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Preface 1

Preface

2005 was again a rather successful year for the Optoelectronics Department. Research con-
centrated on optical interconnect systems, vertical-cavity surface-emitting lasers (VCSELS),
GaN-based electronic and optoelectronic devices, and optically pumped semiconductor
disk lasers.

The VCSELs and Optical Interconnects Group headed by Rainer Michalzik has demon-
strated a monolithically integrated transceiver chip for bidirectional optical data transmis-
sion and the novel concept of an integrated vertical-cavity laser-based optical trap for ap-
plications in biophotonics. Other achievements include 760 nm wavelength VCSELs with
record performance, 10 Gbit/s operation of redundant two-dimensional VCSEL arrays,
polarization-stable grating relief VCSELs, and complex-coupled integrated DFB-EAM-
SOA chips operating at 1.3 pum wavelength. In the GaN Electronics and Optoelectronics
Group headed by Ferdinand Scholz, research has been started on AIN, the ultimate nitride
semiconductor, which may be attractive for high voltage electronics. Longer wavelength
nitride optoelectronics may benefit from our work on semipolar LED structures on GaN
stripe facets. In the High-Power Semiconductor Laser Group headed by Peter Unger, a
semiconductor disk laser emitting at a wavelength of 975 nm has been realized exhibiting
an optical output power of more than 5W with a differential efficiency of 67 % which
corresponds to a differential quantum efficiency of 74 %.

In 2005, the first Ph.D. student who had completed one of our international Master
Courses joined our Department. Six members of the Department, namely Eckart Ger-
ster, Christoph Eichler, Thomas Eduard Kibler, Manfred Mundbrod-Vangerow, Torsten
Sven Schaal, and Sven-Silvius Schad received their Ph.D. degrees. Rainer Michalzik has
served as the Guest Editor of the 2005 Special Issue on Semiconductor Optoelectronics of
[EE Proceedings Optoelectronics. In December 2006, Ferdinand Scholz will organize the
annual DGKK Workshop on III-V epitaxy, where we expect about 140 participants.

The Department further intensified the close collaboration with industrial partners. We
also appreciate the financial support of national and European research organizations,
which contribute the major part of our funding. Numerous publications at international
conferences and a large number of articles in respected journals document the strong
research activities of the Department. A detailed list can be found at the end of this
report.

Peter Unger Ulm, March 2006
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High Quality GalN Layers Grown on Slightly Miscut
Sapphire Wafers

Peter Briickner

HVPE grown layers typically show a high density of pyramidal structures on the surface.
We found that a slight off-orientation of the substrate totally suppresses the development
of these structures. Further we found that a misorientation towards the M-plane of GaN
features a smoother surface morphology as compared to an off-orientation towards the
A-plane. After the improvement of the surface morphology and other properties of the
HVPE grown layers, we studied self-separation processes. Our approaches to remowve the
thick GaN layer from the substrate were the introduction of a low-temperature intermediate
layer and a structured dielectric mask.

1. Introduction

The improvement of GaN based electronic and optoelectronic devices, especially for short
wavelength optoelectronics, is still limited by the fact that the epitaxial structures have
to be grown on substrates like sapphire or SiC, because high quality bulk GaN wafers are
still not readily available. The growth on foreign substrates causes a high defect density,
which limits the efficiencies and life times of these devices. Therefore, the heteroepitaxial
growth by hydride vapour phase epitaxy (HVPE) of thick GaN layers which can be used
as quasi-substrates for the device epitaxy has been developed by several groups [1, 2].
On such layers, excellent electronic and optoelectronic devices, in particular laser diodes
[3] and light emitting diodes [4] have been fabricated. HVPE grown layers, however,
still suffer from several problems. They normally show a quite rough pyramidally shaped
surface, thus requiring a polishing step before their use in a following device growth. To
reduce the strain of those layers and the bowing, it is necessary to remove the foreign
substrate after the HVPE process to get free-standing GaN wafers.

We studied the influence of several growth parameters on the electrical and optical prop-
erties and the surface morphology of the HVPE grown layers. Quite recently, several
groups have reported that a slight substrate misorientation may improve the GaN layer
quality considerably in MOVPE [5, 6]. Our own preliminary experiments showed that the
misorientation of the wafer is of major importance also in HVPE [7, 8]. Hence, we have
systematically investigated the influence of the substrate miscut on the HVPE grown layer
properties by varying angle and direction of the misorientation of the sapphire substrate
used.

For a further improvement of GaN-based devices it is necessary to remove the foreign
substrate from the HVPE-grown layer. Several groups developed such a process. One
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possibility is to remove the foreign substrate by laser lift-off (LLO) [9] or by using GaAs
as substrate for the HVPE growth, which can be easily removed [10] in a wet chemical
process. Another possibility is to use self-separation processes, which make use of the
thermal strain between the foreign substrate and the thick GaN layer during cool down
from growth temperature to room temperature. Y. Oshima et. al. [11] used a TiN
interlayer to generate a well-defined break point. We investigated different approaches
towards free-standing GaN by separating our thick HVPE-grown layers in-situ during
cooling-down after the epitaxial process. One way is the growth on masked templates,
similar as described by Tomita et al. [12], where the geometry and the filling factor can
be optimized for best self-separation. Another way was proposed by Zhillyaev et al. who
inserted a low-temperature interlayer near the substrate to define the self-separation break
point [13]. However, only small pieces of free-standing GaN have been obtained, and no
details of their procedure were published.

2. Experimental

The experiments described in this paper have been performed in an Aixtron single wafer
HVPE machine with a horizontal quartz reactor. As usual, metallic Ga was transported
by HCI gas to the substrate, whereas ammonia was used as nitrogen precursor. The Ga
source was kept at 850° C, while the substrate zone was heated to 1050—1070° C. A freely
adjustable mixture of nitrogen and hydrogen could be used as carrier gas to influence the
strain state during growth, thus controlling the cracking behaviour of the grown layer [14].
This enabled the growth of 140 pum thick crack-free layers directly on GaN templates on
sapphire without the necessity of any strain compensating layer. The reactor pressure
can be adjusted between 200 and 950 mbar.

All layers have been grown on GaN templates deposited by MOVPE to avoid the effort of
developing a nucleation process in HVPE. The templates with a GaN thickness of approx.
1.5 um were grown in a single wafer MOVPE reactor with an AIN nucleation layer [15].
Besides the different misorientations, the templates showed very similar properties [8]. By
growing on quarters of 2 inch templates, up to four different samples could be overgrown
simultaneously in one HVPE run on a rotating susceptor. The wafer misorientation was
varied, moreover the two main misorientation directions versus A-plane and M-plane were
studied. All layers have been characterized by standard tools like optical microscopy,
high resolution x-ray diffraction, low-temperature photoluminescence and atomic force
microscopy.

3. Discussion

3.1 Influence of the miscut direction

As described in earlier publications, a careful optimization of the process parameters is
necessary to improve the surface quality and the properties of the HVPE grown layers.
Basic studies [7, 8] brought the wafer miscut into our focus. These publications describe
the improvement of the surface quality by using templates with a slight off-orientation of
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Fig. 1: Optical interference contrast micrographs of the two HVPE-grown layers on templates
with different miscut direction. The off-orientation of the sapphire was 0.5° towards the A-plane
(left) and 0.6° towards the M-plane (right).
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Fig. 2: Low-temperature (T =4.2K) photoluminescence spectra of the 80 pum thick HVPE
grown layers on sapphire, grown in the same HVPE run with 0.5° misorientation towards the
A-plane (dashed line) and 0.6° towards the M-plane (solid line, x10 to separate the two spectra).

the c-direction of the used sapphire substrate. These experiments exhibited an optimum
off-orientation from the c-plane of approximately 0.3°. No clear difference was observed
between samples using this fixed misorientation angle towards the a- and m-orientation.

After the availability of sapphire wafers with higher off-orientation angles in both direc-
tions, the influence of the miscut on the surface morphology could now be clarified. We
studied the growth on exact, 0.3°, 0.6° and 1° miscut sapphire wafers in both directions.
The results of these studies confirmed that the optimum off-orientation of the used tem-
plate is approximately 0.3°, as described in Ref. [7]. For lower values, the typical rough
pyramidally shaped surface could not be suppressed. By using a substrate off-orientation
of 1°, the surface morphology changed towards a rough line shaped surface.

Figure 1 (left and right) presents two optical interference contrast micrographs of 80 um
thick HVPE layers directly grown on the templates with the two perpendicular miscut
orientations. The sample with the sapphire off-orientation towards the A-plane (fig. 1
left) showed a much better surface morphology compared to the other sample (fig. 1
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Fig. 3: Scanning electron microscopy pictures of the cross-section of HVPE grown layers. The
cavernous layers were generated by a low temperature interlayer grown directly on the GaN-
template and subsequent standard growth of HVPE-GaN. The interlayer was deposited at a
temperature of 800° C (a) and at 700° C (b, c).

right). This may be attributed to the different dangling bonds of the steps compared to
the other miscut direction, as pointed out by Tachibana el al. [16] describing studies on
GalnN quantum well structures grown by MOVPE. Nevertheless, both samples showed
excellent material quality. We measured Hall mobilities of approx. 780 cm?/Vs with car-
rier densities in the lower 10'® cm ™3 range at room temperature. The photoluminescence
spectra (Fig. 2) of both HVPE-grown layers showed an extremely narrow line of the
bound exciton transition with a half width below 900 ueV. No yellow luminescence was
detectable.

3.2 Self-separation of thick layers

We studied self-separation processes which make use of the thermal strain during cool-
down. We investigated different approaches to generate well defined break points where
the separation process can occur. The first approach was to deposit a low-temperature in-
terlayer to define the break point as described by Zhilyaev et al. [13]. The low-temperature
interlayer was deposited directly on a GaN template (1.5 um MOVPE-GaN on c-plane
sapphire) in HVPE. This layer caused a contrast in the scanning electron micrograph, see
Fig. 3 a). By a further reduction of the deposition temperature of the LT-GaN interlayer
a cavernous layer developed, see Fig. 3 b) and c). On the SEM picture in Fig. 3 ¢) it
is clearly visible that the connection between the seed layer and the thick HVPE grown
layer is made only by small pillars. These pillars break easily during cool down and sepa-
rate the thick layer from the seed layer. Unfortunately, the connectivity of this cavernous
layer was rather inhomogeneous (compare figs. 3 b and ¢) yielding in the separation of
only small pieces of the GaN layer. However, self-separated layers exhibited a photolu-
minescence spectrum which is comparable to MOVPE-grown templates. They featured
no yellow luminescence, clearly visible free excitons and a half-width of the donor bound
exciton transition of less than 2.6 meV at 20 K.

We found, that the uniformity of the break point over the whole wafer could be better
defined with a dielectric mask. In contrast to the method described by Tomita et. al. [12],
our process starts with the deposition of a dielectric mask on a GaN layer on sapphire.
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This mask was structured with a periodic pattern with standard lithography and laterally
overgrown (like an ELO-process) in a MOVPE system providing a high quality template
[17] for the final HVPE growth. The important parameter which influences the separation
process is the filling factor (ratio between the openings and the mask area), which can
be easily changed by the design of the used mask. This defines the connection strength
between the seed layer and the thick HVPE-grown layer.

The first experiments were done one a periodic stripe mask with a filling factor of ap-
proximately 0.27. Unfortunately, our maximum layer thickness in these experiments was
limited to about 330 um because of parasitic depositions in our HVPE reactor. Neverthe-
less, the layer showed self-separation and fairly large freestanding GaN samples could be
achieved (fig. 4a). These layers exhibited a very low defect density in the mid 10% cm™
range as evaluated by high temperature etching [18]. Extremely narrow lines of two
bound exciton transitions with a halfwidth below 670 peV were observed confirming the
low background impurity concentration of our samples (see Hall results described above).
The donor bound exciton at 3.471eV is assigned to Og, donors and the other peak at
3.472 eV to Sig,, which may be partly caused by the used SiN mask. Moreover, strong
signals of several free exciton states could be found (fig. 4b).

3.3 Summary

It was demonstrated, that an off-orientation of the sapphire towards the a-plane results
in a better surface morphology. Layers grown on off-oriented templates showed an ex-
cellent PL-spectrum with narrow linewidths. We described different approaches for self-
separation processes. One possibility is to grow a low-temperature interlayer directly on
the seed layer. This process could be easily integrated directly in the process, but it is
difficult to control its uniformity over the whole wafer. As an alternative, we investigated
the growth on patterned substrates, where the mask defines the breakpoint. By using
this process we were able to get quite large samples of free standing GaN with excellent
optical and electrical properties.
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Fig. 4: Picture of a 330 um thick HVPE-grown self-separated layer (1 square is equal to 1 mm?).
Low-temperature (T =4.2K) photoluminescence spectra of the layer.
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Structural and Spectroscopic Properties of AIN
Layers Grown by MOVPE

Sarad Bahadur Thapa

The effects on surface morphology and crystal quality of undoped bulk AIN layers, grown
on c-plane sapphire substrates, due to the changes in growth conditions in LP-MOVPE are
discussed here. The optimized growth process has led to an almost flat surface morphology
with a significantly reduced number of hexagonal pits and good crystalline quality having
a rms value of roughness of 0.4 nm and a FWHM value of the X-ray rocking curve for
the (0002) reflection of 200 arcseconds. These excellent data were further confirmed by
a strong donor-bound exciton luminescence signal with a FWHM of approz. 25meV.
Besides the structural and spectroscopic properties of AIN bulk layers, the HRXRD and
TEM studies of AIN/GaN superlattice structure are reported here.

1. Introduction

Due to its wide direct band gap (approx. 6eV) and the associated outstanding chemical
and thermal stability, the realization of high-quality AIN epitaxial layers can widely extend
the application field of III-V nitride materials. AIN could be a very promising material
for high-temperature high-power applications, e.g. high-power field effect transistors,
and opto-electronic devices, particularly UV diodes. Furthermore, AIN/GaN superlattice
structures can be used in optical devices operating at telecommunication wavelengths by
exploiting intersubband transitions between bound quantum well states [1].

However, the growth of AIN having excellent crystalline quality, smooth surface mor-
phology, and good electrical and optical properties - as required for device fabrication
- is always a big challenge. One major problem during the epitaxial growth of AIN is
the parasitic reaction between ammonia and the metalorganic aluminum source TMAI
(trimethylaluminum), which can be minimized by reducing the reactor pressure and up-
stream positioning of the substrate on the susceptor [2]. To obtain good crystalline quality
and smooth surface morphology of AIN layers, many experiments have been carried out
in low-pressure metal organic vapor phase epitaxy (LP-MOVPE) by changing the growth
parameters. The effects of the variation of some basic growth parameters on the surface
morphology, crystal quality, growth rate and consequently on the cathodoluminescence
spectra are reported here.

2. Experiment

Undoped layers of AIN, approximately 500 nm thick, were grown on three different ori-
entations of c-plane sapphire substrates, namely exactly oriented (on-axis), 0.3° miscut
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towards m-plane (off-axis to m-plane), and 0.3° miscut towards a-plane (off-axis to a-
plane). The growth process was carried out in an AIXTRON AIX 200 RF LP-MOVPE
system using a low temperature AIN nucleation layer. The growth conditions have been
varied with respect to the No-Hy carrier gas composition, total flow, V-III ratio, and the
growth temperature. The reactor pressure was kept constant at 35 mbar, the lower limit
of our system.

The surface morphology was analyzed by using atomic force microscopy (AFM) and scan-
ning electron microscopy (SEM). High-resolution X-ray diffraction (HRXRD) rocking
curve measurements for the (0002) reflection were carried out to examine the crystal
quality of bulk AIN epitaxial layers. Low-temperature cathodoluminescence provided
information about the spectroscopic properties.

Meanwhile, AIN/GaN (4nm / 4nm) superlattice structures (21 periods) were grown on
500 nm thick Algs5GagsN buffer layers and covered with a 40 nm thick Aly5GagsN cap.
The growth interruption time was kept 5s after each layer grown of AIN and GaN. The
HRXRD measurement of the w-26 scan (0002 reflection) was performed to verify the peri-
odicity and transmission electron microscopy (TEM) was used to examine the abruptness
of the interfaces of the superlattice structure.

3. Result and Discussion

It is found that, at the same growth conditions, the full width half maximum (FWHM)
value of the X-ray rocking curve for the (0002) reflection of undoped AIN layer grown
on c-plane sapphire substrate off-axis to m-plane is comparatively narrower than that on
on-axis and off-axis to a-plane. This shows c-plane sapphire substrate off-axis to m-plane
is a good choice for the AIN epitaxial growth. However, there is no significant impact
on the surface morphology and growth rate of AIN epitaxial layers due to the different
orientations of substrates.

Before optimization, the surfaces showed either whisker-like features of rough grainy char-
acteristics, or columnar textures. Moreover, the presence of a large number of hexagonal-
shaped pits of varying size, depth and diameter, as shown in fig. 1 (left), was observed.
Similarly, the crystalline quality (as measured by the FWHM of HRXRD) of the layers
was inferior, too.

