
mA (7,(,=500 A/cm2), while the SrF2-capped device had a 
somewhat higher threshold current of 14 mA 
(./,1,=700 A/cm2). The slope efficiencies of die 
SiOj-capped laser (0.42 W/A) and the SrF2-capped laser 
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HG. 3. L-I curves of SiOj-capped, SrFj-cipped, and as-grown material 
Fabry-Perot lasers. 

(0.36 W/A) are lower men mat of the as-grown laser. Mea­
surements of several lasers of each type gave nearly identical 
results. 

I- V curves of die three lasers are shown in Fig. 4. The 
characteristics of the as-grown and the Si02-capped lasers 
are comparable widi threshold voltages, V(I^), of 2.1 and 
2.15 V and series resistances of 30 and 24 H, respectively. 
The higher threshold voltage of 3.3 V and series resistance of 
37 £1 of the SrF2-capped laser may be a result of a displaced 
p-n junction caused by dopant diffusion during die RTA. 
However, no evidence of Zn diffusion into the n side was 
observed in stain-etched cross sections of the material. An-
otiier possible cause is die exposure of die contact region of 
die SrF2-capped devices during tfiree plasma processes 
(SiO2 patterning, SiO2 strip and Si3N4 contact hole etch). 
The Si02-capped lasers experienced only one plasma expo­
sure (Si3N4 contact hole etch). The higher direshold voltage 

5 10 15 

injection current [mA] 

FlG. 4. I-V curves of Si Q2-capped, Srfj-cipped, and as-grown material 
Fabry-Pérot lasers. 
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and series resistance of the SrF2-capped laser may explain 
the higher threshold current and reduced slope efficiency. 
Although no systematic lifetime measurements were done, 
we could not see any degradation of the laser performance 
during these measurements. 

In conclusion, Fabry-Pérot lasers with two different 
emission wavelengths have been fabricated on the same bar. 
The wavelength shift of 20 nm was achieved through a post-
growth process, vacancy-enhanced disordering. As opposed 
to earlier experiments,9 the performance of these devices is 
comparable with that of as-grown material lasers. We could 
not see any Zn diffusion into the active region and further­
more, we were able to achieve cw operation of all our de­
vices. 
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Monolrthically integrated optical 
displacement sensor in GaAs/AIGaAs 

D. Hofstctter, HP. Zappe and R. Dândliker 

Indexing lentis; Displacement measurement. Optical sensors, 
Integrated optoelectronics 

A roonotrthkalfy integrated displacement sensor has been 
fabricated in the GaAsZAJGaAs material system. The device is 
configured ta a Michelson interferometer and consists of a DBR 
laser, a directional coupler, transparent waveguides and a 
photodetector. Interference fringes could be seen at a 
measurement distare of up to 45cm, requiring only the 
alignment of an external GRIN lens for beam collimatkm. 

Introduction: The monolithic integration of lasers and interferom­
eters is one of the most important steps towards the realisation of 
photonic integrated circuits for sensing applications. For displace­
ment measurement using an integrated optical approach, Michel-
son interferometers based on glass, LiNbOj or silicon have been 
presented [1 - 4J; all of these technologies, however, require exter­
nal mounting and alignment of a light source, since monolithic 
integration of a laser is not yet possible in these materials. 

We present here the first demonstration, to our knowledge, of a 
GaAs-based monolithjcally integrated displacement sensor. The 
device is configured as a Michelson interferometer and consists of 
a DBR laser, a photodetector and transparent waveguides, alt 
monolithkalry integrated on a single piece of GaAs. The fabrica­
tion of such monolithjcally integrated sensors requires a simple 
laser fabrication technology, compatible with the interferometei 
fabrication process, and a postgrowth bandgap engineering proc­
ess to define transparent areas for the Bragg reflector and the 
waveguides and absorbing sections for the laser and the photode­
tector. Furthermore, the measurement of small optical signals 
needs good electrical isolation between laser and photodetector. 
The first of these three requirements was fulfilled by the use of a 
so-caUed grating recess, allowing the fabrication of the DBR laser 
without regrowth [5], The second was accomplished by vacancy-
enhanced quantum well disordering (VFX)) [6], while the third 
could be achieved with a proton implantation step. 

GRIN tens ^ 

high reflection ami reflection 
coating coating 

Fig. 1 Schematic diagram of monolitkicaUy integrated Mickebon inter­
ferometer with characterisation setup 

Fabrication process: The displacement sensor is shown schemati­
cally in Fig. 1. The light generated by the DBR laser is divided 
into a reference and a measurement beam by the directional cou­
pler. After reflection at the cleaved facet and from the external 
object mirror, the two beams interfere and are detected in the 
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photodetector. The ridge waveguides were 3mm wide and had 
curve radii of SOOjJm, therefore requiring strong index-guiding 
achieved by etching through the waveguide core. Three different 
coupler lengths (10ft?75/450um) and two Bragg reflector lengths 
(150/200um) were employed. The pumped laser sections and the 
photodetectors were both 500um long. 

The fabrication technology of this device was similar to that 
published previously [7]. The layer structure was a MOVPE-grown 
single-quantum-well double-heterostructure with a 160nm core 
and two lum cladding layers. For the VED process, 200nm of 
SiOj were evaporated on the transparent sections (Bragg reflector, 
waveguides, coupler), while a 250nm thick SrF3 layer was used on 
top of the absorbing sections (laser, photodetector) to prevent 
intermixing. VED was accomplished by a rapid thermal anneal at 
96O0C for 30s, followed by the complete removal of the dielectric 
layers from die wafer surface. A photolumtnescence shift differ­
ence of 20nm was seen after this annealing step. 

Proton implantation for electrica] device isolation (a dose of 4 x 
IO lscnr] at three different energies, 40/70/lOOkeV) was done eve­
rywhere outside die waveguiding areas; in addition, 2um wide 
stripes were implanted across the waveguides between active 
devices to electrically isolate the components without markedly 
increasing the waveguide losses. The processing was then com­
pleted using standard waveguide etch and metallisation tech­
niques. 

