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Free-standing GaN wafer with a thickness of about 1.5 mm grown by hydride vapor phase
epitaxy (see articles on pages 55 and 63). The wafer was self-separated from the original
sapphire substrate by the strain induced during cool-down owing to the different thermal
expansion coefficients of GaN and sapphire, enforced by a hexagonally shaped mask
interlayer.
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Preface

The year 2010 was again very fruitful for the Institute of Optoelectronics. Research
in the VCSELs and Optical Interconnects Group dealt with vertical-cavity lasers with
polarization-stable single-mode light output for integration with atomic clocks, bidirec-
tional optical interconnects over standard multimode fibers, densely packed VCSEL ar-
rays, VECSEL-type devices for particle sensing in microfluidics, as well as ultracompact
optical traps.

The GaN group continued their studies of non- and semipolar structures in the frame of
the transregional research group “PolarCoN”. In October, we could host again more than
50 scientists at a summer school in Schloss Reisensburg near Giinzburg. The research
group could additionally find special attention on the occasion of a symposium at the
Annual Meeting of the Deutsche Physikalische Gesellschaft in Regensburg. Besides many
excellent quantum well and device structures grown by MOVPE, our HVPE-grown thick
GaN layers improved further, as documented on the title page of this report. Our fairly
new engagement in graphene research within the project SALVE has been stabilized by
another 3-years funding period approved by the DFG.

In the High-Power Semiconductor Laser Group, the temperature management of opti-
cally pumped semiconductor disk lasers has been further investigated. Novel double-band
Bragg reflector mirror designs have been evaluated showing optimized thermal resistance.

Four members of the Institute, namely Abdel-Sattar Gadallah, Andrea Kroner, Sarad
Bahadur Thapa, and Thomas Wunderer received their Ph.D. degrees. Furthermore, six
Diploma Theses, five Master Theses, four Bachelor Theses, and two Semester Projects
have been carried out in 2010.

In April 2010, Ahmed Al-Samaneh received the Best Student Paper Award at the Conf.
on Semiconductor Lasers and Laser Dynamaics IV, as part of SPIE Photonics Furope in
Brussels, Belgium for his work on VCSELSs for atomic clocks.

In May 2010, Rainer Michalzik was offered to become the Director of the Institute of
Optoelectronics at the University of Duisburg-Essen in Duisburg, Germany.

Rainer Michalzik
Ferdinand Scholz
Peter Unger Ulm, March 2011
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Time-Resolved In-Situ Temperature Measurements
Using Band-Edge Absorption Spectroscopy
During MBE Growth

Dietmar Wahl and Michael Mertens

It is a well-known problem in molecular beam epitaxy (MBE) that the real sample tem-
perature is in most cases unknown during the growth process. We have used a com-
mercial band-edge absorption spectroscopy system to determine the sample temperature
during bake-out and growth of different types of samples. Time-resolved in-situ measure-
ments show how the sample temperature is influenced by different external effects and
also demonstrate some limitations of precise temperature determination. This helps to
understand the temperature behavior of GaAs-based samples during a growth run.

1. Introduction

One of the most crucial parameters in semiconductor epitaxy processes is the substrate
temperature. In strongly chemistry-based techniques, e.g., metal-organic vapor-phase
epitaxy, it has a major influence on the chemical reactions between incoming atoms or
molecules and thus the efficiency of these processes. In molecular beam epitaxy, the more
important effect is the change of surface mobility of the adsorbed adatoms? with temper-
ature. It influences the crystal quality and defect density. Also the ratio of adsorption
and desorption of particles of different species (which determines the material compo-
sition) can be temperature-dependent. Nearly all properties of the grown material like
luminescence spectrum and efficiency, surface roughness or carrier mobilities are strongly
influenced by the substrate temperature during the epitaxial process ( [1], pp. 183 ff.).

In MBE growth chambers, the sample temperature can be determined in different ways,
namely thermocouple (TC), pyrometry or RHEED?-assisted methods, as well as band-
edge absorption spectroscopy (BAS). Each method offers different degrees of precision,
reproducibility, and range of use:

e Thermocouple
The thermocouple is usually located behind the sample holder near the sample
heater and has no physical contact with the rotating sample. The entire temperature
range of interest is covered and the measurement is reproducible. Therefore it is
predestined for temperature control.

2In crystal growth, atoms which are adsorbed at a substrate surface are called adatoms. Their behavior
is influenced by chemical bonding to the surface material.

3Reflection high-energy electron diffraction (RHEED) is a technique to investigate the surface condi-
tion of a crystalline sample by the diffraction pattern caused by a focused electron beam.
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e Pyrometer
Pyrometers detect black-body radiation emitted from the sample itself. To obtain
a suitable black-body spectrum, the sample must have a temperature of 400°C or
more. The emission factor (0.7 for GaAs [2]) may have to be corrected for changes
in the emission characteristics of the sample holder or of the transmissivity of the
chamber viewport over time. Heat radiation reflections from the effusion cells can
have strong influences on the registered spectrum and the calculated temperature.

e RHEED

During bake-out of GaAs wafers, desorption of the oxide layer on top of the sample
takes place. This transition from amorphous to ordered surface condition can be
recognized in an abrupt change of the RHEED pattern from diffuse scattering to a
diffraction pattern according to a structured surface. This transition happens at a
substrate temperature of 582 +1°C [3]. A second but very inaccurate use of RHEED
is to distinguish between different patterns caused by different surface conditions,
which depend on the temperature but also on the arsenic flux. This method has
very limited use since the patterns change only slowly over a temperature range of
several tens of Kelvin.

¢ Band-edge absorption spectroscopy
BAS is based on intrinsic absorption of light passing through semiconductor mate-
rial. Detected with a spectrometer, the wavelength of the absorption edge in the
measured spectrum can be related to a certain temperature. Observing the shift to
longer wavelengths with increasing temperature allows to determine the substrate
temperature over a wide range.

2. Principles of Band-Edge Absorption Spectroscopy

Semiconductors experience a reduction of their bandgap energy E, with increasing tem-
perature. This shift can be described by the empirical Varshni formula [4]

aT?

B+T

E(T) = E,(0K) -

The material-dependent parameters o and [ for intrinsic GaAs are noted in Table 1.
More sophisticated models of the temperature dependence of semiconductor bandgaps
have been established by Vina et al. [6] and Péssler et al. [7].

Table 1: Varshni parameters of intrinsic GaAs according to Thurmond [5].

Parameter Value
Eg(0K) 1.519eV
a 5.405-107% eV /K
153 204K
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Fig. 1: Schematic drawing of the reflection mode (left) and the transmission mode (right) of
band-edge absorption spectroscopy. The reflection mode requires an external light source and
one additional viewport in the growth chamber.

In BAS, light has to pass at least once through a semiconductor substrate. For high-
bandgap material (e.g., sapphire) the visible range is favored, for lower-bandgap semicon-
ductors like GaAs, the near-infrared spectral range from 800 to 1400 nm is appropriate
for detection of the absorption edge. The measurement can be done in reflection mode
as shown in the left part of Fig. 1, which means that the sample is illuminated by an
external light source with a continuous spectrum. The light enters the substrate and is
scattered at the unpolished back side of the wafer. This mode can be used for both,
indium-mounted and indium-free-mounted wafers. For this configuration an additional
viewport of the vacuum system is needed. With indium-free-mounted wafers on substrate
holders with an opening, one can use the black-body-like radiation from the substrate
heater. In this transmission mode (right part of Fig. 1), the light is scattered at the
unpolished back side of the wafer before passing through the material. In both modes,
scattering is important to make the setup more insensitive to the location of the detector.
Light with higher energy than the bandgap energy is strongly absorbed when passing the
semiconductor, while lower-energy photons are transmitted nearly without losses. This
leads to an optical spectrum as shown in Fig. 2. Spectral shifts indicate changes in the
temperature of the semiconductor due to the temperature-dependent bandgap.

2.1 Experimental setup

The MBE system used for these investigations is a solid-source Riber 32 growth chamber,
equipped with two gallium cells, three aluminum cells, one indium cell and a valved arsenic
cracker. Doping can be introduced by a solid-source silicon cell for n-type material and a
CBry gas line for p-doping. The system reaches a base pressure of 2- 107! Torr by means
of the attached cryo pump and an ion getter pump.

For temperature determination by BAS, we have used the commercially available BandiT
system (NIR Model). The system consists of the controller with integrated spectrometer
and computer interface, the detector head for fiber coupling, and a halogen lamp for
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Intensity [arb. units]

Fig. 2: Transmission spectrum of light passing
through an undoped GaAs substrate at a tem-
PER T

960 1000 1100 1200 1300 perature of 582°C (verified by RHEED transi-
Wavelength [nm] tion).

reflection mode measurements? (see Fig. 3). The detector head with the fiber coupler was
connected to the pyrometer viewport of the chamber which is directed onto the sample
if the manipulator with the substrate holder is in growth position. The halogen lamp,
which is necessary for reflection mode measurements, could not be installed because of
the lack of an adequate second viewport. So only transmission mode measurements were
performed. This limits the lowest measurable temperature to approximately 400 °C. Below
this temperature, the black-body-like substrate heater emission spectrum is too weak for
a reliable detection of the absorption edge.

The BandiT system does not refer to a theoretical band-edge but relies on comparison
with reference data supplied by the manufacturer. These references are specified by
the material, thickness, doping type, doping level and manufacturer of the substrate.
Our substrate material was not included in the supplied substrate database. As a best
suited reference we chose a substrate with same doping and doping level and similar
thickness than our actual wafer type. This might be the reason why the determined
temperature varies from the real one by approximately 5 K. This deviation was determined
by observing the deoxidation behavior with the RHEED system. Nevertheless the data are
much more precise than those obtained with thermocouple measurements or pyrometry
at lower temperatures.

The software subtracts from the measured spectrum a black-body part which is not cor-
related to absorption features. The remaining, corrected and normalized spectrum is
used to create a linear fit to the lower part of the absorption edge. The intersection of
this straight line and the abscissa results in a wavelength which is compared with the
above-mentioned reference data to determine the substrate temperature.

Problems occur when the black-body part dominates the received spectrum. This can be
the case when, due to misalignment, the detector head collects light not from the sample
but from other hot parts in the chamber like for example the substrate holder. In some
geometrical circumstances, strong black-body radiation from the glowing cells can directly
be reflected into the detector by the polished wafer surface. Under such conditions, the
fit algorithm cannot properly determine the actual temperature.

4More information about the BandiT system and its specifications can be found at the manufacturer’s
website: http://www.k-space.com/Products/BandiT.html
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Fig. 3: Hardware of the BandiT band-edge Fig. 4: Spurious temperature oscillations
absorption spectroscopy system, consisting caused by the rotation of the substrate. At
of a controller with spectrometer, a fiber- 2600 s, the Ga shutter was opened, which re-
coupled detector head and a halogen lamp. sults in a rise of the sample temperature.

2.2 Time-resolved measurements

The BandiT system enables real-time measurements and data recording. The algorithm
calculates the temperature from each spectrum every 1 to 2 seconds and saves it in a data
file. The measured spectra are only shown on the computer screen but are not saved, since
the amount of data would be far too large. Thus after measurement it is not possible to
check the fit results and the original spectra.

The sample holder is rotating during preparation and growth to ensure good homogeneity
or at least radially symmetric growth conditions. During rotation, the wafer can tilt by
approximately some tenths of a degree, which influences the obtained spectrum. This
results in a spurious variation of the calculated substrate temperature. As can be seen
in Fig. 4, these oscillations can exceed 10 K. The time period of the oscillations in the
recorded temperature can clearly be correlated to the rotation period of the sample holder.

From time to time the system produces some measurement errors. These can be identified
by drastic one-point outliers in the saved temperature function. Especially during cool-
down or at lower substrate temperatures the errors occur because of the low intensity
of the heater’s black-body radiation. These artefacts have been deleted in the diagrams
shown here.

Time-resolved measurements of the temperature were performed during the entire growth
of the samples presented in what follows.

3. Time-Resolved Investigations During MBE Growth

Two samples, namely an edge-emitting laser structure containing a quantum dot active
region and a vertical-cavity surface-emitting laser (VCSEL), have been investigated during
their complete growth process. The long growth times and thick layers are the sources
of several effects which should be taken into account in future applications of band-edge
absorption spectroscopy.
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3.1 Sample A: quantum dot edge-emitting laser

The sample is an edge-emitting laser structure with five Ing7;Gag3As/GaAs quantum
dot (QD) layers in the active region for an emission wavelength of about 1250 nm. The
active region is surrounded by two 1.3 um thick AlGaAs layers containing up to 50 %
aluminum. The lower one is n-doped (Si), the upper one is p-doped (C), both up to a
level of 2-10 cm 3.

Growth conditions

The layer stack was grown on a 500 um thick n-doped GaAs wafer with (001)-oriented
surface. The wafer was thermally deoxidized under arsenic flux at a thermocouple temper-
ature of 540°C. The BAS temperature for deoxidation was 589 °C. This temperature was
also used for the growth of the AlGaAs layers. In MBE growth, lower substrate tempera-
tures are chosen for the growth of indium-containing layers to decrease indium desorption.
For the quantum dot layers, the growth temperature was decreased to 420°C (TC) or
470°C (BAS). Previous experiments had shown that this growth temperature leads to
optimized optical properties and good crystal quality of the quantum dots.

Experimental results

The complete temperature profile determined by the BandiT system is shown in Fig. 5.
At the beginning, the temperature is quite stable during the growth of the first AlGaAs
cladding layer. Because the absorption edge is caused by the lowest bandgap, the higher
bandgap of the cladding layers should not be problematic. For the second cladding layer
one can see a slightly oscillating temperature. Because the thermocouple showed stable
behavior, these oscillations seem not to be caused by the heater but originate from the
BandiT device. As a possible reason, Fabry—-Pérot resonances of light passing the growing
AlGaAs layer may influence the obtained spectra in such a way that the fitting algorithm
determines a slightly changing temperature.

Figure 6 depicts a more detailed graph of the temperature profile during growth of the
quantum dot layers. The recurring temperature drops indicate ten-second-long growth
interruptions between quantum dot layer and barrier material. The Ga cell (Gal) used for
the barrier was kept at 886 °C. The cell growth of the QDs involved a second Ga cell (Ga2)
at 718 °C and an In cell at 658 °C. During all this time, the thermocouple temperature and
the temperature controller output were quite constant, which means that heat generation
by the substrate heater was also constant. Rising substrate temperatures can clearly
be correlated to the openings of different shutters. If the hot Gal cell is opened, the
substrate temperature is 2 K higher than with the combination of the Ga2 and In cells.
This shows that the hot cells act as additional head sources from the front side, which
increase the sample temperature but do not influence the thermocouple measurement
behind the sample. This effect is expected to be larger for higher growth rates that
require higher cell temperatures.
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Fig. 5: Temperature profile determined with band-edge absorption spectroscopy of sample A.
The oscillations during growth of the second cladding layer are no real fluctuations of the sample
temperature but are caused by the measurement method.
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Fig. 6: Detailed time-dependent temperature during growth of the quantum dot active region

of sample A. The temperature dips indicate closure of all shutters for 10 seconds, separating
quantum dot and barrier material growth.
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3.2 Sample B: vertical-cavity surface-emitting laser

The second investigated sample is a VCSEL structure. The main difference to sample A
are the Bragg mirrors which are necessary for constituting the vertical cavity. The Bragg
mirrors consist of periodically repeated AlGaAs layers with varying aluminum content
from 20% to 90 %, which results in a periodic variation of the refractive index. The
period length of these layers is designed to be one half of the wavelength in the material.
In this special VCSEL, the first grown mirror contains ten repetitions, the second one
38 mirror periods. The active region is composed of three IngosGagosAs/Aly27Gagr3As
quantum wells with 8 nm thickness.

Growth conditions

The sample was grown on a (001)-oriented n-doped GaAs substrate with a thickness of
350 um. The removal of the oxide layer could be observed by RHEED at a thermocouple
temperature of 530 °C, while BAS determined the sample temperature to be 580°C. For
the growth of the quantum well region, the temperature was reduced to prevent huge
indium desorption and to obtain good optical properties.

Experimental results

The calculated BAS temperature is varying in a range of up to 70 K around the initial
temperature, which can be seen in Fig. 7. These strong oscillations are caused by the
growing Bragg mirror. However, in contrast to simple expectations, the oscillation period
cannot be correlated to the growth of the periodic Bragg mirror layers. A closer look
at the recorded data in Fig. 8 shows a temperature drop of a few Kelvin when shutters
get closed. During the growth of each mirror period, three sheets of delta doping are
incorporated by closing all cells except the doping sources. As described earlier, this
can be identified by a small temperature drop. Figure 8 reveals that one mirror period
is grown within 760s. The huge temperature oscillations have a time period of 1050s.
Periodic structures lead to a massive distortion of the detected spectrum and thus to a
deviation of the calculated temperature. These results clearly show the limits of BAS.
For complicated layer structures it can be applied only to monitor the preprocessing and
start of the growth.
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4. Conclusion

Band-edge absorption spectroscopy, which is based on the physical properties of the sam-
ple material, is an additional method for substrate temperature measurement in MBE
systems. The resulting temperature is much more realistic than values obtained from
thermocouple or pyrometer which are strongly influenced by the geometry of the growth
chamber. As long as non-periodic layer structures are grown, BAS can be used for on-
going monitoring and recording of the sample temperature. Periodic layer stacks lead to
strong oscillations of the calculated temperature, caused by major changes of the detected
spectrum.
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Towards Integrated VCSEL Arrays for Optofluidic
Sorting Applications

Anna Bergmann

We present the concept of an ultra-small, potentially low-cost microfluidic sorting unit
based on wvertical-cavity surface-emitting lasers. The densely packed lasers are integrated
with the microfluidic channel and form an optical lattice. We show first results in an ex-
perimental setup, followed by tests of the first generation of integrated setups. A promising
novel integration approach and future prospects are introduced.

1. Introduction

In 1970, Arthur Ashkin for the first time reported particle movement by laser beams [1].
He found that forces arising from light momentum transfer attract a particle to the center
of a focused laser beam. Since then, scientists from different fields of research have spent
much effort to render the principle of optical trapping useful for many areas. One of these
areas affects the field of biophotonics, e.g., the manipulation of DNA [2] or red blood
cells [3]. Micrometer-sized fluidic channels are a popular medium to handle extremely
small volumes with a rather high throughput. By merging them with lasers for optical
manipulation, analyzing and sorting of particles can be combined in a so-called lab-on-
a-chip. In the competition towards increased miniaturization, vertical-cavity surface-
emitting lasers (VCSELSs) offer particular advantages. Besides the inexpensive fabrication
and the circular beam profile they offer the possibility of two-dimensional array formation
with almost arbitrary geometries and high device density. Their output powers in the
milliwatt range are sufficient for the manipulation of particles. Owing to the low power
consumption, integration into handheld, battery-driven devices seems feasible.

2. Optofluidic Sorting Principle

One possibility of performing automated sorting is to combine a sensing unit with a unit
for continuous deflection. Figure 1 shows an overview of the optofluidic sorting approach
we are going to realize. The sorting takes place in a microfluidic channel with a width of
several tens of micrometers. Flow direction of the particle solution is from left to right,
where the channel splits into a Y-junction. The sensing unit consists of a VCSEL with
extended cavity (VECSEL) and will not be detailed here. Particles passing the cavity
will be classified, for example by size or refractive index, and a suitable control signal is
induced for the optical lattice responsible for deflection. An optical lattice is a one- or
two-dimensional arrangement of optical traps, a promising technique to achieve deflection
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in microfluidics. It can be generated by interferometric light patterns [4], holographic
tweezers [5], or, in our case, arrays of densely packed VCSELs. At each trap of the lattice
the particles are attracted and deflected stepwise, provided that the trapping force is in
the same range as the fluidic drag force. In the presented sorting approach, the VCSELs
are arranged in two linear arrays tilted by a certain angle, which allows particle deflection
in two directions.

Fig. 1: Schematic of the optofluidic
sorting approach. The VECSEL for
o .'..'. particle detection is followed by lin-
ear VCSEL arrays for particle deflec-
tion. The microfluidic channel splits
into two channel outlets.

particle flow
—

VECSEL VCSEL arrays
(sensing) (deflecting)

The working principle of the sorting device is depicted in Fig. 2. With a signal “large
particle” received from the analysis unit, the lasers of the left array are switched on,
resulting in a redirection of the particle into the upper branch, whereas for the analysis
signal “small particle”, the right laser array is switched on in order to direct the particle
into the lower outlet of the microfluidic channel.

lasing @ © lasing © QO
/"AE 0 O .6-/\-\ @)
Q.- &’ Q‘o T o8 o
—‘large”’ ° —‘small”’ © ©
o @

Fig. 2: Working principle of the optofluidic sorting approach. According to the signal received
from the analysis unit, larger particles are directed into the upper outlet (left), whereas smaller
ones are directed into the lower outlet of the microfluidic channel (right).

3. Continuous Deflection of Particles in Microfluidic Channels

Continuous deflection of particles using external optics for beam steering has already been
reported [6]. The left part of Fig. 3 shows snapshots of such a deflection experiment with a
10 um particle. The particle approaches the tilted linear laser array (1, 2) and is stepwise
deflected into the upper branch of a Y-junction (3-5). The experimental setup for this
deflection experiment is depicted in the right part of Fig. 3. The VCSEL array with
a pitch of about 25 um and 30° tilt relative to the particle flow direction is electrically
contacted on a copper laser mount. The first objective lens collimates the beam, and
the second one with high numerical aperture (NA) provides beam focusing inside the
microfluidic channel. The 50 pm wide channel was fabricated from polydimethylsiloxane
(PDMS) by soft lithography. For observation, the setup is illuminated by a white light
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Fig. 3: Left: Snapshots of a deflection experiment in a microfluidic channel with 50 um width.
An arriving 10 pm diameter polystyrene particle approaches the tilted laser array and is stepwise
redirected to the upper branch of the Y-junction at the traps of the optical lattice. Right: Optical
trapping setup used for the deflection experiment. Beam focusing in the microfluidic channel is
achieved by two objective lenses. The observation system basically consists of a light source, a
CCD camera, and a computer interface.

source. By means of an objective lens and a CCD camera connected with a computer,
the experiment is easily observable.