When increasing the growth temperature, substantial morphological differences on the
surface quality of the bulk AIN layer were observed. AFM measurements exhibited a re-
markable reduction of the rms value of the surface roughness from 21.5nm to 1.5 nm when
increasing the growth temperature from 1110°C to 1170°C. However, further increase of
growth temperature is restricted by the system limitations. Meantime, it is noticed that
the surface roughness decreases with the increase of total flow whereas the FWHM value
of the X-ray rocking curve for the (0002) reflection decreases with the decrease of V-III
ratio as shown in fig. 2. Moreover, it is observed that the growth rate increases with the
decrease of Ny-H, ratio as illustrated in fig. 3. This result is somewhat contrary to the
observations made by other groups [3] in the high-temperature GaN growth. However,
the increased amount of Ny drastically decreases the substrate temperature [4] which may
explain the decreasing growth rate.
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Fig. 1: AFM image of bulk AIN layer before optimization(left). Many of hexagonal pits are
visible on the surface. The rms surface roughness of 2x2 ym scan is 21.5 nm. AFM image of
bulk AIN layer after optimization(right). A hexagonal pit formed after the merging of small pits
is also shown and the rms surface roughness of 2x2 ym scan is 0.4 nm

Since the suppression of the pre-reactions between the precursors and the surface diffusion
of Al atoms during the growth process are the key factors in determining the surface
morphology, the growth process was hence optimized by decreasing the ammonia and
trimethylaluminum flow rate and apparently lowering the V-III ratio at higher growth
temperature. The flow rate of Ny and Hy was increased to keep the total flow constant.
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Fig. 2: Change in FWHM value of the X- Fig. 3: Change in growth rate with respect
ray rocking curve for the (0002) reflection to the No-Hs ratio.

with respect to the V-III ratio.
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As superior CL spectra were ascribed to the samples having lower growth rate, it was
customary to keep the No-H, ratio greater than 1 to maintain the same growth rate.
Consequently, the optimized growth process has led to an almost flat surface morphology
with a significantly reduced number of hexagonal-shaped pits (approximately 5 - 107 cm~2)
and good crystalline quality. Figure 1 (right) shows the AFM image of a bulk AIN layer
after optimization of the growth process. The surface of the AIN layer is a well ordered
atomic layer with a measured rms value of the surface roughness of 0.4 nm. The FWHM of
the X-ray rocking curve for the (0002) reflection is 200 arcsec. These excellent data were
further confirmed by a band edge excitonic emission with a FWHM of 25 meV (fig. 4).
The LO phonon replica, shown in the inset of fig. 4, confirm the good optical quality of
the bulk AIN epitaxial layers.
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Fig. 4: Low-temperature CL spectra of bulk AIN layer. The LO phonon replica are shown in
the inset.

After having obtained the required crystalline quality and surface morphology of bulk AIN
layer, AIN/GaN superlattice structure were grown on c-plane sapphire. Figure 5 (left)
illustrates the HRXRD measurement of the w-26 scan (0002 reflection) of such a structure
which shows the superlattice related satellite peaks (SL) confirming the good periodicity
of the layers. The defects and the abruptness of the interfaces of the superlattice structure
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Fig. 5: HRXRD measurement of the w-26 scan (0002 reflection) of AIN/GaN superlattice (left).
TEM-bright-field image of the superlattice structure (right). The white arrow shows the struc-
ture from the cap to buffer layer. Bright and dark layers in superlattice structure are AIN and
GaN, respectively

were investigated by transmission electron microscopy (TEM). The TEM-bright-field im-
age of the superlattice structure is shown in fig. 5 (right) where the bright layer is AIN and
the dark, GaN. Obviously, the interfaces of AIN on GaN are sharper than those of GaN
on AIN and many of the threading dislocations coming through the Alys5GagsN buffer
layer are stopped at the interface between the buffer layer and superlattice structure.

4. Conclusion

Undoped AIN layers, with high crystalline quality and almost flat surface morphology,
were grown on (0.3° miscut towards m-plane oriented c-plane sapphire substrate by LP-
MOVPE. After optimization, we achieved an rms value of the surface roughness of 0.4 nm
and the FWHM of the X-ray rocking curve for the (0002) reflection of 200 arcsec. The low-
temperature CL spectra demonstrates the good optical quality of the AIN layer. Conse-
quently, it was possible to grow AIN/GaN superlattice structures having good periodicity
and abruptness of the AIN/GaN interfaces.
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Growth Characteristics of GaInN Quantum Wells on
Semipolar GalN Facets

Barbara Neubert

Multiple GalnN quantum wells (QWs) were grown on side facets with reduced piezoelec-
tric fields (PFs) of selectively grown GaN stripes oriented along the (1100) and (1120)
directions by metalorganic vapor phase epitaxy (MOVPE). The different luminescence
wavelengths observed for the ()QWs on these facets can be explained by the reduced PFs,
additionally the QW thickness depends on the facet type. Although stripes running along
(1100) and (1120) develop similar triangular or trapezoidal shape, their detailed growth
behaviour, electrical and luminescence properties differ significantly pointing to different
adsorption/desorption and inter-facet migration processes of In, Ga and the p-type dopant
Mg.

1. Introduction

Group III nitrides became very important for the short wavelength region of the visible
spectrum for light emitting devices. But due to the polarity of group III nitrides, strong
piezoelectric fields are induced in biaxially strained GalnN QWs grown on (0001)-oriented
GaN [1]. This gives rise to a spatial separation of the electron and hole wave functions
what hampers their radiative recombination (quantum confined Stark effect). This effect
can be reduced for QWs grown along directions other than the most commonly used
(0001) [2], thus potentially leading to improved optical characteristics for light emitting
devices. However, when forcing the epitaxial growth into non-piezo-electric directions
by using other substrates like r-plane sapphire, usually only poor layer quality can be
achieved. Therefore, we have fabricated LED structures on such other crystal planes in-
situ on side facets of selectively grown GaN stripes on a masked GaN template on c-plane
sapphire. Depending on the mask geometry and the growth parameters, triangularly
or trapezoidally shaped GaN stripes developed in the mask openings with {1122} side-
facets for the (1100)-oriented stripes and {1101} side-facets for the (1120)-oriented stripes,
respectively. Integral photo- and electroluminescence measurements showed, that the
emission wavelength of the GaInN QWs is different for the different crystal facets and the
planar grown reference LED [3]. We conducted now detailed investigations on the growth
characteristics of the active region by determining their growth rate and their emission
wavelengths, and compared the In content of the two stripe directions.
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2. Experiment

All samples under study have been grown by low pressure MOVPE in a single wafer
Aixtron system with a horizontal reactor design. A 1.5 um thick GaN template on c-plane
sapphire was covered with 200 nm SiOs by plasma enhanced chemical vapor deposition
and patterned to stripes along the (1120) and (1100) directions by optical lithography
and reactive ion etching to serve as regrowth mask. The dimensions of the mask openings
and mask periods ranged from 4 to 8 um and from 6 to 300 um, respectively. Here, we
studied dimensions of mask openings of 6 um and mask areas ranging from 2 to 20 um,
respectively, what results in periods ranging from 8 to 26 um. The parameters of the
second epitaxial step have been optimized to grow triangularly or trapezoidally shaped
n-doped GaN stripes in the mask openings for both stripe orientations. This leads to
{1122} side-facets for the (1100)-oriented stripes and {1101} side-facets for the (1120)-
oriented stripes, respectively and also {0001}-facets on top of the trapezoidal structures
for both stripe directions. Thereon, we have grown a period of 5 GaInN QWs separated
by GaN barriers followed by a p-doped GaN top layer. In order to get an appropriate
In incorporation, the QWs as well as the GaN barriers between them were grown at a
reduced temperature of 830°C, whereas all other layers have been grown at standard
temperature for GaN of 1020°C. For comparison the same structure was grown as a
planar LED structure on a c-plane template, denoted as planar reference LED structure,
whithout any stripe patterning.

We used scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
to investigate the thickness and facet properties of the grown structures, further with sec-
ondary ion mass spectroscopy (SIMS) we got information about the In content.

3. Results and Discussion

As it is well-known from selective growth of group III arsenides and phosphides [4, 5], the
local growth rate of the selectively grown structures increases due to gas phase diffusion of
the precursor gases from the masked areas to the growth windows. We have determined
the local growth rate by evaluating the volume of the deposited material of single stripes
to take into account the different shape of our structures. As the active region is the
most interesting part of a LED structure, we concentrated our current studies on this
area. For comparison of the different facet types with the planar grown reference LED on
the c-plane template, we normalized the volume of the deposited material to the period
area, defined as the sum of open and mask area (Fig. 1). We found indeed that this
normalized amount of deposited material on the inclined side facets was rather constant
for the (1100)-oriented stripes and fits to the growth rate of the planar grown reference
sample. However, for the stripes oriented along (1120), we found an increased growth
rate for the active region (Fig. 1) for triangularly shaped stripes, i. e. for periods > 16 um.
Owing to the limited resolution of our SEM, the GaInN QW thickness was extracted from
the thickness of the whole active region by assuming the same growth rates for the QWs
and GaN barriers grown under identical conditions, which is appropriate because the In
content of these QWs is below 20 %.
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When looking closer in particular to trapezoidally shaped stripes (Fig. 2 and 3), it becomes
evident that the local growth rate within one stripe varies strongly for different facet types.
Similarly as reported by Nishizuka et. al. [6], we found a larger growth rate on the top
c-plane facet of the trapezoid for the active region of such stripes at the expense of a
lower growth rate on the side facets (Fig. 2 and 4). This is partly due to the increased
area of the side facets, which are larger by a factor of 1/ cos ¢ compared to the respective
sample area where ¢ describes the facet angle (62° and 58° for {1101} and {1122} [7],
respectively). For our stripes, this results in about a factor of 2 describing fairly well
the thickness differences between top and side facets for stripes oriented along the (1100)
direction. As described above, this goes with a good fit of the totally deposited material
(Fig. 1). However, stripes oriented in the other direction behave strongly different: Here,
the top and side facet growth rates differ by a factor of ~4. Besides obviously different
adsorption-desorption processes, this seems to be caused by some inter-facet migration of
Ga or its adsorbed precursor molecules.

The two stripe directions differ also in the luminescence peak position. Fig. 5 shows
the peak emission wavelength of the QWs on the inclined facets depending on the mask
geometry of two different selectively grown samples as well as the planar grown reference
LED. The emission wavelengths of the top facets of the trapezoidal stripes for periods
of 14 um and less are not shown here. The dotted line and the star-symbols indicate
the peak wavelength of the reference LED and the the solid symbols mark the emission
wavelengths of QWs grown on the {1101} and {1122} facets. The QWs on the former
facets emit at considerably longer wavelength than those on the latter for all geometries.
The two facets are very similar regarding their PFs [2] due to the similar facet angles ¢.
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Fig. 1: Grown volume of the active region measured by the cross section area normalized to
the period. The investigated stripes are purely triangular for periods > 16 pm.
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Fig. 2: TEM image of QWs on Fig. 3: SEM photograph of a stripe in (1100) direction
top and side facets of a stripe with with trapezoidal cross-section. The Mg-doped GaN cover
trapezoidal cross section along layer results in a brighter SEM contrast. The 5 QWs are
(1120)-direction. only resolved on the top facet.

Our calculations taking into account the different quantisation and the expected reduced
piezoelectric field show that the thickness differences shown in Fig. 4 can explain these
PL energy positions only partly. Therefore, we have to assume that additionally, the
In incorporation into the QWs is different for both stripe directions. Our calculations
describe the experimental data best if we assume about the same In content in the stripes
along (1120) as in the reference sample and about 20 % less in the other direction. This
may be connected to the different growth rates influencing the In incorporation efficiency
[8]. It was also confirmed by SIMS measurements, although here the error bar is quite
high.

Finally, the reduced piezoelectric field of the side facets directly results in a shorter wave-
length luminescence for both stripe directions compared to the unstructured reference
sample (Fig. 5). This is most evident for those stripes where we found the same or even
thicker quantum wells on the triangular stripes (large periods in Fig. 4).

The growth behaviour described above for the active region of our LED structures seems
to change strongly when growing the Mg doped GaN top layer. As can be seen in Fig.
3, the p-GaN layer (brighter contrast in the SEM image) is much thicker on the inclined
facets than on the c-plane top facet. Even for stripes which showed triangular cross-
section after completion of the active region, we observed the development of a c-plane
top facet consisting of p-doped GaN. Without any doping, the top layer above the side
facet QWs is much thicker than with Mg doping. A higher lateral growth rate of Mg
doped GaN was also reported by Beaumont et. al. [7], whereas Ren and Dapkus found
just the opposite growth behaviour [9]. Like Ren and Dapkus, we found indications for a
lower Mg incorporation on the {1122} and {1101} facets what is mainly concluded from
the current-voltage (I-V) characteristics of our LEDs [3]. Further investigations are under
way.

4. Conclusion

Concluding our investigations we found a strong blue shift in emission wavelength for
GalnN QWs grown on side facets of selectively grown GaN stripes due to the reduced



Growth Characteristics of GaInN QWs on Semipolar GaN Facets 19

— 60—
T 101 1 450
£ ’/ ******** ......... *
Y % 440:
7] b= ___-
g - £ 430] PSS
o = . e
£ \ é’ 420 Se - * .
3 S 4101 _///-—""‘“'
H --0--{0001} of <11-20> [ >
: 8 I e Bl TS
E —u—{11-23), <1-1005 1] 7 —a-{i122)<t-100
& 1 —-¢-{1-101}, <11-20> g0l 4 ¥ {0001} reference LED]
6 8 10 12 14 16 18 20 22 24 26 28 6 8 10 12 14 16 18 20 22 24 26 28
period (= opening + mask width) [um] period ( = opening + mask width) [um]
Fig. 4: From thicknesses of active regions cal-  Fig. 5: Room temperature PL emission wave-
culated QW thicknesses. lengths of different inclined facets for increas-

ing periods compared to planar grown LED
structures. The investigated stripes are trian-
gular for periods of 16 pum and more.

piezoelectric field on such crystal facets. Strong differences in growth rate, In incorpora-
tion and Mg doping behavior were found for the two main stripe directions (1100) and
(1120).
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Experimental and Theoretical Study of Transport
Properties in n-type Al,Ga; ,IN/GalN Superlattices

Joachim Hertkorn

In many AlGaN-based devices like FETSs, light-emitting diodes or laser diodes the problem
of low carrier mobility is omnipresent. In order to minimize the contact area in high power
LEDs, high lateral conductivity must be achieved without compromising too much the
vertical conductivity. Highly Si- or Mg-doped Al,Gay_, N/GaN-heterostructures are one
opportunity to achieve better lateral conductivity in this material system. In a first step
heterostructures were modeled by simulation tools. Afterwards such superlattice structures
were grown by metal organic vapor phase epitazy (MOVPE). Finally the results found by
experiment were compared to the simulation results.

1. Introduction

Efficient n- and p-type doping of IIl-nitride semiconductors is imperative for the devel-
opment of wide band gap electronic and optoelectronic devices. One problem of these
devices is that, due to the low mobility of n- and especially p-type carriers in GaN, the
resistance of the current guiding layers causes high power dissipation. To address this
problem we carry out research on highly Si-doped AlGaN/GaN-hetero- structures. At
the interface of these materials a two dimensional electron gas (2DEG) occurs (Fig. 1).
In the 2DEG free carriers with much higher mobility compared to GaN:Si-bulk material
are accumulated. Thus the lateral conductivity in the superlattice structure is increased
compared to standard Si-doped GaN-layers. By increasing the lateral conductivity the
contact size of LED’s can be reduced what directly leads to higher output efficiencies of
the devices. However, by using the AlIGaN/GaN superlattice the influence on the vertical
resistance of the structure cannot be neglected.

2. Simulation of Si-doped Al,Ga;_,IN/GaN-heterostructures

The band structures of the superlattices can be simulated with a software tool called
BandEng [1]. By solving the Schroedinger- and Poisson equations, the band structures
of ternary nitride based compound semiconductors are calculated. Therefore superlattice
structures made of GaN, AlGaN and InGaN can be analyzed. Beside the band structure
the localized carrier density distribution is calculated. Important parameters which are
necessary for a realistic simulation are the thickness and the total number of layers, the
Al-concentration x and the doping level n in the Al,Ga;_,N:Si layer.
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Fig. 1: The band diagram of an Al,Ga;_,N heterostructure, calculated by the BandEng soft-
ware (left). Details of the 2DEG inclusive carrier density distribution (right).

In figure 1 (left) the band diagram of an Al,Ga;_,N heterostructure, with a period length
of 80 nm (AlGaN + GaN =40 nm + 40nm), a doping level of 1 - 10 cm™ (AlGaN:Si) and
an Al-concentration of 27 % is shown. The 2DEG at the AlGaN/GaN-surface can be seen
clearly. In the picture on the right side the region surrounding the 2DEG is magnified.
Additionally the carrier density distribution is plotted. In dependence of the thickness
of the AlGaN-layer, the Al-concentration x and the doping level, a carrier concentration
even in the AlGaN-layer occurs (Fig. 2).

The mobility of the carriers accumulated in the AlGaN-layer is much lower than in the
2DEG. The simulation results concerning the conductivity shown in this report are based
on a mobility for the carriers in AlGaN (n;) as a function of the doping of about p; =
100...50 cm?/Vs (1- 10'8..10" cm™2) [2]. The mobility of the 2DEG carriers (ny) was
estimated to o = 1000 cm?/Vs. Such, or even higher values have been reported in typical
GaN-2DEG-structures [3].