On the cleaved facet of the DBR laser (left side of Fig. 1), a 
high reflectance Al-mirror was evaporated to improve laser thresh­
old (60nm SiO, for isolation, 120nm Al as mirror), while on the 
measurement side of the interferometer (right side of Fig. 1), an 
antirefJection coating (Baken PASO ITO was used to reduce cou­
pling losses of the measurement beam and to attenuate the 
reflected reference beam. The remaining reflectance of 2% was still 
sufficient for the reference beam to produce a distinct interference 
Signal. 

Characterisation and measurement rendis: For performing a dis­
placement measurement, the DBR laser was driven CW at room 
temperature with an injection current of 5OmA. Its threshold cur­
rent of -35mA resulted in a threshold current density of 2.2kA/ 
an1; emission wavelength was 820nm_ 

The photodetector was reverse biased at -5 V and had a leakage 
dark current of 50OpA; responsivity of such détectons is typically 
0.5 AAV. The electrical resistance between the laser diode and the 
adjacent photodiode was measured to be in the order of IOCXI 
Since the absorption edge was blue-shifted by only 20nm, the 
waveguide losses were relatively high (40dB/cm) owing to band-
edge absorption. 
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Fig. 2 Interferogram for lion mirror distance and 95% mirror reflect-
tmce as measured by integrated photodetector 

The interferometer chips were tested in bar form and were Pel­
tier temperature-stabilised to better than O.IK. The measurement 
beam, collimated by an external GRIN lens, was directed onto a 
semitransparent mirror through which the reflected beam position 
could be observed by a OCD camera. Observation was necessary 
to adjust the beam properly into autocollimation. The semitrans­
parent mirror was fixed to a piezc-driven, gimbal-mounted holder 

with which the measurement distance could be varied between 3 
and 45cm. With this arrangement, we were able to measure a 
20um movement (limited by the travel of the piezo-actuator) 
which led to 49 interference fringes, each of them corresponding to 
a mirror movement of 410nm {see Fig. 2). Displacements of a 
quarter of a fringe, or approximately lOOrtm, were resolvable. The 
measured interference signal showed a good temporal stability but 
was very sensitive to vibration of the external components. 

A large constant offset in the photodiode current, dominated by 
optical crosstalk between laser and photodiode, was seen. To eval­
uate this current, we removed the external optics and measured 
the signal magnitude. Since we know the approximate reflectivity 
of the AR-coated facet (2%), we were able to estimate the cross­
talk current from this measurement, leading to a value of 16.7nA. 
This value agreed well with a more comprehensive measurement 
involving the use of five different external mirrors with differing 
reflectivities. Subtracting the crosstalk current from the signal val­
ues shown in Fig. 2 results in a considerably improved contrast. 

The crosstalk current can be reduced by an isolation trench 
between laser and photodiode. For practical use, the functionality 
of the interferometer must be enhanced by the inclusion of a phase 
shifting dement as part of a double-arm interferometer allowing 
quadrature detection for determination of displacement direction 
as well as magnitude. 

Conclusion: A single monolithicaDy integrated Michelson interfer­
ometer chip used as an optical displacement sensor was designed, 
fabricated and tested. Interference fringes were seen at a distance 
of up to 45cm. The only element requiring alignment was the 
external GRIN lens for the collimation of the measurement beam. 
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A Monolithically Integrated Double Michelson 
Interferometer for Optical Displacement 

Measurement with Direction Determination 
D. Hofstetter, H. P. Zappe, and R. DSndliker 

Abstract— A nioiiolithicauy integrated optical displacement 
sensor fabricated in the GaAs-AIGaAs material system is re­
ported. The single-chip device consists of a distributed Bragg 
reflector laser, two photodetectors, two phase modulatory two 
Y-couplers, and two directional couplers. It is configured as a 
double Michelson interferometer and allows the détermination of 
both magnitude and direction of a displacement. The detection 
of two 90' phase-shifted interferometer signals also resulted in 
an improved phase interpolation of ¢''20. Despite the relatively 
"simple fabrication process, the integration of rather complex 
optical functions could be reahted. 

I INTRODUCTION 

INTEGRATED OFTICAX circuitry using IH-V-
semJconductors offers the possibility of monolitbicaily 

integrating active and passive optical components. Such 
an integration is advantageous because of enhanced design 
flexibility, reduced or eliminated need for physical alignment 
procedures, greater robustness and potential for mass 
production. 

Integrated optical displacement sensors have to date been 
fabricated on glass substrates using ion-exchanged strip 
waveguides by Jestel [1] and on silicon substrates with 
slab or ridge waveguides by Ulbers [2] and Voirin [3]. Two 
approaches employing ffl-V-semiconductor material, wim the 
potential for integration as noted above, have been reported 
by Suhara [4] and by us [S]. Our previously reported device 
was single-Michelson»type. and. in contrast to the glass and 
iilicon-based interferometers, not able to detect the direction 
of the movement To die best of our knowledge, no DI-V-
based device allowing the measurement of two independent 
phase-shifted interference signals with an integrated laser has 
yet been published. 

In dûs work, we describe a double Michelson interferometer 
consisting of one DBR laser, two photodetectors. two phase 
modulators, two Y-couplers, and two directional couplers wim 
which both magnitude and direction of a movable external 
object could be measured. As can be seen in the schematic 
of Fig. 1, the light of the DBR laser was divided into two 
nearly independent Michelson interferometers by a Y-coupler. 
A relative phase shift between the two reference arms was 
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Fig. I. SdxinBÜc of the mooofittucaOy intetrated double Michelson dia-
placement teaser with direction determination. The diode aymbob in tbt 
reference beans represent the phase modulatori. 

generated by phase modulators allowing the detection of 
two interference signals in phase quadrature and thus the 
changes in displacement direction, interference signals could 
be measured at minor distances of up to 20 cm with sub-100 
om resolution. 