Extending this setup by an array pointing downwards, it will be possible to direct particles
into the outlet of choice, depending on the signal received from the preceding analysis
unit. However, it is evident that the used setup is rather bulky, which calls for drastic
miniaturization.

4. Integration of Laser Arrays and Microfluidic Channel

Integration is crucial for miniaturized, low-cost optofluidic sorting devices. In an earlier
approach we have accomplished the integration of lasers and microfluidics by soldering
the laser chip to the lower surface of the microfluidic chip [7]. Figure 4 shows a schematic
of this integration concept. Metal fanout tracks are structured on the lower surface of the
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glass slide sealing the microfluidic channel. The laser chip is attached to the microfluidic
chip, and both electrical and mechanical connection are achieved by indium solder bumps.
However, it is reasonable to expect a poor heat dissipation in this concept.

PDMS
thin glass AV S microfluidic channel
5 ? ) metal fanout
/ \\ L
—— solder
bump

n—contact passivation p—contact pad

lensed VCSEL array

Fig. 4: Earlier approach of the VCSEL chip integrated with the microfluidic channel. Indium
solder bumps provide both electrical and mechanical connection.

Figure 5 shows snapshots of a 15 um particle continuously deflected by such an integrated
laser array with a tilt angle of 20°. The PDMS microfluidic channel has a width of
100 um and is highlighted by horizontal lines for better visualization. An incoming particle
approaches the tilted laser array (1, 2). It is stepwise redirected at the traps of the optical
lattice and deviated from its initial path (3-5). Unfortunately, the particle movement is
rather slow and the deflection is incomplete, due to low laser performance mainly caused
by the insufficient heat dissipation. This thermal limitation is supposed to be removed
with the new integration approach.

Fig. 5: Snapshots of a deflection experiment with the integrated setup from Fig. 4. The width of
the microfluidic channel (highlighted by horizontal lines) is 100 pm. A 15 um particle approaches
the integrated laser array (flow direction from right to left) and is attracted at each trap of the
optical lattice and thus stepwise redirected to the lower part of the channel.

The intended way of integration utilizes bottom emission. In this approach, a laser chip
with both p- and n-contacts on the upper side is soldered upside down (flip-chipped) onto
a structured heat sink. Both the electrical and mechanical connection are achieved via
indium solder bumps, structured lithographically on the fanout tracks of the heat sink.
After soldering, the substrate is removed from the back side of the laser chip to enable
laser emission.

The microfluidic chip consists of a polymer structured by hot embossing and a 30 um
thin glass slide sealing off the channel. For beam shaping, photoresist microlenses are
provided on the lower surface of the glass slide. The lenses are fabricated by means of
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photolithography combined with thermal reflow. After successful fabrication of the two
components, laser and microfluidic chip are merged by an adhesive. Figure 6 shows a
sketch of the complete device.

polymer

NS/ NN/ microfluidic

of o T

thin glass

microlenses .
laser chip
passivation
n—contact

p—contact pad solder

) bump
metal fanout

heat sink

Fig. 6: Schematic of the intended integration concept. The linear laser arrays are soldered
upside down onto a heat sink. Indium solder bumps connect both p- and n-contact with the
metal fanout on the heat sink. The laser chip is positioned at a very small distance to the
microfluidic chip, which has microlenses on the lower surface.

5. Conclusion

We have presented a novel concept of a fully integrated, VCSEL-based optofluidic sort-
ing device, with a main focus on the sorting unit which is controlled by a sensing unit.
Laser arrays and microfluidic channels were fabricated and characterized in an experi-
mental setup to verify the sorting principle and the suitability of the lasers. Furthermore,
particle deflection has been shown in the first generation of an integrated setup. The
next generation will incorporate the VCSEL arrays for deflection into both output chan-
nels. The integrated sorting performance is supposed to be enhanced by overcoming the
thermal limitations with a flip-chip soldering approach with incorporated heat sink. An
additional path of improvement is to further reduce the laser pitch from presently 26 pm
to 18 pm.
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VCSEL—-PIN Transceiver Chips for Bidirectional
Gbit/s Data Communication Over Multimode Fiber

Alexander Kern

We present the fabrication and characterization of monolithically integrated transceiver
chips with vertical-cavity surface-emitting lasers (VCOSELs) and PIN photodetectors for
bidirectional optical data communication at 850 nm wavelength over a single butt-coupled
standard multimode fiber. With such a low-cost transmission configuration, data rates of
9 Gbit/s in back-to-back mode and 7 Gbit/s over a 500m long 50 um core diameter fiber
are well possible.

1. Introduction

True bidirectional multimode fiber (MMF') transmission using monolithically integrated
transceiver (TRx) chips is one possible way to satisfy the demand for increasingly compact
and low-priced high-speed optical interconnection in local-area networks, the industrial
or automotive sector. A worthwhile attempt to use a VCSEL as an efficient laser source
and a resonant-cavity-enhanced photodetector is introduced in [1]. Such a dual-purpose
device is switched between two operation modes. Half-duplex operation at 1.25 Gbit/s
data rate over a 50 pm core diameter MMF with 500 m length was demonstrated. Full-
duplex data transmission is only possible with spatially separated devices. Unfortunately
this solution is not well suited for low-cost links owing to resonant detection, giving very
little room for detuning and thus requiring temperature control at both fiber ends. Non-
resonant detection is achieved with separate epitaxial layers for photodiode (PD) and
VCSEL [2,3].

In previous work [4] we have studied the transmission performance of TRx chips con-
taining VCSELs and metal-semiconductor—metal (MSM) detectors matched to 200 pm
diameter polymer-clad silica (PCS) step-index fibers. Later, the VCSEL-MSM chips were
miniaturized for 100 pm core diameter graded-index (GI) MMFs in order to increase the
fiber length through a higher bandwidth—distance product. Up to 2.5 Gbit/s full-duplex
operation over 50 m fiber were thus demonstrated [5].

Here, for the first time, PIN-type PDs are used in miniaturized VCSEL-based 850 nm-
range transceivers for bidirectional optical interconnects via a single, two-side butt-coupled
standard MMF, as shown in Fig. 1. The monolithic integration of both components as well
as a design avoiding the use of external optics saves space, weight and module cost. To
our knowledge, the data rates demonstrated in this paper are the highest reported so far.
In addition, our chips do not require temperature control and are suited for full-duplex
operation.
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50 um Gl MMF

Fig. 1: Scanning electron micrograph of a monolithically integrated VCSEL and PIN PD device.
A GI MMF butt-coupled to the transceiver chip is schematically indicated.

2. Transceiver Chip Design and Fabrication

In the full-monolithic chip, the layers for the PIN PD are grown on top of the VCSEL
layers in the same epitaxial run using molecular beam epitaxy on GaAs substrates. An
up to 3 um thick undoped GaAs absorption layer is sandwiched between p- and n-doped
Alg3Gag7As. The higher bandgap energy of these two contact layers provides a spectral
window for the wavelengths of interest at around 850 nm. In order to minimize the energy
band discontinuities between the absorption and contact layers, linearly graded n- and
p-Al,Ga;_,As (z = 0 — 0.3) is employed, ensuring an easier escape of the light-induced
carriers from the undoped GaAs.

A 150 nm thick intrinsic AlygGag.1As etch stop layer separates the detector layers from
the VCSEL and partially acts as an insulator by reducing capacitive coupling between
the two devices. The resonator of the VCSEL is built by an n-type doped bottom Bragg
mirror grown on an n-doped GaAs substrate and equivalent p-type top mirror pairs. The
inner cavity has an optical thickness of one wavelength and contains three 8 nm thick
GaAs quantum wells. A 32nm thick p-doped AlAs layer in the first top mirror pair
above the active region is designated for current confinement after an oxidation step. The
VCSEL growth is terminated with a 30 nm highly p-doped GaAs layer, which provides
a low resistance p-contact and at the same time prevents oxidation of the subjacent
aluminum-containing layers.

Eight lithographic steps are necessary for processing the transceiver chip shown in Fig. 2.
In the first step, the detector layers on top of the VCSEL are removed by a combination
of two reactive-ion etching (RIE) and two wet-etching processes. The uppermost VCSEL
layer is not affected by the etching, since it is protected by an etch stop layer with
a high aluminum content, as mentioned above. Dry-etching with SFg/SiCl; for high
etching selectivity between GaAs and Al,Ga;_,As [6] terminates on the 200 nm thick p-
doped Al 3Gag 7As layer. Wet-etching with a citric acid/H2Os solution ensures sufficient
selectivity between Al,Ga;_,As layers with 30 % and 90 % aluminum content [7]. Followed
by a selective wet-etching of Aly¢Gag 1As with hydrofluoric acid, the highly p-doped GaAs
cap layer of the VCSEL can now be exposed.

PIN PDs have vertically displaced contacts and thus require an additional etch step to
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Fig. 2: Schematic cross-sectional view of the fully processed transceiver chip.

expose the p-doped Aly3GagrAs contact layer, as can be seen in the left part of Fig. 2.
This step can be accomplished in analogy to the previous dry-etching processes. By
means of the described selective etching techniques, a uniform layer topography all over
the wafer can be guaranteed in spite of a layer thickness inhomogeneity from epitaxial
growth. The third etching process spatially separates the VCSEL and the photodetector
by a 2 to 4 um narrow trench and gives access to the current confinement layer, as seen
in the right part of Fig. 2. It is performed just with SiCl,; without selectivity. Also this
process step requires reactive-ion etching, since steep mesa side walls are crucial for the
miniaturization and dense integration of VCSEL and PIN PD. Selective oxidation in a hot
water vapor atmosphere forms the current aperture in the AlAs layer. The fourth and fifth
lithography steps provide planarization and passivation with polyimide. Afterwards, both,
p- and n-contacts of the PD and VCSEL are evaporated and annealed in order to form
low-resistance contacts. In the last lithography step, an Al,O3 quarter-wave antireflection
(AR) layer is sputtered on the area of the transceiver chip which is exposed to incident
light. The reflectivity of the semiconductor surface is thus reduced from approximately
30% to 1.3% over a spectral width of nearly 50 nm [5].

3. Device Characteristics

The VCSEL structure underneath the PIN PD leads to back-reflection of the incident non-
absorbed light and thus to double-pass absorption. The responsivity of a transceiver PD
with 3 um thick GaAs absorption layer reaches 0.61 A/W at 850 nm, which corresponds to
a quantum efficiency of nearly 88 %. For high-speed measurements, both, VCSEL and PIN
PD can be contacted directly on wafer by two coplanar microwave probes with a ground—
signal-ground (GSG) configuration, as indicated in Fig. 1. The small-signal modulation
responses of the PIN PDs are determined by means of a reference laser diode with 7 GHz
cut-off frequency which is driven by a constant current superimposed with a low-power
RF modulating signal generated by a sweep oscillator. The laser beam is focused via
free-space optics on the transceiver PIN PD. The PD under test is biased with a constant
voltage, where a bias-tee separates the RF and DC current signals. According to the
frequency response in Fig. 3 (left), the bandwidth of a 3 um thick, 60 pm diameter PIN
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Fig. 3: Small-signal frequency responses of an integrated 3 wm thick transceiver PIN photodiode
with a 3dB-bandwidth of 4 GHz (left) and a typical transceiver VCSEL with a maximum 3 dB-
bandwidth of approximately 11.5 GHz (right).

PD is limited to 4 GHz. The resistor—capacitor (RC') low-pass and drift time bandwidths
are expected to be about 14 GHz (for R = 50(2) and 15 GHz, respectively. We attribute
the much smaller experimental value to parasitic coupling with the highly doped VCSEL
layers. Both, the responsivity and the 3 dB-bandwidth of the PD is almost independent
of the bias voltage.

The experimental setup for VCSEL small-signal characterization is very similar to the
one of the PIN PD. Here, a fiber-coupled reference PD with 25 GHz cut-off frequency
is used, where the VCSEL under test is contacted on chip via a GSG microprobe. An
RF attenuator between bias-tee and sweep oscillator is used to attenuate the backward
microwave reflections due to impedance mismatch between the VCSEL and the 502
measurement system. A typical frequency response of an integrated VCSEL with about
8 um oxide aperture diameter is shown in Fig. 3 (right). A maximum 3 dB-bandwidth
of 11.5GHz is observed for an operating current of 9mA. With a threshold current of
3.5mA, a maximum output power of 3.5mW, and optical emission at around 810nm,
there is much room for further optimization.

4. Digital Data Transmission

The small-signal bandwidths of the PIN PDs are nearly three times lower compared to
those of the VCSELSs and thus limit the maximum data rates of the transceivers. First,
data transmission experiments were performed in back-to-back (BTB) mode in order to
avoid dispersion effects of the glass fiber. As can be seen in Fig. 4, quasi error-free data
transmission in half-duplex mode is well possible up to 8 Gbit/s for both word lengths,
where about 2 dB more power is needed for the operation with a 2'° — 1 long bit sequence.
All optical eye diagrams are well open and show little difference between shorter and
longer words. A rather limiting case is the free-space operation at 9 Gbit/s for the word
length of 21> — 1 bits. Nevertheless, 8 Gbit /s is still the highest data rate ever obtained
with bidirectional transceiver chips.

Further investigations into digital data transmission were made using a 500 m long 50 pm
core diameter GI MMF with a bandwidth—distance product (B x L) of ~2GHz x km
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Fig. 4: BER characteristics for BTB half-duplex 27 — 1 (left) and 2'> — 1 (right) word length
non-return-to-zero (NRZ) pseudorandom bit sequence (PRBS) data transmission and optical
eye diagrams for 9, 8, and 5 Gbit/s.
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Fig. 5: Optical eye diagrams for half-duplex 27 —1 word length non-return-to-zero pseudorandom
data transmission at 5 Gbit/s (left), 7 Gbit/s (center), and 9 Gbit/s (right), all over 500 m GI
MMF.

that was butt-coupled (about 40 pm distance) to each chip. The optical eye diagrams in
Fig. 5 indicate quasi error-free data transmission up to 7 Gbit/s. Whereas BTB operation
in Fig. 4 (left) was still well possible up to 9 Gbit/s, in this configuration it was limited
by the B x L of the MMF, as can be seen from the higher BER in Fig. 5 (right).

5. Conclusion

In this article, a new kind of monolithically integrated 850 nm wavelength transceiver chip
has been presented for bidirectional optical data transmission over standard multimode
fibers. The chips consist of PIN photodiodes and oxide-confined, top-emitting VCSELS,
integrated to match 50 um core diameter GI MMF's. The main fabrication steps including
the sophisticated selective dry- and wet-etching techniques were introduced.

PIN PDs with a maximum bandwidth of 4 GHz and VCSELs with 11.5 GHz can handle
data rates of 9Gbit/s in back-to-back half-duplex mode. Quasi error-free data trans-
mission over 500 m butt-coupled standard MMF could be demonstrated up to 7 Gbit/s.
Full-duplex data transmission experiments and detailed studies of the alignment toleran-
ces will be made in the near future.
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Short-Cavity Integrated VECSELSs:
A Fabrication Approach

Wolfgang Schwarz

We outline the fabrication of an electrically pumped surface-emitting laser with a short
vertical extended cavity (VECSEL) for sensing applications. The emission wavelength is
detuned by introducing microparticles into the cavity via a microfluidic channel. Multiple
longitudinal modes can fit inside the resonator. A reproducible detuning of the extended
cavity demands a longitudinal mode spacing of at least a few nanometers. The related res-
onator length of 80um therefore requires a tailored fabrication and mounting procedure.

1. Introduction

For gas sensing, locking a laser to an atomic transition line, or detecting biological samples,
a single-pass scheme is most commonly used [1-3]. Here the optical field is absorbed or
scattered during a single encounter with the sample under test.

The cross-section can be enhanced if the sample is part of an optical resonator, as demon-
strated for THz spectroscopy [4] and for optically pumped VECSELs [5]. When the
sample is introduced into the standing-wave pattern inside the extended cavity, it affects
the laser mode and changes of the beam shape as well as of the emission wavelength are
induced. The detection of the beam shape can be realized with an image sensor. Image
processing has to be done to extract the modal pattern. Signal processing algorithms like
multidimensional fast Fourier transform (FFT) have a O(NlogN) complexity [6], with
N being the number of image points. In a typical image, N can exceed 10°. Unlike
the beam shape, the spectrum can be optically analyzed by a grating in a parallel fash-
ion. The resulting signal can be captured by a single line of a charge-coupled device
(CCD) with N ~ 103. Evaluation is thus much faster, which is a favorable advantage in
high-throughput applications with frame rates in excess of 1 kHz.

2. Fabrication Steps

The presented device consists of three functional elements, as shown in Fig. 1: (i) the
vertical-cavity surface-emitting laser (VCSEL), interfaced electrically and thermally by a
structured heat sink, (ii) the curved surface of the external mirror which is coated with
a highly reflective coating, and (iii) a microfluidic channel carrying a suspension of the
samples to be analyzed. This section describes the fabrication of the elements in detail.
The requirement of a 80 wm short extended resonator including a microfluidic channel puts
tight constraints onto the fabrication procedure: Bond wires are too thick to interface the
device electrically. Thus flip-chip mounting is the only approach which allows to shrink
the cavity to the necessary length.
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2.1 VCSEL and heat sink

The VCSEL was grown on silicon-doped GaAs by molecular beam epitaxy. The structure
consists (in growth direction) of an AlAs etch stop layer, a distributed Bragg reflector
(DBR) for the output coupler, an undoped barrier region of GaAs for the inner cavity
embedding three quantum wells with a thickness of 8 nm each, and a highly reflecting DBR
with a phase matching layer. Modulation doping with silicon and carbon is employed to
achieve low optical and electrical losses in the n-doped output coupler and the p-doped
reflector. The Al content in the AlGaAs DBRs is varied between 0.2 and 0.9 for sufficient
index contrast. The p-mirror includes a thin AlAs layer for oxide confinement. After
substrate removal, any Al containing surfaces are prone to corrosion. Therefore the phase
matching layer is terminated by a GaAs layer which is sufficiently chemically stable.
However, this layer absorbs light with wavelengths shorter than 870 nm by a fraction of
approximately 1073 nm™!, which is too much for being part of an optical resonator with
an enhanced field at this layer. For this reason, the layer structure was tuned for laser
emission at 895 nm, which requires Ing osGaggsAs quantum wells. After wet etching of the
p-mesas, the underetched microresist present on top of the mesas was not stripped, but
used as a lift-off mask for the subsequent evaporation of the Ge/Au/Ni/Au n-contact.
The AlAs layer in the p-doped DBR exposed by mesa etching was selectively oxidized
to diameters ranging from 6 pm to 20 um in water vapor at 646 K. The p-contact metals
Ti/Pt/Au were evaporated in a lift-off process. Gold electroplating was done on the n-
contact to grow vias with the same height as the mesas, and the surface between the mesas
and vias was passivated with Durimide®. The complete wafer surface was metalized with
a diffusion barrier of Ta/Au to suppress penetration of the solder metal into the vias
and mesas. About 500 nm thick Au was plated onto the mesas and vias and the exposed
diffusion barrier was dry etched with argon and tetrafluoromethane. The wafer substrate
was thinned to 170 um thickness and diced into 1.5x 1.5 mm? pieces. The heat sinks were
structured on floating zone (FZ) high-purity silicon with a specific resistivity > 10* Q- cm.
A thin layer of Al,O3 was sputtered on the wafers, acting both as passivation and as
etch stop layer in the following dry etching steps. A thin Ta/Au layer was sputtered
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oxide aperture Electrical contacts and the heat sink are omit-
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on the wafer surface as a seed layer for plating. Tracks of 2 um thick Au were plated,
which act as etch mask for dry etching of the exposed seed layer. The wafer surface was
planarized with Durimide®, leaving apertures for the solder bumps and the bondpads.
A diffusion barrier of Ta/Au was sputtered on the wafer surface and 500 nm of Au were
plated on the apertures for the bumps. Again the second diffusion barrier was dry etched.
The micromachining was finished by evaporation of 4 um In in a lift-off process for the
solder bumps and dicing of 1.8x12.3 mm? pieces. The VCSEL chips and the heat sinks
were flip-chip soldered in a formic acid atmosphere at 473 K. The solder gap between
VCSEL chip and the heat sink was filled with Crystalbond’ " to stabilize the chip during
substrate removal. The substrate was spray etched in a NH;OH : HyO, solution down to
the etch stop layer. The etch stop layer and the CrystalbondTM were removed with diluted
hydrofluoric acid and an organic solvent, respectively. The remaining epitaxial layers of
the laser are fragile and were mechanically fixed with an underfill (Loctite’ " 3593).

2.2 External mirror and microfluidic channel

The external mirror was hot-embossed into cyclo-olefin-copolymer Topas® COC 5013
at temperatures close to the glass transition temperature of 400 K. Topas® COC mate-
rial was chosen for its low birefringence and high transparency. Contrary to polymethyl
methacrylate (PMMA), its low water absorption prevents swelling in water, and it sup-
ports the deposition of stable dielectric mirrors with thicknesses up to a few micrometers,
which is crucial for the present application. By reactive ion beam sputter deposition of
oxides of aluminum and tantal, mirror reflectivities in excess of 98 % have been realized
on BK7 glass, as shown in Fig. 2. The radius of curvature of the embossed external mirror
ranges from about 160 to 290 um and allows stable resonator modes for beam waists of
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8 and 10 um. Figure 3 depicts the embossed channels. There is an inlet with one center
channel for injection of the particles and two outer channels for a sheath fluid. If the
flow rate of the sheath fluid is higher than in the center, the particles are confined to the
center of the channel (hydrodynamic focusing [7]). The channel is wide enough to limit
the clipping losses of the resonator. In the region of the resonator mirrors, the channel
walls are coated with a dielectric DBR via a shadow mask. A 30 um thin glass slide is
fixed to the channel by compression bonding which closes the channel vertically. As a
last step, the VCSEL is forward biased, actively aligned to the concave-shaped mirror for
laser operation and fixed with a photocurable adhesive.