To get the resultant conductivity of a multi heterostructure it is necessary to expect a
parallel conduction in a layered system [4]. First the effective carrier concentration

(1 - 1 + ng 'M2)2

—2
Neff = cm 1
o = I o (1)
and the effective mobility
Ny +No- i
O el VAT (2)
€

are calculated. Finally the resultant specific conductivity
O = lef * Neft " € (3)

of one AlGaN/GaN-Layer is given. If the total thickness of the heterostructure layers is
known, the resultant conductivity of the whole superlattice structure can be calculated
(Fig. 3). Finally the simulation figured out that the cascading of 12 nm thick AlGaN-
and 8 nm GaN-layers is one optimum with respect to lateral conductivity. In figure 2 this
is shown in the case of an Al-concentration x =25 %. Calculations regarding the vertical
conductivity of these structures will be done in future.
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3. Growth of Superlattices by MOVPE

In our first MOVPE experiments, the superlattice structures were deposited on a 1 um
thick GaN buffer layer. Based on the simulations the AlGaN-layers were made of 15 %
and 25% aluminium, respectively. The AlGaN-barrier was 12nm, the GaN-interlayer
8nm thick. The doping varied in between 2- 10®¥ cm =2 and 1- 10 cm™3. All samples
were grown with a reactor pressure of 100 mbar, a temperature of 1125°C and growth
rates in between 500 nm/h and 750 nm/h.

Due to the lattice mismatch of AlGaN and GaN, cracks in the surface were observed,
when the total heterostructure layer thickness exceeds 500nm. The conductivity data
measured in these cracked samples (at 1 um total heterostructure thickness) as well as
the simulation results are plotted in figure 3. To reduce the strain we used an AlGaN-layer
with the effective Al-content

dar,ca,_ N T

Teff (4)

da1,Gar_,N T dgan

Such a layer leads to an optimized strain compensation and makes it possible to grow at
least 1.5 ym thick crack free superlattice structures. Even when there were no cracks in
the case of the samples with AlGaN buffer, we observed a reduced electron mobility. This
might be due to a reduced surface and material quality leading to increased surface and
dislocation scattering, respectively.

This effect could be underlined by growing 5 couples of heterostructures with the same
dimensions and doping level on a 2 um thick GaN-layer. In that case the low temperature
(77 K) mobility increased by a factor of 3 to a total value of 3425 cm?/Vs, which is a sign
for reduced dislocation scattering [5].
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4. Conclusion

By using simulation software it was possible to determine the band structure of Al-
GaN/GaN modulation doped heterostructures. Due to the calculated carrier density
distribution and estimated values for the electron mobility the lateral conductivity of
superlattice structures could be determined. One optimum concerning the lateral con-
ductivity found out by simulation was an AlGaN-layer thickness of dajgay =121nm, a
GaN-layer thickness of dg,ny =8 nm with an aluminium concentration z ~ 25 %.

After simulations first structures were grown by MOVPE. The dimensions of the layers
were based on the simulation results. By Van-der-Pauw Hall measurement the conduc-
tivity was measured and the experimental data was compared to the simulation results.
It could be demonstrated that the lateral conductivity can be increased by more than a
factor of two compared to GaN-bulk material (Fig. 3).
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Advanced Optically-Pumped Semiconductor Disk
Lasers With Barrier and Quantum-Well Pumping

Frank Demaria, Michael C. Riedl, Fernando Rinaldi, Steften Lorch, and Uwe Brauch*

Optically-Pumped semiconductor disk lasers with strain-compensated barrier-pumped In-
GaAs quantum-well based structures and in-well pumped GaAs quantum-well structures
are presented. For the barrier-pumped structure with an emission wavelength of 975 nm,
an optical output power of 5.1 W and a differential efficiency of 61 % is achieved. The in-
well pumped structure shows a differential efficiency of 67 % and a near diffraction-limited
output power of 1 W which was limited by the available optical pump power.

1. Introduction

In recent years, optically-pumped semiconductor disk lasers (OPSDLs) became a matter
of particular interest in laser technology research. Common edge-emitting semiconductor
lasers with multiple watt output powers suffer from poor spatial beam quality which arises
from inevitable filamentation and the lack of transversal mode control. By contrast, due
to the small longitudinal extent of their gain region and the adjustable external resonator,
OPSDLs are laser sources which efficiently generate near diffraction limited, circular, non-
astigmatic, multi-watt laser radiation [1, 2]. Because of the easily accessible high-finesse
cavity, these lasers are predestinated for intra-cavity applications like second-harmonic
generation of visible laser radiation [1, 3, 4] or intra-cavity spectroscopy [5].

Figure 1 shows the schematic arrangement and composition of an OPSDL. The resonator
consists of an epitaxially grown distributed Bragg reflector and an external mirror. The
Bragg reflector is designed to provide not only a high reflectivity of more than 99.9 % for
the laser mode but also a high reflectivity for the pump beam to benefit from double-
pass absorption. The optically active region is composed of a resonant gain structure,
consisting of multiple quantum-wells, which are arranged in the antinodes of the laser
mode. The quantum-wells are embedded in semiconductor material with a wider band
gap. These spacer-layers provide the necessary energy barrier for the confinement of the
carriers. Besides that, they also play an important role in the quite common method
of barrier pumping. In this case, the generation of carriers by absorption takes place in
the spacer-layers, thus spatially separated from the recombination by stimulated emission
which is located in the quantum-wells. In a different approach, called in-well pumping,
the carriers are straightforwardly generated within the quantum-well [6, 7]. In this report,
results from devices following both approaches are presented.

*Institut fiir Strahlwerkzeuge (IFSW), University of Stuttgart
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Fig. 1: Arrangement of an optically-pumped semiconductor disk laser. The epitaxially grown
semiconductor disk conists of a resonant quantum-well gain structure and a distributed Bragg
reflector. It is mounted onto a copper heatsink by indium soldering, its surface is passivated by
a dielectrical coating.

;

Fig. 2: Luminescence photography of an uncompensated structure (left) with an area of 1.5 mm
X 2mm and a strain-compensated structure with an area of 1.5 mm x 2.5 mm (right).

2. Barrier Pumped Structures

The barrier pumped structure whose results are subsequently presented contains an active
region with six compressively-strained Ing14GaggsAs quantum-wells. One problem in the
fabrication of strained multiple quantum-well devices is the accumulation of the elastic
energy of the quantum-wells [8]. This leads to metastability and dislocations that result
in the presence of dark lines in the spatially resolved photoluminescense photography
as shown on the left-hand side of Fig.2. For mode diameters with several hundreds of
micrometers which are necessary for multi-watt output powers, it is inevitable to find such
dark-lines within the pumped area resulting in a severe lowering of the efficiency, beam
quality, and output power of the device. To overcome that, strain-compensated structures,
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containing tensilely strained GaAsg75P0.25 layers are utilized [9]. The right-hand side of
Fig. 2 shows the photoluminescence photography of such a structure with dark-line-free
areas in the millimeter regime. The remaining dark lines can be interpreted as evidence
for the presence of residual strain and incomplete strain compensation. Despite that,
these devices revealed fairly good performance. Figure3 shows the output characteristic
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Fig. 3: Output characteristic of a strain-  Fig. 4: Output characteristic of the same de-
compensated disk laser with an emission wave-  vice as in Fig. 4. By optimization of the pump
length of 974nm. The maximum slope effi- spot area for every measurement point an op-
ciency nq is 61 %. At an optical output power  tical output power of over 5 W is achieved at
of 3.5 W, the optical absorption-to-emisson ef-  a heatsink temperature of -14 °C.

ficiency 7. is 53 %.

of such a device with a differential efficiency nq of 61 %. With an output wavelength of
975nm and a pumping wavelength of 805 nm, the referring differential quantum efficiency
is 74%. The optical conversion efficiency 7. reaches its maximum of 53 % at an output
power of 3.5 W. As customary, in Fig.3 the optical output power is plotted over the
absorbed optical power. From a physical point of view this makes quite sense, as only
the absorbed fraction of the pump beam can contribute to the generation of carriers and
heat. On the other hand this covers the fact that the actual optical power of the incident
pump beam is considerably higher. The design of the structure presented here has been
also optimized with respect to that. This has been done by means of a dielectrical coating
to provide low reflectivities for the lasing mode as well as for the pump beam and by a
Bragg mirror which exhibits not only a high reflectivity for the laser mode but also 93 %
reflectivity for the pump beam. This design features led to absorptions from 85 % to 90 %.
At an optical output power of 3.5 W the incident power was 7.6 W, from which a fraction
of 1W was reflected. From that, an absorption efficiency of 87 % and an optical power
efficiency with respect to thee incident pump power of 46 % can be deduced.

In the measurement presented in Fig. 4, the pump-spot area was increased with increas-
ing pump powers. By that way, a better heat flux and better cooling made an optical
output power of 5.1 W possible. For every measurement point in the graph, the resonator
geometry was optimized. In both measurements the disk laser chip was soldered with
indium onto a simple copper heat-spreader which in turn was screwed to an actively
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peltier-cooled heatsink. The highest efficiencies and output powers have been achieved
for a heat-sink temperature of -18°C and -14°C, respectively, with an external mirror
reflectivity of 98 %. The mirrors radius of curvature was -100 mm. The pump beam was
provided by fiber-coupled broad-area laser diodes, the pump angle was 23° with respect
to the resonator’s optical axis.

3. In-Well Pumped Structures

In-well pumping allows a considerably smaller energy difference between the pump radia-
tion and the emitted laser-mode. This results in a smaller correspondig quantum-defect.
Generally, the quantum-defect leads inevitably to a constant thermal dissipation loss
which limits the lasers efficiency. Thus, higher efficiencies can be predicted for in-well
pumping. As a disadvantage, in comparison to barrier pumping, the constructive re-
quirements for in-well pumped structures are more demanding. The lower absorptance
of the quantum-wells and the smaller sprectral acceptance have to be taken into account.
Resonant pumping is a quite effective way to increase the absorptance, this in turn re-
quires deliberately choice of the quantum-wells positions, the design of a microcavity in the
disk, and the exact choice of the pump-wavelength and pump-angle. In contrast to barrier

800
Mirror Transmittance nq

. i v-v 21% 67 %
= 0l *¢ 11% 51%
g == 05% 45 %
S | aa 0015% 3%
o
5 400
=
>
O
3
= 200
@)

0 it | | |

0 500 1000 1500

Absorbed Optical Power (mW)

Fig. 5: Optical output characteristics of an in-well pumped disk laser. The structure is pumped
at 833 nm under an angle of 70° with an s-polarized beam. The measurement was performed
at a heatsink-temperature of 20 °C, where the laser emission wavelength was 865 nm.

pumped structures, the dielectrical coating has to be designed to provide a well-suitable
reflectivity to form an adequate microcavity for the pump beam. Figure 5 presents output
characteristic measurements for such a structure with 12 quantum-wells which have been
performed at the Institut fiir Strahlwerkzeuge (IFSW) at the University of Stuttgart. For
a 98 %-reflectivity outcoupling mirror, a differential efficiency of 67 % and a maximum
conversion efficiency of 55 % were achieved. The pumping beam of 833 nm was provided
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Fig. 6: Optical output characteristics of the same sturcture as in Fig. 5 with optimized pump-
absorption. At the maximum optical output power of 1 W, a diffraction number M? < 1.1 was
measured.

by a titanium-sapphire laser. Its incident angle was 70° to the normal, s-polarzation was
chosen. Under these conditions, the calculated reflectivity of the input mirror, formed
by the surface of the semiconductor and a 3-layer dielectrical coating is 76.4 %. For this
value, quite effective absorption of 45 % takes place. With increasing input powers, the
structure is heated up and the pump-resonance wavelength shifts to longer wavelengths.
In the measurement represented in Fig. 6, this was taken into account by adjusting the
pump-lasers wavelength. As a result, an absorption of 55% and an output power of
1'W with a diffraction number of M? < 1.1 was achieved. The emission wavelength of
865 nm was 10 nm higher than intended. From that, the differential quantum efficiency is
calculated as 70 %. All the measurements took place at a temperature of 20 °C.

4. Conclusion

A barrier pumped semiconductor disk lasers with 5.1 W optical output power, a differ-
ential efficiency of 61 % and a quantum efficiency of 74 % at a wavelength of 975 nm was
presented. An antireflective coating and a Bragg mirror design which provides also high

reflectivities for the pump beam leads to high pump-radiation absorptance values between
85 % and 90 %.

The potential of in-well pumping was demonstrated by the 865 nm laser emission of a
resonance-pumped structure with 12 quantum-wells. Its output characteristics revealed a
high differential efficiency of 67 % and a differential quantum efficiency of 70 % at room
temperature. The nearly diffraction-limited beam with a maximum optical output power
of 1 W and a diffraction-number of M? < 1.1 was limited in output power by the available
optical pump power. No thermal roll-over was observed.
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Applications of Optical Coatings

Steffen Lorch

Optical coatings have a wide range of applications in optoelectronics. Fspecially semi-
conductor edge-emitting lasers need coatings for adjusting the facet reflectivity and for
passwwation. Two applications on edge emitters will be presented here. First, the passiva-
tion to increase the level of the COMD (Catastrophically Optical Mirror Damage) will be
discussed. The second application is the manipulation of the fast-axis far field by coatings
with strong incident-angle dependent facet reflectivities.

1. Introduction

In optoelectronics, optical coatings are needed for a lot of functions. Especially semicon-
ductor edge-emitting lasers are normally not used without coatings. After cleaving the
laser, the created resonator has two facets with equal facet reflecitvities. The facets are
coated to change their reflectivity. The output facet normally is coated with an antire-
flective (AR), the rear facet with an multi-layer high-reflective (HR) coating. With such
an AR/HR coating, it is achived that nearly the whole power is transmitted through the
output facet. The ratio of the output power of both facets Pyr and Pyg is dependent on
the facet reflectivities Rag and Rypr and can be calculated with [1]

Prxr vV Bur (1 — Rar) (1)
Pur  VRar (1 — Rur)
Not only the adjustment of the reflectivities is an important function of coatings, but also
the passiavation of the laser facets. At high output power, the facets can be destroyed
by the Catastrophically Optical Mirror Damage (COMD). With a coating, the facets are
passivated and the maximum COMD level is increased. Also the far-field distribution can
be manipulated with coatings that have highly angle-dependent reflecitvities.

2. COMD

For the application of lasers, life time is an important factor. The life time and the
maximum output power are influenced by the degradation of the laser facet. The most
important factor of the facet degradation is the Catastrophically Optical Mirror Dam-
age (COMD). Due to surface states, facet oxidation, and change in the tension of the
quantum wells, the band gap is reduced at the surface. Because of this reduction, more
light is absorbed, carriers are generated, and recombine nonradiativly. This creates heat
in the facet region which results in further band-gap reduction. This feedback loop ends
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at a temperature that melts the semicoductor material and the facet is destroyed. In
Fig. 1, SEM pictures of facets of ridge-waveguide lasers are shown; on the left-hand side,
a cleaved facet with no damage, in the middle, a cleaved facet with a COMD defect, and
on the right-hand side, a coated facet also with a COMD defect.

X 10.000 2kV +——— 2000nm{@ll X 10.000 2kV —— 2000nm[ll X 10.000 2kV —— 2000nm

Fig. 1: SEM pictures of the output facets of ridge-waveguide edge-emitting lasers. Left is a
cleaved facet, middle a cleaved facet with COMD, and right coated facet with COMD.

The maximum COMD level depends on the light power that is responsible for the absorp-
tion. This power is not the measurable power outside the laser P,, it is the power that
reaches the facet from the inside, which is the internal power P, plus the reflected power
P..q. Thus the internal power depends on the facet reflectivity and can be calculated by
2]
Pw 1—R

To examine the influence of coatings on the COMD level, laser bars with ridge-waveguide
lasers and different ridge widths between 2.5-6.0 um have been used. The laser bars have
been coated with one layer of 80 nm Al;O3z on both facets. With such a thickness, the
facet reflectivity decreases from R=0.3 to R*=0.17 which results in a shift in the laser
threshold current of I} =1.18 - I, and an internal power of P, =1.4- Py,. The coatings
have been realized with an ion-beam sputter deposition system using an ion-beam cur-
rent of /g =60 mA and an ion energy of Ug =1000V. To achieve a high maximum output
power, the laser facets can be pre-cleaned by an ion beam. To determine the optimum ion
energy, different pre-cleaning processes (t =20s) with subsequent coating have been per-
formed. In Fig. 2, L—I-curves are shown. The laser with cleaved facets shows an increase
of the power with increasing current until the power drops at 220 mW. This is the point
where COMD takes place. For the laser with both facets coated, the maximum power
can be increased to 300 mW. The highest maximum output power of 380 mW shows the
laser with the pre-cleaning process before coating.

In Fig. 3, all results are shown. To compare the lasers with different ridge widths, one
has to switch from the output power to the power density. For the lasers with the cleaved
facets a maximum output power density of approximately 8 MW /cm? can be achieved.
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cleaning process.