This displacement measurement chip was fabricated on a 
double beterostrucmre layer sequence requiring only a single 
growth step. A vacancy-enhanced disordering (VED) process 
was employed to define absorbing photodetector and pumped 
laser areas as well as transparent waveguiding sections [6]. In 
addition, a simplified DBR laser process using a grating recess 
allowed the integration of all necessary optical functions wim 
a relatively simple technology. 

IL TECHNOLOGY 

The layer structure used for diese devices was grown 
by metal-organic vapor phase epitaxy on a GaAs substrate 
(n-doped 1018 c m - 3 Si) and included an undoped 165-nm-
thick Alo.3Gao.7As waveguide core containing a single GaAs 
quantum well (7 nm). This layer was sandwiched between 
a l.l-pm-tiiick Alo.6Gac.2As lower cladding layer (n-doped 
15 x 1018 c m - 3 Si) and an 0.85-^m-thick Ala.6Ga0.2As 
upper cladding layer (p-doped 1018 cm~3 Mg). A 160-nm-
thick highly p-doped (5 x 1018 c m - 3 Zn) GaAs cap layer 
completed die structure. 

Integration of lasers, photodetectors, modulators and waveg­
uides requires compatible process technologies for all neces­
sary components of the circuit For this work, we employed 
processes reported previously, namely lbe fabrication of a 
single growth step DBR laser [7], [8] and the selective, partial 
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intermixing of quantum wells for postgrowth bandgap-shifting 
PJ. Proton implantation CH+. 4 x 1015 cm-2,40/70/100 keV) 
was used to generate a high electrical resistance between laser 
and photodetectors (> 10 GO). and the reduction of optical 
crosstalk between these two elements was achieved by dry 
etching an isolation trench. This trench was filled with the p-
metallization layers to prevent UK light from going directly 
from the laser into the photodetector. 

HL INTERFEROMETER DESCRIPTION 

The optical circuits described in this letter were configured 
as double Michelson interferometers, shown schematically in 
fig. 1. The ridge width of die waveguides was 3 ßm and 
the curve radii were 500 ^m. All passive waveguides were 
fabricated in the areas with intermixed quantum wells and 
had an absorption loss of 35-45 dB/cm, due to the relatively 
„small bandgap difference of 45 meV between intermixed 
jbandgap energy Esj) and nonintennixed (bandgap energy 

" Egi ) sections. Since the total waveguide length did not exceed 
3 mm, dûs relatively high absorption loss was not overly 
detrimental for interferometer Performance. 

For the splitting of the incoming light into the reference 
and sensing arms, we used either directional couplers with 
a length of 500 ,um or, in an alternative design, Y-conpkrs. 
Depending on the type of coupler used, the total cleaved chip 
length was 1.95 mm for devices with Y-couplers or 2.6 mm 
for those wim directional couplers. Modulator length was 340 
^m; when driven at -12-V reverse voltage, we measured a 
one-pass phase shift of JT/16. 

Both the pumped laser section and photodetectors were 
fabricated in the nonintermixed. and thus absorbing, areas of 
the chip and had a length of 500 pm each. The length of the 
nonabsorbing DBR grating section was 200 pan; we used a 3rd 
order grating with a period of 380 nm, a depth of 150 cm and 
a 1:1 lme-to-space ratio. A 70-nm thin buffer layer between 
the bottom of the grating and the waveguide core resulted in a 
alculated grating coupling coefficient of 100 cm - * ; this gave 

the desired grating reflection coefficient of about 95%. The 
left cleaved facet of the interferometer served as second laser 
minor. 

The DBR lasers of our displacement sensors were driven 
CW at room temperature. Typical threshold currents were 30 
mA, corresponding to a threshold carrent density of 2 kA/cm:. 
The emission wavelength was 822 nm and the spectrum 
showed a sidemode suppression ratio of approximately 25-30 
dB. For interferometric measurements, the lasers were usually 
operated at 50 mA. At this current level, 2 mW of optical 
power was emitted from the left cleaved facet of the device. 
A measurement of die output power from the grating side was 
performed indirectly by coupling its light through a straight 
waveguide into a photodetector. Under the assumption of 40 
dB/cm waveguide loss, we estimated the output power into 
the interferometer to be around 2 pW. This asymmetry of 
die optical output power was due to the different reflectances 
(facet 30%. grating: 95%) of die two laser inirrors. 

0 1 2 3 4 

Total distance moved [pm] 

Hg. 2. The two detector currents /(*) of the double Michelson interferom­
eter for 3 J em mirror distance and 67¾ mirror rcBecunce showing the two 
interference tignali. Direction ch*nges occurred ai 1.2 am uod d 3 J fim. 

TV. PERFORMANCE 

The measurement setup for interferometer characterization 
consisted of a Peltier tempersture-stabüned mount for the 
interferometer bars, an external, independendy movable GRIN 
lens (pitch = 0.23) for measurement beam coUimation and a 
piezo-driven, semitransparent mirror as measurement object 
(67% reflectance). A CCD camera-based imaging system 
allowed rough alignment of die measurement beam into au-
tocollimation. Fine adjustment was performed by optimizing 
the detector signals during the measurement The travel of 
me displacement piezoactuator was restricted to 20 d/im; the 
movement was stimulated by a symmetric sawtooth voltage 
signal from a function generator. The amplitude of the voltage 
was adjusted to change the direction of the movement after 
every 2 ^m of displacement. 

Hg. 1 shows the result of an interferometric measurement 
at a mirror distance of 3 5 cm. The dc components of the 
interferometer signal, defined by 

!(¢) = U + £(l + V-c*0 
include a constant offset in the detector current signal /erase. 
due to optical crosstalk between laser and detector, as well 
as the component IQ/2 due to visibility, V = (/miJt -
/min)/(/ra»x + 'min), less than unity. In Fig. 2. there are 
two changes of the movement direction: one at 12 pm and 
another at 3.3 ^m. One interference fringe corresponds to a 
mirror movement of one half of die measurement wavelength, 
namely 411 nm. The amplitudes of the detector current signals, 
(IoV/2), were 0.5 nA and 0.4 nA, Optical crosstalk signals 
of 35 nA and 16 nA, respectively, were seen because of the 
insufficiently deep isolation trench. The value of the crosstalk 
could be accurately determined by measuring the latter in 
an uncleaved interferometer bar; this approach suppressed all 
reflections at die measurement facet. 