3. Conclusion

The fabrication of an integrated optical sensor based on an extended vertical resonator is
demonstrated and details of the fabrication process are presented. Extensive characteri-
zation will follow in the near future.

We thank the Karlsruhe Institut fiir Technologie (KIT), Institut fiir Mikrostrukturtechnik
for providing the microfluidic chips. This project is financed by the Baden-Wiirttemberg
Stiftung gGmbH.
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Dynamic Characteristics of VCSELSs
for Cs-Based M EMS Atomic Clocks

Ahmed Al-Samaneh and Dietmar Wahl

We have fabricated flip-chip-bondable vertical-cavity surface-emitting lasers (VCOSELs)
emitting at 894.6 nm wavelength for Cs-based atomic clock applications. For polariza-
tion control, we have integrated shallow semiconducting surface gratings in the top Bragg
mirror. A modulation bandwidth of more than 5 GHz is reached at only 0.5 mA bias. Mod-
ulation current efficiency factors larger than 12 GHz/\/mA are achieved. The intrinsic
modulation characteristics of the VCOSELs are investigated by precisely fitting measured
small-signal modulation response curves and relative intensity noise spectra. A K-factor
of less than 0.40ns and a maximum 3dB bandwidth exceeding 22 GHz are obtained.

1. Introduction

There is much recent interest in atomic clocks with low power consumption, ultra-small
volume, and long-term instabilities below, e.g., 10~ over one day. Mobile satellite nav-
igation and the synchronization of communication networks are most prominent appli-
cations. For example, miniaturized atomic clocks would be important elements for the
precision time protocol (PTP), which is an approach to distribute synchronization over
next-generation [P-based packet networks.

VCSELs are compelling light sources for such clocks, since they simultaneously meet the
requirements of high-temperature operation while emitting a low-noise, narrow-linewidth,
single-mode, single-polarization beam. Employing the coherent population trapping (CPT)
effect [1] of the Cs D1 line, the laser is harmonically modulated at about 4.6 GHz with
a center wavelength of about 894.6nm. Sub-mA threshold currents of VCSELs con-
tribute to low dissipated power, and the vertical emission is advantageous for hybrid
integration with the clock microsystem. In addition to employing CPT, the realization
of ultra-miniaturized atomic clocks requires fabrication techniques known from micro-
electro-mechanical systems (MEMS). In 2008, the European Commission (EC) launched
the collaborative research project MEMS atomic clocks for timing, frequency control &
communications (MAC-TFC, www.mac-tfc.eu) within its seventh framework programme,
aiming to realize the first European miniature-size atomic clock.

2. VCSEL Design and Fabrication

The VCSEL wafers are grown by solid-source molecular beam epitaxy on n-doped (100)-
oriented GaAs substrates. The VCSEL layer structure is as described in [2]. For polariza-
tion control, we have integrated shallow semiconducting surface gratings in a quarter-wave
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thick GaAs antiphase layer added to the top Bragg mirror [3]. Such an inverted grating
has quarter-wave etch depth, 0.6 or 0.7 um period, and 50 % duty cycle. As expected
from the design, the polarization is orthogonal to the grating lines.

For the purpose of integration with the atomic clock microsystem, flip-chip-bondable
VCSEL chips have been realized. As seen in Fig.1 (left), the chip has a size of 300 x
300 um? and can be RF- (radio frequency) tested on-wafer using microwave probes with
a signal-ground configuration. However, the design involves increased processing com-
plexity compared to regular VCSELs with a substrate-side n-contact. This originates
from the necessity of etching mesas down to the highly n-doped contact layer, applying
several polyimide planarizaion layers containing dicing trenches as well as circular holes
for n-vias, and electroplating of Au n-vias. As the last step, bondpads are evaporated.
Figure1 (right) depicts a cross-sectional view of a flip-chip-bondable VCSEL chip.

grating  p-contact polyimide n-contact

contact layer n-metallization n-via

Fig. 1: Optical micrograph of a fully processed flip-chip-bondable VCSEL chip to be incor-
porated into atomic clock microsystems (left) and a schematic cross-sectional drawing with an
associated equivalent-circuit model (right).

3. Dynamic Characterization

Cs-based MEMS atomic clocks require VCSELs with modulation bandwidths exceeding
5 GHz at low driving currents of, e.g., 2mA. In this section, the dynamic characteristics
of flip-chip-bondable VCSEL chips are presented; mainly the small-signal modulation
response. The microwave reflection spectra of the VCSEL chips are also measured, as
well as the relative intensity noise (RIN) spectra as a means to determine the intrinsic
modulation behavior of the lasers.

3.1 Small-signal modulation characteristics

Small-signal modulation response curves of flip-chip-bondable VCSELs have been mea-
sured. In what follows, all modulation response functions relate the square of the fluctu-
ations of the optical output power to those of the modulating electrical power. In other
words, they relate the RF electrical power at the photodetector output to the RF elec-
trical power which modulates the VCSEL. Therefore, it should be emphasized that the
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associated 3dB corner frequency f3qp corresponds to an only 1.5dB decay of the modu-
lated optical signal. As a figure of merit, the modulation current efficiency factor (MCEF)
specifies the increase of the 3dB corner frequency with bias current I as [4]

deB
MCEF = —2348 1
T (1)

where [, is the threshold current.

Lol SMF with APC
) g connector
ol
laser driver |—{ bias-T | | spectrum analyzer
| sweep oscillator |
PC

Fig. 2: Schematic drawing of the experimental setup for measurements of the small-signal
modulation response.

Figure 2 illustrates the experimental setup employed to measure the small-signal modu-
lation response. The VCSEL is driven by a constant current generated by a laser driver
(ILX Lightwave, model LDC-3724B) and a low-power RF modulating signal generated by
a sweep oscillator (Hewlett Packard, model HP83620A). The VCSEL chip is contacted
via a coplanar microprobe (Cascade Microtech Inc., model ACP40-SG-200) with a signal—
ground configuration. A bias-tee (Anritsu, model A3N1026) is used to combine the RF
and DC current signals. An RF attenuator (Hewlett Packard, model HP8493C) attenuates
the backward microwave reflections due to impedance mismatch between the VCSEL and
the 50 Q2 measurement system. The light is coupled into a single-mode fiber (SMF) and
measured by a spectrum analyzer (Hewlett Packard, HP70000 system) through its internal
RF photodetector?. To avoid unwanted optical feedback, both sides of the single-mode
fiber are angle-polished®. Moreover anti-reflection-coated lenses are employed. Using a
Peltier element, the temperature of the wafer holder can be increased up to 120°C. All
measurement instruments are controlled by a personal computer (PC) using the general
purpose interface bus (GPIB). The small-signal modulation response curves of a VCSEL
with 3 pm active diameter at different bias currents are depicted in Fig. 3 (left) for room-
temperature operation. The frequency characteristics of all cables, bias-tees, attenuators,
and the RF photodetector are numerically subtracted to obtain only the modulation re-
sponse of the VCSEL.

2Lightwave section, HP70810B.
3Angled physical contact (APC) connector: The normal to the front surface of the optical fiber is
tilted by 8 degrees with respect to the fiber axis.
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Fig. 3: Small-signal modulation response curves of a flip-chip-bondable VCSEL chip with 3 pm
active diameter at different bias currents (left), and LIV characteristics of the same device
(right). Both measurements were done at 20 °C ambient temperature.

A 3dB bandwidth of 5.7 GHz is obtained at only 0.5mA bias current. This bias is just
0.25mA above threshold, see Fig.3 (right). The maximum bandwidth is about 12 GHz,
which well exceeds the 5 GHz specification for MAC-TFC. The modulation behavior at
different bias currents was also measured at an elevated substrate temperature of 65 °C for
the same VCSEL. Figure4 depicts the extracted 3dB corner frequencies versus /I — Iy,
at 20 and 65°C ambient temperatures, where the MCEF values are as high as 12.3 and
10.6 GHz/v/mA, respectively.
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Fig. 4: 3dB corner frequency in dependence of v/I — I;, for the VCSEL from Fig. 3 at 20 and
65 °C ambient temperatures. The two lines are linear fits. Their slopes are given and represent
the MCEFs.

3.2 Intrinsic modulation behavior

The modulation response curves introduced so far represent the superposition of the in-
trinsic frequency modulation response of the VCSEL and the modulation response of
the electrical parasitics attributed to the structure of the VCSEL chip. The extrinsic
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bandwidth limitation associated with the electrical parasitics can be represented by an
electrical equivalent-circuit model. In order to obtain the intrinsic modulation charac-
teristics of the VCSEL, two additional RF measurement techniques are applied in this
work. The first method consists of measuring the microwave reflection curves, namely
the S-parameter S7; from which the electrical parasitic elements of the equivalent-circuit
model can be extracted and its bandwidth limitation be calculated [5]. The second tech-
nique is the measurement of the relative intensity noise (RIN) spectra [6]. It should be
emphasized that each method allows to extract the intrinsic modulation behavior of the
VCSEL. We have employed both techniques in order to improve the consistency of our
results. In what follows we are presenting these two techniques in more details.

3.3 Microwave reflection spectrum

From a small-signal analysis of the laser rate equations, the modulation response intro-
duced in the previous section can be approximated by the three-pole transfer function [4]

Aft ' 1
(f2= 122+ (vf/2m)? 1+ (f/f)?*

[M(f)I* = (2)

The first term represents the intrinsic carrier—photon interaction, which results in the ideal
damping-limited modulation behavior of the semiconductor laser, where A is a device-
dependent constant, f; is the resonance frequency, and v is the damping coefficient. The
second term accounts for the parasitic elements found in the laser equivalent-circuit model,
where f, is its 3dB corner frequency. A simple first-order low-pass is assumed. The
approximation (2) does not account for the laser bandwidth limitation due to carrier
transport, which seems not to be a speed-limiting effect for the frequency range up to
20 GHz. Figurel (right) depicts the physical origin of an equivalent-circuit model for the
VCSEL impedance behavior, quite similar to the one proposed in [6]. The model takes
into account the bondpad capacitance Cpaq, the series resistance of the mirror R, the
track inductance L, and the oxide aperture resistance R,. C, represents a combination
of the capacitance of the active region and of the oxide layer. Above laser threshold, the
active region is modeled as a short-circuit for small-signal conditions due to Fermi level
pinning. At low frequencies, the VCSEL impedance is real and is given by the sum of
R, and R,. As the frequency increases, C, dominates over R,, and the real part of the
impedance reduces to R,,. From the input impedance

1\ -1
Z2(f) = (iQWprad + <1+12fjfmz + Ry + 27 fL) ) (3)

of the equivalent circuit, one can obtain the reflection coefficient or scattering parameter

(4)

where i is the imaginary unit and Zj is the impedance of the measurement system, which
is usually 50 §2. The microwave reflection spectra Sy;(f) of VCSEL chips are measured at
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different bias currents using a 50 Q network analyzer* in order to obtain the associated
input impedance spectra Z(f). By allowing the equivalent-circuit parameters to vary, the
measured input impedance can be fit. For all curve fits in what follows, the Levenberg—
Marquardt algorithm is applied.

Imag {S;}

0 2 4 6 8 10 12 14
Frequency (GHz)

Fig. 5: Measured S7; spectra in a Smith chart of a VOSEL chip with 3.6 pm active diameter
at 1 and 4mA bias currents at room temperature (left). Real and imaginary parts of Si; of
the same VCSEL at 3mA drive current at room temperature (right). The solid lines (right)
represent the modeled S1; using the equivalent-circuit model displayed in Fig. 1 (right) fit to the
measurement data.

Figure5 (left) depicts measured S;; data in a Smith chart over a frequency range from
0.1 to 15GHz in 100 MHz steps at 1 and 4 mA bias currents. Figure5 (right) illustrates
the real and imaginary parts of the measured Sy; spectrum for the same VCSEL chip at
3mA bias current along with curve fits from the equivalent-circuit model. The resulting
Ry, Cpaa, and L are 4762, 180fF, and 70 pH, respectively. The extracted R, and C,
values change with bias current and are listed in Table1. In particular, R, decreases

Table 1: Extracted values of the equivalent-circuit elements at different bias currents for the
VCSEL chip from Fig. 5.

Bias current (mA) 1 2 3 4
R, () 271 230 205 191
Ca (fF) 376 392 403 414

with increasing bias current, which is consistent with the decrease of the VCSEL differ-
ential resistance in the current—voltage curve at higher bias. We also observe that C,
increases with bias current. This bias-dependent behavior might be attributed to the
diffusion capacitance Cy representing the transport of charge carriers through the active

4Spectrum analyzer HP8510C, S-parameter test-set HP8517A, and synthesized sweeper HP83651A.
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region. Cy increases with increasing bias current [7]. Based on the extracted values of
the equivalent-circuit elements, the electrical bandwidth can be determined from the 3 dB
corner frequency f,, of the parasitic transfer function

Az Ay
(f) _ VRa Zo  Ai1+Ax+As (5)

Voo (144)- (143 aranm) L

with -
- 7 6
"1t i2nfCO.R, (6)
Ay =127 fL + Ry | (7)
and

1
Ay = ——
P 20 fChag

where Vi and Vj, are the small-signal modulating voltages generated by the source and
reaching the active region, respectively. Inserting the fit parameters, the 3 dB bandwidth
of |M,(f)|* is approximately 5.2 GHz, showing a weak dependence on the bias current.
Using (2) and the extracted f,, precise fits of the measured modulation response curves
can be performed, as evident from Fig.6. Doing this, we have implicitly approximated
|M,(f)|* from (5) by the first-order low-pass term in (2). The deviation is less than
0.15dB up to a frequency of 15 GHz. Finally, the resonance frequency f, and the damping
coefficient v can be extracted. The so-called K-factor is then obtained from the slope of
the damping coefficient plotted against the square of the resonance frequency, as shown
in Fig. 7. The theoretical damping-limited 3 dB bandwidth is then given as [4]

foe = V5T )
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Fig. 6: Small-signal modulation response curves of a flip-chip-bondable VCSEL with 3.6 um
active diameter at different bias currents and room temperature. The solid lines are curve fits
according to (2).
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Fig. 7: Damping coefficient v versus resonance frequency f; squared of a VCSEL with 3.6 um
active diameter. Square symbols are the values obtained by curve fitting of measured small-
signal modulation characteristics shown in Fig. 6, while circles are the values obtained by fitting
the measured RIN spectra shown in Fig. 8 (right).

3.4 Relative intensity noise

Even with a noise-free VCSEL current driver, fluctuations will be present in a VCSEL’s
steady-state output power because of spontaneous emission. This noise characteristic is
conveniently described by the RIN. More specifically, RIN relates the noise of the optical
power 0P(t) to the mean power (P) as [§]

RIN =

(10)

where the angular brackets denote an average over the observation time. Since the RIN
is parasitics-free (note that the laser is driven by a CW signal), it can be employed not
only to determine the noise characteristics of a laser, but also to examine its intrinsic
modulation behavior. The RIN spectrum can be fit to extract f, and v using [4]

Cf?+D
(ff =12+ (v f/@2m)*

where C' and D are device-dependent constants. Figure8 (left) shows the experimental
setup employed to measure the RIN spectra. It is similar to the one used for small-signal
modulation response measurements. A wide-band (10 GHz) low-noise amplifier (LNA,
Miteq, model AMF-3D-001100-25-13P) is added after an external optical receiver (Pi-
cometrix, model AD-50xr). The optical receiver consists of an RF photodetector and
a transimpedance amplifier with 20dB gain. The noise spectrum is recorded using a
microwave spectrum analyzer (Hewlett Packard, HP70000 system)®. The frequency char-
acteristics of all cables, the bias-tee, the optical receiver, and the amplifier as well as the
noise floor of the microwave spectrum analyzer and the shot noise of the RF photodiode

RIN(f) =

(11)

®The RF section HP70908A is employed.
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are numerically subtracted to obtain the RIN of the VCSEL. The RIN spectra for differ-
ent currents and fit curves using (11) are depicted in Fig. 8 (right) for a VCSEL that is
nominally identical to the one from Fig. 6.
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Fig. 8: Experimental setup used to measure RIN (left). RIN spectra of a VCSEL chip with
3.6 um active diameter at different drive currents and room temperature (right). The solid lines
are curve fits according to (11).

The resonance frequencies f, and damping coefficients v have been extracted and added
to Fig. 7. The resultant K-factor is 0.38 ns and the maximum 3 dB bandwidth f.. is
23.4 GHz according to (9), with a high level of consistency between data points from
the small-signal response and the RIN approach. The bandwidth of the VCSEL chips is
thus limited by the electrical parasitics which have a 3 dB electrical bandwidth of only
5.2 GHz. The extraction procedure was more difficult from the RIN curves compared
to the modulation response curves, especially for the damping coefficients which depend
somewhat on the initial estimates. Moreover, the dynamic range of the RIN measurements
is low due to the high noise floor originating mainly from the thermal noise of the optical
receiver and to smaller extent from the thermal noise of the LNA. Shot noise plays a
subordinate role. Therefore, increasing the dynamic range demands reducing the thermal
noise and consequently smaller electrical bandwidths of the employed optical receiver and
the LNA. The (f?,y) data points from RIN measurements in Fig.7 are only in the low-
frequency range due to the limited bandwidths of the employed LNA and the optical
receiver (less than 10 GHz). For a reliable extraction of the data points, the resonance
frequency should be about 3 to 4 GHz smaller than the system bandwidth, which limits
the maximum extractable f, to about 5 to 6 GHz.

4. Conclusion

We have reported the dynamic characterization of 894.6 nm VCSELs to be incorporated
in Cs-based MEMS atomic clocks. The required modulation bandwidth of about 5 GHz is
reached close above threshold. Maximum bandwidths above 10 GHz have been measured
even at elevated temperatures up to 65°C. For the investigation of the intrinsic modula-
tion characteristics of the VCSELSs, precise curve fitting procedures of measured RIN and
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small-signal modulation spectra have been employed. A K-factor of less than 0.4 ns and
a maximum 3 dB bandwidth exceeding 22 GHz are obtained.
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Luminescence Properties of Epitaxially Grown GalN
and InGalN Layers Around ZnO Nanopillars

Mohamed Fikry

GaN and InGaN layers grown around ZnO nanopillars by metalorganic vapor phase epi-
taxy (MOVPE) are investigated by means of photoluminescence (PL) and locally resolved
cathodoluminescence (CL). A multi layer growth process involving deposition at different
growth conditions in a step-wise manner has been employed for the coaxially grown GaN.
Then InGaN/GaN quantum wells and barriers have been deposited as the final growth
stage. A sharp peak at 3.46 eV in low temperature PL with FWHM of 23meV confirmed
the high quality of the deposited GalN layers. The existence of InGaN layers has been
confirmed by another PL peak at 3.16 eV that has been shifted to 3.11eV as the InGaN
deposition temperature was reduced by 15°C and the trimethylindium (TMIn) flow was in-
creased by 40sccm. For more efficient investigations of single pillars, position control has
been achieved through the growth of single ZnO nanopillars on top of GaN pyramids. Lo-
cally resolved CL mapping along single rods has revealed a relatively homogeneous indium
distribution along the nonpolar side facets of the overgrown nano-pillars.

1. Introduction

The controlled synthesis of nano-structures based on GaN and related group III-N alloys
has been receiving significant attention in recent years as possible candidates for the
development of nanophotonic devices. Moreover, due to their high surface to volume ratio,
tuneable direct band gap and high chemical stability, GaN based nanostructures promise a
high potential as sensing elements for biomedical applications. As a first step towards the
afore-mentioned goals, a process for producing high quality group III-N nanostructures
with controlled positions is required. Well ordered and vertically aligned GaN nanorods
have been recently achieved [1,2]. However, according to our experience, it is more difficult
to obtain upright and well-ordered GaN nanorods directly by MOVPE in comparison to
ZnO nanopillars grown by vapour-transport methods [3,4]. Moreover, the lattice constant
of ZnO is close to that of GaN. Therefore, we have chosen such nanopillar structures as
templates for the subsequent epitaxial sheathing by GaN-InGaN layers.

The ZnO nanopillars used as templates in these studies had typical diameters of 100-
300 nm and heights of 1-2 um. They have been grown by the vapour-transport method on
a-plane sapphire substrates covered by a uniform ZnO nano-crystalline seed layer which
was deposited in a preceding growth step via simple chemical vapour deposition [3]. The
thin nano seed layer was formed rapidly on the substrate by sublimation and thermal
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decomposition of zinc acetate dihydrate at moderate temperatures and pressures. Subse-
quently, growth of ZnO nano-wires was performed by a carbo-thermal vapour-transport
method yielding nano-wires with c-axis up-right orientation [3].

The ZnO pillars have then been transferred to our AIXTRON AIX 200 RF low pressure
MOVPE system. Trimethylgallium (TMGa) and ammonia (NHj) were used for the depo-
sition of GaN layers whereas trimethylindium (TMIn) and triethylgallium (TEGa) have
been used for the deposition of the quantum wells and the barriers.

2. GaN Layers Around ZnO Nanopillars

A major issue for the hetero-epitaxial growth of GaN on ZnO using MOVPE is the
high sensitivity of ZnO in the GaN growth environment: At elevated temperatures, ZnO
decomposes by reacting with hydrogen and ammonia. Therefore, we have established a
multi-layer growth process based on our experience in the growth of GaN layers on ZnO
templates by MOVPE [5]. In order to protect the ZnO from being etched at the onset of
the growth process, the nanorods were first covered by GaN at 550 °C using N, as a carrier
gas. Then, we raised the growth temperature in order to improve the GaN quality. As
the temperature was increased to 1050 °C using Hs as carrier gas, hollow GaN tubes were
achieved. The corresponding SEM pictures are shown in our previous works [5] and [6].
Figure 1 shows a low temperature (25 K) photoluminescence spectrum of such a nanorod
ensemble where the spot size of the exciting laser was around 100 um. As the spectrum
was taken from a large ensemble of nanorods, we believe that the sharp peak at 3.46eV
with a FWHM of 23 meV confirms relatively high material quality of the deposited GaN
layers. However, a blue luminescence centered at around 2.9eV is still observed which
is either defect related or resulting from Zinc doping of GaN. Our assumption for defect
related blue luminescence is based on the fact that the low temperature casting layers in
our multi growth process are of very low material quality. Moreover, the other two peaks
centered at 3.195eV and 3.28eV are believed to originate from stacking faults in GaN.
TEM investigations are planned for confirmation.