With a coating on both facets and no pre-cleaning process, the value can be increased to
12 MW /cm?. The curve in Fig. 3 shows the maximum power density dependent of the ion
energy of the pre-cleaning process. It can be seen that there is no significant change in the
values for low energies. The sputter energy is not high enough to remove the oxide from
the facets. At 20eV, the best value is achieved with a power density of approximately
16 MW /cm?. With higher ion energies, the values decrease again due to the higher dam-
aging on the facets by the ions. Above 30eV, nearly all lasers have been destroyed, only a
few have shown lasing behavior. So an optimum for the pre-cleaning ion energy has been
found to be 20eV. In Tab. 1, the results of the passivation experiments are compiled. For
that, the internal maximum power densities should be used do get reasonable values to
be compared. With coatings on the facets, the COMD level can be increases by 14.5 %.
Using a pre-cleaning process with an ion energy of 20eV and a coating the COMD level
reaches 43.4 % higher power densities compared to the cleaved lasers.

(MW /cm?) Pt /A Pni/A  Advance
Cleaved facet 82+0.7 152+1.3 —
Coated facet 124+1.1 174+15 145%

Pre-Cleaned (20eV) | 15.6 1.5 21.8+2.1 434%

Tab. 1: Summary of the re-
sults of the passivation coat-
ings on laser facets to in-
crease the COMD level.

There are a lot of other methodes combined with coatings to increase the COMD level.
The cleaving of the facets can be done in vacuum to prevent oxidation [3]. The guiding of
the mode can be changed to reach lower power densities on the facet [4]. The pretreatment
of the facets can be done in different ways [5]-[9]. A new and promising methode is to
clean the surface with an ion beam and to passivate the surface with a nitrogen plasma
(Nitrel-Process [10]).
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3. Manipulation of the fast-axis far field

Another application of coatings is the manipulation of the fast-axis far field. This can
be done, if the coating has a reflectivity that is strongly dependent on the incident an-
gle [11]. The intensity distribution of a laser beam in any plane can be calculated by a
Fourier transformation from the spatial distribution to the angular distribution [12]. The
spatial distribution in the near field is Gaussian-like and so the angular distribution has
to be Gaussian-like too. Due to the much higher far-field angle in the fast axis of an
edge-emitting laser, the manipulation of the far-field distribution is much higher in this
direction, so the s-polarisation should be taken into account. In Fig. 4, the facet reflec-
tivity over the incident angle is shown. For a cleaved facet, the reflectivity of 0.3 does not
change significantly with the angle. The dashed curve shows a reflectivity that decreases
strongly with incident angle (wide), the dotted curve in contrast shows the opposite, with
increasing angle the facet reflectivity increases (narrow).
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Fig. 4: Facet reflecitvity over the incident Fig. 5: Refractive index over the distance
angel for a cleaved laser and two different from the facet for two different far-field ma-
four-layer coatings (s-polarisation). nipulating coatings.

To achieve such strong angle-dependent reflecitvities, four-layer coatings with Tay,O5 and
SiO, have been used. In Fig. 5, the refractive index over the distance is depicted. Both
coatings have a complete thickness of approximately 800nm. By the wide coating (de-
creasing reflectivity with increasing angle) the intensity for higher incident angles will not
be reflected as much as the intensity for lower angles. Therefore the transmitted light
should have a higher intensity for higher angles compared to cleaved facets. With the nar-
row coating (increasing reflecitvity with increasing angle), more light with lower angles
will be transmitted compared to the light with higher angles. Therefore the light should
show a narrow intensity distribution. In Fig. 6, the measured intensities for the different
coatings are shown. The intensity of the cleaved laser has a 1/e? width of 68.2° (see also
Tab. 2). With the wide coating, the width of the far-field angle has been increased to
84.7°, the narrow coating has decreased the width to 57.8°.



Applications of Optical Coatings 35

1_0 HWHHMHWH/\ T[T T I T T T T T

L —— Wide /
0.8 -— Cleaved /
Narrow /-

S o6f 1/¢2 (°) | FWHM (°)
S 04l Wide —--—- S47TL18] 39717
* ok Cleaved — || 68.2+2.4 | 355+1.3

- NAaITOW --eeee 57.841.5 | 32.4+1.0

00 -\——\—\-l\\\\l\\\\l\\\\l\\\\l\\\\l\\\\{\--\.T-A
-40 -30 -20 -10 0 10 20 30 40

Far—field Angle (°)

Fig. 6: Far-field distribution of lasers with Tab. 2.: Summary of the results of the
cleaved facets and two different coatings. far-field manipulating coatings.

This results show, that it is possible to significantly influence the fast-axis far-field dis-
tribution of a laser beam with coatings. Especially the decrease of the far-field angle is
an important application. Due to the broad angular distribution of light of edge-emitting
lasers, the focusing is only possible using lenses of high numerical aperture. With such a
coating to decrease the far-field angle, the demands made on focusing lens systems can
be simpler. It should be also possible to achieve higher far-field angle decreases with the
use of coatings with much stronger angle-dependent reflecitvities. For that, more layers
than four have to be used.

4. Conclusion

Optical coatings on facets of edge-emitting lasers cannot be used only to adjust the facet
reflectivities. One main task is the passivation of the laser facets to prevent the destruction
by COMD. With a coating and a pre-cleaning process, the maximum output intensity
level can increased by 43 %. It is also possible to influence the intensity distribution of
the output power. With coatings having angle-dependent reflectivities, the far-field angle
in the fast axis can be increased and decreased. It was possible to decrease the 1/e?
width of the far-field angle by 15.2 % which reduces the requirements on the focusing lens
system.
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Monolithically Integrated GaAs-Based Transceiver
Chips for Bidirectional Optical Data Transmission

Martin Stach and Fernando Rinaldi

We report on the design, fabrication and test results of monolithically integrated transceiver
chips consisting of GaAs metal-semiconductor—metal photodiodes and 850 nm wavelength
vertical-cavity surface-emitting lasers. These chips are well suited for low-cost and com-
pact bidirectional optical interconnection at Gbit/s data rates in mobile systems and in-
dustrial or home networks employing large core size multimode fibers.

1. Introduction

A monolithically integrated transceiver (Tx/Rx) chip which operates at 850 nm wave-
length and consists of a vertical-cavity surface-emitting laser (VCSEL) and a directly
adjacent metal-semiconductor-metal photodiode (MSM PD) is presented. The chip in-
troduced in [1] for the first time with an extended dynamic characterization in [2] is
specifically adapted to 200 wm core diameter step-index polymer-clad silica (PCS) fibers
while avoiding any light coupling optics. The fiber overfilled launch bandwidth—-length
product of 3 GHz - m enables Gbit/s data rate connectivity over meter-long distances in
half-duplex mode. The steps required to fabricate the transceiver chips are described and
back-to-back (BTB) data transmission up to 3 Gbit/s data rate is performed to demon-
strate basic dynamic capabilities. Several other concepts involving either the integration
of VCSEL and photodetector or bidirectional optical interconnection have been reported
in the literature. The work on integrated smart pixels usually targeted free-space unidi-
rectional transmission. For this purpose, spatially separated VCSELs and photodiodes
were implemented on the same chip [3, 4]. Half-duplex interconnection using a single
VCSEL has been demonstrated [5]. Unfortunately such a solution is not well suited for
low-cost links owing to small detection areas and resonant detection which would require
temperature control at both fiber ends. In [6] a hybrid solution for bidirectional opera-
tion over a PCS fiber is reported, making use of a polymer waveguide platform and 90°
beam deflection in the VCSEL path. The present work combines individual advantages
of previous approaches, namely monolithic integration, large-area non-resonant detection,
and fiber butt-coupling.

2. Chip Processing

A monolithically integrated transceiver chip must contain all layers necessary for signal
generation and reception. As illustrated in Fig. 1, the layers for the receiving MSM PD
are epitaxially grown (by molecular beam epitaxy) on top of the VCSEL layers.
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Fig. 1: Layer structure of the transceiver

n-doped GaAs substrate ‘
chips.

A 200 nm-thick AlAs layer serves as an etch stop and a barrier for the photo-generated
carriers. The generation of the electron—hole pairs takes place in an undoped 1 pm-thick
GaAs layer suitable for light detection at 850 nm wavelength. This layer is separated
from a dark current-reducing 40 nm Aly 3Gag 7As Schottky barrier by a 40 nm Al,Ga;_,As
layer (linearly graded from z = 0 to 0.3) to minimize the energy band discontinuity which
could hinder the transport of the light-induced carriers. The top GaAs layer serves as a
protection layer to prevent Aly3GagrAs oxidation. The aforementioned layer structure is
similar to the one introduced in [7].
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Fig. 2: Scanning electron micrograph show- Fig. 3: Scanning electron micrograph of a
ing a cross-sectional view after dry-etching Tx/Rx chip with a schematic butt-coupled
of the VCSEL mesa. PCS fiber as an application example.

To access the highly p-doped cap layer of the VCSEL, the detector layers surrounding
the resist-protected photodiode area are selectively removed by citric acid solutions. The
process is terminated at the AlAs etch-stop layer which is subsequently removed by hy-
drofluoric acid. A dry-etch process is applied to define the VCSEL mesa, during which the
photodiode is protected by photoresist. Figure 2 shows a cross-sectional view of the trench
region (see also Fig. 3) between VCSEL and MSM PD and illustrates the layer structure.
The trench is filled by a high-resolution UV-sensitive photoresist which is employed to
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realize MSM electrodes with various interdigital spacings down to 2 um. Subsequently,
a single Al,O3 quarter-wave antireflection (AR) coating is applied and photolithographic
steps are performed to put bondpads on the surface, thus allowing wire bonding for
dynamic characterization. The PD diameter equals 210 pm, matching the 200 pm core
diameter of the PCS fiber that shall be centered in front of the transceiver chip (Fig.3).
The VCSEL occupies part of the circular-like PD area, where the PD-to-VCSEL offset is
a trade-off between coupling efficiency and remaining detector area.

3. Test Results

Small-signal operation shows that Tx/Rx chip photodiodes with a diameter of 210 pm
and a finger width-to-spacing ratio of 1-to-2 um have a 3 dB cut-off frequency of 1.4 GHz
at 4V bias voltage. At the operating wavelength of 850 nm, the responsivity is as high as
0.4 A/W due to the enhancements by light reflection at the VCSEL layers and by the AR
coating which also passivates the surface and thus reduces the dark current. The quantum
efficiency equals 59 % which is close to the theoretical maximum of 67 % taking shadowing
by the given electrode configuration into account. The transmitting part of the Tx/Rx
chips consists of a standard top-emitting oxide-confined VCSEL operating at 850 nm. Its
n-contact is located at the bottom of the GaAs substrate. The laser 3dB bandwidth
exceeds b GHz, as determined with a multimode fiber-pigtailed InGaAs pin-photoreceiver
with above 8 GHz bandwidth. Thus the available bandwidth of the transceiver chips is
limited by the MSM PDs.

e 1 Ghit/s, Z-1

s 3Gbit's, 2-1 @XQZOZ 3 Gbit/s, 27— 1

@ZOXQE 3 Gbit/s, 291 — 1

Fig. 4: Back-to-back (BTB) data transmission of NRZ PRBS signals between 210 um diameter
PD and VCSEL as parts of monolithically integrated Tx/Rx chips (left) and comparison of eye
diagrams recorded for different word lengths at 3 Gbit/s data rate (right).
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In Fig. 4, back-to-back (BTB) data transmission between two Tx/Rx chips without in-
serting a bandwidth-limiting fiber is demonstrated. One VCSEL is modulated with a
non-return-to-zero pseudo-random bit sequence (NRZ PRBS) with 27 — 1 word length
and its light is imaged with a magnification of 1.6 onto the opposite PD using two lenses.
The received optical power at a bit error rate of 107! amounts to —12.8 and —11.9dBm
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for 1 and 3 Gbit/s data rate, respectively (Fig.4, left). Figure4 on the right hand side
shows that the eye opening at 3 Gbit/s is only slightly reduced at 23! — 1 word length
compared to 27 — 1.

4. Conclusion

We have fabricated monolithically integrated transceiver chips for high-speed optical in-
terconnection over a butt-coupled 200 um core diameter PCS fibre at 850 nm wavelength.
Quasi error-free data transmission at 3 Gbit/s data rate has been shown in a back-to-back
configuration. By reducing the device dimensions, this approach should even allow to use
graded-index fibres with smaller core and significantly larger bandwidth—length product
which would enable Gbit/s-range data transmission over distances relevant for industrial
and home networks.
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VCSEL Arrays With Redundant Pixel Designs
for 10 Gbit/s 2-D Space-Parallel MMF Transmission

Hendrik Roscher

We demonstrate two-dimensional (2-D) flip-bonded 850nm VCSEL arrays with three
close-spaced lasers per channel equally butt-coupled to the same 50 um core diameter fiber
for improved transceiver lifetimes. Quasi error-free 10 Gbit/s signals are transmitted over

500m of multimode fiber (MMF') under offset launch.

1. Introduction

The direct modulation bandwidth of VCSELSs limits serial bit rates to about 20 Gbit/s.
Their particular capacity for very high-speed data transmission lies rather in an outstand-
ing integrability making possible the realization of large two-dimensional (2-D) arrays with
a large number of simultaneously operated transmit channels, densely packed within a
small footprint. As a consequence, the VCSEL count in very high-speed datacom sce-
narios can be expected to rapidly multiply in the years ahead. VCSEL reliability is thus
pivotal for critical applications.

Fig. 1: Epitaxial-side views of three mesa-isolated oxide-confined VCSELs in one channel. Self-
aligned p-contacts after mesa dry etching (left). Laser position with respect to the MMF core
diameter permits butt coupling with high coupling efficiency (right).

The so-called bathtub curve [1] describes how the probability of failure (or failure rate)
develops for a population of devices in the cause of their lifetime. After an initial phase,
during which early failures are screened out and the failure rates rapidly drop, a steady



42 Annual Report 2005, Optoelectronics Department, University of Ulm

state of lowest and nearly constant failure rate is reached. Today’s oxide-confined VCSELs
possess life spans of around 100 years even at elevated temperatures [2]. However, during
this extended period there exists a finite probability for the devices to stop functioning
at any point in time. This residual probability of premature failure multiplies with the
number of VCSELs in use. It is hence considered a significant constraint for critical
applications involving many parallel data channels, each relying on a single VCSEL.

We propose a novel scheme of VCSEL redundancy in each channel where two backup
lasers are retained for each multimode fiber to prevent channel outages caused by singular
random VCSEL failures. Three direct-mesa flip-bonded VCSELSs on record-small VCSEL-
to-VCSEL pitches butt-couple to the same 50 um core diameter graded-index multimode
fiber (A OMMF) eliminating the need for elaborate beam combining optics, and hence
keeping systems simple and cost-effective.

2. Redundant VCSEL Arrays

High-density VCSEL integration was enabled by a dry etch process utilizing the p-contact
metallization as the etch mask. In order to test the technological feasibility, the dimen-
sions of the VCSEL triples (see Fig. 1) were varied from channel to channel within the
4 x 4 channels of each array. The triples of mesa-isolated oxide-confined VCSELs within
one array have outer mesa diameters ranging from 19 to 12 um. Each VCSEL has a self-
aligned full-size p-contact which is present during high-temperature wet oxidation. Mesa
separations as small as 1.5 pm and oxidation lengths below 3.5 um enabled, to our knowl-
edge, the highest integration density of oxide-confined VCSELSs ever achieved to date with
true VCSEL-to-VCSEL pitches that are only 9 um larger than the active diameters.

N ( AW\ 4 H‘ ) 4 ) 6 T T T T 8
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Fig. 2: Photo of flip-bonded (4 x 4) x 3 ar-  Fig. 3: LIV curves of the three VCSEL triples
ray with three close-spaced VCSELs per cell  indicated in Fig. 2 within the direct-mesa flip-
overlaid by schematics showing the routing  bonded 2-D array.

of some of the coplanar lines.
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Figure 2 shows one of the bottom-emitting 850 nm VCSEL arrays after flip-bonding to a
silicon carrier and removal of the opaque GaAs substrate leaving an epitaxially defined
outcoupling facet. The carrier is a demonstration platform with coplanar lines for individ-
ual high-frequency electrical input to each of the 48 VCSELs in 16 channels on a 250 pm
channel pitch. Only 10 um high indium solder bumps permit direct-mesa bonding without
shortening adjacent devices. Figure 3 gives the light—current—voltage (LIV) curves of the
three VCSEL triples indicated in Fig. 2.

Outer mesa diameters and mesa gaps for the 10, 7, and 4 um active diameter VCSELs are
17 and 3.5 um, 14 and 2.5 um, and 12 and 1.5 pm, respectively. The differential quantum
efficiencies are between 29 and 31%. Depending on the VCSEL size, the differential
resistances are 77, 95, and 126 {2 with lasing thresholds of 3, 1.8, and 1.3 mA.