Plotting the two interferometer detector currents, T(^). 
against each other resulted in a Lissajous-figure as shown 
in Fig. 3. The ratio of (he two normalized ellipse main-axes 
allowed an estimate of the phase shift between the two signals. 
approximately 75-80°. With a longer phase modulator, it 
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Fig. 4. Sign«! visibility versus mirror di nance of a simple Michebon 
interferometer of the same fabrication run. This result. implies a laser Knewxr4 
of Uv = 800 MHz. 

}aould be possible to adjust the phase shift to the desired value 
of 90°. Nevertheless, a phase interpolation of ¢/20. resulting 
in 20-nm resolution of the displacement measurement should 
be possible. 

The slightly distorted sine* and cosine-shape of die two 
signals results from die parasitic reflection at the right cleaved 
facet of die sensing beam. This reflection at the measure­
ment facet and die reflection at die object mirror generate 
a Fabry-Pérot interferometer cavity, whose optical field in­
terferes with the one from the reference arm. We studied the 
behavior of such a three-miiror interferometer by simulation 
and were able to predict the expenmentally measured asym­
metric shape of the interferograms when fJi urging die intrinsic 
phase between reference and sensing arm. 

Kg. 4 shows the interference signal visibility. V. as a func-
tion of mirror distance for a single Michelson interferometer. A 
Fourier-transformation of this so-called autocorrelation func­
tion allowed a determination of the laser linewidrh. Although 
typical DBR lasers, with a linewidth of 1 MHz or less, have 
"oherencc lengths of several hundred meters, the rapid decay 
Jf visibility with increasing distance as seen in the figure 
results from an enhanced linewidth of about 800 MHz. This in­
crease is probably caused by the perturbation of the DBR laser 
through feedback from the cleaved right facet. In addition, 
die modal behavior of the sensing beam waveguide was not 
ideal; we could occasionally observe higher order waveguide 
modes under different coupling conditions. This effect also 
reduced the visibility and gave raise to "mode hopping" in die 
feedback, which was clearly indicated by spontaneous changes 
of the phase between the two interferometer signals. 

V. CONCLUSION/OUTLOOK 

A monolithically integrated double Michelson interferome­
ter for displacement measurement wim direction détermination 
was designed, fabricated and characterized. The device con­
sisted of a DBR laser, detectors, modulators and waveguides. 

all fabricated on a single GaAs-AlGaAs-chrp. Displacement 
measurements were performed using only one external element 
for beam colfimation and a movable minor as measurement 
object. Although using relatively simple standard processing 
technologies, we could demonstrate the fabrication of an 
advanced monolithic device with complex optical functions. 
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Optical displacement measurement with 
GaAs/AlGaAs-based monolithically integrated 

Michelson interferometers 

Daniel Hofstetter, Hans P. Zappe, and René Dandlìker 

Abstract— Two monolithically integrated 
optical displacement sensors fabricated in the 
GaAs/AIGaAs material system are reported. These 
single chip microsystems are configured as 
Michelson interferometers and comprise a 
distributed Bragg reflector laser, photodetectors, 
phase shifters and waveguide couplers. While the 
use of a single Michelson interferometer allows 
measurement of displacement magnitude only, a 
double Michelson interferometer with two 
interferometer signals in phase quadrature also 
permits determination of movement direction. In 
addition, through the use of two 90 ° phase-shifted 
interferometer signals in the latter device, a phase 
interpolation of ¢/20 is possible, leading to a 
displacement resolution in the range of 20 nm. The 
integration of these complex optical functions could 
be realized with a relatively simple fabrication 
process. 

I. INTRODUCTION 

measurement, both in the laboratory and for 
applications in the field. 

We present in this paper die design, fabrication 
technology and characterization of Hl-V 
semiconductor-based, monolithically integrated 
displacement sensors. These fully integrated 
measurement microsystems include all active 
interferometer components on a single semiconductor 
chip. Following a brief survey of previous work in 
this field, we will present the required processes for 
the fabrication of a semiconductor-based 
interferometer, discuss distributed Bragg reflector 
lasers as light sources and selective bandgap shifting 
for on-chip transparency. We will then present the 
performance characteristics of both the single 
Michelson interferometer (SMI) [6] and the double 
Michelson interferometer (DMI) with two 90 ° phase-
shifted reference beams [7] and conclude with a 
comparison of these structures and existing 
displacement sensors. 

II. SUMMARY OF IO DISPLACEMENT 

SENSORS 

Due to the attractive features of an integrated 
optical (IO) approach, numerous workers have 
developed Michelson interferometer-based 
displacement sensors using various technologies. One 
of these approaches has been described by Ulbers [8] 
and was commercially available for some time 
(Hommelwerke Sensor GmbH) [9]. This device 
consisted of a Michelson interferometer on a silicon 
chip where waveguiding was by planar waveguides. 
An external gradient index (GRTN) lens was used for 
the collimation of the measurement beam; in addition, 
an external diode laser and photodetectors were 
required for stimulation and signal measurement. 

The IO Michelson interferometer fabricated by 
Jestel [10] (University of Dortmund) used ion-
exchange stripe waveguides on a glass substrate, 
thermo-optic phase shifters to define the relative 
phase shift between the two reference arms and 
directional couplers to divide the incoming light into 
reference and sensing beam. This device consisted of 
two combined Michelson interferometers (often 
referred to as a double Michelson interferometer) and 
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A.A. Michelson carried out the first 
measurements using the interferometer which bears 
his name in 1881 [1], [2], [3]; this historical 
experiment proved that the speed of light was not 
influenced by the motion of the earth relative to a 
hypothetical ether. The same experimental setup was 
subsequently used for spectroscopic and displacement 
measurements. In that age, gas vapor discharges were 
the only available spectrally pure light sources, such 
that displacement measurements were limited to 
distances of about 1 meter due to the limited 
coherence length of the source. Using highly coherent 
laser light, interferometric displacement measurement 
is possible at distances exceeding 100 m [4] and 
represents an important research and industrial tool. 