3. InGalN Layer Overgrowth

After the deposition of GaN as the final layer of the multi-layer growth process at 1050 °C,
the temperature was reduced for the deposition of three coaxial thin InGaN/GaN layers
and barriers, respectively. We have demonstrated in our previous work [6] the success-
ful growth of a single coaxial quantum well with about 4 nm thickness as confirmed by
transmission electron microscopy (TEM). For these layers, we used growth conditions
optimized for c-plane GaN resulting in well /barrier thicknesses of 3 - 4nm and 7 - 8 nm,
respectively. We would then expect an In incorporation of about 9% in the QWs. In
low temperature PL, the expected InGaN peak was found at 3.16eV with a FWHM of
190meV (solid line in Fig. 2). Now considering that the 4nm quantum well is formed
only along the non-polar side facets of the rods, this corresponds to an In content of 9.7 %.
Moreover, in comparison to the result in Fig. 1, another higher intensity peak at 3.35¢e¢V
was observed indicating the possible existence of ZnO remains. As a further check for the
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Fig. 1: Low temperature (25K) PL spectrum for an ensemble of ZnO nanopillars overgrown
with GaN layers.

In incorporation into the InGaN layers, the InGaN deposition temperature was reduced
by 15°C and the TMIn flow was raised by 40sccm. In low temperature PL, a shift in
the InGaN peak from 3.16eV to 3.11 eV was observed, whereas no shift was observed for
the assumed ZnO peak at 3.35e¢V (dashed line in Fig.2). This confirmed the expected
increase of In incorporation into the quantum wells and it was calculated to be 1.5 %.

4. Position Control of ZnO Nanopillars

As mentioned in the introductory section, the ZnO nanopillar templates were prepared
using the seed layer (SL) approach. This process is quite random and did not involve
position control measures. However, for the purpose of simple addressing and efficient
characterization of single rods, an effective position control approach needed to be imple-
mented. An efficient approach that avoids the expense of e-beam lithography has been
investigated. Growth of single ZnO nanorods on top of GaN micro-pyramids has been
achieved (Fig. 3 (a)) where we made use of growth selectivity on the different surface
planes of GaN pyramids [7]. The GaN micro-pyramids were prepared using the epitaxial
lateral overgrowth (ELOG) technique employing a SiO, mask and photolithography. The
degree of control of the subsequently grown ZnO rod diameters is relatively low since they
range between 200nm to 700 nm. However, this process is still investigated to reveal a
narrower deviation window. Figure 4 shows the result of overgrowing such pillar-pyramid
complex with GaN where the degree of ZnO desorption proved to be higher compared
to the more densely packed nano-pillars prepared by the seed layer approach due to the



42 Annual Report 2010, Institute of Optoelectronics, Ulm University

5 9500

= | —— higher QW growth T

S5 ———- lower QW growth T

S 400} 1
L

=

‘@ 300 -
c

S

£

—1 200} i
o

©

O]

N 100} i
@®

: L
§ 0 T~ ! ! ! =

24 26 28 3 32 34 3.6 3.8
Energy (eV)

Fig. 2: Low temperature PL spectrum of coaxially overgrown ZnO nanopillars with GaN and
3 InGaN quantum wells. Solid line: quantum well grown at 855 °C. Dashed line: quantum well
grown at 840 °C and TMIN flow increased by 40 sccm.

higher local V/III ratio.

5. Spatially Resolved Cathodoluminescence Mapping Along Sin-
gle Pillars

The In distribution and defect distribution profile along these novel structures were still
open questions. Overgrown single ZnO rods grown on top of GaN pyramids have been
chosen as the best candidate structure for efficient cathodoluminescence studies. The
rod-pyramid complexes were overgrown using the afore-mentioned step-wise multi growth
procedure for GaN described in section 2, in addition to three InGaN/GaN wells and
barriers (Fig. 3 (b)). Due to the much lower density for these samples, the increase of pillar
diameter is relatively larger than for our other templates prepared without position control
measures. An average diameter increase of around 500 nm was observed in comparison
to around 200 nm for our previous templates. Moreover, the top of the rods was covered
by a pyramid-like cap with semi-polar facets closing the top part of the hollow tubes,
and we could clearly see the hexagonal symmetry formed by the non-polar side facets.
Figure 5 shows a low temperature CL line scan from top to bottom of a single overgrown
rod, where an electron acceleration voltage of 5kV and a spectral resolution of 3.2nm
have been used. Each spectral scan in Fig. 5 is shifted in intensity for comparison of
each position along the rod. Line-scans 1 and 2 were measured at the pyramid-like cap
structure on top of the pillar, while line-scan 10 was measured at the interface between the
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Fig. 3: SEM pictures of (a) a single ZnO nanorod grown on top of GaN pyramids and (b) these
Zn0O nanorods overgrown with GaN and InGaN quantum wells.

Fig. 4: SEM pictures of hollow GaN nanotubes grown on top of GaN micro-pyramids after
desorption of ZnO. Left: top view and right: angular view.

GaN micro-pyramid’s top and the pillar’s bottom. The high luminescence contribution
at 388 nm emerges mainly from the middle part of the rod with the non-polar side facets
(line-scans 3 to 8), whereas it dies out at the afore-mentioned top and bottom areas
of the pillar. The emission’s full width at half maximum for line scans taken from the
middle of the rod were measured to have an average of 170 meV, which is slightly narrower
than those measured by photoluminescence from an ensemble of nanorods in section 2.
For the interface between the pillar and the pyramid, this is assumed to be related to
unintentional impurity incorporation during the nucleation of the ZnO nano-pillar. This
could be excessive zinc or oxygen doping into GaN or excessive gallium doping into ZnO.
For the pyramid-like cap structure on top of the pillar, the nature of defects is still not
clear but further TEM investigations are planned for clarification.

The luminescence distribution of the peak at 388 nm along the middle part of the rod
with the non-polar side facets (Fig. 6 (b)) shows a relatively homogeneous profile without
signs of localized luminescent centers. Tracing the luminescence along the lateral direction
perpendicular to the rod’s axis, we do not expect to see perfect homogeneity since there
exist the edges between the different m-plane side facets that could cause disturbances in
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Fig. 5: Low temperature CL linescan from top to bottom along a ZnO nanopillar overgrown
with GaN and InGaN layers.

strain and In incorporation. For the same growth experiments on the more densely packed
seed layer samples, cathodoluminescence studies revealed randomly distributed localized
luminescent centers along single m-planes (not shown here). Moreover, blue shifting of the
center peak positions are observed near the pillar’s top and bottom (comparing line-scans
3 to 9 in Fig. 5). These small shifts in peak position are assumed to be predominantly
caused by different degree of strain at the top and the bottom parts of the pillar compared
to the middle part. However, slightly different In incorporation can not be excluded.

The luminescence contribution from the pyramid was weaker than from the rod and was
observed at a wavelength of 420nm (not shown here). Such luminescence peak shift
between the nonpolar and semipolar facets of the rod and the pyramid, respectively, is
believed to result from possible different In incorporation, different quantum well thick-
nesses as well as the effect of presence and absence of the piezoelectric field.

6. Conclusion

We have studied the luminescence properties of coaxially deposited GaN and InGaN
layers around ZnO nanopillars by MOVPE and we were able to conclude their fairly
high material quality. Moreover, successful position control of these novel structures was
achieved by growth of single rods on top of GaN pyramids. This has facilitated efficient
locally resolved cathodoluminescence mapping along single rods. A high contribution with



Luminescence of GaN/InGaN Nanostructures 45

(a)

Line scan 1

Line scan 10

2 Jm

Fig. 6: (a) SEM picture of a single ZnO rod overgrown with GaN and InGaN on top of a GaN
pyramid. (b) Spatial distribution of the CL emission at 3.195eV for the rod-pyramid complex
shown in (a).

a relatively uniform luminescence distribution at 388 nm emerges from single non-polar
side facets of the rod indicating the existence of InGaN quantum wells.
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Studies on Si-doped AlGalN Epilayers

Kamran Forghani

Growth optimization of Si doped AlGaN epilayers—uwith 20 %, 30 % and 45 %Al content—
grown on AlGaN-sapphire by MOVPE was investigated. We could realize n-type carrier
concentrations from about 2 x 108 em™3 to 1 x 10 em™3. The layers with high levels
of dopants suffer from crack formation. Therefore, we used a short period super lattice
to manage the strain between the doped layer and the undoped buffer layer. The XRD
investigations were performed to reveal the strain evolution in our layers with respect to
the dopant concentration. Using variable temperature Hall measurements on such films,
the activation energy of the Si-donors was evaluated. We found a fairly small activation
enerqy confirming that the doping concentrations are in the range of the Mott transition.

1. Introduction

AlGaN as a wide-bandgap semiconductor material has found increasing scientific and
practical interest in the last few years. This is, in large part, due to its use in UV light
emitting diodes (LEDs) [1] as well as laser diodes (LDs) [2]. Although LEDs and LDs
have been commercially developed in the near-UV (above 400 nm) and visible region, the
construction of such devices becomes much more challenging as the wavelength shortens.
One essential part of UV-LEDs and UV-LDs is the growth of n-doped AlGaN epilayers.
It is expected that the realization of a reasonable n-type conductivity in AlGaN is more
challenging than in GaN due to the formation of defects with increase of the Al- or
Si-content. Additionally, an increase of the donor activation energy with increasing Al-
content is expected because of a gradual increase in the effective electron mass and a
decrease in the dielectric constant. Therefore, we study the doping of AlGaN with Si as
a common donor. The grown Si-doped films must be suitable templates for the growth of
LEDs and LDs. Therefore, they must be crack-free. However, the critical thicknesses of
the doped films is much less than in the undoped films. We have attempted to find out
the possible reasons as this phenomenon is not yet well understood.

Nowadays, there are many reports about the activation energy of Si in n-doped AlGaN
(from GaN:Si to AIN:Si). However, these values vary over a wide range as different buffer
layers (in terms of crystal quality) and different dopant concentrations were investigated.
In order to understand the effect of dopant concentration on activation energy, the films
with different doping concentration, but with similar buffer layers are compared in this
work.
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2. Experimental Details

All samples investigated in this study were grown on (0001) sapphire substrates in a low-
pressure horizontal reactor (Aixtron AIX-200/4 RF-S). Trimethylgallium (TMGa) and
trimethylaluminum (TMAI) were used as group-III precursors and ammonia as group-V
precursor. The aluminum incorporation in the undoped buffer layers was set to about
20%, 30% and 45% as confirmed by photoluminescence (PL). The standard growth
temperature was set to 1120 °C. Similar to our high quality GaN layers [3], we used a
nucleation layer (NL) of oxygen doped AIN with a thickness of about 25 nm. Silane was
used as the Si source.

Some of the samples which were used for the following investigations were grown on our
previously developed AlGaN epilayers with an in-situ deposited SiN nano-mask [4]. The
nano-masking improves the crystal quality [5] of the epilayers leading to higher perfor-
mance of LEDs grown on such templates [6].

Variable temperature Hall-effect measurements were applied to determine the activation
energy of the donors in the AlGaN films.

3. Results and Discussions
3.1 Effect of Si doping on strain

In order to investigate the effect of Si concentration on the evolution of strain in AlGaN
films, four samples A, B, C, D—all with 20 % Al-—were grown with identical strucures;
500 nm Si-doped AlGaN on 500 nm undoped AlGaN. The doping levels in those samples
were 8.0 x 10" em™3, 2.2 x 10¥ em =2, 4.9 x 10®¥ cm ™ and 1.7 x 10! em 3, respectively for
samples A—D. There were no intentional measures taken in order to increase the crystal
quality of the epilayers. The Si incorporation into the solid phase (AlGaN) shows a linear
behavior with the Si effective molar flow in this range (Fig. 1).
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The samples were crack free, except the last sample (sample D) which had a very high
doping level. In other words, we observed that, the higher the Si concentration is, AlGaN
epilayers exhibit less critical thicknesses. XRD Q-20 scans—(004) reflections—of the
samples A—D reveal that the c-lattice constant shrinks as the Si concentration increases

(Fig. 2).
Reciprocal space mapping (RSM) of asymmetric (105)-reflections was carried out (Fig. 3)
in order to determine the strain of these layers.

As the Si concentration increases from sample A to slightly higher concentrations in
sample B, a broadening of the XRD peak is visible. Emergence of a side peak with lower
¢. and higher ¢, in reciprocal space is visible as the Si concentration increases from sample
B to samples C and D.

Clearly, the a-lattice constant of the top doped epilayer increases with increasing Si con-
centration while the c-lattice constant decreases, implicating a biaxial tensile strain in-
duced in the crystal structure by Si doping. This Si induced-tensile strain was observed
also by others, e.g. by Romano et al. [7] in GaN. They have concluded that this might be
due to a coalescence phenomenon during growth, as a slight roughening of the film surface
is often observed in Si doped GaN epilayers. However, our AlGaN:Si films showed even
smoother surfaces with Si doping. According to M. Moram et al. [8] Si is able to 'pin’
the dislocations, hindering them from climbing. Preventing the dislocations from climb
during film growth leads to less absorbtion of tensile stress that develops during growth.

However, similar investigation on AlGaN films seems to be necessary in order to under-
stand whether this argument still holds in the case of Si-doped AlGaN films.

3.2 Electrical properties of n-doped AlGalN epilayers

We have grown several samples with Al contents of 20%, 30% and 45% in order to
evaluate the possible donors’ activation energy of the AlGaN over the composition range
of 20% to 45%. A summary of the structure of the samples is listed in Table 1, and the
details can be found in Ref. [9]. Samples B and C as described in section 3.1 consist of
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Table 1: Structure and doping doses of the samples shown in Fig. 4.

Sample Al Si-molar flow SiN SPSL
content  (nmole/min) nanomasking
B 20 % 12 — —
C 20 % 24 — —
E 20 % 12 150nm above NL ~ —
F 30% 12 On NL —
G 30 % 24 On NL Yes
I 45 % 12 — Yes
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500 nm Al Gag gN:Si grown on an undoped AlyGaggN buffer layer with the thickness of
500 nm. Therefore, we can compare the change in the activation energy due to the change
of the dopant concentration in Aly2GaggN. Sample E was grown on our high quality
Alp2GaggN templates with a 3400 nm thick undoped part and a 500 nm doped part on
top. A SiN nanomask was deposited in-situ 150 nm above the NL to significantly reduce
the dislocation density in this sample. The silane effective molar flow was set identically to
that of sample B. Thus, we could study the influence of the SiN nanomask in our templates
on the donors’ activation energy. In order to have a similar comparison, we have grown
samples F and G with higher Al content (30 %). These samples are Alg3Gag7N:Si with
different Si doping levels grown on buffer layers with a SiN nanomask deposited on the
NL. Because the SiN interlayer is less effective at higher Al contents, we did not use
that interlayer for the growth of sample T (Alg45GagssN). It consists of a 500 nm thick
un-doped Alg 45Gag 55N buffer layer with 500 nm thick Alg45Gag55N:Si on top. The silane
molar flow for the growth of the doped part is identical to that of samples B, E and F
(Table 1).

As the Al content—or the silane molar flow— increased in the films, severe crack formation
was evident. As investigated in section 3.1, this is due to the generation of a tensile strain
with increasing Si content in the AlGaN films. In order to suppress the formation of
cracks, we have tried to compensate the rising tensile strain by inducing more compressive
strain from the buffer layer. Therefore, a series of short period super lattices (SPSLs) were
grown below the Si-doped part to reduce the average a-lattice constant of the buffer layer.
In the current work, the SPSL consists of 120 pairs of AIN(2nm)—Al,Ga;_,N (3.5nm)
sequences for an Al,Ga;_,N film. The growth of such SPSLs resulted in the growth of
completely crack free wafers and very smooth surfaces. The samples that required the
growth of SPSLs are indicated in Table 1 (samples G and I).

The activation energy of the donors (AE,) was evaluated for these layers using variable
temperature Hall measurements. The details of these evaluations are explained in Ref. [9].
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The donor activation energy is depicted in Fig. 4 for the samples shown in Table. 1 with
different Si- and Al-contents.

Looking to samples B and C (similarly samples F and G), it is clear that as the doping con-
centration is increased AE,; approaches very low values (below 10 meV). This dependency
of AE, to carrier concentration can be explained by the Mott transition also known as
metal-nonmetal transition [10]. For the samples with higher concentrations of Si compared
to the Mott critical concentration, one can expect to observe a more metallic behavior of
conductivity. A continuous increase of the Si concentration leads to the formation of a
donor band. As such an impurity band widens further with an increase of the impurity
content, it can even overlap with the conduction band [11]. This delocalization of the
carriers leads to a very low activation energy.

The critical Mott density N, is given by [10, 12]:

0.25
_)3

Ne = ( o

, (1)

where, a; is the effective Bohr radius. Our calculations show that N, is equal to 1.1 x
10 em=3 for GaN, 2.0 x 10¥ cm™3 for Aly20GagsoN, 2.6 x 108 ecm™2 for Alys0Gag.7oN
and 3.7 x 10" cm™3 for Alg45GagssN. The calculated value for N, of GaN in Ref. [12],
based on Mott’s model, confirms the correctness of our calculations.

All samples depicted in Fig. 4 except sample I (Aly 45Gag55N) have donor concentrations
fairly higher than N.. Looking to sample E in Fig. 4, it is clear that this sample has
higher carrier concentration than sample B while both have been grown with the same
silane molar flow. A similar situation exists for samples F and G which have been doped
with silane molar flows, identical to samples B and C respectively. A possible explanation
might be the deposition of a SiN interlayer during growth of such films which increases
the total Si content of the films. SiN deposition may increase the Si impurity during the
growth or enhance the Si diffusion to the upper layers.

Comparing samples C (20 %) and F (30 %) which show similar carrier concentrations, one
can conclude that the sample with higher Al content has higher activation energy (Fig. 4).
A similar comparison can be made between sample B (with 20 % Al content) and sample
I (with 45 % Al-content).

4. Conclusion

Growth of n-doped AlGaN with 20 %, 30%, 45% Al-content was realized. As the Al-
content in the epilayers or the dopant concentration increases, cracks were observed on
the surfaces. XRD investigations showed that the crack formation is due to the increase
of the tensile strain in the doped part of the films due to the Si doping. However, the
mechanisms conributing to the rising tensile strain is not yet clear. A series of SPSLs was
grown in order to compensate the tensile strain by inducing more compressive strain.

We have calculated critical donors concentration (Mott density) for our AlGaN:Si films.
Having evaluated all the samples with variable temperature Hall-effect measurements, we



Studies on Si-doped AlGaN Epilayers 53

confirmed for the samples with Si concentrations higher than N., the donors activation
energies are very low. In such samples, donor activation energy decreases with increasing
Si content. It was found that samples with higher Al-content exhibit also higher donor
activation energies. The samples with a SiN nanomask show much higher carrier concen-
trations than the samples without any SiN nanomask. This might be due to Si diffusion
during growth originated from deposition of the SiN interlayers.
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Optimizing Structured SiN-masks for Self Separation
of Full 2”-GalN Wafers by Hydride Vapor Phase
Epitaxy

Martin Klein

Using a previously shown method, we prepared 2”7-GaN wafers as templates for a self
separation process. Self separation is happening during cooldown after growing thick layers
of GaN in our hydride vapor phase epitazy (HVPE) reactor. Our templates consist of GalN
grown by metalorganic vapor phase epitaxy (MOVPE) directly on sapphire. These GaN
layers are masked with 200 nm of SiN that are structured by means of optical lithography.
They are subsequently overgrown with a thin GaN layer by metalorganic vapor phase
epitaxy (MOVPE). Previous experiments found that the ideal interlayer for self separation
during cooldown in HVPE s created when using a hexagonally shaped pattern as mask.
We now tried several possible variations of this pattern to find the optimal geometrical
proportions supporting the desired self separation.

1. Introduction

Becoming a more and more common material, galliumnitride (GaN) still suffers from the
lack of suitable substrates. This leads to the need for heteroepitaxy in mid and low price
applications. Although homoepitaxy is used for producing blue lasers, available GaN
substrates are much too costly for growing LEDs and transistors. To achieve affordable
homoepitaxial substrates, great efforts have been made in the field of ammonothermal
growth [1,2]. Yet thick layers grown by HVPE are still a good candidate to provide GaN
wafers for future industrial processes and this technique is under constant research. Nev-
ertheless this is still not a trivial task. Differences in the thermal expansion coefficients
of GaN and sapphire result in big layer curvatures and the large mismatch in lattice con-
stants leads to strain and defects in the GaN layer. In order to cope with these problems,
several methods have been developed to remove the GaN layer from the substrate such
as laser-lift-off (LLO) [3], mechanical polishing [4] or growth on etchable substrates like
GaAs [5] and ZnO [6]. Another approach is the usage of interlayers to weaken the mate-
rial bond at a defined position. This technique can be used to generate a predetermined
breaking point at which the layer separates from the template. During process cooldown
the difference in thermal expansion coefficients of the sapphire substrate and the GaN
layer leads to a large strain at the interface. The forces inherited in this procedure result
in the separation of the GaN layer from the substrate at the predetermined position. Our
institute has been working on developing this technique for quite some time. This lead to
a standardized procedure for creating working breaking point layers [7].
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A substantial part of developing such a layer is finding a good compromise between top
layer quality and easy separation of the GaN layer from the substrate. SiN masks have
proven to be a good starting point to meet these requirements. First, SiN is deposited
by means of plasma enhanced chemical vapor deposition (PECVD) and subsequently
structured by optical lithography and reactive ion dry etching (RIE) technique. These
masks are overgrown by MOVPE to create a starting layer for HVPE growth, where
subsequently thick GaN layers are grown on top of these templates. During this last
growth-step, the thin SiN layer dissolves. This is a result from the harsh process conditions
in HVPE growth. The dissolved mask material etches the underlying GaN which has been
deposited in MOVPE. This leaves a porous interlayer that promotes separation at this
exact position. Self separation finally occurs during cooldown of this HVPE process. Up
to date self separation can be achieved with high repeatability. Nevertheless the goal
to create full 2”7 freestanding wafers has only been reached by chance, most wafers are
cracking into pieces during separation. This is the motivation to find new mask designs
which specifically address this problem.