3. Data Transmission Experiments

Since within a channel three equivalent VCSELs are coupled into the same 50MMF,
there is an inevitable radial VCSEL-to-fiber offset affecting the coupling efficiency. In
Fig. 4, measured coupling efficiencies at different radial launch offsets normalized to the
maximum coupling achieved for perfect alignment are shown. The built-in radial offsets
in the (4 x 4) x 3 arrays presented are between 12.5 and 7.8 pm leading to acceptable
offset coupling penalties below 0.8 dB.
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Fig. 4: Coupling efficiency at different radial VCSEL-to-fiber offsets normalized to center launch
conditions.

For digital data transmission, the electrical input signals are fed from the perimeter of the
silicon carrier via several millimeter-long coplanar lines to individual devices within the
flip-bonded VCSEL arrays (see configuration on the left of Fig. 5). Despite the parasitics
of those highly dense lines, wide open and symmetric eye patterns as in Fig. 5 were
obtained for transmission of 23! — 1 word-length pseudo-random bit sequence (PRBS)
signals at 10 Gbit/s over 500 m of butt-coupled 50MMF. This is well beyond the 300 m
specification of the IEEE 10-Gigabit-Ethernet standard [3].
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Fig. 5: 10 Gbit/s eye diagram after transmission over 500 m of 50MMF (left). The VCSELs
are addressed via coplanar lines on the carrier as indicated on the far left. 10 Gbit/s BERs vs.
mean received optical power back-to-back and for transmission over 500 m of 50MMF under
offset launch and center launch conditions (right).

The bit error ratio (BER) curves in Fig. 5 indicate that quasi error-free (1072 BER)
data transmission was achieved over 500m of 50MMF. There is a power penalty of up
to 4dB for transmission over the 50MMEF. The 10 um launch offset even leads to a slight
improvement of the BERs as compared to center launch conditions. Such behavior is
obtained with fibers of somewhat inferior differential mode delay (DMD) characteristics
in the near-axial region.

4. Conclusion

Record-high integration densities of flip-chip bonded oxide-confined VCSELSs in 2-D ar-
rays enabled a 3-per-b0MMF VCSEL redundancy for potential lifetime improvements of
parallel-optic transmitters. Compactness and low module costs are preserved by still per-
mitting butt-coupling to 50MMFs. The concept was proven by successfully transmitting
10 Gbit/s signals over 500 m of multimode fiber even under offset launch conditions as
dictated by the redundant pixel designs.
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Fabrication and Characterization
of 980 nm Bottom-Emitting VCSELs

Thab Kardosh and Fernando Rinaldi

In this article we report on the fabrication of 980nm bottom-emitting vertical-cavity
surface-emitting lasers (VCSELs). Devices with different ozide apertures have been fab-
ricated and characterized. After a fabrication overview, measurement results such as
light—current-voltage (LIV) curves, spectra, and beam quality will be presented.

1. Introduction

Various applications like pumping of optical amplifiers, pumping of solid-state lasers and
frequency doubling for visible laser light generation require high-power laser sources.
VCSELs are an attractive light source for such applications, where in addition to high
power a good beam quality or even single-mode operation is required. VECSELs [1]
which are similar to VCSELs but use an extended cavity can achieve high power in a
fundamental spatial mode. Fabrication of such devices requires first an investigation of
bottom-emitting VCSELs. In the following we present the properties and characteristics
of such devices emitting in the 980 nm spectral region.

2. Device Fabrication

Figure 1 shows a schematic drawing of a typical bottom-emitting VCSEL. The sample con-
sists of InGaAs quantum wells separated by GaAs barrier layers, p- and n-type AlGaAs
Bragg mirrors, and an AlAs layer for oxide confinement. After mesa etching, selective ox-
idation of the AlAs layer is performed to define the current aperture. Metallization layers
are then evaporated to form a round p-type contact on top of the mesa. Normally the
substrate is thinned to reduce absorption and to ease cleaving in case of device mounting
on a heatsink. An anti-reflection (AR) coating layer is then deposited in the opening of
the n-type contact on the substrate side.

3. Characterization

Bottom-emitting VCSELs with different oxide apertures have been characterized. The
active diameters vary from 5 to 134 um. On-wafer tested VCSELSs with diameters of 5 um
have a maximum output power of about 8mW and 1...2mW in single-mode operation.
In Fig. 2, LIV characteristics of a 8 um device are plotted. The laser is measured on-wafer



46 Annual Report 2005, Optoelectronics Department, University of Ulm

p—contact
p-DBR
oxide aperture
active region . .
n-DBR 9 Fig. 1: Schematic cross-
section of a bottom-emitting
VCSEL.

substrate

I T
AR-coating l n-contact

light output

at different temperatures from 0 to 50°C. The spectra are shown in Fig. 3 for different
currents, measured at room temperature. When increasing the temperature, the maxi-
mum output power at thermal rollover decreases and shifts towards smaller currents. The
ripples in the output power curve arise from the non-perfectly AR-coated substrate side.
At room temperature the emission wavelength is about 980 nm, as can be seen in Fig. 3.
The lowest threshold current of about 1 mA is measured at 50°C. At this temperature, the
gain curve has shifted to longer wavelengths and matches the resonator design wavelength
of 980 nm. Figure4 shows the wavelength as a function of dissipated power. From the
slope of the fit line and the known thermal wavelength shift (~ 0.07nm/K), a thermal
resistance of 910 K/W is calculated. Devices with an active diameter of 28 um have also
been characterized (Fig.5). The maximum output power is 32 mW and the threshold cur-
rent is about 4mA. The device has a quantum efficiency of 43 %. The room temperature
emission wavelength is about 963 nm. In general with the given quantum well material,
at this wavelength we obtain the highest efficiency and the lowest threshold current.
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Fig. 5: LIV characteristics (left) and spectra (right) of bottom-emitting VCSELs with 28 pm
active diameter.

3.1 High-power VCSELs

To get higher output power, VCSELs with an active diameter of 134 um have been fab-
ricated. The high-power devices are cleaved and soldered p-side down onto a diamond
heatspreader, which is attached to a copper heatsink. On-wafer testing is not possible
due to insufficient heat removal. Figure 6 shows the LIV characteristics and the emission
spectra of such a laser. The threshold current is 74 mA and the maximum output power
at thermal rollover is 275 mW. The emission wavelength is about 963 nm and the differ-
ential quantum efficiency is about 40 %. Mounted devices with large active diameters
have lower thermal resistances than smaller devices. For the measured high-power laser
we obtain about 40 K/W. For beam quality investigations a setup as described in [2] is
used. Calculated beam diameters are plotted versus the propagation distance and fitted
to obtain the beam parameters, namely the beam quality factor, the far-field angle, and
the beam waist (Fig.7). The VCSEL is driven at 400 mA and a beam waist of 168 um
is calculated. The far-field angle is 24.5°. Due to the large active diameter, multimode
emission occurs, which affects the beam quality. For this device a beam quality factor of
M? = 57.8 is determined.
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4. Conclusion

We have successfully fabricated and characterized 980 nm bottom-emitting VCSELs. De-
vices with active diameters of a few micrometers have a small threshold current of about
1mA and can reach a maximum output power of more than 12mW. Output power of
about 32mW and a threshold current of 4 mA from 28 pm devices have been measured.
High-power VCSELs with 134 um active diameter have an output power of 275 mW and
a threshold current of 74 mA. In addition to the LIV characteristics and spectra, thermal
properties and beam quality have been analyzed. The high-power device has a thermal
resistance of 40 K/W. The M? factor increases for VCSELs with larger active diameter
and can even exceed 50. The sample shows best efficiency close to 963 nm wavelength.
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Surface Grating VCSELs With Dynamically Stable
Light Output Polarization

Johannes Michael Ostermann and Pierluigi Debernardif

It has been shown recently that the polarization of single- and multi-mode VCOSELs can
be defined and stabilized very effectively with a monolithically integrated surface grating.
Orthogonal polarization suppression ratios of 20dB or more have been achieved even for
transverse multi-mode devices. On the other hand it has not been investigated in detail
yet whether these lasers are also polarization-stable under high-frequency modulation. In
this paper we show that surface grating VCOSELs remain polarization-stable for digital
high-frequency modulation up to 10 Gbit/s, modulation amplitudes of up to 1.5V,, and
different modulation patterns. Under modulation, neither polarization-resolved time traces
nor polarization-resolved spectra nor the power ratio of the two polarizations indicate a
deterioration of the polarization properties compared to the static case.

1. Introduction

The design and fabrication of vertical-cavity surface-emitting lasers (VCSELs) with a
dynamically stable polarization has been a research topic since it has been discovered
fourteen years ago that VCSELs do not exhibit a well defined light output polariza-
tion [1]. This is due to the isotropic gain, the cylindrical resonator and the polarization-
independent reflectivity of the Bragg mirrors of standard VCSELs. In most cases, due to
the electro-optic effect [2], the individual transverse modes of VCSELs grown on (100)-
oriented GaAs substrates are polarized either along the [011] or the [011] crystal axis, but
they can abruptly change their orientation, which is then called a polarization switch [3].
There have been successful attempts to stabilize the polarization of VCSELs with non-
cylindrical resonators, optical feedback, non-isotropic gain and mirrors with a polarization-
dependent reflectivity (see[4] and the references therein). But up to now, only VCSELSs
grown on GaAs (311) B substrates could show a stable polarization under high-speed
modulation due to non-isotropic gain. In [5] the orthogonal polarization suppression ratio
(OPSR) of such VCSELSs remained constant up to 10 Gbit/s modulation in case of multi-
mode VCSELs. For single-mode VCSELs on the other hand, the OPSR decreased from
30dB at static operation to 11dB for a modulation frequency of 5 GHz.

Because most industrially fabricated VCSELs are realized on (100) substrates, we have
been looking for a way to stabilize the polarization of VCSELs grown on these standard
substrates. We have first theoretically [6] and then experimentally shown [7] that the
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polarization of single- and multi-mode VCSELs grown on (100) substrates can be well
controlled with a monolithically integrated surface grating.

In this contribution we investigate the polarization properties of surface grating VCSELs
under high-frequency modulation. All VCSELSs are fabricated on the same sample and are
tested on-wafer for the best possible comparison. The lasers are designed for an emission
wavelength of 850 nm. The layer structure consists of three GaAs quantum wells inside a
M-cavity and of 21 and 37 Bragg-pairs for the upper and lower mirror, respectively. For
more details on the investigated lasers we would like to refer the reader to [4], where one
can find details on the fabrication process and static properties. Since it is in general
more difficult to stabilize the polarization of multi-mode VCSELs than that of single-
mode devices, in this paper we will mainly concentrate on the former. The polarization
control induced by a surface grating works as well for single-mode VCSELs, as will also be
shown. A possible application for polarization-stable multi-mode VCSELs is free-space
optics employing polarization multiplexing for increased data throughput at high output
powers.
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Fig. 1: IV and polarization-resolved LI characteristics of four adjacent lasers with an active
diameter of 7um. The two VCSELs in the top row are standard lasers without a surface
grating, while the two VCSELs in the bottom row have surface gratings with a grating period of
0.7 um and a grating depth of 36 nm. The grating grooves are oriented along the [011] (bottom
left) and [011] (bottom right) crystal axis.
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2. Polarization Behavior Under Modulation

Figure 1 shows the light—current—voltage (LIV) characteristics of four adjacent lasers with
an active diameter of 7 um. The lasers are nominally identical except that the two lasers
in the upper row are standard VCSELs without a surface grating, while the lasers in the
lower row have a monolithically integrated surface grating with a grating period of 0.7 pm
and a grating depth of 36 nm. As is the case for the majority of standard multi-mode
VCSELs, the output power of the devices is distributed more or less equally between both
polarizations, in the present case with a slight preference of the [011] direction. In contrast
to that, the VCSELs with a monolithically integrated surface grating have one dominant
polarization for all modes. The orientation of this dominant polarization is parallel to the
grating grooves independent of their orientation along the [011] or [011] crystal axis.
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Fig. 2: Polarization-resolved time traces of the bottom-right surface grating VCSEL from Fig. 1.
The bias current is 8 mA, the modulation amplitude 1.5 V,, and the repetition rates of the
alternating 1-0 patterns are 500 MHz (left) and 5 GHz (right).

Using an optical sampling oscilloscope we have measured polarization-resolved time traces
of the laser from Fig.1 with the surface grating oriented along the [011] crystal axis for a
bias current of 8mA, an alternating 1-0 pattern and a modulation amplitude of 1.5 V.
The difference between the total optical power and the power in the polarization along
the [011] crystal axis is due to the insertion loss of the polarization-dependent isolator
used as polarizer for these measurements. Applying this large modulation amplitude, the
laser is turned completely off and on again for a data rate of 1Gbit/s (Fig.2 left). But
nevertheless, only the polarization parallel to the surface grating is modulated, while the
orthogonal polarization remains clearly suppressed by 25dB during the on-state. While
at a modulation with 10 Gbit/s, due to the limited modulation bandwidth, the laser is
no longer switched completely off and on (right side of Fig.2), the on-off ratio of the
modulation nevertheless exceeds 12 dB and the orthogonal polarization is still suppressed
by 25dB.

Under the same modulation conditions as for Fig. 2, we have measured the time-averaged
output power in the two orthogonal polarizations with a photodiode under different mod-
ulation data rates and modulation patterns for all lasers from Fig. 1. From the data we
have calculated the OPSRs which are shown in Fig. 3. The data rate was varied between
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Fig. 3: OPSRs of all lasers from Fig. 1 for different data rates measured at a bias current of
8mA and with a modulation amplitude of 1.5 V.

0 and 10 Gbit/s and we have used a 1-0 pattern as well as a pseudorandom bit sequence
(PRBS) with a word length of 23! — 1. As a result, the OPSRs of the surface grating
VCSELSs are not decreasing by more than 0.3dB below their static values for any mod-
ulation parameter. Likewise, the OPSRs of the standard VCSELSs remain very small,
independent of the modulation speed.

As an example, the spectra of a standard VCSEL and a VCSEL with a surface grating
from Fig. 1, modulated with a data rate of 3 Gbit/s around a bias current of 8 mA, are
shown in Fig.4. The modulation amplitude is 1.5V, and we used a 1-0 pattern. The
standard laser (left) has contributions from both polarizations in every individual mode,
while in the spectra of the surface grating VCSEL (right) the orthogonal polarization is
clearly suppressed for all modes.
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Fig. 4: Polarization-resolved spectra of a standard VCSEL (left) and a VCSEL with a surface
grating (right) from Fig. 1 under high-frequency modulation.
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Fig. 5: IV and polarization-resolved LI characteristics of a grating VCSEL with an active
diameter of 4 pm (left) as well as its spectra at a bias current of 5mA under modulation with a
1-0 pattern, 10 Gbit/s data rate and a modulation amplitude of 1.0 V,, (right).

The left side of Fig. 5 displays the LIV characteristics of a surface grating VCSEL having
the same grating parameters as the lasers in Fig. 1 but a smaller oxide diameter of 4 pm.
The polarization-resolved spectra on the right side of Fig.5 are taken at a bias current
of 5mA under a modulation with a 1-0 pattern, 10 Gbit/s data rate and a modulation
amplitude of 1.0 V,,. While the peak-to-peak difference between the two polarizations is
37dB in the case of static operation, it does not decrease below 36 dB when the modulation

is applied. Therefore also in the case of single-mode emission no significant decrease of
the OPSR could be found.

3. Small-Signal Analysis and Eye Diagrams

The polarization-resolved small-signal analysis of a standard VCSEL in Fig.6 (top left)
reveals that both polarizations are modulated. The curves have been smoothened for
better clarity. For the investigation of the small-signal frequency response as well as for
displaying the eye diagrams we have used a detector with a 3-dB bandwidth of 10 GHz.
For frequencies larger than 7 GHz the response in the [011] polarization seems to be higher
than for the total power. But this is just due to a strongly increased noise level, which
can be seen from the response in the [011] polarization at a bias current of 6 mA with the
RF signal turned off, which is also included in the graph. If the OPSR of a VCSEL is
small for a bias well above threshold, its two polarizations have a strong anticorrelation [8].
Therefore, if only one polarization is selected, the measured noise strongly increases, but
the amount of increase depends on which polarization is selected. As a consequence
of this anticorrelation between the two polarizations, the optical eye diagrams of both
polarizations for 10 Gbit /s, PRBS 23! —1 modulation with 10mA bias current and applied
1V, modulation amplitude close when a polarizer is inserted in the optical path (Fig.6,
bottom row), while in contrast the eye is clearly open without a polarizer (top right) for
the same total received power.

Quite in contrast, a VCSEL with a surface grating shows a response to the small-signal
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Fig. 6: Small-signal frequency responses (top left) of a standard VCSEL (the top left one in
Fig. 1) for bias currents of 4 and 6 mA as well as eye diagrams for 10 Gbit/s, PRBS 23! — 1
modulation without a polarizer in the optical link (top right) and with a polarizer (bottom; left:
[011] polarization, right: [011] polarization).

modulation only in one polarization (Fig.7, top left). When inserting a polarizer in the
optical path, which is oriented to transmit the dominant [011] polarization, the quality of
the 10 Gbit/s optical eye diagram remains basically unchanged (bottom right) compared
to the case without a polarizer (top right), while there is no signal in the orthogonal
polarization (bottom left) for 11 mA bias current and applied 1 V,,, modulation amplitude.