Using the technology of integrated optics, light 
is propagated in waveguides instead of free space, 
implying that extremely small optical circuits can be 
fabricated. Integrated optical sensors using 
waveguides are thus very compact and physically 
robust and may easily be fabricated by mass-
production techniques [5]. For these reasons, 
integrated optical Michelson interferometers have 
become very attractive for optical displacement 
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allowed direction determination of the movable 
object. It also required an external diode laser and 
external photodetectors, plus one externally mounted 
beam-shaping element. 

The measurement of displacement is also 
possible with Mach-Zehnder type interferometers; 
Voirin [11] (CSEM Neuchâtel) reported a Mach-
Zehnder interferometer for this application. This 
sensor was fabricated in glass with ion-exchange 
stripe waveguides and wavelength-stabilized to within 
10 . The usual external elements, namely laser, 
detectors and GRTN lens, were again necessary to 
operate the interferometer. 

Recently, Suhara [12] published a 
monolithically IO position sensor. This III-V-
semiconductor-based device was configured as a 
double Michelson interferometer and consisted of a 
DFB laser, planar waveguides and grating couplers 
but without a phase shift between die two reference 
beams. The grating coupler served as beam splitter 
and also as collimation lens for the measurement 
beam. A similar device with two phase-shifted 
interference signals but without an integrated DFB 
laser was demonstrated in 1989 [13]. 

HI. IH-V PROCESSING 

Monolithically integrated optical circuits, 
fabricated in a Hl-V semiconductor system, have been 
extensively developed for telecommunication 
applications; the material systems used have been 
chosen for their suitability for the fabrication of lasers 
at the required wavelengths. Integration of the 
components necessary for an optical circuit requires 
the ability to fabricate an integratable laser, a means to 
selectively define transparency across the chip, and 
techniques for achieving electrical and optical 
isolation between devices. We will provide here an 
overview of the more salient aspects of the fabrication 
processes required for the interferometers. 

A single layer structure was used for all 
required devices and was grown by metal-organic 
vapor phase epitaxy on a GaAs substrate (n-doped 
IO * cm"' Si). An undoped 165 nm thick Al03Ga07As 
waveguide core containing a single GaAs quantum 
well (7 nm) was sandwiched between a J.l um thick 
Al0^Ga02As lower cladding layer (n-doped 
1.5x10 cm"3 Si) and an 0.85 ^m thick Al01Ga0J2As 
upper cladding layer (p-doped 10llcm"J Mg). A 
160 nm thick highly p-doped (5xl0IE cm* Zn) GaAs 
cap layer completed the structure.. As we discuss 
below, a post-growth bandgap shifting technique was 
used to selectively define transparency across the 
wafer, such that only a single epitaxy step was 
required. 

Using a standard dry etch chemistry, 3 urn 
wide ridge waveguides were etched to a depth of 
100 nm above the waveguide core; this was followed 

by the dry etch of a 500 nm deep optical isolation 
trench between laser and detectors, which was 
subsequently filled with p-metal layers. Passivation 
and electrical isolation of the ridge sidewalls was 
achieved through a 250 nm thick PECVD-grown 
SijtVlayer. Proton implantation (H*, 4x10 cm":, 
40/70/100 keV) and a cap etch, outside all contact 
areas, were used to generate a high electrical 
resistance between laser and photodetectors 
(>10 GfI). After a contact hole etch on top of the 
ridges, standard p- and n-metal layers were 
evaporated. 

Fabrication of the DBR grating involved the 
dry etch of a grating recess to a depth of about 230 nm 
above the core. The 3rd order grating was then 
defined by holographic exposure and subsequent dry 
etching. Cleaving of the bars to the desired length and 
evaporation of suitable facet coatings completed the 
processing. On the left laser facet, we used a high-
reflection (HR) coating in order to reduce the laser 
threshold current; and on the right interferometer 
facet, an anti-reflection (AR) coating was evaporated 
to improve interferometer signal contrast. 

A. Selective bandgap shifting 

The combination of lasers and transparent 
waveguides requires the definition of sections with 
different bandgap energies on the same substrate. The 
methods to solve this problem can be divided into 
growth- and intermixing approaches. The most 
popular among the growth meüiods are selective area 
growth [14], [15], [16] and etch and epitaxial 
regrowth on a non-planar patterned substrate [17], 
[18]. The first allows die simultaneous epitaxy using 
different growth rates, and, therefore, the growth of 
quantum wells with different diicknesses. In contrast 
to this, die second uses a subsequent growth of 
material with different quantum well (QW) 
thicknesses. Other possibilities are selective partial 
intermixing of the QW using impurities [19], [20] or 
vacancies [21], The primary advantage of the 
intermixing methods is that they require no additional 
regrowth, whereas the high temperature rapid thermal 
annealing (RTA) step necessary can lead to dopant 
migration. We employed an impurity-free intermixing 
approach, vacancy-enhanced disordering (VED), for 
the definition of transparent regions. 

The VED technique required that me sample 
be completely covered with a single layer of eitiier e-
beam evaporated SiO2 or uiermally evaporated SrF2. 
During RTA at 960 0C for 30 s, group-III-vacancies 
are generated under the Si02-cap but not under me 
SrFj-cap. Under SiO2, the vacancies promote 
intermixing of the Ga in the initially pure GaAs QW 
witii Al of the adjacent AI0SGa07As core, thereby 
increasing the Al-content and die energy bandgap of 
the QW. The final effect is an anneal temperature-



F'tg. 1 - Photoluminescence wavelength shift of SiO2-capped and 
SrFj-capped material after vacancy-enhanced disordering at 
different anneal temperatures and anneal times. Excitation of the 
photoluminescence was accomplished with an argon-ion laser (I 
= 488 nm, P-IO mW) and measured at room temperature. 

dependent blue-shift of the photoluminescence (PL) 
spectrum. Figure 1 shows the achieved blue-shifts as a 
fiinction of temperature and anneal time. After an 
RTA of 30, 60 and 90 s duration, and at temperatures 
between 910 0C and 960 0C, we measured blue-shifts 
of 5 to 68 nm under the Si03-cap and less than 10 nm 
under the SrF2-cap. Both dielectrics are stripped by 
wet or dry etchants after the anneal step. 