2. Experimental

In our latest investigations we created various new hexagonal mask designs in order to find
the influence of the masked area and the trench width on material growth and separation.
The findings of our previous studies were used as starting values.

Table 1: Geometries of separation masks.

Mask name Pattern type Trench width Period

HexFL_v2 hexagon 1.5 um 30 pm
HexFL_v4 hexagon 2.5 um 30 pm
HexFL_v1 hexagon 3.0 pm 30 pm
HexFL_vb hexagon 4.5 um 30 pm
HexFL_v3 hexagon 1.5 um 40 pm
HexFL_v6  separated hexagon 3.0um 39um

Table 1 shows the geometrical details of the used masks. For most of the masks there was
no change in the principal structure of the hexagonal pattern compared to earlier stud-
ies [7]. This approach is shown on the left side of Fig. 1. In contrary to this approach,
the structure shown on the right side of this figure shows a completely new idea. With
this pattern, consisting of separated hexagons, we intended to investigate the influence of
the connections between the hexagons in our conventional mask.

For overgrowing these templates we used our commercial Aixtron single-wafer HVPE-
system with a horizontal quartz-tube. The system is heated by a five zone furnace which
enables to set a temperature of 850°C in our source zone and 1050°C in the growth
zone. In the source zone, GaCl is formed by streaming HCI over a bath of liquid gallium.
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Fig. 1: Structures of connected and separated hexagons.

Ammonia is used as nitrogen precursor. These two gas streams are carefully adjusted to
meet optimal growth conditions on the supplied template residing in the growth zone.
As carrier gases we use a 1:1 mixture of Hy and Ny. The V/IIl-ratio is in the range of
80 — 90. The reactor pressure is set to 900 hPa.

At first the templates were overgrown by about 70 um of GaN with a fairly low growth
rate of 35 um/h. In this first step we optimized growth conditions for lateral growth,
thereby promoting a fast coalescence of the GaN surface. After this first step we investi-
gated the resulting layers to find differences in material quality, depending on the mask.
Next we grew another 12 hours with a growth rate of about 85 um/h. The goal was to
get a freestanding GaN layer of about 1 mm.

These freestanding samples have been investigated by means of x-ray diffraction (XRD)
and photoluminescence (PL) to compare the mask designs and to confirm the suspected
good quality. Additionally we conducted an etch pit density (EPD) experiment to verify
our data gathered by these studies.

In a second experiment, we varied the thickness of the structured SiN layer to see if we
can create a weaker bond between the template and the layer. This weaker bond could
result in a more homogenous separation of the top layer.

3. Results and Discussion
3.1 Mask overgrowth

As described in the previous section, we stopped growth after a layer thickness of about
75 um to investigate the overgrowth of our masked templates. Figure 2 shows microscopic
pictures of the surfaces of the resulting layers in Nomarski mode with a magnification of
500. All samples show a flat surface with no significant differences.
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Fig. 2: Layer surface after growing 75 um of GaN. Pictures from optical Nomarski microscope
with a magnification of 500.

-
FHex]i‘ﬁzpvl (30 @n, 3 0 u@

xFL_v1 (30 um, 3.0

PR

_vz' 30 i?[m 5 pzﬁ} : -«HexFL _v4 (30 um, 2.5 um) :
- ik

Fig. 3: Layer surface with pits after growing 75 um of GaN. Pictures from optical Nomarski
microscope with a magnification of 25. No such image has been made from mask HexFL_v1.

At a lower magnification of 25 some pits are visible on every sample as seen in Fig. 3. These
result from defects in the mask or in lithographic structuring. For structure HexFL v3
we experience a bad coalescence. Obviously, the mask coverage was too large. On the
other hand, the sizes of the mask trenches seem not to affect the mask overgrowth. We
noticed that the density of such defects increases with the distance from the wafer center,
regardless of the mask pattern.
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3.2 Self separation

HexFL_v2 (30 um, 1.5 um HexFL_v4 (30 um, 2.5 um HexFL_v1 (30 um, 3.0 pum

HexFL_v5 (30 um, 4.5um)  HexFL_v3 (40 um, 1.5 um

1

Fig. 4: Photographs of the final, separated layers. Freestanding GaN with about 1 mm thickness.

After these midgrowth investigations, we did a second HVPE overgrowth of these tem-
plates to achieve a total layer thickness of 1 mm. Photographs of the resulting layers
are shown in Fig. 4. No separation took place at the intended position for mask de-
sign HexFL_v6. With the separation layer not working, forces are still too strong for the
toplayer to be stable during cooldown. This results in separation of pieces by cracks in the
toplayer. The same behaviour holds true for the HexFL_v5 mask with 4.5 um trenches. In
case of the separated hexagons, the assumption is that when separation starts at one place
of the weak layer it stops before reaching the next weak spot. With the 4.5 um trenches
the bond between template and layer generally seems to be too strong for separation at
this position.

The other extreme can be found in pattern HexFL v3. With trenches of only 1.5 um and
a large period of 40 um, the connection between template and layer is too weak. So sepa-
ration begins at different places at the same time leading to big strain inhomogenieties in
the layer. As a result, the freestanding top layer bursts into tiny pieces during separation.
By using a mask coverage lying between those values the separation process seems to be
fairly stable. This results in the separation of big chunks, which can include the whole
wafer diameter and consist of up to one third of the total top layer surface.

3.3 SiN thickness variation

In addition to investigating different mask patterns we tried to vary the thickness of our
structured SiN layer. Whereas our standard process is based on a SiN thickness of 200 nm,
we fabricated samples with a SiN thickness of 400 nm and 800 nm for this study. Figure 5
shows microscopic pictures of the surface of the fully processed templates. The struc-
ture with 400 nm SiN layer has a perfectly developed MOVPE GaN layer with almost no
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Fig. 5: Microscopic images of structured and overgrown SiN with 400 nm and 800 nm SiN layer
thickness.

mask defects. In contrast some GaSi alloy developed on the 800 nm mask during MOVPE
growth. With these alloys residing on the mask this template is not suitable for HVPE
growth.

When overgrowing the 400 nm mask, we also faced severe problems. The resulting layer
showed many pits and although the mask pattern works well with a 200 nm SiN layer this
new sample didn’t show proper separation. The reason for this behaviour hasn’t been
found yet.

3.4 Layer quality

For determining the quality of our layers we conducted several measurements on the re-
sulting freestanding samples. In Fig. 6 the results of a full sample x-ray diffraction (XRD)
map of the (002)-reflection is shown. The diagonal of the shown piece is spanning the
whole wafer diameter. Thus the resulting values for the (002) full width at half maxi-
mum (FWHM) seem to be extremely low and homogenous over the whole wafer. We also
achieved comparatively low bow values in the range of 160km~!. These values seem to
depend on the size of the investigated piece, so further studies on this subject have to be
done in the future. Comparing the various mask patterns no significant differences could
be found in XRD measurements. All samples show extremely good layer quality.

PL investigations also indicate an excellent material quality as seen in Fig. 7. Many sharp
peaks can be distinguished. Among these the Si and O donor bound exciton transition
could be identified with very extremely narrow linewidths in the range of 500 peV. Sam-
ples grown on different masks show comparable spectra.
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Fig. 7: Low temperature bandedge PL of a freestanding sample.

An etch pit density (EPD) investigation carried out on a sample piece, previously etched
by molten KOH, shows a value of 5.5-10%cm~2 which confirms the outstanding layer
quality.

4. Conclusion

Several new mask patterns for self separation processes during cooldown in HVPE have
been tested and the geometrical limits of these patterns for a successful self separation
have been found. Within fairly large boundaries, the different masks did not lead to
significantly different results. It could also be shown that a thicker dielectric layer is
ineffective for the self separation process. Finally the homogenous and excellent quality
of thick HVPE GaN layers has been proven.
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Semi-insulating GalN by Fe-Doping in Hydride Vapor
Phase Epitaxy Using a Solid Iron Source

Frank Lipski

Using a solid iron source, Fe-doping during GaN growth by hydride vapor phase epi-
taxy (HVPE) on sapphire was realized. The doping concentration could be controlled by
varying the gas flow over the iron source and was verified by secondary ion mass spectrom-
etry (SIMS). After removal of the sapphire substrate, semi-insulating freestanding (FS)
GaN of high quality was achieved, with a resistivity of up to 4- 10°Qcm at room tem-
perature. For Fe-doped samples on sapphire, a partial release of the high, compressive
strain at room temperature has been observed. The measurement of the full-width-half-
mazximum (FWHM) of high resolution X-ray (HRXRD) rocking curves was hampered by
the serious wafer bow for both GaN on sapphire and freestanding GaN. Nevertheless, we
observed values for F'S-GaN as low as 40arcsec and 80arcsec for the (002) and (102)-
reflection, respectively.

1. Introduction

In the past few years, tremendous progress in the fabrication of freestanding GaN sub-
strates of 2”7 diameter has been achieved [1]. The mass production of GaN substrates
is starting up. Laser diodes (LD) are nowadays commonly grown on freestanding GaN,
showing far better performance compared to LDs on foreign substrates [2]. Commer-
cially available GaN substrates are produced by hydride vapor phase epitaxy (HVPE)
on foreign substrates like sapphire and separated therof after growth. Currently, HVPE
offers the best compromise of crystal quality, growth speed, investment, running costs
and flexibility. Other favorite growth techniques for GaN substrates like high pressure
growth [3], ammonothermal growth [4] and the Na-flux [5] method mainly suffer from far
slower growth rates resulting in a time consuming development process and require high
investment for upscaling to mass production.

However, nominally undoped high quality material obtained by HVPE generally shows
a fairly high n-type conductivity due to background impurities, such as Si and O, which
are unavoidable with the standard HVPE process [6]. While this is acceptable and even
preferable for optoelectronic applications like LDs and LEDs with backside contacts, it
is not suitable for GaN based electronics, where a degradation of the device performance
due to parasitic capacitance or current leakage is noticeable. However, due to its potential
use for high-power, high-frequency and high-temperature applications, there is a strong
increase in the research on GaN based electronics, such as AlGaN/GaN high electron
mobility transistors. These activites are accompanied by an emerging demand for semi-
insulating (SI) GaN wafers.
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Although there is no way to completely prevent Si and O impurities in HVPE, semi-
insulating GaN can still be achieved by additional doping of electron trapping centers. It
has been shown that transition metals like Cr and Fe act as a deep acceptor in GaN and
can be used to compensate the background donors [7,8].

For metal organic vapor phase epitaxy (MOVPE) ferrocene is used as Fe source typically.
This metal organic precursor is not suited for use in HVPE, because ferrocene decomposes
too early in hot wall reactors typically used in HVPE systems. For the investigations of
this work, we have chosen solid iron as source which can be used similarly to the Ga
source, creating the FeCl, precursor inside the reactor chamber by an HCl-stream over
elemental iron. We investigated the efficiency and controllability of such a kind of source
as well as the crystal quality and electrical properties of the resulting Fe-doped GaN.

2. Experimental

The HVPE growth was performed in a commercial Aixtron single-wafer HVPE system
with a horizontal quartz-tube, heated in a furnance with five zones. A 1:1 mixture of
nitrogen and hydrogen was used as carrier gas, as it showed to minimize cracking [10].
Ammonia was applied as nitrogen precursor, while GaCl was used as precursor for the
group-1IIT element. It was formed inside the reactor by streaming HCI gas over a liquid
Ga source heated to 850° C and injected directly above the substrate. In our system, two
identical channels of this type are available and the second one was filled with a solid
iron wire with a purity of 99.99% and a diameter of 1 mm. The HCl-flow in these two
channels can be adjusted independently. With an additional dilution setup, the HCI-flow
in the Fe channel could be diluted down to 1-107%sccm. In all experiments, the substrate
temperature during growth was kept constant at 1050° C and the pressure of the reactor
at 900 hPa.

The doping concentration was measured by secondary ion mass spectrometry (SIMS).
Resistivity- and Hall-measurements were performed at room temperature with Van-der-
Pauw geometry. The crystal quality and strain situation was analyzed by high resolution
X-ray diffraction (HRXRD) and low temperature photoluminescence (PL) at 10 K.

For the HVPE growth, we used GaN templates on (0001) sapphire substrates with a
slight misorientation towards the a-plane. These templates were grown with an Aix-
tron 200/4 RF-S system. First an oxygen doped AIN nucleation layer was deposited at
a temperature of 900° C and afterwards covered with a GaN-layer of about 2.5 um. For
defect reduction and strain relaxation a very thin SiN-interlayer was deposited during the
MOVPE process [9]. This interlayer was deposited after a GaN layer of 300 nm and over-
grown with another 2.2 um GaN. The SiN itself is less than one monolayer and leads to
templates with strong compressive strain allowing crack-free growth of comparably thick
HVPE layers on sapphire.

For the fabrication of freestanding GaN layers, the templates have been processed further
prior to the HVPE growth. We were using a self-separation process, which takes place
during cool-down from the growth temperature due to strong thermal forces, caused by
the different thermal expansion coefficients of GaN and sapphire. To facilitate the sep-
aration, a predetermined breaking point is defined. We found that a dielectric mask of



Semi-insulating GaN by Fe-Doping in HVPE 65

107 ¢

10“’;

0% L

1071 Fig. 1: Doping concentration
F measured by SIMS dependent

on the concentration of Fe in

[Fel/([Fe]+[Ga]) solid phase

10°

Fe-concentration (cm'3) SIMS

]Ol(’ Lol bl Ll Lol
10° 10* 10° 102 10" the gas phase.

[Fel/([Fel]+[Ga]) gas phase

SiN dissolves during the HVPE process, leading to cavities in the GaN buffer below and
finally to a defined separation. The SiN mask with a thickness of 200 nm was deposited
by plasma enhanced vapor deposition (PECVD) on top of the templates described above.
Afterwards, the mask was structured with a hexagonally shaped pattern by optical lithog-
raphy and dry etching. Finally, a second MOVPE growth step was carried out before the
templates were transfered to HVPE. Details of the separation process and its mask design
can be found elsewhere [12].

3. Results and Discussion

The formation of FeCl, by a HCI gas flow over solid iron is very efficient. In a first
experiment we changed the amount of solid iron inside the reactor and measured the
Fe-concentration in the grown samples by SIMS. Starting with some mm length, the
measured Fe-concentration in the GaN samples increased with increasing wire length, but
saturated when we reached several cm length. A further increase of the wire did not lead
to a higher doping level. Consequently, we assume a total conversion of all HCl-molecules
to FeCl, for some cm length of the iron wire. For the GaCl-formation we assume a total
conversion of all HCl-molecules of the 30 sccm-flow too, which allows to calculate the
ratio of GaCl and FeCly in the gas phase. Based on this calculation, we found, that
the incorporation of Fe-atoms into the crystal is not as efficient as it is for Ga-atoms.
In Fig. 1 the compositions in gas phase and in solid phase are given. Nevertheless, in
first experiments, the Fe concentration exceeded the values needed for compensation of
background donors by several magnitudes. To realize the desired low Fe-concentrations,
a dilution setup for the used HCl was required, enabling an improved control of the
doping level. Moreover a reactor contamination by too much FeCl; is avoided which
could otherwise lead to background doping with Fe in later growth runs [13].

3.1 Strain situation

When growing Fe-doped samples with HVPE, we noticed an increased cracking tendency
for comparably thin layers of 30 um. A similar situation has been observed during our
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Fig. 2: 30 um thick Fe-doped GaN by HVPE. Two different templates of half a 2”7 wafer have
been overgrown in the same HVPE run: the left one without SiN-interlayer, the right one with
included SiN-layer.

studies on Si-doping by HVPE [14]. In that case, the introduction of a SiN monolayer
during the template growth, typically applied for defect reduction, improved the situation
dramatically and successfully helped to avoid cracking. The SiN interlayer leads to a
higher compressive strain for GaN on sapphire at room temperature and consequently to
a less tensile strain at growth temperature. Applying this technique in the case of Fe-
doping the same effect was visible. A photograph of the results after an HVPE growth run
of a 30 um thick GaN layer with a doping concentration of approx. 1-10'cm™ is shown
in Fig. 2. In this experiment, we used two different half wafers as a template, one with
and one without the SiN interlayer described above. The sample with the SiN-interlayer
shows a nice crack-free surface morphology, whereas the other shows many cracks already
visible with bare eye.

A strain investigation by HRXRD for these samples is complicated due to the serious
curvature, leading to big error bars for the lattice constants. Nevertheless, a tendency to
a reduced compressive strain with increased Fe concentration is visible (Fig. 3). Further-
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Fig. 3: Lattice constants determined by HRXRD-measuerments according to [16]. The
strong bow leads to big error bars, nevertheless a reduced compressive strain for higher Fe-
concentrations is noticable.
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more, we determined the strain more accurately by PL measurements of the position of
the donor-bound-exciton DX line (fig. 4). Unfortunately, the intensity of the D°X peak
decreases with higher Fe-concentration and can even vanish totally, making the analysis
difficult in this case. The strain values in the diagram have been calculated by solving
the Hamilton operator according to [15]. The same tendency is clearly observable.

3.2 Crystal quality

At low doping concentrations, the surface morphology did not significantly change com-
pared to undoped samples. Further increase of the Fe concentration lead to a degradation
of the surface morphology starting from about 1-10cm=3 (Fig. 5). Buried and over-
grown cracks are visible at a doping concentration of 1-10%° cm™3.

An analysis of the crystal quality by HRXRD rocking curve measurements is hampered
by the strong bow of the samples. The curvature of samples can lead to a broadening of
measured FWHM similar to crystal imperfections like dislocations [17,18]. To distinguish
between the different contributions to the broadening, a reduced beam size is required.
Unfortunately, the X-ray system used for the measurements did not allow this reduction
sufficiently.

Fig. 5: Surfaces of differently doped samples from optical microscope in Nomarski contrast. For
very high Fe concentrations, a degradation of the surface morphology is visible. On the sample
with a Fe-concentration of more than 1-10%° cm™3, even some overgrown cracks are visible.
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Fig. 6: Resistivity, carrier concentration and mobility of freestanding GaN dependent on the
Fe-concentration, determined by RT-Hall measurements.

3.3 Electrical characterization

Resistivity measurements of the GaN samples on sapphire showed very low values due
to a conductive layer at the interface to the sapphire by the O-doped AlN-nucleation as
well as due to the included SiN-interlayer, acting as a kind of delta-doping. For accurate
determination of the electrical properties of the HVPE GaN, the conductive layers must be
removed. Therefore we have grown thick freestanding samples with a thickness of about
600 um. A controlled self-separation during cool-down can be achieved by including an
additional SiN-interlayer [12]. In order to remove leftovers from the separation layer, the
backsides of the freestanding samples have been mechanicaly polished. We could achieve
resistivity values above 4-10% Qcm with a Fe concentration of about 3-10%cm™ after
the removal of about 100 um [19]. Samples with even higher Fe concentration could not
be measured with the used setup. In Fig. 6, resistivity values as well as resulting carrier
concentrations and mobility values dependent on the doping concentration are shown.

4. Conclusion

Solid iron as source for Fe-doping in HVPE has been investigated. It is a simple and
well controllable method for realizing SI-GaN by HVPE. To achieve the required doping
concentrations, a dilution setup for the HCI stream is necessary. A degradation of the
crystal quality due to the Fe doping was not observed for Fe-concentrations in the range of
10'® cm~2, which is approximately necessary for the compensation of background donors.
Freestanding highly resistive GaN substrates with values up to 4-10® Qcm and above
could be fabricated.
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Heteroepitaxial Growth of Planar Semipolar (1011)
GalN by Metalorganic Vapor Phase Epitaxy

Stephan Schwaiger

We report on the growth of planar semipolar (1011) GaN on (1123) pre-patterned sap-
phire. This method allows the growth of semipolar oriented (1011) GaN on large scale. By
z-ray diffaction, only the peaks of the desired (1011) plane could be observed. The in-plane
orientations could be determined as [0001] gay || [0001]sapphire and [1120] gan || [1010] sapphire-
Scanning electron microscopy, transmission electron microscopy and atomic force mi-
croscopy measurements show coalesced surfaces with root mean square roughness values
below 2nm (10umx 10pm). Further investigations using photoluminescence spectroscopy
show spectra that are dominated by the near band edge emission. The high crystal quality is
confirmed by small full width at half mazimum values of z-ray rocking curve measurements
of less than 400 arcsec.

1. Introduction

Devices like light emitting diodes (LEDs) based on GaN are usually grown in c-direction.
Due to induced biaxial strain and the lattice geometry of group-III nitrides, huge piezo-
electric fields are present within heterostructures along this particular direction. The
resulting band bending causes some undesirable effects on the quantum wells (QWs)
grown in that direction [1], like spatial separation of the wave functions of electrons and
holes. Consequently, the recombination probability (recombination rate) of electrons and
holes is reduced, the emission wavelength is redshifted and dependent on the drive current
due to screening [2]. This is known as quantum confined Stark effect (QCSE).

One possibility to reduce these negative effects is to grow in semipolar or nonpolar direc-
tion. Due to the lack of real bulk GaN substrates, nowadays these structures have to be
grown on foreign substrates and therefore the research is still focussed on the growth on
different templates. Nonpolar GaN can be grown on several different foreign substrates
but still suffers from a huge amount of stacking faults [3-5]. Various semipolar orientations
of GaN have been also investigated on different substrates, like (1011) GaN on silicon [6],
MgAl,Oy [7], or as facets grown on c-plane sapphire [8]. (1122) GaN has been grown on
m-plane sapphire [9] or on facets of c-plane oriented GaN stripes [10]. Just recently Okada
et al. presented a method to grow (1122) GaN on r-plane sapphire [11]. Another possible
approach is to use sliced pieces from hydride vapor phase epitaxial (HVPE) grown mate-
rial [12,13], but these templates are quite expensive and very limited in size. Up to now
the perfect substrate is still missing and therefore there is a lot of research in this field at
the moment.