4. Conclusion

VCSELs with monolithically integrated surface gratings have shown one dynamically sta-
ble polarization for all modes and all tested modulation parameters, namely digital mod-
ulation speeds up to 10 Gbit/s, modulation amplitudes up to 1.5V, and two different
bit patterns (1-0 and PRBS 23! —1). No significant decrease of the OPSR could be found
for any device. Also when switching the laser on and off, the orthogonal polarization re-
mains clearly suppressed, as can be seen from polarization-resolved time traces. Therefore
surface grating VCSELs are well suited for high-frequency applications requiring a stable
light output polarization.
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Fig. 7: Small-signal frequency responses (top left) of a grating VCSEL (bottom right in Fig. 1)
for bias currents of 4 to 12mA in steps of 2mA and 10 Gbit/s eye diagrams as in Fig.6 (top
right: without polarizer, bottom left: polarizer in [011] direction, bottom right: [011]).
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VCSELs With Enhanced Single-Mode Power
and Stabilized Polarization for Oxygen Sensing

Fernando Rinaldi and Johannes Michael Ostermann

Vertical-cavity surface-emitting lasers (VCSELs) with single-mode, single-polarization emis-
sion at a wavelength of approximately 763 nm have become attractive for oxygen sensing.
Up to now, VOSELs used for this application are single-mode because of a small active di-
ameter which correspondingly leads to small optical output power. Employing the surface
relief technique and in particular the surface grating relief technique, we have increased
the single-mode output to more than 2.5 mW averaged over a large device quantity. To the
best of our knowledge, this is the highest single-mode power ever reported for VCSELs in
this wavelength range. Through the grating relief simultaneously we were able to stabilize
the light polarization.

1. Introduction

Over the last years spectroscopy has emerged as a new application area for VCSELs. Es-
pecially oxygen sensing with VCSELSs is well studied [1], [2]. The emission wavelength of
the laser is first fine-tuned to the absorption line of interest by varying the substrate tem-
perature. Then this absorption line is scanned by modulating the laser current. Fitting
the measured line shape, the oxygen concentration in the examined gas can be deter-
mined. This method allows an in-situ and online monitoring of the oxygen concentration.
The advantages of using VCSELs in these systems are their circular output beam with the
associated ease of building an optical system, low operating currents, efficient tunability
and the potential for low cost. While VCSELs are inherently longitudinal single-mode,
they can emit in multiple transverse modes if the active diameter is not small enough. But
a small active diameter has the drawback of the single-mode power of such devices to be
also rather limited. In the past, a surface relief has been used to achieve a significant in-

crease of the single-mode output power as well as of the active diameter of oxide-confined
VCSELs [3], [4].

However, besides single-mode operation with a large side-mode suppression ratio also a
stable polarization is required. Due to their isotropic gain, their cylindrical resonator
and their mirrors with a polarization-independent reflectivity, VCSELs have a priori no
preferred direction of polarization. Due to the electro-optic effect, VCSELs grown on
(100)-oriented GaAs substrates are mainly polarized along the [011] and the [011] crystal
axes. But if the current or the temperature is changed, the polarization can abruptly
change its orientation from one of these crystal axes to the other. Such a polarization
switch is accompanied by a change of the emission wavelength of up to 40 GHz (see [5] and
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the references therein). Therefore in particular VCSELs used for oxygen sensing need a
controlled polarization. In [6] a surface grating monolithically integrated in the top Bragg
mirror of a VCSEL was proposed as a method for polarization control. This technique
has been successfully demonstrated in[5], [7]. Also in [6] it was shown theoretically
that a surface grating combined with a surface relief can simultaneously lead to a stable
polarization and to an increased single-mode output power. In this contribution we report
on the grating relief technique applied to 760 nm range VCSELs. The fabricated devices
show record-high output power and stable polarization.

2. Fabrication

The wafer was grown by solid source molecular beam epitaxy on a n-doped GaAs (100)-
substrate. The lower Bragg mirror is composed of 32 AlAs/AlGaAs and 8 AlGaAs/AlGaAs
layer pairs. The active layer consists of three AlGaAs quantum wells with 14 % aluminum
content. Above the active region there is an AlAs layer for wet chemical oxidation and
26 AlGaAs/AlGaAs layer pairs forming the upper mirror.

Fig. 1: Photograph of a VCSEL with an integrated surface grating relief (left) and an atomic
force microscope (AFM) measurement showing the grating relief in more detail (right).

The structure has an extra topmost A/(4-n)-thick GaAs layer (with n as the refractive
index of GaAs) to achieve an anti-phase reflection for all modes. By etching a circular area
of 3 um diameter in the center of this cap-layer, the reflectivity is again increased for the
fundamental mode. If instead a grating with the same extension is etched into the cap-
layer (see Fig. 1), this leads in addition to different reflectivities for the two polarizations
of the fundamental mode.

3. Electro-Optical and Spectral Characteristics

The polarization-resolved light—current—voltage (LIV) characteristics of a typical device
are shown in Fig. 2 for substrate temperatures between 10 and 60 °C. This device has an
active diameter of approximately 4 um, a grating relief with a diameter of 3 um, a grating
period of 0.8 um and a grating depth of 44 nm. The VCSEL is single-mode up to 5 mA
current with a side-mode suppression ratio (SMSR) of more than 30 dB. Depending on
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Fig. 2: Polarization-resolved LIV characteristics of a 4 um VCSEL with a 3 um diameter grating

relief, a grating period of 0.8 um and a grating depth of 44 nm for substrate temperatures varied
between 10 and 60°C in steps of 10°C .

the substrate temperature it has a single-mode output power between 1.8 and 2.7mW,
which is to the best of our knowledge the highest single-mode output power ever reported
for VCSELSs in this wavelength range.

As can be seen in Fig. 2, for the complete current and temperature range the fundamental
mode of the VCSEL is polarized strictly along the [011] crystal axis, which is orthogonal
to the grating grooves. The power of the orthogonal polarization of the device shown
in Fig.2 stays below 6 uW up to a current of 5 mA, where the first higher order mode
starts to lase. The orthogonal polarization suppression ratio (OPSR) is therefore above
26 dB between 2.5 and 5mA (Fig. 3, left side). The peak-to-peak OPSR measured in
the spectra in Fig. 3 (right side) is 33 dB, which corresponds to the limit of the employed
polarizer. The OPSR taken from the spectra is larger than the value calculated from
the LI characteristics since spontaneous emission is not considered in the peak-to-peak

definition of the OPSR.
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Fig. 3: Polarization-resolved LI characteristics and the orthogonal polarization suppression
ratio (OPSR) of the VCSEL from Fig. 2 for a substrate temperature of ' = 20°C (left) and a
polarization-resolved spectrum of the same VCSEL at T'= 20°C and I = 5mA (right).
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Fig. 4: Spectra of the laser from Fig.2 at T' = 35°C for currents varying from 1 to 5mA in
steps of 0.5 mA (left) and at a current of 5mA for temperatures between 10 and 60 °C in steps
of 10°C (right).

The laser can be conveniently tuned over the wavelength range of interest by the cur-
rent and the temperature, as illustrated in Fig.4. Over the whole tuning range it stays
single-mode with a SMSR of 30dB. The current and temperature tuning coefficients are
0.6 nm/mA and 0.06 nm /K, respectively, which is comparable to the values measured in

2].

4. Emission Far-Field

Gratings can cause diffraction lobes in the far-field in the direction orthogonal to the
grating grooves [7], but the present grating relief has almost no influence on the far-field.
Hardly some small ripples can be seen in the far-field measured orthogonal to the grating,
which is shown in Fig. 5 on the right side. The full width at half maximum far-field angle
of 10.1° parallel and 9.4° orthogonal to the grating is comparable to 10.4° for a standard
reference devices fabricated on the same sample.
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Fig. 5: Far-field of the laser from Fig.2 measured parallel (left) and orthogonal (right) to the
grating grooves.
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Fig. 6: Distribution of the maximum single-mode output power of 4 um active diameter VCSELSs
with a grating relief with 3 um diameter and a grating period of 0.7 um (upper left graph), a
grating period of 0.8 um (upper right), a standard relief with 3 um diameter (lower left) and
standard devices as reference (lower right).

5. Increased Single-Mode Output Power

In Fig.6 we compare four kinds of VCSELs, all on the same sample for best possible
comparison, with an oxide diameter of 4 um. These are 3 um diameter grating relief
devices (34 to 74 nm grating depth and both 0.7 um and 0.8 um grating period), 3 pm
standard relief VCSELs and reference devices with the cap-layer etched over the whole
aperture to the same depth as the grating. We have realized devices with etch depths of
34, 44, 54, 64 and 74 nm, which corresponds roughly to A/(4 - n)+20 nm. Since we couldn’t
find a dependence of the device performance on the etch depth, in the following we will
not distinguish between the different etch depths. Due to a layer thickness variation over
the wafer, the investigated lasers have emission wavelengths between 750 to 790 nm. Some
problems arose on that wafer due to some large defects with a diameter comparable to the
mesa diameter of a VCSEL. These defects prevent some lasers from operating properly or
even inhibit lasing. Thus we have not taken those lasers into account which have a distance
from such a defect of less than 50 um, i.e. which have a defect within twice the mesa
diameter. According to this rule twelve lasers had to be excluded. The statistics shown
in Fig. 6 still considers 87 lasers. While the reference devices have an average single-mode
output power of 1.08 mW and are therefore comparable to previously published lasers at
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Fig. 7: Distribution of the averaged OPSR of VCSELSs with the grating grooves along the [011]
crystal axis (upper left graph), along the [011] crystal axis (upper right), of VCSELs with a
standard surface relief (lower left) and of standard VCSELs as reference (lower right).

that wavelength [2], the VCSELs with a standard relief have a single-mode output power
of 2.02mW on average. In contrast, with a grating relief we could achieve an average
single-mode output power of 2.29 mW for a grating period of 0.7 um and even 2.65 mW
for a grating period of 0.8 um. This increase is due to higher outcoupling losses of the
grating relief while the threshold current is almost unchanged.

6. Stabilized Polarization

To judge the influence of the grating on the polarization, we have measured the polarization-
resolved LI characteristics of the devices shown in Fig. 6, but also of the same amount of
devices with same parameters except for an active diameter of 3 um. In these measure-
ments the polarizer was strictly oriented along the [011] or [011] crystal axis. The OPSR
shown in Fig. 7 is defined as the ratio Pjo11)/ P11 between optical powers in the respective
crystal directions. The OPSR was calculated for data points in steps of 0.1 mA and then
averaged over the current range yielding 10 to 100 % of the maximum single-mode output
power. While the lasers without a grating in Fig. 7 show an orientation of the polarization
along both crystal axes, the polarization of the devices with a grating relief is defined by
the orientation of the grating grooves. If they are oriented along the [011] crystal axis,
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the lasers are polarized along the [011] crystal axis. If the grating grooves are turned by
90°, also the polarization of the lasers is turned by 90°. Devices which have a polarization
not exactly oriented along one of the crystal axes have a reduced OPSR magnitude. Also
strain caused by the defects as well as polarization switches can explain lower OPSRs.
The latter have been observed for 15 out of 92 devices without a surface grating, but only
for one out of 80 devices with a grating. By eliminating the defects, one should be able
to achieve OPSR magnitudes of above 20 dB for all devices with a grating relief.

7. Conclusion

A monolithically integrated grating relief has shown to increase the maximum single-
mode output power of VCSELs from 1.08 mW to 2.65mW on average in the emission
wavelength range from 750 to 790 nm. At the same time the orientation of the polarization
was defined by the orientation of the grating grooves and polarization switches could be
avoided with a yield of 98.75%, which is expected to be increased for a wafer with a
lower defect density. The grating relief has shown no negative influence on the overall
laser performance. Therefore an integrated grating relief is a very attractive approach
for increasing the single-mode output power and stabilizing the polarization at the same
time.
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Toward VCSEL-Based Integrated Optical Traps
for Biomedical Applications

Andrea Kroner

A new concept to miniaturise optical trapping and manipulation systems is presented. In-

tegrated optical traps based on top-emitting vertical-cavity surface-emitting lasers (VCSELs)
with near-infrared emission in combination with photoresist microlenses were fabricated,

characterised and demonstrated. Elevation and trapping of 10 um-sized polystyrene parti-

cles in water is achieved at optical output powers as small as 9mW.

1. Introduction

The possibility to trap and manipulate micrometer-sized particles by a laser beam was
demonstrated for the first time in 1970 [1]. The effect is based on the momentum conser-
vation of photons which are reflected and refracted when hitting a transparent spherical
object. Considering a parallel laser beam the interaction leads to the so called scatter-
ing force, which pushes the particle forward, parallel to the incident beam. However, if
the beam shows an additional transverse intensity gradient, also a force component in
the transverse direction is present. Figure 1 illustrates the occurrence of this so-called
transverse gradient force with a ray-optical model. When a ray is refracted by a sphere,
the associated momentum change of the photons results in an outward oriented force on
the particle. If the incident intensity is higher on one side of the sphere, the particle
experiences a total force toward the intensity maximum. There the particle remains fixed
in the transverse direction due to a vanishing net transverse force. A two-dimensional op-
tical trap is thus established. By tightly focussing a laser beam, even three-dimensional
optical trapping can be achieved due to the strong longitudinal intensity gradient and the
resulting longitudinal gradient force.

Fig. 1: Origin of the transverse gradient
force caused by a parallel laser beam with a
transverse intensity gradient. The refraction
of the rays A and B leads to the forces Fs and
Fp on the particle. Since ray A is stronger
than ray B, the net force points toward the
intensity maximum.

Transverse intensity gradient
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In recent years, optical trapping has gained increasing attention, especially in the field of
biophotonics. Here, the possibility of contact-free optical manipulation of biological ma-
terial like DNA or cells with forces in the pN range was exploited in mechanical and spec-
tral studies [2] as well as transport and sorting applications [3]. More recently, the use of
VCSELs as laser sources in optical trapping systems has attracted particular interest since
they are much smaller and less expensive than commonly used Nd:YAG lasers and, unlike
edge-emitting laser diodes, require no additional beam corrections. A further advantage
of VCSELs is the easy fabrication of monolithic two-dimensional laser arrays, permitting
a straightforward implementation of multiple optical traps. VCSEL arrays originally de-
signed for optical communications were used to trap several yeast cells individually at the
same time [4], to translate DNA bound to microbeads non-mechanically between traps
[5] or to stack polystyrene microspheres [6]. To achieve stable three-dimensional trapping
by a tightly focussed laser beam, a high numerical aperture objective was used in all ex-
periments, requiring a comparatively bulky optical setup. In this contribution we present
a new concept to reduce the geometrical dimensions by integrating microlenses directly
on the laser output facet. With this setup, referred to as integrated optical trap, highly
compact two-dimensional optical trapping is achieved.

2. Setup

Figure 2 shows a schematic of the integrated optical trap setup. The system is based on
GaAs/AlGaAs top-emitting VCSELs grown by molecular beam epitaxy, with emission
wavelengths in the 850 nm range. For current supply a ring contact is placed on top of
the upper p-doped Bragg-mirror. The active diameter of the laser is defined by selective
oxidation. To focus the VCSEL output beam to a beam waist of some micrometers in
diameter, a photoresist microlens is integrated on the output facet, partially covering
the contact metallisation. The sample stage, containing the particles to be manipulated,
consists of a cover slip and an only 30 um thick glass substrate, separated by a 50 pm thick
polydimethylsiloxane (PDMS) spacer. The stage is placed close to the laser surface at a
distance of about 10 um such that the beam waist of the focussed laser beam is located
just above the lower glass substrate.

Cover slip

Output
Palrtitt_:le T \ / beam
solution [
Thin glass

P-contact ring / Microlens
\ -
/ VCSEL \

Fig. 2: Schematic of the integrated optical trap setup. The output beam is focussed by a PMGI
microlens to manipulate the particles in solution. The liquid is sandwiched between a 30 pm
thick glass substrate and a cover slip, which are separated by a 50 um PMDS spacer.
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3. Device Fabrication and Characterisation

After standard VCSEL processing, the microlens consisting of polymethylglutarimide
(PMGI) photoresist is fabricated on top of the laser output facet. PMGI is a suitable
material for microlenses due to its transparency in the near-infrared spectral region and
its high thermal stability compared to other resists. By applying lithographic techniques,
small resist islands are placed on top of the lasers, which assume a spherical shape dur-
ing a thermal reflow process at temperatures above 250°C. The radius of curvature of
the resulting lens is pre-defined by the diameter and thickness of the initial resist island.
Depending on the active diameter of the laser, here ranging from 11 to 14 um, radii of
curvature of 20 to 25 um must be realised in order to achieve the desired beam diameter
at the focal point. The inset of Fig. 3 presents an optical microscope image of a completed
device, showing the laser mesa with the p-contact ring and the integrated microlens. The
lenses were characterised by measuring their surface profile with an atomic force micro-
scope (AFM). The dots in Fig.3 indicate the AFM data while the solid line shows a
spherical fit, revealing a nearly ideal spherical shape with a radius of curvature of about
22 pm.