This means to selectively promote a blue-shift 
in the absorption wavelength can then easily be used 
to define transparent regions in a quantum well, 
waveguide-based optical circuit; for the applications 
discussed below, the passive waveguides and couplers 
were fabricated in regions covered with SiO2 during 
anneal, whereas the lasers and photodetectors were 
defined in the unshifted regions defined by SrF2. 

B. Bandgap-shified Fabry-Pêrot lasers 

in order to demonstrate the good laser quality 
of material subject to a VED anneal, we fabricated 
Fabry-Pérot lasers in both the shifted and the 
unshifted regions of annealed material, as well as in 
as-grown material in a process described previously 
[22]. The lasers were 500 urn long with a ridge width 
of 4 urn and were tested in bar form under CW 
conditions at room temperature. The spectra of 
representative as-grown, SrF2-, and Si02-capped 
devices showed laser emission at wavelengths of 826, 
823, and 805 nm, respectively; thus the VED-induced 
wavelength shifts were 3 nm and 21 nm. 

The as-grown laser had a threshold current of 
12 mA (J01 = 600 A/cm2) and a slope efficiency of 
0.52 W/A. A maximum output power of 14 mW at I = 
4 x I1J1 was achieved. In comparison, the P-I-curve of 
the Si02-capped laser had a lower threshold current of 
10 mA (J01 = 500 A/cm2) while the SrF2-capped 
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Fig. 2 - Schematic picture of a single-growth-step DBR laser with 
a holographically-defined, grating fabricated in B grating recess. 

device had a somewhat higher threshold current of 
14 mA ( ^ = 700 A/cm2). The slope efficiencies of the 
Si02-capped laser (0.42 W/A) and the SrF2-capped 
laser (0.36 W/A) were lower than that of die as-grown 
laser. The higher threshold current and lower slope 
efficiency of the SrF2-capped laser were probably 
caused by repeated plasma exposure of its contact 
region during SiO2 removal, SiO2 patterning and 
Si3N4 patterning. 

C. DBR laser 

Numerous approaches have been developed for 
the integration of a laser with an optical circuit; these 
include evanescent coupling between waveguides and 
emitting regions (requiring an additional impedance 
matching layer and regrowth) [23], [24], butt coupling 
between laser and photodetector (needing a mirror dry 
etch technique) [25] or the use of surface emitting 
lasers and photodiodes (requiring high-quality dry-
etched mirrors) [26], For the present work, the use of 
a simplified, single-growth-step, two section DBR 
laser, described previously [27], [28], represents an 
attractive solution with respect to both process 
compatibility and feedback stability for an integrated 
interferometer. 

The pumped section of the laser was fabricated 
in an area of the chip not subject to a bandgap shift 
during VED, while the Bragg reflector was etched 
into the shifted, thus transparent, region. The use of a 
so-called grating recess (see figure 2) allowed 
accurate vertical placement of the grating [28]; this 
recess was dry etched to within 150 nm of the active 
region, leaving an accurately-defined layer for the 
Bragg reflector. The holographically-defined 3rd 
order grating had a period of 375 nm, 1:1 line-to-
space ratio and 100 nm depth. The 50 nm thick buffer 
layer between grating and waveguide core determined 
the coupling coefficient, approximately 100 cm" . 

Performance evaluation of discrete DBR lasers 
was carried out CW at room temperature. As seen in 
the inset to figure 3, maximum output power was 
5 mW from the cleaved facet, threshold current was 
26 mA (JA = 1.3 kA/cm2) and slope efficiency was on 
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Fig. 3 - Optical spectrum of a DBR laser with a 500 |im long 
pumped and a 130 pm long grating section driven at 23 x I01. The 
inset shows the I-V- and the P-l-curve. 

the order of 0.21 W/A. The latter value could be 
further improved by ensuring a closer wavelength 
match between the Bragg peak of the grating 
(820 nm) and the semiconductor gain peak (825 nm), 
The laser spectrum, as shown in Figure 3, was single 
transverse and longitudinal mode with a primary 
emission peak at X = 820 nm and had a sidemode 
suppression ratio (SMSR) of 27 dB. Self-heterodyne 
measurements of the laser spectrum gave a spectral 
linewidthof500kHz. 

From the Fabry-Pérot mode spacing of 
0.16 nm, we could calculate the effective cavity length 
to be about 630 um implying an active grating length 
of approximately 130 nm. The primary emission peak 
could be continuously temperature-tuned between 15 
and 35 0C, leading to a temperature tuning coefficient 
of 0.0OnITiZ0C. 

D. Integration: laser, waveguide and 
photodetector 

To test the suitability of these DBR lasers and 
the VED technique for bandgap shifting described 
above, a simple optical circuit consisting of 500 urn 
long pumped laser sections, 130 nm long non-
absorbing DBR reflectors, 570 pm long transparent 
waveguides and 500 um long absorbing photodiodes 
was fabricated. The entire chip, 1700 urn long, was 
traversed by a single 4 urn wide waveguide. 

As shown in figure 4, we simultaneously 
measured the cleaved facet output power with an 
external photodetector and the output power from the 
grating side of the laser with the integrated 
photodetector; for current values up to 35 mA, the two 
curves follow each other closely. Above this current 
level, the integrated photodetector seems to saturate, 
likely because no reverse bias voltage was applied. 
This operating condition was chosen because the 
resistance parallel to the reverse biased photodiode is 

S 1 • 
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• !«^integrated photodiode) 

2 0 „ < 
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Fig. 4 - Cleaved facet optical output power and photodetector 
current versus laser injection current of a DBR laser 
monolìthìcally integrated with a transparent waveguide and an 
absorbing photodetector. 

about 5 kfì and thus leakage currents were relatively 
high. 