72 Annual Report 2010, Institute of Optoelectronics, Ulm University

From this background, in this study, we propose the planar growth of semipolar (1011)
oriented GaN directly on pre-patterned sapphire (Fig. 1) in a similar approach as Hikosaka
et al. or Okada et al. [6,11]. For this purpose the use of (1123) sapphire seems to be

a) SiOz- mask
sapphire
[10-111_,

b) c) [0001]_,

1-2

[ 3]sapphire [0001 ] .

[11_20]GaN sapphire
[10-10]

sapphire

Fig. 1: Schematic figure of the basic idea. a) Grooves are etched into (1123) sapphire, the
growth starts at the sidewalls in c-direction. b) The GaN islands coalesce, resulting in a planar
semipolar (1011) GaN layer. ¢) The crystal orientations of the sapphire and the semipolar GaN.

appropriate as the inclination angle between (0001) 41,0, and (1123) 41,0, is nearly the same
like the angle between (0001)gan and (1011)gay. Calculations show that the piezoelectric
fields within QWs grown in that direction will be drastically reduced when compared
to c-plane growth [14]. Additionally, this surface is regarded as naturally stable facet
since it exhibits an automatically formed and very smooth surface [15]. A higher indium
incorporation efficiency is also observed, which can be advantageous for longer wavelength
light emitters [16].

2. Experimental

As starting substrate n-oriented sapphire was used. The (1123)-surface was lithograph-
ically structured with grooves along the in-plane m-direction. Therefore we deposited a
200 nm silicon dioxide (SiOy) mask via plasma-enhanced chemical vapor deposition which
also acts as a mask for the selective area growth (SAG). A 550 nm thick mask of nickel
and gold, structured with a (3 um opening) x (3 wm mask) stripe pattern was used for
dry etching of the sapphire via reactive ion etching (RIE). After removal of the remaining
mask material, the sapphire exhibits approximately 1.2 um deep grooves, each with one
smooth c-plane-like side facet. The subsequent growth was carried out in a commercial
horizontal flow Aixtron-200/4 RF-S HT reactor with the standard precursors trimethylgal-
lium (TMGa), trimethylaluminum (TMAI) and high purity ammonia (NHj). Pd diffused
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hydrogen was used as carrier gas. The process temperature was controlled by a pyrometer
at the backside of the rotation tray. To start growth we used an oxygen doped low tem-
perature AIN nucleation layer [17,18], followed by approximately 1 um GaN with a V /1T
ratio of 650 at a temperature of 1130°C and a pressure of 150 hPa, resulting in stripes of
semipolar GaN. Simply elongating the growth time leads to coalesced layers. The growth
rate was roughly 2.2 um/h (on closed layers).

To characterize the samples and their crystal quality we used x-ray diffraction (XRD)
rocking curve measurements (XRC) and w-26 scans as well as low temperature (14 K) pho-
toluminescence (PL) measurements. Particularly, the latter enables to judge about typical
defects in semi- and nonpolar GaN layers, like basal plane stacking faults (BSFs) [19]. The
Surface quality could be accessed via scanning electron microscopy (SEM), transmission
electron microscopy (TEM), optical phase contrast microscopy (OM) and atomic force
microscopy (AFM).

3. Results and Discussion

Figure 1 shows the growth principle. The GaN growth starts from the groove facets of
the sapphire wafer in the usual c-direction, which has a certain inclination to the surface
(Fig. 1 a) resulting in a flat and planar semipolar layer (Fig. 1 b). The crystal orientation
was measured via a symmetrical XRD w-26-scan (Fig.2). The sapphire substrate peaks
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Fig. 2: XRD w-26 scan showing the peaks of (1123) sapphire and (1011) GaN (plus second
order peaks). No other peak owing to another orientation of GaN is visible.

and the (1011)-reflection of GaN are clearly visible; no other crystal orientation could be
observed. Additionally, the skew geometric (0002) peak of GaN and the (0006) reflection
of sapphire appear at the same p-angle (rotation around the surface normal) and at the
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expected y-angle (rotation around the cut of the surface with the scattering plane)[not
shown|. Therefore we conclude an orientation of the GaN film as sketched in Fig. 1 with
a semipolar (1011) surface. The in-plane orientations were investigated by selected area
electron diffraction of cross-section samples and were found to be [0001]gax || [0001]sapphire
and [11§O]GaN || [1010]sapphire-

The SEM micrograph (Fig. 3) reveals the morphology of the samples. The GaN starts to

Fig. 3: a) SEM micrograph of the cross-section of an uncoalesced sample. The crystal orienta-
tions are the same as sketched in fig 1c). b) Coalesced layer with flat surface.

200

height [nm]

+ ¢’

Fig. 4: Surface morphology of (1011)-oriented stripes (a) and of an coalesced layer (b). The
root mean square roughness (rms) values have measured to approx. 0,2nm (a, 3um x 3 pm
measurement) and to approx. 15nm (b, 80 pum x 80 um measurement). A 10 um x 10 um area
from b) results in 1 nm.

grow within the grooves of the prepared sapphire substrate. As proposed, this happens
only on the c-plane like side-facet of the trench, resulting in growth directed exclusively
in c-directon. Although a complete nucleation layer was deposited, no growth took place
on the SiOy covered ridges. This area could be overgrown comparable to the well known
epitaxial lateral overgrowth (ELOG) principle when the GaN reaches the height of the
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trenches and is able to grow more in lateral direction. The wings in the two different direc-
tions show different behavior. The so called “+c”-wing growing directly in “+c”-direction
exhibits a semipolar (1011) facet, whereas the slower grown “-c¢”’-wing is terminated by a
“-¢”-facet. The wing tilt of the overgrown area is about 0.2° (“4c”-wing), as visible in

XRD measurements.

By elongating the growth time coalescence of the stripes could be achieved. We assume
that this takes place similar as for other orientations [20]: The fast developing “+c”-
wing buries the “-¢”-wing and leads to planar and flat surfaces. The excellent surface
quality was confirmed by AFM and TEM measurements (Fig.4). The root mean square
roughness determined by AFM was as small as 0.1 nm for a 1 umx1 um-scan and below
0.3nm for a 3 umx3 pm-scan, respectively. An atomically flat surface was found by HR-
TEM investigations [21].

The high crystal quality was verified by narrow XRC peaks. The full width at half
maximum (FWHM) of both, the symmetrical (1011) reflection and the asymmetrical
(0002) and (1012) reflections were smaller than 400 arcsec, respectively. Furthermore, the
low-temperature PL-spectra (Fig.5) revealed a comparably strong and dominating near
band edge emission (NBE) at 3.464eV (slightly strained) for the stripes and at 3.471eV
(nearly unstrained) for the coalesced sample. Typically, in semi- and nonpolar GaN

—
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Intensity [arb.u.]

2

10
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Energy [eV]

Fig. 5: Photoluminescence spectra recorded at low temperature (15 K) for uncoalesced (dashed)
and coalesced (solid line) samples. Visible are the NBE as dominant peak (3.464 eV for stripes,
3.471eV for the coalesced sample) and some defect related emission lines (e.g. 3.430eV or
3.300 V).

grown on unpatterned sapphire this luminescence is quite weak and the defect correlated
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luminescence is dominating. Nevertheless some of the typical defect related peaks are
also visible in our samples. The transition around 3.41eV, which can be attributed
to basal plane stacking faults [22], could not be suppressed completely. Also, the lower
energy peaks (around 3.30 eV), usually assigned to (pyramidal) stacking faults (and partial
dislocations) [23] are still visible. The local distribution of stacking faults was investigated
by transmission electron microscopy (Fig.6). The highest density of stacking faults can

[13 b

Fig. 6: TEM micrograph of “+c”-wing (a) and “-¢”-wing (b) of an uncoalesced sample. (Basal
plane) stacking faults are visible as white lines running perpendicular to the c-direction.

be found in the “-¢”-wing, the “+c”-wing of the laterally overgrown area provides the
lowest density.

4. Conclusion

In summary, planar semipolar (1011) GaN on (1123) pre-patterned sapphire was success-
fully grown. This method allows large area growth of semipolar oriented (1011) GaN on
sapphire. Compared to other growth techniques and the resulting quality of nonpolar
GaN on sapphire this approach is quite promising, in particular if further optimization
steps are included.
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Properties of Semipolar InGaN QWs Grown on 3D
Inverse GalN Pyramids

Thomas Wunderer

The properties of thin InGaN films deposited via MOVPE on non-planar GaN surfaces
are investigated in detail. Using a comprehensive combination of different investigation
methods including transmission electron microscopy, spatially and time-resolved cathodo-
luminescence experiments and modeling of the radiative recombination kinetics a precise
description of the semipolar QW properties can be presented.

1. Introduction

Today’s commercially available GaN based light emitting devices are limited in their effi-
ciency. High piezoelectric fields hamper the radiative recombination of carriers within the
QWs. The fields result from the biaxially strained InGaN films and the polar character of
the hexagonal wurtzite crystal structure. Together, they cause a local separation of elec-
tron and hole wave functions and consequently less efficient device structures [1,2]. This
fact is most prominent for high In-compositions which are needed for longer wavelength
emitters. Less polar crystal orientations, wherefore a higher recombination probability is
expected [3,4], could be one way to overcome the so-called 'green gap’.

That is why many groups are currently dealing with the properties of non- and semipolar
group Ill-nitrides [5,6]. Today, the most convincing way to fabricate high performance
non- and semipolar GaN devices is to use GaN substrates with high material quality. They
can be obtained from quasi-GaN-boules with a thickness of a view millimeters which are
typically grown in the conventional c-direction and then prepared for the desired crystal
orientation [7]. The substrates typically feature a very low defect density which seems to
be the key factor for the remarkable device performance on such substrates [6]. However,
the high prize and the small sample size are limiting factors for commercial applications [8].
An interesting alternative approach for semipolar device structures is the usage of three-
dimensional (3D) GaN and naturally formed semipolar side facets. We could demonstrate
that high material quality can be achieved using inverse GaN pyramids at low fabrication
costs on large substrate sizes [9].

In this work the properties of thin InGaN films which have been deposited onto the 3D
surfaces are investigated. The specific geometry of the underlying structure influences
the growth behavior during the deposition process via metal-organic vapor phase epitaxy
(MOVPE).
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2. Fabrication Procedure

The epitaxial growth was performed by low pressure MOVPE in an Aixtron single wafer
reactor. First, high quality GaN templates with a thickness of about 2 pm were grown on
c-plane sapphire wafers. The optimized fabrication procedure includes the deposition of
a SiN interlayer for efficient defect reduction [10]. Then, a 200 nm thick SiO, layer was
deposited via plasma enhanced chemical vapor deposition (PECVD). Optical lithography
and dry etching techniques were subsequently applied for structuring the SiOs mask into
hexagonal patterns. Afterwards, the samples have been taken back into the MOVPE
reactor to grow the 3D structures. Thereon, we have grown the InGaN QWs. In order
to get an appropriate In incorporation, the QWs as well as the GaN barriers in between
were grown at a reduced temperature of about 800 °C, whereas all other layers have been
typically grown in the temperature range of 7' = 950-1050°C

3. InGalN Properties

The structural properties of an InGaN/GaN MQW stack deposited on 3D GaN are
strongly influenced by the specific geometry of the underlying structure [11]. Differ-
ent to planar growth, the structured surface may affect the thicknesses as well as the
composition of the ternary InGaN films which directly influence the optical properties of
the structure. A particularly strong variation of the QW emission wavelength was found
on a relatively large inverse GaN pyramids with 13 wm long {1122} side facets. Spatially
resolved cathodoluminescence investigations showed an enormous shift of the wavelength
from about 530nm at the top of the structure towards 380 nm at the inner tip of the
inverse pyramid (Fig. 1).

Energy (eV)
3432 30 28 26 24 2.2 (b)

Norm. CL Intensity (arb. units)

600
Wavelength (nm)

Fig. 1: SEM top view of inverse pyramid structure with {1122} facets and a period length of
13 um (a) and respective CL wavelength linescan (b). The data was acquired by S. Metzner,
Otto-von-Guericke-Universitat Magdeburg.
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The emission wavelength of an InGaN QW is dependent on various parameters. The most
prominent factors are the indium composition, the QW thickness and the piezoelectric
field which changes the transition energy within the QW due to the quantum confined
Stark effect (QCSE). All parameters are strongly correlated and, therefore, can not be
treated isolated. We have been able to build a comprehensive picture of the QW properties
by combining the structural and optical properties with theoretical model calculations.

First, the QW thickness was determined along the complete facet length using transmis-
sion electron microscopy (TEM). A small lamella was prepared using focused ion beam
(FIB) techniques to cut the desired specimen perpendicular to the facet surface. The
determined QW thickness from the TEM images along the facet is shown in Fig. 2.
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Fig. 2: QW thickness along inverse pyramid facet. Position 0 corresponds to the inner tip.

It was found that gas phase diffusion processes in selective area growth (SAG) can precisely
describe the growth behavior using MOVPE [12]. We confirmed that the QW thicknesses
on 3D GaN with only one facet type can also be well modeled by gas phase diffusion
(not shown). That is the reason why we applied the gas phase diffusion model to our
problem taking into account the specific geometry of the 3D structure. For simplicity, we
first used a constant InGaN composition to determine the QW thickness which should be
sufficiently accurate due to the low indium concentration. As shown in Fig. 2, the best
matching was found for D/k = 20 um for the film, where D is the diffusion coefficient
and k is the rate constant for the first-order heterogeneous surface adsorption and can be
understood as a value for the actual incorporation of the respective species [13,14].

To fully describe the QW properties, two other parameters, the indium composition and
the strength of the piezoelectric field, have to be quantized for any position along the
facet. The values can be gained by including two additional independent measures -
the transition energy and the radiative life time. Cathodoluminescence experiments can
provide access to both of them. The spectral properties as well as the time-dependence
of the radiation can be gained with the necessarily spatial accuracy. Figs. 3 and 4 show
the transition energy and radiative life time of the QW emission for any position along
the facet.
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Fig. 3: QW transition energy along inverse pyramid facet. Position 0 corresponds to the inner
tip.
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Fig. 4: Carrier life time along inverse pyramid facet. Position 0 corresponds to the inner tip.

As can be seen, the model calculations perfectly match the experimental data. The
simulation is based on a fairly comprehensive model of the QW properties solving self-
consistently the Schrodinger and Poisson equation for each individual point along the
facet.

As a result, we now know the indium composition and the strength of the piezoelectric
field for all data points along the facet (Fig. 5). A fairly constant indium composition
of about 20% is found on the upper half of the inverse pyramid and is then strongly
decreasing towards the inner tip. This finding can be understood when looking closer to
the growth conditions used to deposit the InGaN films. Typically, InGaN is grown under
a high overdose of TMIn. Despite a smaller D/k for indium (here: D/k = 5pum), the
oversupply of TMIn is still present for the upper half of the pyramid and, therefore, the
composition within the solid is mainly determined by the growth rate of the film and not
by the gas composition. This is different in the lower half of the pyramid. Here, actually
the gas composition determines the composition in the solid as the oversupply of indium
is not valid any more (not shown).
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Fig. 5: In-composition along inverse pyramid facet. Position 0 corresponds to the inner tip.

For the piezoelectric tensor elements, we have found the best matching to the experi-
mental data using the values from the most recent publications [15,16]. This leads to a
piezoelectric field of about -1.3 MV /em? for an In-composition of 20 % on the semipolar
{1122} plane. This is about 1/3 of the value found for QWs grown on c-plane GaN.

Interestingly, the structure is well suited to determine the piezoelectric field without
knowledge of the piezoelectric constants or exact indium composition. Bulashevich et al.
developed an analytical approach to determine the piezoelectric polarization by varying
the QW thickness [17]. Due to the QCSE the change in QW thickness directly converts
into a shift of the emission wavelength. Using our inverse pyramid structure, we have
access to an accurate variation of the QW thickness originating from gas phase diffusion.
Furthermore, we have shown that a nearly constant In-content can be assumed in the
upper half of the facet. This structure therefore is ideally suited for the determination of
the piezoelectric field using Bulashevich’s model:
0 512m, pe? F2d*

Eop—E° = — 1
h e,h 2437T6h2x2 ( )

with EY, as the ground state for electrons and holes without electrical field F:

w2h?
EY, = —— 2
eh 2me pd? 2)

Hereby, e and h represents electrons and holes, x is the screening of the field by carriers.
Due to the low excitation we can set y = 1 in our case. The thickness of the QWs is
given by d. Fig. 6 shows the measured emission energy via CL and the respective model
calculations for different values of the piezoelectric field. The best matching has been
achieved for a piezoelectric field of about 1-1.3 MV /cm. This value can be gained without
the knowledge of the exact In-composition and piezoelectric constants. However, assuming
about 20 % indium in the QWs (see above) the value fits very well to the findings from
Shen et al. [18].

Finally, the determined data set is used to estimate the internal quantum efficiency (IQE)
at different positions of the structure. Assuming that at low temperature (4 K) the carrier
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Fig. 6: CL emission energy along upper half of inverse pyramid in correlation with determined
QW thickness (squares) (section 4). Shift of emission energy for different field strengths using
the analytic model of Bulashevich et al. [17]. Curves are normalized.

recombination is mainly driven by radiative recombination processes, an upper value for
the IQE can be given:

7(300 K)
(4 K)

7(300K)
T(4K)

<

7(300 K

<
7(300K) ~

(3)

The life times along the facet (Fig. 4) were combined with the emission wavelength at the
specific position (Fig. 3). The following diagram for the IQE vs. wavelength can than be
created (Fig. 7). The diagram shows the typical drop of the IQE towards longer wave-
length emission which is known as the green gap. Although the piezoelectric polarization
could be reduced by about 2/3 in comparison to c-plane devices, the fields are still quite
strong for high indium compositions. Additionally, it is assumed that point defects at
the interfaces of the QWs play a significant role as non-radiative recombination channels
which are generated during the low temperature growth of the QWs. Together, they limit
the overall efficiency, especially in the green wavelength regime.
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Fig. 7: Max. IQE vs wavelength determined using Equ. 3 and the carrier life times from Fig. 4.
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4. Conclusion

A detailed study of InGaN QWs deposited on semipolar {1122} side facets of inverse
pyramids is presented. A comprehensive combination of different investigation methods
including TEM, spatially and time-resolved CL experiments and modeling of the radiative
recombination process allow the exact determination of QW thickness, indium composi-
tion and piezoelectric polarization. Furthermore the data set is used to estimate an IQE
for different wavelength. Despite a significant reduction of the piezoelectric field, the
‘green gap’ is still present.
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Fabrication of GalN-based Photonic Crystal
Structures by Reactive Ion Etching

Junjun Wang

The fabrication of the 2D GaN-based photonic crystal structure at optical scales, a sub-
um scale in our case is very challenging. In our work, a double-etching method proved
to be feasible to achieve the periodic GaN/air variation. The pattern was defined in a
PMMA resist by electron-beam lithography and transferred to SiOy by reactive ion etching
(RIE) in a CFy plasma and further into GaN by RIE in a chlorine plasma. An interesting
phenomenon during RIE was observed: the etching rate at the barrier site is enhanced to
about two times of that in the um scale while the etching rate at the valley site stays the
same. If the mask is exhausted during RIE, the etching depth increases before the mask
disappearance and decreases after that with further etching. Thus the etching time is a
critical parameter to obtain deep enough holes in GaN. Referring to the etching rates of
SisNy and SiOsy in both kinds of plasma, it might be easier to achieve deep holes when
Sis Ny substitutes SiOs.

1. Introduction

Photonic crystals (PC) are structures with periodic variations of the refractive index.
In such structures, the light propagation can be controlled or manipulated in a similar
way as the electronic energetic bands in crystals by defining photonic bands. Since the
first realization of a non-one-dimensional PC in 1987 [1], the PC has attracted much
interest worldwide. GaN-based two-dimensional (2D) photonic crystal surface-emitting
lasers (PCSEL) are promising to produce single mode lasing over a large area in high
power blue-violet emitter applications [2-4]. However, it is challenging to fabricate such
a GaN-based PC at an optical wavelength scale. There are very few publications about
this topic up to now.

The PC fabrication methods can be considered as either "Bottom Up” or ”Top Down”
approaches. In the former, periodic GaN pyramids are formed by selective area growth on
hexagonally-patterned templates in metal-organic vapor phase deposition system [5]. The
refractive index changes gradually at the GaN/air edge in such a pyramidal structure and
does not have a high contrast. In this report, a ”Top Down” method will be described:
the pattern was defined in PMMA by electron beam lithography (EBL) and transferred
step by step into GaN by reactive ion etching (RIE). The experimental details will be
described in the following.

Our final goal is to integrate the PC into a GaN-based laser diode (LD) emitting at
around 410nm. Based on the calculation of the photonic band diagram, a square lattice
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is designed with a hole radius between 60 and 80 nm and the lattice constant between 330
and 380 nm. In order to make the emission interfere better with the PC, the holes should
be deep enough to penetrate the waveguide or even the InGaN/GaN quantum wells. So
our initial goal is to reach ~ 400 nm deep homogeneous holes in the GaN-based LD.

The main feature of our structure is its sub-um-scaled size which requires the employment
of EBL to define the lattice pattern instead of standard photolithography and determines
its special behavior during RIE when the PC pattern is transferred from the EBL resist
into the semiconductor structure.

2. Fabrication Processes

The processing steps were investigated using test samples that simply contain 5 pairs
InGaN/GaN quantum wells grown on c-plane GaN rather than the LD. The following
two kinds of fabrication processes were tried: the single-step and double-step etching
methods. The infeasibility of the first one motivate us to investigate the second: to
transfer the PC pattern into the sample by CF, RIE and chlorine RIE step by step.