'AFM measurement
| —— Spherical Fit

Height (um)

10 15

-5 . 0 5
Distance (um)

Fig. 3: Microscope image (left) and AFM height profile measurement (right) of a lensed VCSEL.
The spherical fit of the AFM data shows a nearly ideal spherical shape of the lens with a radius
of curvature of about 22 pm.

In Fig. 4 the operating characteristics of the same device are shown before and after the
microlens was placed on its output facet. A small increase of the threshold current as
well as of the differential quantum efficiency and the maximum output power is observed,
which is caused by the decrease of the upper mirror reflectivity by the microlens material.
An optical output power of up to 17mW is available from this device. The VCSEL has
an active diameter of 13.5 um and shows transverse multimode emission from threshold
to thermal rollover with an emission wavelength of about 860 nm.

To confirm the focussing effect of the microlens, the transverse output beam profiles at
different distances from the laser surface were measured by scanning the laser beam with
a lensed fiber moved by piezo actuators. Figure 5 shows the scanned beam profile at
distances from about 0 to 50 um to the laser surface. A minimum beam diameter of
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Fig. 5: Measurement of the beam profiles of a lensed device at a current of 6 mA at various
distances to the laser surface, ranging from about 0 to 50 um. The focal point with a beam
diameter of about 15 um and a FWHM of 10 um is found at a distance of 20 to 30 um.

about 15pum and a full-width-at-half-maximum (FWHM) of 10 um, respectively, at a
distance of about 20 to 30 um (in air) are measured. In contrast, a nominally identical
device without lens on the same wafer shows a continuously diverging beam. However,
due to multimode emission, both laser types have a doughnut-shaped intensity profile.

4. Results

To examine the suitability of the components in optical trapping applications, the above
described device was introduced in the setup shown in Fig. 2. To observe the experiments,
an imaging system, mainly consisting of a CCD camera and filters, was placed above the
sample stage. The experiments were performed with 10 pm-sized polystyrene particles in
water since their physical properties like density and refractive index are comparable with
those of biological cells.

Figure 6 shows a typical experimental sequence by means of pictures taken by the CCD
camera (top view). For better comparison, corresponding schematic side views are added.
Initially the particles are located at the bottom of the sample stage and drift randomly
through the liquid (Figs.6a and 6b). This drift is induced by a constant evaporation of
liquid from the sample stage and was not found to be influenced by the emission state
of the laser. In the present case the VCSEL emits 9 mW optical output power. When
approaching the laser beam, the particle is pulled toward an intensity maximum by the
transverse gradient force (Figs. 6¢ and 6d). Since the laser beam is only mildly focussed,
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the longitudinal gradient force is not strong enough to overcome the forward scattering
force which arises mainly due to reflection of photons at the particle surface. Therefore,
the particle is lifted by the laser beam until it reaches the upper cover slip where it remains
trapped. The elevation is observable in Figs.6d and 6e by a blurring of the particle as
it moves out of the imaging focus. In Fig.6f, the focal point of the imaging system is
adjusted to show the particle immobilised at the top of the sample stage. When the
laser is turned off, it floats back to the bottom. At lower output power deflection and
elevation of the particles is still observed while stable trapping at the upper cover slip
is no longer achieved. Consistent results for manipulation and trapping were obtained
for similar VCSELs. However, a displacement of the trapped particle with respect to the
device centre is generally observed, much likely caused by the doughnut-shaped beam
profile. To improve the beam quality of the VCSELs, surface relief techniques [7] will be
applied as a next step.

/

\}(

\

C)

d \ / e \ J f
Imaging system
Bt{ j? focussed on
t i trapped particle

Fig. 6: Sequence of a typical trapping experiment with the integrated optical trap using a 10 um
diameter polystyrene microsphere. For better understanding, top views by the CCD camera as
well as associated schematic side views are shown. The approaching particle (a, b) is pulled
toward the intensity maximum of the laser beam by the gradient force (¢, d) and is pushed
upwards by the scattering force (d, e). Finally, it remains trapped at the upper cover slip (f)
until the laser is turned of again.
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5. Conclusion

We have fabricated photoresist microlenses with nearly ideal spherical shapes on top-
emitting GaAs/AlGaAs VCSELs. The good output performance of the devices is not
degraded by the lens, while the output beam is focussed to a beam waist of about 10 um
FWHM. With these devices, we have achieved elevation and trapping of 10 um diame-
ter polystyrene microspheres at output powers as small as 9mW. Thus, the concept of
VCSEL-based integrated optical traps is successfully demonstrated for the first time. By
attaching the VCSELSs directly to the sample stage and extending the concept to array
configurations, miniaturised instruments for cell analysis and sorting appear to be within
reach.
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Complex-Coupled Distributed Feedback Laser
Monolithically Integrated With Electroabsorption
Modulator and Semiconductor Optical Amplifier

Philipp Gerlach

We report on the design and experimental results of monolithically integrated optoelec-
tronic devices containing distributed feedback (DFB) laser, electroabsorption modulator
(EAM), and semiconductor optical amplifier (SOA). Common InGaAlAs multiple quan-
tum well (MQW) layers are used in all device sections. The incorporation of local lateral
metal gratings in the DFB section enables device fabrication by single-step epitaxial growth.
The emission wavelength is A = 1.3 um. More than 2mW single-mode fiber-coupled out-
put power as well as 10dB/2V static extinction ratio have been achieved. Modulation
experiments clearly show 10 Gbit/s capability.

1. Introduction

EAMs are considered as key components for modern optical telecommunication systems
due to very high speed operation capability [1], high extinction at low driving voltage
[2], as well as low or even negative chirp [3]. Furthermore, EAMs can be monolithically
integrated with other semiconductor components such as DFB lasers and SOAs [4, 5].
The fabrication of DFB laser-integrated electroabsorption modulators (DFB-EAMs) is
challenging because both device sections have different requirements on the active ma-
terial. Therefore, quantum well intermixing or selective epitaxy is commonly used to
achieve variable bandgap energies along the longitudinal device direction [4]. In order
to eliminate these critical and costly technological steps, the usage of a common active
layer in all device sections is a promising alternative approach which requires efficient
forward and reverse operation of the active layer [6]. To avoid high residual absorption
of the EAMs, the DFB laser wavelength should be positively detuned by a few tens of
nanometers with respect to the gain peak [7] which, however, keeps the output power
relatively small. DFB-EAMs, additionally integrated with an SOA and using a common
active layer, appear to be an optimum solution since they combine the advantages of
compactness, modulation speed, and sufficient output power.

2. Device Design

Since steep absorption edges and pronounced excitonic absorption are outstanding fea-
tures of the InGaAlAs material system, it appears suitable for DFB-EAMs using a com-
mon active layer. An extensive study of an adequate active layer design has already
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Fig. 1: Simulated modal gain spectra of a Fig. 2: Simulated modal absorption spectra for
2 pm-wide ridge waveguide structure contain- several reverse voltages applied to the active
ing ten 5nm-thick InGaAlAs QWs at a tem- region from Fig. 1.

perature of T' = 298 K for several pump current

densities.

been reported elsewhere [6] and will not be discussed here. We use an epitaxial structure
grown on n-doped InP with a 300 nm-thick waveguide layer which contains ten compres-
sively strained AlGalnAs quantum wells (QWs) with a photoluminescence peak at about
1280 nm wavelength. Their two-dimensional confinement factor within a 2 um-wide ridge
waveguide is calculated to be 12 %. The simulated modal gain for several pump current
densities is shown in Fig. 1. The corresponding modal absorption characteristic can be
seen in Fig. 2. It is clear from these figures that the wavelength of the gain peak at
A =~ 1305nm cannot be used as operating wavelength because the modal absorption is
too high. An operating wavelength of A ~ 1320 nm seems to be a suitable compromise
which combines sufficient gain with an appropriate modulation characteristic as well as
low residual absorption in the EAM.

2.1 Distributed feedback laser

Stable single-mode operation with narrow linewidth is an important design requirement
for DFB lasers. The spectral characteristic of regular index-coupled DFB lasers strongly
depends on the facet reflectivities. We use lateral metal gratings in the DFB section to
achieve narrow-linewidth complex-coupled DFB lasers with high side-mode suppression
ratio. Their fabrication does not require epitaxial regrowth which keeps device fabrication
simple. The grating is positioned as indicated in Fig. 3 and interacts with the evanescent
field of the guided mode, which is plotted in the same diagram. The calculated imaginary
coupling coefficient is x = i-21cm™!, where i = /—1 is the imaginary unit. Using
the transfer-matrix method and neglecting additional facet reflections, the corresponding
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Fig. 3: Simulated transverse mode in the ridge
waveguide cross-section including the lateral
metal grating.

longitudinal DFB laser modes are calculated [8]. The resulting modes for a DFB laser
with different |xL| and a grating period of A = 201.3nm are indicated in Fig. 4. The
mode at the Bragg wavelength of 1322 nm has a modal threshold gain of 130 cm™! and is
expected to lase with a huge side-mode suppression ratio since the modal threshold gain

of all other modes is larger by more than 70 cm™1.

2.2 Electroabsorption modulator

Within the EAM section, part of the incident optical power P, is absorbed, while the
modal absorption & is controlled by the applied reverse voltage. For a binary signal, the
corresponding output power levels are

—anl
Pout,l - Rne EAM ) (1)
Pout 0o — Rneid()lEAM .

Their ratio is defined as extinction ratio

ER = Lol _ o-ddlean (2)
P, out,0

It is obvious from this equation that the modulator length Igay as well as the modal
absorption change Aa = &; — g are important design parameters. Optical transmitter
specifications usually demand an extinction ratio of at least ER = 10dB. Since the modal
absorption change A& strongly depends on the operating wavelength, the EAM length
lgan is to be adjusted in such a way that the required ER is reached. For wavelengths in
the range of A = 1302nm to A = 1318 nm an extinction ratio of at least 10 dB is achieved
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by EAMs having a length [gay = 100 wm. Longer operating wavelengths require increased
EAM lengths to satisfy the demand on extinction due to a decrease of modal absorption
change. Even in the on-state, part of the light will be absorbed. Low residual absorption
values of approximately a = 4 dB are achievable for wavelengths of A ~ 1322 nm. For this
operating wavelength, corresponding to the fundamental mode of the DFB laser discussed
in the previous section, an extinction ratio of 10 dB as well as 4 dB residual loss are to be
expected.

Not only the static characteristics like extinction ratio and residual loss have to be con-
sidered. Since DFB-EAMs are to be used for high-speed optical data transmission, their
modulation performance is an important design criterion. Even for operation at modula-
tion frequencies of f = 40 GHz, EAMs with a length of [gay &~ 100 um are much shorter
than the electrical wavelength of the modulation signal, thus they can be considered as
lumped devices. We use a two-dimensional approach to understand the modulation behav-
ior [9, 10]. Unfortunately, the impedance mismatch between the EAM and the commonly
used 50 (2-based microwave system results in a frequency-dependent modulator voltage
amplitude. Therefore a parallel 50 €2 resistor is typically used to achieve good impedance
matching at least for low frequencies. The calculated and measured electrical reflection
coefficients Sq; of such a configuration are shown in Fig. 5. Simulation and measurement
result are in good agreement in the frequency range of interest. The corresponding calcu-
lated electrical-optical (EO) response function [9] is depicted in Fig. 6. A measured EO
response function of an EAM with the discussed design is contained in the same figure.
The small deviations of a few dB at elevated frequencies are explained by the transfer
function of the employed photodiode, which could not be included in the calibration of
the measurement setup.
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To compensate for the residual losses, a SOA can be integrated in the device as well. Like
the DFB section, the SOA section will be forward biased to deliver gain. Unfortunately,
the operating wavelength of A\ = 1322nm does not correspond to the modal gain max-
imum, as can be seen in Fig. 7. One then expects an increased amplifier noise due to
higher spontaneous emission. We try to avoid this by using a specially designed heatsink
which is schematically depicted in Fig. 8. It has a spatially varying thermal resistance
which is lowest in the DFB and EAM sections. That results in a longitudinally inhomoge-
neous temperature in the device and particularly in an increased temperature in the SOA
section. Therefore the gain spectrum in the SOA is red-shifted, incurring an increased
modal gain at the operating wavelength. By measuring the spectral spontaneous emission
peak of the SOA, a mean temperature increase of AT = 15K with respect to the gain
spectrum of the DFB laser was determined. Both, the gain spectra of the DFB and SOA
sections are represented in Fig. 7, considering the difference in mean temperatures.

3. Fabrication

The devices are grown on n-doped InP substrate using metal-organic vapor-phase epi-
taxy. P-contacts are fabricated first, which later act as mask for ridge etching. Electrical
isolation of device sections is realized by small etch trenches, resulting in an electrical
separation resistance of R ~ 25k{). The employed wet-etch process produces a lateral
underetching of approximately 7° (see also Fig. 3) and stops at an etch-stop layer. The
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Fig. 9: Scanning electron micrograph of the Fig. 10: Schematic of complex-coupled DFB
interface between DFB and EAM sections after laser integrated with EAM, SOA, and MPD
ridge etching and lateral grating formation. (without passivation and bondpads).

devices consist of a 730 um-long DFB laser section, a 120 um-long EAM section, and
a 500 um-long SOA section. Lateral metal gratings are fabricated using electron beam
lithography and a lift-off process. We use first-order gratings consisting of 8 nm-thick Ni.
Figure 9 shows a scanning electron micrograph of part of a fabricated sample at this stage.
A second mesa is etched in order to reduce lateral currents as well as making it feasible
to connect the n-doped layers from the top side. After passivation, bond-pad formation,
thinning, and cleaving, the samples are mounted on special heatsinks, as discussed in the
previous section. A quarter-wave Al,O3 antireflection coating is deposited on the front
facet in order to avoid back-reflections. Figure 10 shows a schematic of the fabricated
devices. In order to reduce the influence of the rear facet on the DFB laser, an additional
device section serving as a monitor photodiode (MPD) has been integrated as well. Thus,
the light emitted from the DFB laser section to the rear is absorbed instead of being
reflected. In addition, the photocurrent is used to verify proper DFB laser operation.

4. Experimental Results

All measurements have been performed at room temperature. Device sections are electri-
cally contacted by probe tips and microwave probes. The optical output power is coupled
into a standard single-mode fiber (SSMF) using a lens-integrated isolator. Experimental
results show a threshold current of 160 mA, an emission peak at A = 1322 nm wavelength,
and more than 30 dB side-mode suppression ratio. The measured optical output spectrum
for 210 mA laser current, —2V EAM bias, and 50 mA SOA current is shown in Fig. 11. As
can be deduced from the static characteristics in Fig. 12, more than 10dB/2V extinction
and 2mW fiber-coupled output power are obtained. Modulation experiments at a data
rate of 10 Gbit/s using a pseudorandom bit sequence with a word length of 27 — 1 are
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Fig. 11: Measured optical output spectrum Fig. 12: Measured fiber-coupled optical power
for 210 mA laser current, —2V EAM bias, and versus EAM voltage for 210 mA laser current
50mA SOA current. and several SOA currents.

performed. For 210 mA laser current, —1 V EAM bias, and 50 mA SOA current, the open
eye in Fig. 13 is obtained. However, the noise in the on-state limits the signal quality and
might be decreased by an improved electrical isolation between the sections as well as a
multilayer antireflection coating.

Fig. 13: Filtered eye pattern for 10Gbit/s
modulation with V,, = 2V amplitude. Laser
current is 210mA, EAM bias is —1V, and
SOA current is 50mA. The filter bandwidth
is 7 GHz.
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Wide Temperature Operation of 40 Gbps 1550 nm
Electroabsorption Modulated Lasers

Brem Kumar Saravanan and Philipp Gerlach*

FElectroabsorption modulated lasers (EMLs) exploiting the quantum confined Stark effect
need thermo-electric coolers to achieve stable output power levels and dynamic extinc-
tion ratios. Temperature independent operation is reported between 20°C and 70°C for
InGaAlAs/InP based monolithically integrated 1550 nm EMLs exploiting a shared active
area at 40 Gbps by actively controlling the electroabsorption modulator bias voltage. Dy-
namic extinction ratios of at least 8 dB and fiber-coupled mean modulated optical power of
at least 0.85mW are obtained over the mentioned temperature range.

1. Introduction

Electroabsorption modulators (EAMs) integrated with distributed feedback (DFB) lasers
popularly referred to as electroabsorption modulated lasers (EMLs), have been widely
studied for data rates above 10 Gbps. In such EMLs, light modulation in the EAM sec-
tion is achieved by controlling the optical absorption coefficient by means of an external
bias. EAMs employing a quantum well active layer exploit the quantum confined Stark
effect (QCSE) [1] to accomplish efficient light modulation close to the EAM band edge.
Well designed QCSE based EAMs allow for device lengths in the range of 75-150 pm
achieving high-speed operation without compromising extinction ratios. Other salient
features include reduced chirp [2] and low drive voltage swings [3]. Wide temperature op-
eration of such EMLs, highly desirable for integrating with low power consumption small
form factor modules, has been demonstrated up to 10 Gbps by actively controlling the
EAM bias. Demonstrated approaches include vertical power transfer between waveguides
[4], selective growth [5] and butt-joint [6] techniques. In contrast to the above approaches,
shared active area EMLs, i.e., EMLs exploiting an identical active area for both laser and
modulator sections reduce the fabrication complexity considerably [7] and simultaneously
boost final yield. In this letter, a 40 Gbps wide temperature operation of EMLs employing
a shared active area emitting in the 1550 nm wavelength window is presented.