The wavelength-shifted waveguides had 
optical losses comparable to as-grown transparent 
waveguides and were on the order of 1.5 dB for the 
short lengths (0.57 mm) employed. Photodiodes of 
this design typically have a high responsivity 
(>0.6 AAV), implying >90 % quantum efficiency. If 
we assume that the laser output from the grating side 
(with reflectivity 30 - 40 %) and the cleaved facet side 
(reflectivity 31%) are roughly equal, we can 
determine a total conversion efficiency of laser output 
into detector current of 0.47 AAV; no obvious 
performance differences between annealed and non-
annealed photodetectors were noted. 

rv. INTERFEROMETER DESIGN AND 

CHARACTERIZATION 

The optical circuits we describe in this paper 
were configured either as single Michelson 
interferometers (SMI), or as double Michelson 
interferometers (DMI); both of them are shown 
schematically in figures 5a and 5b. The SMI devices 
included a DBR laser, a photodetector, and 
waveguides forming a directional coupler, while the 
DMIs consisted of one DBR laser, two photodetectors, 
two Y-couplers, two directional couplers, and two 
phase shifters. The ridge width of the waveguides was 
3 urn and all curve radii were 500 urn. The passive 
waveguides were fabricated in the areas with 
intermixed quantum wells and had, because of the 
relatively small bandgap difference of 45 meV 
between intermixed and non-intermixed sections, an 
absorption loss of 35 - 45 dB/cm. Since the total 
waveguide length did not exceed 3 mm, this relatively 
high absorption loss was not overly detrimental for 
interferometer performance. The total chip lengths 
were 1.95 mm for SMIs and 2.6 mm for DMIs. 
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Fig. 5a - Schematic représentation of a single Michel son 
interferometer fot optical displacement measurement 

Fig. 5b - Schematic representation of a double Michelson 
interferometer for optical displacement measurement with 
direction determination. 

Both the pumped laser section and 
photodetectors were fabricated in the non-intermixed, 
and thus absorbing, areas of the chip and had a length 
of 500 jim each. The length of the non-absorbing 
DBR grating section was 200 (im; here, we used a 3rd 
order grating with a period of 380 nm, a depth of 
160 run and 1:1 line-to-space ratio. A 70 nm thin 
buffer layer between the bottom of the grating and the 
waveguide core resulted in a calculated grating 
coupling coefficient of 100 cm'1; this gave the desired 
grating reflection coefficient of about 95 %. The left 
cleaved facet of the interferometer served as the 
second laser mirror. 

These interferometer chips were tested in bar 
form and were temperature-stabilized to within 
±50 mK using a thermo-electric cooler. The 
measurement beam, collimated by an external GRIN 
lens (pitch = 0.23), was directed onto a semi-
transparent, 67 % reflecting mirror through which the 
reflected beam position could be observed by a CCD 
camera. Observation was necessary to adjust the beam 
properly into autocollimation. By using a pitch of 0.23 
instead of 0.25, we could prevent physical contact of 
the GRTN lens with the cleaved interferometer facet, 
reducing the probability of facet damage. The semi-
transparent mirror was fixed to a piezo-driven, 
gimbal-mounted holder with which the measurement 
distance could be varied between 3 cm and 45 cm. Tilt 
control of this mirror was performed by piezo-

4 6 8 

Position Ipm] 

Fig. 6 - lnlerferogram for 3 cm mirror distance and 95 % mirror 
reflectance as measured by integrated photodetector using a SMI. 

actuators, resulting in a tilt accuracy of 0.33 urad/V in 
the horizontal and of 0.67 urad/V in the vertical 
direction. With this arrangement, we were able to 
produce either a 20 \xm unidirectional movement, or a 
movement with periodically (T = 60 s) changing 
direction. The unidirectional movement was used to 
test the SMIs and led to 49 interference fringes, each 
of them corresponding to a mirror movement of 
410 nm (see figure 6). The displacement with 
periodical direction changes every 2 urn was used to 
measure the characteristics of a DMI. 

V. SMI PERFORMANCE 

The photodetector of the SMI was reverse 
biased at -5 V and had a leakage dark current of 
500 pA; responsivity of such detectors is typically 
0.6 A/W. The electrical resistance between the laser 
diode and the adjacent photodiode was measured to be 
on the order of 10 GQ. The measured interference 
signal is shown in figure 6; it exhibited a good 
temporal stability but was very sensitive to vibration 
of the external components. Displacements of a 
quarter of a fringe, or approximately 100 nm, were 
resolvable. With this single Michelson interferometer 
configuration, no determination of a change in 
movement direction is possible. 

A large constant offset in the photodiode 
current, dominated by optical crosstalk between laser 
and photodiode, was seen. The interferometer signal, 
defined by 

W)-U,+ yO+ V-cost) 
includes a constant offset in the detector current 
signal, l„ms, due to optical crosstalk between laser and 
detector, as well as a constant component 1,/2 due to 
visibility, V = (In^- Ui0)Z(In^+ Imin), less than unity. 
This crosstalk current was reduced, but not completely 
eliminated, by the isolation trench between laser and 
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Fig. 7 - Signai contrast as a function of mirror distance using a 
67 % reflecting mirror for the SMl. 

photodiode. To evaluate this offset current, we 
removed the external optics and measured the signal 
magnitude. Since we know the reflectivity of the AR-
coated facet (~ 2 %), we were able to estimate a value 
of 15.8 nA for the crosstalk current from this 
measurement. This value agreed well with a more 
comprehensive measurement involving the use of five 
different external mirrors with differing reflectivities. 
Subtracting the crosstalk current from the signal 
values shown in Figure 6 results in a considerably 
improved contrast (V = 0.8 instead of V = 0.1). 