2.1 Single-step etching method

Sample A was firstly covered with a layer of the EBL resist of PMMA by spin coating. By
EBL we defined the square pattern in the PMMA layer. The whole PC pattern is defined
in a square shape with a size of 750x750 pum?. Then, with PMMA acting as mask, the
sample was etched by RIE in a chlorine plasma (details shown in Table 1) for 5min to
transfer the PC pattern into the sample. Finally we intended to remove PMMA with 1-
methyl-2-pyrrolidone (MP). The PMMA within the circular ring around holes still exists

Table 1: RIE parameters in a chlorine plasma.

Electrode RF power | 100 W
Pressure 2 Pa
Cly 1.5scem
BCl; 10 scem
Ar 10 scem

after we tried to remove it with ~120°C MP solution. Part of the PMMA rings were
removed mechanically by tweezers unintentionally as the gray stripes in Fig. 1. Actually
the PMMA was polymerized during the chlorine RIE and became quite resistant. So the
single-step etching method proved to be infeasible.

2.2 Double-step etching method

In order to overcome this problem, we developed a double-step etching method employing
two masks PMMA and SiO, with the later under the former: A layer of 700 nm SiOy was
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Fig. 1: Top view of sample A.

Table 2: RIE parameters in a CFy plasma.
Electrode RF power | 60 W

Pressure 5.3 Pa
CFy 45 scem

deposited on the samples by plasma-enhanced chemical vapor deposition, followed by a
PMMA layer of ~620nm. The same PC pattern was defined in PMMA by EBL as that
in the single-step etching method. Subsequently, the PC pattern was transferred to the
SiOq film by RIE in a CF4 plasma (details shown in Table 2) which did not polymerize
the PMMA layer. After removing PMMA with hot MP, the sample was etched by RIE
using chlorine plasma with the structured SiO, layer as mask. In order to gain a better
understanding how both of these etching processes behave, two samples were prepared:
sample B before and sample C with the GaN etching in chlorine plasma. The etching
times for these two samples are shown in Table 3.

Table 3: The etching periods for sample B and C.

CF4 RIE Chlorine RIE
Sample B | 10 min40 sec —

Sample C | 10 min20 sec 10 min
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Fig. 2: The groove cut by FIB (left) and the magnified lower side of the groove (right).

3. Focused Ion Beam Characterization

A cross-section image of the PC structure is necessary to evaluate the hole depth and
profile. As mentioned, the whole PC pattern is defined in a square shape with a size of
750x 750 um?. Therefore, it is very difficult to cleave exactly through such a small area
manually or even with a cleaving saw. In such a case, focused ion beam (FIB) turns to be
a good choice to characterize the PC cross section. The FIB setup resembles a scanning
electron microscope (SEM). While the SEM uses a focused beam of electrons to image the
sample, the FIB uses a focused beam of ions instead to image or manipulate the sample.
FIB is a destructive method and can be applied to cut a local groove of a few um? (as
shown in Fig. 2) into the sample. Then it is possible to characterize the PC cross section
from the groove sidewall.

Before the samples were put into the FIB chamber, 80 nm Ni was deposited over the whole
sample surface for a better contrast. A layer of C was deposited in the FIB chamber only
within several tens um? (the black region in Fig. 2) to avoid the GaN redeposition during
milling of the groove.

The images of the PC cross section were taken with such an orientation that the bird’s
eye views of both the sample surface and groove sidewall are visible in the image (Fig. 3
(left) as an example). Additionally the software integrated in the FIB setup adjusted the
lower part of the image for the groove sidewall part to appear in an exact cross section
view.

4. Results and Discussion

FIB was utilized to characterize the hole cross section of sample B and C. The depth and
the shape of the holes are of our interest. The holes get narrower near the bottom. So it
is necessary for FIB to cut exactly through the hole center in order to gain the depth and
the diameter of the holes. If the cut is parallel to the photonic crystal direction (01), it is
impossible to handle FIB so accurately that the cut is placed at the hole centers in one
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Fig. 3: The FIB image (left) and the schematic diagram about the surface development during
the CFy4 RIE (right) of sample B.

line. The trick is to rotate the cut with a certain angle from the (01) direction and the
cut crosses holes with many different distances away from the centers. Some of them are
close enough to 0 indicated by arrows in Fig. 2 (right) which correspond to the deepest
holes in Fig. 3 (left).

The sub-um-scaled size of the PC structure causes a quite different RIE behavior com-
pared to a micrometer-scaled structure. The specific RIE behavior will be discussed in
the following.

For sample B, the PMMA was totally etched away and the SiO5 was reduced to ~243 nm
with ~153nm deep holes in it during the CF4 RIE. The etching process is schematically
shown in Fig. 3 (right): 610nm SiOs at the valley site and 620nm PMMA + 457nm
Si0, at the barrier site were etched away. Then the etching rate at the valley site can be
calculated to be 57 nm/min which corresponds very well to the estimation of ~60 nm/min
from the pwm-scaled samples. The SiOy and PMMA etching rates in our RIE setup were
evaluated to be ~60nm/min and 40 nm/min on pm-scaled samples. The ratio of 57:40
between the etching rates of SiO, and PMMA under the same RIE condition tells us
that 884 nm SiOs needs the same time to be etched away as 620nm PMMA. So 620 nm
PMMA -+ 457 nm SiO, could be substituted by 1341 nm SiOy with respect to the etching
rate. Hence, an effective etching rate of 125 nm/min is calculated for SiO, at the barrier
site. Obviously, the same etching rate at the valley site and a doubled etching rate at the
barrier site occur in the sub-pm-scaled structure compared to the pm-scaled one.

For sample C, the image of the cross section is shown in Fig. 4 (left): SiOy was totally
etched away leaving 92 nm deep holes in GaN. The etching process is schematically shown
in Fig. 4 (right). Here, etching rates of SiO, and GaN under the chlorine plasma RIE
condition (Table 1) in our etching system are evaluated to be 16.6 nm/min and 45 nm/min,
respectively. Assuming the etching rate ratio between the barrier and the valley sites to
be A, two equations describing the chlorine plasma etching are like the following:

243 x

668 " apy Y (1)
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Fig. 4: The FIB image (left) and the schematic diagram about the surface development during
the CF4 RIE (right) of sample C.
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A is calculated to be 2.1 which is close to the value in CF, plasma etching.

Not only physical sputtering but also chemical erosion are involved in RIE. The former
part is an anisotropic element while the latter is an isotropic one. The chemical erosion
attacks the barrier from both the surface and the sidewall, but only has the chance to
attack the valley vertically. So the etching rate at the barrier is enhanced compared to
the valley site. Additionally, our PC structure (the sub-pm scale) has a high surface-to-
volume ratio. This leads to an even larger etching rate enhancement at the barrier site
which explains the above mentioned observation.

It is clear that the hole depth decreases when the etching rate at the barrier site is larger
than that at the valley site. So after the mask is etched away completely, the hole depth
reduces and the PC structure is smeared with further etching. The hole depth reaches its
maximum at the point when the mask is etched away.

In order to transfer a deeper pattern from PMMA into the 2nd mask (SiOs in the above
experiments), either the PMMA thickness or the PMMA /2nd mask selectivity in CF4 RIE
should be increased. However, the PMMA thickness is limited by the EBL resolution.
Therefore, a high etching rate of the 2nd mask in CF, RIE is required. On the other
hand, a low etching rate of the 2nd mask in chlorine RIE enables a longer etching time
to transfer a deeper PC pattern into GaN. Referring to Table 4 SigN, has a pronounced
advantage in CF, RIE with a relatively small disadvantage in chlorine RIE compared to
SiOs. In this sense, SizNy is a better candidate than SiOs as the 2nd mask.

Taking the above discussion into account, new samples have been designed and prepared.
Currenly the FIB characterization is ongoing.



Fabrication of GaN-based Photonic Crystal Structures by Reactive Ion Etching 93

Table 4: The etching rates of SiO5 and SigN,4 under different RIE conditions.

etching rate (nm/min) | CF4 RIE | chlorine RIE
5102 60 16.6
SigNy 180 22

5. Conclusion and Outlook

A fabrication method for a photonic crystal structure in GaN-based materials was inves-
tigated to create a periodic 2D pattern of air holes. A single-etching method was proved
to be infeasible. A double-step etching method was implemented resulting in successful
etching of periodic air holes in GaN. An interesting phenomenon for reactive ion etching
of the sub-um-scaled PC structure was found: ~ doubled etching rate at the barrier site
compared to the valley site. This indicates us the etching time is a critical parameter to
obtain deep enough patterns. SizsN4 could be a good candidate acting as the 2nd mask.
A three-layer resist system PMMA /Ti/AZ1350J is also promising to define the square
pattern into GaN in the sub-um scale [6].
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Laser Structures with Semipolar Quantum Wells
Grown by Selective Area Epitaxy

R.A.R. Leute

Using selective area epitary to produce three-dimensional GaN structures, two different
concepts for laser diodes (LDs) with semipolar quantum wells (QWs) are developed, each
having distinct advantages and disadvantages. The first approach utilizes a stripe with
triangular cross-section not only to grow semipolar quantum wells on, but also as wave-
guide and resonator cavity. Based on simulations of modal characteristics we develope
the epitaxial structure and address the difficulties of selective growth of the aluminum
containing layers. The second approach integrates the three-dimensional structures with
semipolar sidefacets into a conventional LD design with planar cladding layers. Therefore
we miniaturize the selectively grown stripes to a submicrometer scale, positioning the active
layer with semipolar QWs inside the core of a planar wavegquide. For both approaches we
present experimental results, regarding structural as well as optical properties including
SEM, CL, PL, TEM and gain measurements.

1. Introduction

Selective area growth (SAG) of group III nitrides allows the epitaxy of 3D GaN structures
of high crystal quality with semipolar facets based on 2-inch sapphire substrates. The
reduced piezoelectric field on these facets promises great advantages of device performance
reducing the Quantum Confined Stark Effect (QCSE) and its negative consequences for
longer wavelenghts (i.e green) [1]. Additionally, the 3D growth of stripes, pyramids or
the like enables us to manipulate the extraction and propagation of light by changing the
surface topology. LEDs based on GaN stripes with {1122} or {1011} facets have been
published [2] (see Fig. 1); the selective growth of GaN and the epitaxy of InGaN/GaN
QWs is well under control. The fabrication of laser diodes (LDs) based on such three-
dimensional structures, however, faces several major challenges due to the more complex
device architecture. Particularly, the formation of resonator and waveguide, typically

p-GaN
GalnN/GaN

Fig. 1: Realization of a LED with semipolar
quantum wells on the sidefacets of GaN stripes
with triangular cross-section.

SiN
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realized by AlGaN/GaN, constitutes the critical task, both regarding expitaxy as well as
subsequent processing. We address this issue with two profoundly different approaches.

2. 3D All the Way

Processing a resonator on the side facet of a GaN stripe acting as a quasi substrate is
disproportionally complicated. Therefore, we decide to create the resonator epitaxially,
aside from mirror facets. The GaN stripe not only provides semipolar facets but acts as
waveguide with vertical and lateral optical confinement. However, the growth parameters
of AlGaN are challenging for selective epitaxy. The high growth temperature promotes
lateral growth, subsequently leading to the emergence of an undesirable c-plane facet
whereas the reduced selectivity of the mask material for Al atoms leads to polycrystalline
growth on masked areas [3,4]. Furthermore, Wunderer et al. [5,6] showed that QWs
grown on semipolar side facets suffer from a large gradient of the indium content along
the facets, explained by gas phase diffusion. This leads to a broad emission spectrum
unfavorable for a laser device. In this report, we focus on the former, even more crucial
issue.

2.1 Concept - Simulation - Epitaxy

Regrettably, starting with the established growth of GaN stripes and growing the waveg-
uide layer by layer will not suffice. Solving the vectorial Helmholtz equation, the simu-
lation (Fig. 2) shows the rise of multiple modes. In order to provide lateral confinement,
the structure has to be adapted to include a high index core of GaN, enclosed by AlGaN
claddings. Two possible structures are shown in figures 3 and 4. For concept SM1 (single
mode 1) a GaN core with triangular cross-section is positioned on top of a truncated
AlGaN stripe and subsequently overgrown with an upper cladding. This concept allows
convenient sizes of several micrometers for the mask patterns but demands a delicate
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Fig. 2: Concept and simulation of the optical modes for a concept of AlGaN/GaN/AlGaN layers
deposited on the side facets of a GaN stripe with triangular cross-section.
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Fig. 3: Concept and simulation of the optical modes for concept SM1. A triangular GaN stripe
is grown on top of a truncated AlGaN stripe and consequently enclosed by an upper AlGaN
cladding.

control of the epitaxial process in order to obtain a well developed GaN tip before the
growth of the second cladding. For concept SM2 the lower AlGaN cladding is realized as
a plane layer during the first growth step of the template. After patterning the mask, the
GaN core is grown directly at the beginning of the second growth step and subsequently
overgrown. The simulation shows good optical confinement for this concept, enhanced by
the low refractive index of the dielectric mask (n = 1.47 for SiOy) even for buffer layers
with only 5 %, with the advantage of only one 3D growth step of AlGaN needed. Require-
ments for the mask pattern however are fiercer. In order to get single mode operation the
height and base of the GaN core shall not exceed 1.5 um which is bordering the limits of
optical lithography.
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Fig. 4: Concept and Simulation of the optical modes for concept SM2. A planar AlGaN layer
is included in the template as the bottom cladding. The waveguide core is directly grown on
the template and only one 3D growth step for AlGaN is needed.
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2.2 3D growth of AlGaN

For preliminary investigations thin layers, less than 1 um thick, with low aluminum con-
tent (around 5%) were grown on the side facets of fully developed GaN stripes. On
top of an n-doped GaN template, a 200 nm thick SiO, mask was deposited by PECVD
and patterned by optical lithography and subsequent dry etching. Stripes parallel to
< 1010 > or m-direction (resulting in {1122} side facets) and stripes parallel to < 1120 >
or a-direction (resulting in {1011} side facets) with mask opening widths of 4 um, 6 um
and 8 um and varying periods were grown. Changing the period and consequently the
proportion of masked area results in a local variations of growth conditions. The supply of
nitrogen is uniform while the supply of group III elements changes locally with the filling
factor leading to local variations of growth rate and V/III ratio, thus giving us a vast
parameter set. For this low aluminum content and short growth time, SEM pictures show
almost no parasitic nucleation on the mask. With a being the favored growth direction
the stripes parallel to a result in stripes with sharp ridges and smooth {1011} side facets
(not shown) as observed in earlier works [7]. The side is covered with a homogeneous layer
of AlGaN, emitting at 351 nm corresponding to approximately 4 % aluminum. The ridge
of the stripe exhibits luminescence at higher energy corresponding to approximately 8 %
aluminum. This effect seems similar to the indium content gradient in quantum wells on
three-dimensional structures. Stripes parallel to m are more prone to lateral growth and
exhibit c-plane areas on top as well as rougher sidewalls. Figure 5 shows the cross-section
as viewed by SEM as well as spatially resolved low temperature cathodoluminescence
(CL). The presence of competing facets aggravates the difference in aluminum content
between side facets and tip, nevertheless the {1122} facets show a higher aluminum in-
corporation efficiency than the {1011} facets. The CL gives an estimate of approximately
8% Al content at the top and 5-6 % Al at the sidewalls.

Progressing towards concept SM2, the growth time of the GaN stripe was reduced and
the thickness of the covering AlGaN layer was increased. In Fig. 6 the SEM picture of a
cross-sections is shown where the material contrast clearly shows the undoped GaN core
ensheathed by an AlGaN cladding layer. The exact outlines of the interior cannot be

344 nm 348 nm

Fig. 5: SEM cross-section and monochromatic CL mappings at 8K of stripe parallel to m with
{1122} facets. The thin cladding layer of AlGaN is clearly visible. The top of the stripe exhibits
luminescence at a higher energy as result of a higher aluminum incorporation.
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Fig. 6: SEM cross-section of stripes parallel a
with {1011} facets. The GaN core is overgrown
by a thick AlGaN layer.

deduced for certain from this picture, yet the feasibility of the structure SM2 is substan-
tiated. Optimization of the shape, monitored by marker layers and checked by spatially
resolved spectroscopy as well as further reduction of the size are necessary. Progressing
towards concept SM1, stripes of AlGaN were grown at higher growth temperatures and
with more ammonia in order to create a c-plane plateau at the top of the stripe. In the
same growth run these plateaus were overgrown with low temperature GaN to create a tip
with triangular cross-section, later intended as waveguide core. The upper cladding was
not grown. Figure 7 shows a GaN layer on top of the AlGaN plateau, for these dimensions
the GaN growth time was not long enough to form a sharp ridge. Clearly visible is the
parasitic growth that occurred during the long AlGaN growth and later acts as nucleation
site for the low temperature GaN, too. This parasitic growth needs to be suppressed or
removed as the mask loses all selectivity once a nucleation has been established. While
the growth conditions of AlGaN need to optimized for better mask selectivity to allow
the full structure to be realized in one growth run, separating the growth of the SM2
structure into multiple steps can work as a short term workaround. The interruptions
will allow removal of parasitic growth by wet etching as well as reestablishing the mask
for selective growth.

Fig. 7: SEM cross-section of stripes parallel a
with {1011} side facets. The GaN ridge on top
of a truncated AlGaN stripe is clearly visible.
Parasitic nucleation on the mask led to poly-
crystalline growth.

3. Integration by Miniaturization

With an alternate approach we can circumvent almost all difficulties brought about by
the three dimensional growth of AlGaN. Decreasing the size of the three-dimensional
GaN structures to the point where they fit inside the core of a planar conventional LD
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design gives the benefits associated with semipolar GaN/InGaN quantum wells without
the drawbacks of developing a new waveguide structure. Figure 8 shows the principle idea
of this approach. With the mask constituting a perturbation of the refractive index on
the scale of the laser wavelength, the device has the potential to work as a DFB laser,
additionally.

p-GaN p-AlGaN-cladding
p-AlGaN-cladding

S InGaN/GaN EEL 2 p-GaN

n-AlGaN-cladding

T n-GaN
+C

n-GaN
n-AlGaN-cladding

Fig. 8: Shrinking the size of the 3D structures allows the integration of semipolar quantum
wells inside a conventional laser diode grown in polar direction.

3.1 Selective growth on a submicrometer scale

In order to reach the submicrometer range of dimensions the dielectric mask needed for
selective area growth is reduced to approximately 50nm thickness and structured via
lift-off following e-beam lithography with periodicities of 230 nm to 270 nm correspond-
ing to 3rd order DFB gratings. Our first investigations proved the feasibility of SAG
on a submicrometer scale. Figure 9 shows well developed GaN stripes with InGaN/GaN
quantum well structures grown on the semipolar side facets. Subsequently these submi-
crometer structures were planarized with GaN and sandwiched between c-oriented AlGaN
waveguide claddings. The planarization and consequently the growth of the upper waveg-
uide cladding depend strongly on the orientation of the stripes. For stripes parallel to
a-direction (the favored growth direction) we receive an incomplete embedding whereas
for stripes parallel to m-direction the proposed device structure was succesfully realized,
shown in Fig. 10.

Fig. 9: TEM cross-section images of GaN stripes with semipolar InGaN/GaN quantum wells
on the sidefacets.
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200
—

Fig. 10: Comparison of the embedding for different orientations. The SEM picture on the left
(topview) shows a sample with stripes oriented along a-directin with {1011} facets being incom-
pletely planarized whereas the TEM picture on the right (cross-section) shows the immaculate
embedding of a structure with {1122} side facets.

3.2 Optical investigation - Gain!

In photoluminescence measurements the strong light matter coupling can be observed
by a periodic modulation of the spectra. For the PL spetra in Fig. 11 the sample was
excited from the top and the light emitted parallel to the surface plane from cleft edges
was collected. We observe a huge difference for light emitted parallel and perpendicular
to the stripe orientations owing to the periodic change in refractive index experienced
by light emitted perpendicular to the stripes. Obviously, the period of the structure and
the wavelength of the QW emission need to be balanced carefully. Nevertheless, figure
12 shows optical gain measurements performed on a first not perfectly planarized test
structure. Although the losses and pump power are relatively high, net optical gain was
achieved showing great promise for future samples with improved waveguiding.
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Fig. 12: Optical gain spectra recorded for a
not perfectly planarized structure with sub-
micrometer sized 3D GaN structures and
semipolar InGaN/GaN QWs.

Fig. 11: PL spectra recorded for light emis-
sion || and L to the stripes.
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4. Conclusion

Evolving previously realized designs of light emitting diodes based on selectively grown
GaN stripes we have developed two approaches to realize laser diodes with semipolar
quantum wells. We have shown the epitaxial feasibility to fabricate an AlGaN/GaN
waveguide with triangular cross-section. After establishing a waveguide design, semipo-
lar InGaN/GaN quantum wells are to be included. For the approach of embedding the
semipolar quantum wells inside a waveguide grown in polar direction, optical excitation
resulted in quantum well emission and optical gain. The focus of further development
lies upon improvements of optical confinement and consequent reduction of losses. The
simulations were performed at the University of Kassel by B. Witzigmann. Gain mea-
surements were performed by D. Drager and M. Brendel at the Technical University of
Braunschweig. Technical and scientific support by I. Argut, J. Biskupek, R. Blood, A.
Chuvilin, F. Demaria, K. Forghani, F. Lipski, Y. Men, S. Schwaiger, W. Schwarz, J. Wang
and T. Wunderer is gratefully acknowledged.
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Heat Induced Dynamics of Gold Nanoparticles on
Atomically Clean Graphene

Benedikt Westenfelder

We designed a graphene based TEM sample carrier to enable atomically resolved studies
of the heat-induced evolution of deposits on graphene. By in-situ application of electric
current to a freestanding sheet of graphene, we obtain local temperatures exceeding 1000 K.
We investigated various heat induced phenomena of gold particles on an atomically clean
graphene surface. Initially, the gold nanoislands decrease their surface-area-to-volume
ratio with increasing temperature by assuming a more spherical shape. At higher temper-
atures, we observe their migration and a self-organization into parallel straight lines.