2. Device Layer Structure

The EMLs employed for the investigations consist of a monolithically integrated DFB
laser and an EAM. The EMLs exploit a dual quantum well type active area based on the

*Work performed in collaboration with Infineon Technologies AG, Munich, Germany
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InGaAlAs/InP material system. The multiple quantum well (MQW) active layer consists
of eight 7.5nm thick quantum wells whose photoluminescence (PL) wavelength App, is
around 1510nm and three 5nm thick quantum wells with Ap;, around 1540nm. The
+0.95 % compressively strained quantum wells are separated by 8 nm thick —0.5 % tensile
strained InGaAlAs barriers (A\; = 1.1 um). The intrinsic active layer is embedded between
30nm thick InGaAlAs (A, = 1.05um) separate confinement heterostructures (SCHs)
lattice matched to InP. The salient features of using an identical dual multiple quantum
well active layer are reported elsewhere [8]. The operation wavelength of the EML is
near 1560 nm at room temperature. The wavelength detuning of the EML — defined
as wavelength separation between the absorption edge of the EAM and the operation
wavelength — is about 55nm at room temperature. For investigations, the fabricated
EMLSs were mounted p-side up on copper (Cu) heat sinks. The lengths of DFB laser and
EA modulator sections are 380 um and 115 pm, respectively.

3. Temperature Dependence

Owing to the characteristic steep absorption slope close to the band edge, QCSE based
EAMs are inherently sensitive to temperature [9].  With increasing temperature, the
transition energy between the electron ground state and heavy hole ground state decreases.
This reduction in the transition energy with temperature can be adequately explained by
the empirical Varshni relations [10, 11]. The corresponding experimental shift of the EAM
absorption spectrum with temperature, in the 1550 nm wavelength window, is ~0.5—
0.6nm/ °C. Simultaneously, with rise in temperature, the modal effective refractive index
(nlg) in the laser section increases by ~2.1-107*/°C. This results in a red shift of the
operation wavelength, Apgg, by ~0.1nm/°C. The net effect is a decrease of the detuning
between the absorption edge of the EAM and the laser emission wavelength by =~ 0.4—
0.5nm/°C. This considerably degrades the EML dynamic performance in the absence
of any temperature control as illustrated in Fig. 1. A nonreturn-to-zero (NRZ) pseudo-
random binary sequence drive signal (Fig. 1a) of word length 2'' — 1 was applied to the
input port of the EAM traveling wave electrode with the output port terminated by a

475 pW/div

10 ps/div
20°C 40°C 60°C

Fig. 1: Electrical drive signal with a peak-to-peak modulation voltage Vp, = 2.5V (a). Experi-
mental 40 Gbps optical eye diagrams with Vgay = —2.5V and I1,p = 80 mA (b). The operating
temperature of the EML is indicated below the corresponding eye diagrams.
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50 2 resistor. The peak-to-peak modulation swing was V,, = 2.5V. Fig. 1b shows the
recorded optical eye diagrams at 40 Gbps with the EAM biased at —2.5V for a laser
current of 80 mA. Temperature-dependent average power and dynamic extinction of the
large-signal results are summarized in Fig. 2. The temperature values correspond to the
active layer temperature (or junction temperature) measured with an accuracy of +0.1°C.
The mean modulated (average) optical power in fiber dropped from 1.3mW at 20°C to
about 0.36 mW at 60°C. This drop in optical power is predominantly attributed to the
increase of “ON” state insertion loss at the operating wavelength. On the contrary, the
dynamic extinction ratio increases from about 6 dB at 20 °C to nearly 12dB at 50 °C. This
is simply the result of increasing absorption swing with decreasing wavelength detuning,
which is however obtained at the expense of optical power. The chosen EAM bias voltage
delivers an optimum performance at 40 °C with more than 10dB dynamic extinction and
a mean modulated optical power of 1.0mW in fiber. For temperatures above 50°C, no
reliable estimate of the dynamic extinction was possible due to low available power.

4. Wide Temperature Operation

From the large-signal modulation results presented in the previous section, it is evident
that a constant EAM bias voltage does not offer satisfactory performance over a wide
temperature range of interest. In order to investigate the possibility of temperature-
independent operation, static extinction measurements were performed, by varying the
heat sink temperature. The corresponding experimental results are presented in Fig. 3.
Static light extinction of at least 20 dB per 3V was obtained. Most notably, the maximum
extinction slope shifts toward low reverse bias voltages with increasing temperature. For
instance, the maximum extinction slope occurs near —2.85V at 20 °C while for the case
of 65°C it occurs near —1.55V. This shift of the optimum bias point with temperature
is empirically fit to yield the relation

y
Vean ~ —35V +0.037 ;m: 20°C<T<70°C (1)

From (1) it is evident that the optimum EAM bias voltage increases by 0.3V per 10°C
rise in temperature. By actively controlling the EAM bias voltage in accordance with
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Fig. 3: Static light extinction curves of the
1550 nm EML in steps of 5°C. Measurements
pertain to a laser current of 80 mA.

A0
= V,,, [V] = -3.5 V+ (0.03)T*(V/°C) \ -
a
(3 '15 . . . . . . . . : H . :
'_6 : : : : : : : :/:
= A 3
T 2.0 / ‘
w [ N T
g wel
§ |7
304
10 20 30 40 50 60 70 80

Temperature [°C]

Fig. 4: Linear empirical fit for active EAM bias
control to achieve wide temperature operation.
The solid circles correspond to the bias voltages

used for the measurements.

the temperature, one can expect that average optical power and dynamic extinction re-
main constant. A plot of the empirical fit is shown in Fig. 4. The solid circles in Fig. 4
correspond to the EAM bias voltages used for subsequent large-signal modulation mea-

surements presented in Fig. 5. The empirical relationship given by (1), is applicable
between 20°C and 70 °C.

The average fiber-coupled optical power and the corresponding dynamic extinction ratios
have been summarized in Fig. 6. It is quite evident that the average power and the dy-
namic extinction remain almost constant from 20°C to 70 °C. Dynamic extinction ratios
of at least 8 dB and an average fiber-coupled optical power of at least 0.85mW can be
observed. The optical eye diagrams obtained in all the measurements were limited by the
quality of the electrical drive signal which in part degraded the obtained dynamic extinc-
tion. Thus, the dynamic extinction values obtained can be treated as a lower bound. For
commercial datacom applications, besides average optical power and dynamic extinction,
dispersion penalty of the EMLs has to be fairly constant over the temperature range of
interest. Accordingly, the transmission performance of the EMLs shall be addressed after
investigations.

5. Conclusion

Temperature-independent operation of monolithically integrated InGaAlAs/InP based
electroabsorption modulated lasers employing an identical active layer has been experi-
mentally demonstrated between 20 °C and 70°C in the 1550 nm wavelength window at a
data rate of 40 Gbps. This was achieved by actively controlling the reverse bias voltage
applied across the electroabsorption modulator. Average fiber-coupled power of at least
0.85mW and dynamic extinction ratios of at least 8 dB for a voltage swing of 2.5V were
obtained from 20°C to 70°C. The experimental results demonstrate the excellent dy-
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Fig. 6: Mean modulated fiber-coupled optical
power and corresponding dynamic extinction
ratios of 40 Gbps large-signal modulation re-
sults. By actively controlling the EAM bias,
dynamic extinction and average fiber power
stay reasonably constant from 20°C to 70°C.

namic performance of the devices and their potential for next generation high-speed data

links.
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Transmitter Components for THz Applications
and a Simple Setup for THz Spectroscopy

Wolfgang Schwarz and Philipp Gerlach

We present a setup for THz time-domain spectroscopy (THz-TDS). It is capable of deter-
maning material transmission properties in the electromagnetic spectral range from 100 to
1000 GHz. Microantennas structured on photoconductive low-temperature grown gallium
arsenide (LT-GaAs) act as transmitters and receivers. The photoconductive LT-GaAs
layer 1s grown by molecular beam epitaxy.

1. Introduction

During the last two decades, fast pulsed lasers with pulse durations below 1000 fs have
prepared the ground for the generation of short electromagnetic pulses. In such femtosec-
ond laser systems a pulse duration of 1000 fs corresponds to a frequency of f = 1THz
(10" Hz), that is unattainable with typical electrical microwave circuits. From an optics
point of view, THz radiation with wavelengths between 1 mm and 100 um is often called
“far infrared”. Not only this term indicates that in optics THz radiation was for a long
period out of scope?. Hence THz technology is a relatively new and challenging field in
research.

One of the first THz transmitters was reported by Auston [3] in the 1970s followed by a
vast number of publications on this topic, introducing the THz time-domain spectroscopy.
Free electric charge ¢ can be generated by laser irradiation of a semiconductor. An
electromagnetic dipole with the dipole moment p' = qf is formed when the electric charge
is separated in the distance | = ’f ’ According to Maxwell’s theory, accellerated charge
is the origin of an electromagnetic wave. The acceleration of the charge can be achieved
in an externally applied static electric field, as sketched in Fig. 1. The electric field at a
large distance to the irradiation spot is then expressed as

oo Lo\
E(T,t) X ; [(ﬁ X n) X n] , (1)

where 17 = 7/r represents the unity directional vector from p'to a point 7 in space.

A THz detector is illustrated in Fig. 2. It relies on the reverse process by utilizing a
method called optical gating. The incident THz wave excites the microstructured dipole

2First experiments were reported one century ago by a group led by Heinrich Rubens and Ernest
Fox [1, 2]. However, subsequent intensive investigations were delayed owing to the lack of a bright and
coherent light source.
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Fig. 1: Simplified THz transmitter irradi-
ated by a fs laser pulse. The generated free
carriers are accelerated in the bias field, ra-
diating a THz pulse.
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THz pulse

Fig. 2: Schematic drawing of a dipole con-
nected to an ampere meter. Depicted are
the incident THz beam and the fs laser pulse
which generates free carrier pairs in the ir-

radiated photoconductor.

antenna on the semiconductor surface. A photoconductive gap in the center of the antenna
is irradiated by a laser pulse, generating free carriers and thus electrical conductivity. The
resulting photocurrent i(7) after one THz cycle T is expressed by the convolution

i(r) o % / " Eo(r —t) dt @)

of the incident THz field E(t) and the electric conductivity o(t) within the photogap.
Commonly the laser pulse is shorter (i.e. d-shaped in the ideal case) than the sampled THz
pulse, so temporally fine resolved sampling is in accordance with the Nyquist—Shannon
criterion for the minimum sampling frequency [4].

2. Scaling and Design of the Transmitter

Designing the radiative dipole antennas, both simulations and simple analytical ap-
proaches were employed. A simple ideally conductive metal stripe dipole with length
[ and width w is considered, as sketched in Fig. 3. The dipole is sectioned into mi-
crostrips labeled “1”7 and “2”. These are separated by a non-conductive photogap with
width s = 5um, on which the laser beam is focused. The substrate depicted in Fig. 4
consists of 100 pm-thick GaAs (relative permittivity is €, = 12.6, neglecting absorption),
the top side metallization is 100 nm thick. Regarding microstrip line and substrate, the
effective refractive index of the structure can be approximated by neg = /(1 + €)/2 [5].
For an angular frequency w = 27 f, the dipole length [ should satisfy

L=\ (@2ner) = (mc)/(wnes) (3)

with ¢ and A as the vacuum velocity of light and vacuum wavelength, respectively.

For comparison, a numerical simulation was performed with ADS Momentum Solver from
Agilent. The simulated dipole lengths are 30 and 50 um, the width w = 20 um. In
Fig. 5 the simulation result within the 0 to 2 THz frequency range is shown in the Smith
chart. The longer antenna exhibits a resonance at a frequency of 1.481 THz, whereas the
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short antenna does not show any resonance in the considered spectral range. Under the
assumption that the source impedance of the photogap is 100k [5], source and antenna
are insufficiently impedance matched. When evaluating (3) for the resonance frequency,
the calculation yields 1.15 THz for the given 50 pm-long structure. The deviation between
analytic and simulated result is explained by stray edge capacitances at each end of a
microstrip which are not considered in the analytic formula for the resonance frequency.

l

w
] &~ 1
|
[
S I < €r
|
|
Electric wall
Fig. 4: Sketched cross-section of the simu-
Fig. 3: Sketch of the simulated dipoles. The lated dipoles. The structure is surrounded
dimensions of the microstructured metalliza- by air with relative permittivity €, ~ 1.

tion are indicated.
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Fig. 5: Simulated amplitude reflection fac- Fig. 6: Photograph of the dipole structure
tor of the dipoles for 50€) reference used as a detector.

impedance. The simulated antennas have

lengths of 30 and 50 wm.



88 Annual Report 2005, Optoelectronics Department, University of Ulm

3. Experimental Approach
3.1 Setup for THz time-domain spectroscopy

In contrast to the commonly applied far-infrared Fourier transform spectroscopy [6], the
presented THz-TDS [3, 7] is capable of a transient analysis of material exposed to elec-
tromagnetic waves. The simplified setup is shown in Fig. 7. A fs laser pulse is split by
beam splitter BS into an emitter and detector beam. The emitter beam is deflected by
two mirrors M1 and M2 and is then focused onto the transmitter chip. The transmitter
dipole radiates a THz pulse, which is outcoupled through the GaAs substrate and partly
collimated by a silicon lens. The beam is deflected by two parabolic mirrors (P1, P2)
onto the detector. A second silicon lens focuses the THz beam onto the photoconductive
gap in the detector. Moving the retroreflector varies the time delay between the emitter
and detector beam. In the detector the laser radiation from the detector beam creates an
electric conductivity, which reads out the incident THz field according to (2). For each
delay 7, the photocurrent i(7) is measured and so the time trace of the THz pulse is deter-
mined. To measure the relative transmission of a sample, a reference sweep is performed
with the delay line and for each time step the photocurrent is sampled. Subsequently
the sample is introduced into the THz beam between the two parabolic mirrors and a
second sweep is made. The pulsed laser Coherent Mira 900 D is pumped by an argon ion
laser (Coherent Innova 400-15). The laser source is operated at 830 nm wavelength and
delivers pulses with 190 fs autocorrelation length at a repetition rate of about 76 MHz. An
optical filter and the combination of a A\/4 plate and a polarizer attenuates the average
laser power to 5mW incident both onto transmitter and detector. During the experiment
the transmitter beam is optically chopped at a frequency of 1.4 kHz and the photocurrent
is measured by a lock-in amplifier.

Retro-
reflector

Delay line

fs laser pulse

BS

Emitter ray (a)

Emitter

2

THz pulse =

s ?

Detector §

) :

= | () A

Si lens L ﬂ
I M3
P2 /I\ =
Si lens

Fig. 7: Schematic setup for THz time-domain spectroscopy.
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3.2 Transmitter and detector

We have fabricated a pair of transmitter and detector. The semi-insulating GaAs substrate
is 350 pm thick. A 2 pum-thick GaAs layer was grown by molecular beam epitaxy at
200 and 160°C for the transmitter and detector, respectively. The samples were post-
annealed for 10 min. at 600°C in the growth chamber in order to maintain excess As
ambient pressure. Two coplanar striplines microstructured on the LT-GaAs form the
emitter dipole. The distance between the striplines is 50 um. The detector consists of
a double-T arrangement as depicted in Fig. 6. The length of the dipole is 30 um in
total. The metallization was vacuum evaporated and annealed for 2 min. at 400°C in Ny
atmosphere.

4. Experimental Results

We measured the resulting photocurrent in the detector for different positions x; of the
delay line, and calculated a corresponding time delay 7; = 2z;/c. The photocurrent
burst between 0 and 8 ps in Fig. 8 clearly relates to the applied DC bias voltage at the
emitter, which was set to 20 or 45V. Despite of the poor signal-to-noise ratio we could
reproduce the measurements achieving the same characteristic pulse shape. The latter
vanished when the THz beam path was blocked. Thus we conclude that the measured
photocurrent corresponds to the incident THz wave. The inset in Fig. 8 shows the Fourier-
transformed spectrum of the burst. A characteristic plateau between 100 and 500 GHz is
visible, which can be distinguished from the noise floor.
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Fig. 8: Measured THz time traces and spectra obtained by Fourier transformation for two
different bias voltages driving the emitter.
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5. Conclusion

We have successfully established the growth and annealing of LT-GaAs for fast THz pho-
todetectors. The functionality of the fabricated photodetectors has been proven. Further
we have successfully implemented an apparatus employing THz-TDS for transmission ex-
periments. The setup is still to be fine-tuned to improve signal-to-noise performance and
to enable transmission experiments in highly absorptive samples.
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vanced short-wavelength vertical-cavity lasers and arrays for optical interconnection”

(invited), in Proc. The Fourth International Conf. on Optical Communications and
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hanced single-mode power and stabilized polarization for oxygen sensing”, IEEE
Photon. Technol. Lett., vol. 17, pp. 2256-2258, 2005.
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“Semiconductor thin-disk laser — Comparison of spacer and quantum-well pump-
ing”, 20th Anniversary Meeting Advances Solid-State Photonics. Vienna, Austria,
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