A plot of the corrected signal contrast (after 
subtraction of the crosstalk current) as a function of 
mirror distance is shown in figure 7. The Fourier-
transformation of mis auto-correlation function allows 
the estimation of the DBR laser linewidth; we 
calculated a value of 500 MHz, which is a factor of 
103 larger than the value obtained with a discrete DBR 
laser. An investigation of the laser spectrum using a 
scanning Fabry-Perot resonator exhibited an 
irregularly flickering spectrum with approximately the 
linewidth calculated above, and not the expected 
broadened Lorentzian-shaped laser line. These 
observations indicate clearly that the laser sees 
numerous external cavities caused by facet reflections 
and tries to optimize their phase conditions. The short 
coherence length of the integrated DBR lasers 
therefore provides a fundamental system limitation; 
current work is focusing on the improvement of 
integrated laser linewidth. 

Vi. DMI PERFORMANCE 

The DMIs were characterized with the same 
setup as described above; the application of electrical 
bias to the phase shifters in the two reference arms 
allowed determination of changes in movement 
direction in addition to the magnitude of 
displacement. The DBR lasers operated at a current 
level of 60 mA and a reverse voltage of -12 V was 
applied to the photodetectors. The length of the phase 

0.0 0-5 1.0 t.S 2.0 2.5 3.0 3.5 4 0 4.5 

Total distance moved [um) 

Fig. S - The two detector currents of the double Michelson 
interferoni e ter for 3.5 cm mirror distance and 67% mirrot 
reflectance showing the two interference signals. Direction 
changes occurred at 1.2 ̂ m and at 32 jim. 

shifters was 340 urn which gave a one-pass phase 
shift of Tt/j.6 when driven at -12 V bias voltage. Figure 
8 • presents the result of an interferometric 
measurement with a DMl at a mirror distance of 
3,5 cm. Two changes of movement direction are 
clearly visible in the figure: one at 1.2 urn and another 
at 3.2 (jm. Again, one interference fringe corresponds 
to a mirror movement of one half of the measurement 
wavelength, namely 410 nm. The amplitudes of the 
detector current signals, (I0 V/2), were 0.5 nA and 

0.4 nA, with optical crosstalk signals of 35 nA and 
16 nA, respectively. 

Plotting the two interferometer detector 
currents against each other resulted in the elliptical 
Lissajous-fìgure shown in figure 9. The ratio of the 
two normalized ellipse main axes allowed an estimate 
of the phase shift between the two reference signals, 
between 75 - 80°. Since one rotation (360°) of the 
characteristic corresponds to a mirror movement of 
400 nm, we obtain a system measurement resolution 
of approximately 1.1 nm/0. If we conservatively 
estimate the angular interpolation to be limited to 
¢/20, or 18°, an interferometer displacement 
resolution of 20 nm is easily achieved. A further 
improvement of the resolution can be achieved by 
using an exactly circular Lissajous characteristic; this 
requires a 90° phase shift between the two 
interference signals, achievable with a slightly longer 
phase shifter. 

The slightly distorted sine- and cosine-shape of 
the two signals results from the parasitic reflection at 
the right cleaved facet of the sensing beam. This 
reflection at the measurement facet and the reflection 
at the object mirror generate a Fabry-Perot 
interferometer cavity, whose electric field interferes 
with the one from the reference arm. We studied the 
behavior of such a three-mirror interferometer by 
simulation and were able to predict the asymmetric 
shape of the interferograms when changing the 
intrinsic phase between reference and sensing arm, as 
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Fig. 9 - The two detector currents of the double Mkhelson 
interferometer for 3.5 cm mirror distance and 67 % mirror 
reflectance plotted as a function of each other, the signal rotates 
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seen experimentally and in agreement with a similar, 
more comprehensive study in the literature [29]. 

The maximum measurement distance for the 
DMI was 25 cm, corresponding to a laser linewidth of 
about 1 GHz. In addition to optical feedback into the 
laser, the modal behavior of the sensing beam 
waveguide was not ideal; higher order waveguide 
modes could be observed under different coupling 
conditions. This effect further reduced the contrast 
and gave rise to occasional "mode hopping", which 
was clearly indicated by spontaneous changes of the 
phase between the two interferometer signals. 

VII. CONCLUSIONS 

Monolithically integrated single Michelson 
interferometers and double Michelson interferometers 
for contactless optical displacement measurement and 
direction determination have been demonstrated. The 
devices consisted of a DBR laser, detectors, 
modulators and waveguides, all fabricated on a single 
GaAs/AIGaAs-chip. Displacement measurements 
were performed using only one external element for 

beam collimation and a movable mirror as 
measurement object. 

The monolithic double Michelson 
interferometer was demonstrated to have a 
displacement resolution of 20 nm for measurement 
distances of up to 5 cm. In comparison, 250 nm 
displacement resolution at distances of 25 cm have 
been reported for non-monolithic integrated optical 
implementations [7), [9] and 1 nm resolution, at a 
distance of several centimeters, has been reported [8] 
for a glass-based double interferometer. A 100 nm 
resolution for short distances has also been 
demonstrated for a monolithic interferometer [12], but 
without phase-shift between the measurement signals. 

Concerning design improvements, we expect a 
considerable crosstalk reduction by etching an 
isolation trench with a depth of at least 800 nm and 
subsequent p-metal coating of the trench sidewafls. 
Furthermore, a maximized laser output power and a 
symmetric splitting ratio of the directional couplers 
will result in larger detector signals without increasing 
feedback of light into the laser cavity. Finally, AR-
coated facets may reduce feedback and help to enlarge 
the coherence length of the laser. 

Possible applications for this device are short 
range displacement measurements in microsystems, in 
order to monitor the deflection of an AFM cantilever 
or the movement of a diaphragm. A further interesting 
area of application is displacement measurement at 
longer distances, for example in height gauges or in 
precision machine tools. For both of the above 
applications, a measurement resolution of 10"6, 
achieved by locking the laser frequency on a Cs or Rb 
absorption line, would be necessary. 
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