1. Introduction

The utilization of the unique properties of graphene as a quasi transparent sample support
[1-5] in conjunction with the progressive development of transmission electron microscopy
[6] allowed high-contrast imaging of light atoms and molecules and their dynamics for the
first time. Furthermore, the remarkable material properties of freely suspended graphene,
such as superior electrical conductivity [7], highest mechanical stability [8,9] as well as
enormous thermal stability [10], provide a controlled generation of extreme temperatures
by Joule heating [10-13].

In this way one important aspect of in situ sample manipulation can valuably be com-
bined with the aspect of high-contrast imaging. For the in-situ Joule heating of a freely
suspended sheet of graphene, we employ a microfabricated, in-situ applicable TEM sam-
ple carrier that was developed recently [14]. A graphene flake together with predeposited
gold nanoparticles has been positioned directly above the electrode fingers of that carrier
(Fig. 1). Its special design allows to obtain reliably temperatures in excess of 1000 K in
atomically thin, crystalline and electron transparent single- and few-layer graphene mem-
branes [14]. In this letter, we report on the results from observations of heat-induced dy-
namics of deposits on an electrically biased graphene membrane. The adsorbates described
here are gold nanoislands predeposited by thermal evaporation onto the membranes.

2. Experiment

The investigations have been performed in an aberration-corrected (CEOS type corrector)
FEI 80-300 Titan transmission electron microscope. This system was operated at an
accelerating voltage of 80kV in order to stay below the threshold for knock-on damage of
graphene [15]. Sample carriers were mounted in a Fischione 2510 biasing TEM holder, and
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Fig. 1: (a) Cross-sectional schematic illustration of the sample carrier design. (b) Optical
micrograph of the electrode support structure on which a graphene sheet is suspended. A small
region is marked by a black square. In the following, we will have a closer look at this place,
which corresponds to the TEM image in Fig. 3.

an electrical current was passed through the graphene sample by applying a bias voltage
between the electrodes. We observed first significant transformations of gold nanoislands
for an estimated current-density in the range of 2-10” Acm~2 with an applied bias of
about 2'V.

3. Heat Induced Phenomena
3.1 The dynamics of pre-deposited nanoislands

The initial observations under gentle heating correspond to previously described trans-
formations and help to estimate the temperature distribution in our sample geometry. It
is well known, that the diffusion of Au adatoms on the surface of gold nanoparticles is
already significant at room temperature [16,17], leading to continuous shape changes of
the particles upon heating [18]. In case of our deposited gold nanoislands, we could nicely
confirm the decrease of the particle surface-area-to-volume ratio, i.e. a transformation to
more spherical shapes, with increasing temperature (Fig. 2a). After exceeding a certain
temperature limit, the first of the almost spherically shaped particles form liquid drops
and start to evaporate (Fig. 2b) [14,19]. According to the theoretical predictions and
similar experiments, the temperature related to this phase transition strongly depends
on the particle size [20], and in our case was estimated to be in the range of 800°C to
1300°C. As the gold particles evaporate during TEM observation, a carbon shell with
the shape of the original gold particle becomes visible (Fig. 2¢). It appears that the car-
bon layer is formed on the gold particles under electron irradiation and then remains in
shape even after the gold particle is removed. In previous in situ experiments with gold
nanoparticles deposited on ultrathin amorphous carbon, it has been found that temper-
atures above 425°C in conjunction with intense electron beam irradiation drive such a
particle encapsulation [18]. Similar to our observations, these shells consist typically of
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Fig. 2: (a) TEM image of gold nanoislands deposited on graphene. A temperature gradient
from the lower left corner to the upper right corner corresponds to the variation of the gold
particle shape. (b) The same area (the same position is indicated by an open circle) after
further increasing the applied electrical current through the graphene sheet. The particles get
encapsulated with carbon shells and finally evaporate. (c) A liquefied particle evaporates inside
a shell of amorphous carbon (see also little square in (b)) at atomic resolution.

2-5 atomic carbon layers. Although the shells appear similar to closed graphene sheets,
our atomically resolved images clearly suggest a large extent of imperfections. In partic-
ular, these atomic carbon layers don’t exhibit a strict crystalline structure, but show a
high degree of amorphization (Fig. 2¢).

The phase transformations described above have been observed under permanent electron
irradiation. Obviously this radiation is essentially accompanied with an electron beam
induced demobilization and enrichment of hydrocarbons [21]. Therefore we repeated
the same experiment without initial irradiation. Again we applied a current density of
210" Acm~2, but kept wide areas of the graphene supported nanoparticles unexposed
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to the e-beam for several minutes. Then, we started recording images of these regions.
Two very clear differences are found in this case: First, atomically clean graphene is
obtained on large areas (Fig. 3), only if heat is applied before intense electron irradiation.
This confirms that, initially, we have mobile hydrocarbon deposits on our samples that

Fig. 3: TEM image of a sample area corresponding to the little empty square in Fig. 1b. In
addition to the visible gold particle distribution we overlaid the corresponding temperature
profile according to our FEM calculations.

can be driven off by modest heating. However, after exposure to the electron beam,
the contamination is fixed and transforms under heat (as described below) but does not
evaporate. Second, the gold particles do not become encapsulated and do not leave behind
a carbonaceous shell. Surprisingly, instead of liquidation or evaporation, we now observe
that the particles as a whole become mobile and migrate to form linear clusters at elevated
temperatures.

This migration can be confirmed by molecular dynamic studies in conjunction with ki-
netic Monte Carlo simulations [22]. The migration or the so-called thermophoretic motion
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has been already investigated for gold nanoparticles in conjunctions with carbon nan-
otubes [23-25], but not on a graphene substrate. We believe that the driving force of
the thermophoresis-like behavior corresponds to a preference of the particles to stay in
the same aggregate state. If a certain gold particle is almost reaching its melting point,
then the particle simply migrates into a direction of the negative temperature gradient.
This interpretation would be consistent with our observation that initially, comparatively
flat nanoislands do not show this significant movement (they are still far away from their
melting point), whereas the hot, spherical particles do migrate.

1,0

lateral y-coordinate (um)

-8,0 -7,5 -7,0 -6,5 -6,0

lateral x-coordinate (um)

Fig. 4: FEM simulated temperature profile taking the presence of one gold particle chain into
account. The gold chain perturbs the temperature profile such that gold particles which drift
along the thermal gradient arrive at the end of the chain, indicating a possible mechanism for
its self-organization.

Quite remarkably, the gold particles cluster into linear chains (Fig. 3). Towards a deeper
understanding of this effect, we performed finite-element (FEM) simulations in order to
obtain a temperature distribution for our sample geometry. In a first step, we include only
the sample carrier geometry and the graphene membrane into the simulation. A resulting
temperature profile is overlaid onto the image in Fig. 3. In the next step, we include a
gold particle chain as a thermally conducting element into the simulation (Fig. 4). For a
rough approximation we assumed a gold wire of 15 nm diameter and a length of 800 nm
deposited on the graphene sheet. Furthermore, we neglected quantum size effects as well
as an electrical conductance along the wire axis. For the result it was indeed important
to assume the wire would rather conduct heat than electrical current perpendicular to
the carbon shells (that encapsulate the gold particles). Otherwise an additional contri-
bution of the electrical current flow through the gold wire compensates the local effect of
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increased heat dissipation. Now, the obtained temperature profile indicates that the gold
particle chains create a ”short circuit” in the temperature profile, i.e. a nearly constant
temperature along the chain and steep temperature gradients in the graphene membrane
near their ends. This suggests a possible mechanism for the chain formation: Individual
gold particles that migrate along the temperature gradient will most likely end up at the
end of an already existing gold particle chain, thereby extending it by one element.

4. Conclusions

In summary, we presented atomically resolved in situ TEM studies of the heat-induced
evolution of gold nanoislands on graphene. In case of an atomically clean graphene surface
and at high temperatures, we found that the gold particles develop a surprising dynamic
behavior. In particular, we investigated their migration along the negative temperature
gradient that is apparently accompanied by an related self-organization effect aligning the
particles into parallel straight lines.
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Photoluminescence Spectroscopy on Optically
Pumped Semiconductor Disk Lasers

Frank Demaria and Alexander Hein

Photoluminescence spectra from optically pumped semiconductor disk lasers are presented.
A detailled discussion of the results is given as well as a description of the measurement
setup and procedure. Spectra which have been measured under different detection angles
show specific features which are attributed either to the intrinsic photoluminescence of the
gain region or to the distortion which arises from the optical resonances of the integral
layer structure of the device. The influence of the extended resonator is investigated
by applying the described technique to laser samples in configurations with and without
external mirror.

1. Introduction

Photoluminescence (PL) spectra offer valuable insight to the basic physical characteristics
and the principal behavior of optically pumped semiconductor disk lasers. PL arises
from spontaneous emission processes which take place in the excited regions within the
structure. The energy of the emitted photons is thereby determined by the difference of
the energy states of the recombining carriers which is at least the band gap at their local
position. Electrons and holes are generated by absorption of the incident pump radiation.
Fundamental absorption processes can occur within the barriers or in the subbands of the
quantum wells of the periodic gain structure [1]. From this point of view, the gain structure
of an optically pumped disk laser is actually optically absorbing and amplifying at the
same time. In the experiments described here, pumping is predominantly carried out
within the barriers of a periodic gain structure designed for a laser emission wavelength of
920 nm. Barrier pumping is the most common way of optical pumping of semiconductor
disk lasers as it is more straightforward than direct pumping of the quantum wells [2,
3]. Quantum well pumping on the other hand has the advantage of a smaller quantum
defect energy given by the difference of the energy of the pump photons and the emitted
laser photons [4]. Both approaches, however, require a thorough tuning of the optical
resonances of the overall layer structure and the spectral absorption and amplification
properties of the quantum wells to provide high efficiencies [5,6]. Information on both is
contained in the PL spectra. However, careful interpretation is necessary to designate the
origin of observed spectral characteristics.
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Fig. 1: Simplified arrangement of
the experimental setup. Pump ra-
diation is incident under the pump
angle oy, in the vertical plane of inci-
dence whereas the emitted PL spec-
trum is measured at the detection
angle aq in the horizontal plane.
The thin semiconductor disk laser is
mounted on a copper heat sink.

2. Experimental Setup and Design of the Disk Laser Chip

An outline of the basic geometrical arrangement of the experimental setup is given in
Fig. 1. In the described experiments, optical pumping is realized at pump angles «,
between 20° and 30°. At these values, the maximum absorptivity is provided for the
pump wavelength, according to the layer design of the samples under investigation. The
wavelength spectrum of the PL is measured at the detection angle ag. To achieve best
spatial separation between the reflected fraction of the pump beam and the emitted PL,
the plane of detection is perpendicular to the plane of incidence of the pump beam.
A fiber-coupled diode laser is used as a pump source. Its emission wavelength ranges
between 799 and 804 nm, depending on the emitted pump power and the temperature
of the cooling water. A simple arrangement of two lenses is used to focus the light from
the 200 um-core-diameter fiber to the laser sample which results in a mean pump spot
diameter of approximately 0.4 mm. The pump beam possesses low spatial beam quality
with a diffraction number of M?~55 and therefore results in a full far-field angle of
8° for the given optical arrangement. This value has to be considered for the angle of
convergence of the incident pump beam respectively for the divergence of its reflected
fraction. It represents an inherent uncertainty of the pump angle.

Detection of the PL is realized by coupling to a fiber which is connected to an optical
diffraction-grating spectrum analyzer. To do so, a lens with 14.5 mm focal length and an
aperture of 8 mm is placed 130 mm away from the pumped area. That way, an angular res-
olution of less than 1.8 ° is established. The laser sample is soldered with indium on a gold
plated copper heat sink whose temperature can be stabilized at arbitrary temperatures
between —20 and +70°C.

A detailled discussion of the layer design of sample #1 is given in [7] or our contribution
to the last year’s annual report [8]. Basically, sample #1 and #2 consist of a periodic
gain structure [1] and a double-band Bragg reflector [9,10]. The periodic gain structure
of sample #1 is formed by a sequence of six 8 nm-thick IngosGaggoAs-GaAs quantum
wells. The surrounding barriers of distinct quantum wells are separated by large bandgap
GaAsg 71 P29 strain compensation layers which also act as a carrier diffusion barrier.
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Sample #2 contains a periodic gain structure with nine double quantum wells, consisting
of 6 nm-thick Ing 0sGag goAs-GaAs quantum wells separated by a 6 nm barrier. The double-
band Bragg reflector of both structures is designed to provide high reflectivity for the
incident pump light and for the lasing wavelength within its two stop bands.

3. PL Spectra and Interpretation
3.1 Operation without external mirror

Typical photoluminescence spectra which have been taken from sample #1 are shown in
Fig. 2. In this example, the influence of temperature and pump intensity variations can
be observed. The spectra are detected at a constant angle of 20°. Pumping is realized
with a wavelength of 799 nm at a pump angle of 30°. A distinct but low-intensity peak
resulting from the pump light can be observed in the spectrum for low pump intensity
and low temperature. It occurred also in the other spectra, however it is not shown there
as the recorded data does not cover this wavelength.

~35

e B

{74(]* PpZBBW_)
é B

3 B

S 50|

= -

ol I

S 55 -

8 [

z -
7607\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\

800 820 840 860 880 900 920
Wavelength (nm)

Fig. 2: PL spectra from laser sample #1 under operation without external resonator. All
spectra are detected under an detection angle of A\y =20° during operation with a pump angle
of A, =30°. The lower curves are measured at a temperature of 0 and 20°C and refer to an
optical pump power of 0.83 W which would be below threshold during laser operation with a
standard external mirror. The upper curve with a heat sink temperature of 20 °C refers to an
incident optical pump power of 3.3 W which would be significantly above threshold in operation
with an external mirror.

Generally, all spectra can be divided into two distinct regions which represent photon
energies below and above the band gap energy of the GaAs barriers. They are roughly
separated by the valley around 880 nm. For the longer wavelength region, a broad smooth
peak can be observed in all curves with a maximum between 910 and 920 nm. It repre-
sents the PL from the IngosGagg2As quantum wells. For the curves with weak pumping,
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the maximum shifts from 909.5nm at 0°C to 915.5nm at 20°C. A wavelength shift of
approximately 0.3nm/K is usually attributed to the temperature dependent band-gap
decrease.

The PL between 820 and 880 nm, has its origin in the GaAs barriers. Here, a pronounced
modulation of the curves can be observed which leads to five local maxima. For a physical
interpretation of the spectrum within this wavelength range it is necessary to distinguish
between the broad substantial curve which represents the intrinsic PL from the gain
structure and the short periodic modulation. The latter is connected to the inconstancy
of reflectivity and phase which is introduced by the back sided Bragg reflector in this
wavelength region. Fluctuations of reflectivity with the same origin can be observed in
the measured reflectivity spectra shown in Fig. 3. Ultimately their maxima represent
optical resonances within the whole structure.
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Whilst the intrinsic PL-curve shows a quite similar temperature offset above and below
880 nm, the temperature shift of the distinct resonances is significantly smaller. They arise
basicly from the temperature dependent change of the optical layer thicknesses within
the structure. Above 830nm, no periodic modulation of the intrinsic curve takes place
because it lies within the region of the broad stopband where a quite constant reflectivity
and phase is introduced by the Bragg reflector.

The optical resonances can clearly be distinguished from the intrinsic PL curve when the
angle of detection is varied. In this case, the resonance peaks move according to the cosine
of the internal propagation angle. Their intensity, however, depends on the substantial
PL at the particular wavelength which is independent from the detection angle. An
example, which has been measured for sample #2 is given in Fig. 4. It shows an array
of PL spectra for which the detection angle was varied from 0 to 90°. The envelope
of the curves roughly represents the intrinsic PL. with its maximum around 873 nm for
the barriers and at approximately 905nm for the quantum wells. It is essential for this
interpretation that the coupling into the fiber of the spectrometer was maximized at each
detection angle with utmost care to guarantee a consistent coupling efficiency.

The observed resonance shift can be described fairly good with the direction cosine of the
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Fig. 4: PL spectra at different detection angles from sample #2. Pumping was realized with
an optical pump power of 3.3 W at a heat sink temperature of 20 °C.

internally propagating optical wave
)\res = /\0 COSB: (1)

wherein the internal propagation angle $ can be deduced from the external propagation
angle aq by Snell’s law, given by
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The influence of the layer structure is considered by the effective refractive index neg.
Figure 5 shows a plot of the measured resonance wavelengths versus the detection angle,
taken from Fig. 4, together with the fitted curve according to (1) and (2). From that, a
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resonance wavelength for perpendicular emission of \g =915.5nm and an effective refrac-
tive index neg = 3.77 can be deduced. The resonance wavelength actually determines the
emission wavelength during laser operation. Obviously it is significantly shorter than the
intended emission wavelength of 920nm. The effective refractive index represents more
or less an average value of the refractive index of the layer structure within the wave-
length range under consideration. A quite important aspect is also at which wavelength
and angle the maximum spectral PL intensity occurs. For sample #2 this is the case for
902.5nm and 40 °, according to Fig. 4.

3.2 Laser operation with external mirror

Sample #1 reveals a comparatively good laser performance with a maximum optical
output power above 4 W, which is shown in Fig. 6. The output characteristics has been
recorded with external mirrors of 100 mm radius of curvature and reflectivities of 99 and
98 %. Emission wavelengths between 920 nm at threshold and 927 nm at maximum output
power are observed. With sample #2 however, in the best case an optical output power
of only 1W was achieved in operation with an external mirror. Thereby, an emission
wavelength between 913nm at threshold and 916 nm at maximum optical output was
observed.

° Rmir 74q (%) 7dq (%) Pin (W)

o—o 99% 40.6 464  1.50 -
A aca 98% 417 477

mirrors with 100 mm radius of curva-
ap=25° ture and reflectivities of 99 and 98 %

= |
s 3 Fig. 6: Optical laser output character-
o T istics of sample #1. A simple hemi-
El 2 spherical resonator setup with external
3

Tsink =0 °C was used. The larger threshold in op-

0 T S R eration with the mirror of higher reflec-

0 5 10 tivity can be explained with a larger
Absorbed Optical Power (W) pump-spot diameter.

During the investigation of the PL spectra, an external mirror with 98 % and a radius of
curvature of 150 mm was used. The output characteristic was not significantly changed
by the different radius of the mirror.

PL spectra detected at 20 ° for various incident pump powers P, are shown in Fig. 7. The
heatsink temperature was stabilized at 0°C which is the same value as for Fig. 6. All
curves show a distinct peak from the pump laser which is slightly displaced from 800 nm
to 801 nm with increasing pump power. Also the photoluminescence from both, the bar-
riers and the quantum wells, can be distinguished clearly, much like in operation without
external mirror from Fig. 2. Above threshold, in the curves with pump powers of 2.1 W
and more, a distinct lasing peak arising from the stimulated emission of the quantum wells
can be observed. It is important to note, that the laser light which establishes this peak
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Fig. 7: PL spectra from sample #1
for various pump intensities below and
above threshold in operation with an
external mirror. All spectra are de-
tected at an angle of 20°. A mirror
with a reflectivity of 98 % and a radius
of curvature of 150 mm was used.
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is not emitted through the external mirror. For the resonator length of approximately
100 mm, the external mirror with an aperture of 12.7 mm only covers detection angles up
to 3.6°. The difference becomes clear by comparing the 20° curves from Fig. 7 with the
laser spectrum at an detection angle of 0° in Fig. 8 which was measured directly trough
the outcoupling mirror. The measurement shown in Fig. 8 does not expose any spectral
displacement of the laser peak for different detection angles. The reason is that much
unlike the PL radiation in the rest of the spectra, the laser peaks which are detected at
different angles are not related to a different direction of propagation within the laser’s
layer structure. The intensity of the laser peak, however, is decreasing with increasing
detection angle. Both gives evidence that the detected laser light is predominantly redi-
rected by diffraction and scattering.
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Fig. 8: PL spectra for various detec-
-65 tion angles during laser operation with
840 860 880 900 920

an optical pump power of 2.5 W for a

Wavelength (nm) heat sink temperature of 0°C.

In Fig. 7, however, the wavelength of the laser emission is displaced for different pump in-
tensities from 919nm at 2.1 W to 924 nm at an incident pump power of 10.1 W. The local
maxima of the resonances below 880 nm in the same measurement experience a smaller
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displacement, much like in the measurement without an external resonator (Fig. 2). The
displacement of the resonances is introduced mainly by the temperature dependent shift
of the refractive index, whereas the shift of the lasing wavelength is related to the dis-
placement of the spectral gain function. Remarkable is also that the intensity of the PL
spectrum from the barriers (below 880 nm) increases much more than the PL intensity
from the quantum wells (above 880nm). With increasing pump intensity, the barriers
become more and more populated with carriers whereas in the quantum wells, the carrier
density is partially clamped. The observed increase of spontaneous emission in the barri-
ers represents a considerable loss mechanism. A particular increase is indeed unavoidable
because operation at high output powers requires a higher support of the quantum wells
with carriers which is here a synonym for a higher diffusion current. This can, however,
only arise from an enhanced gradient of the carrier concentration which in turn goes
ahead with a higher concentration of carriers, especially in the barrier regions distant to
the quantum wells.

Even though it is less pronounced, a continuous increase of the PL from the quantum
wells indicates that also here, an entire clamping of the carrier density does not take
place. This can particularly be explained by the reasonable assumption that the resonant
gain structure is not homogeneously pumped both in the lateral and in the longitudinal
direction. With increasing pump power, the non-uniform distribution of carriers over the
quantum wells becomes even worse. This goes ahead with an enhanced PL, because in
the regions with higher carrier density, spontaneous emission increases quadratically, due
to the bimolecular recombination mechanism.

temperature T (°C)
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~40

Fig. 9: PL spectra at a detection angle
B of aq=>5° for various operation tem-
-60 | ‘ ‘ ‘ peratures during laser operation. The

840 860 880 900 920 optical pump power is 3.3W for all
Wavelength (nm) curves.
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For the sake of completeness, pure influence of a temperature change to the emitted PL
and laser spectra is shown in Fig. 9. All spectra are measured at a detection angle of
5° with a constant optical pump power of 3.3 W. With increasing temperature, the laser
peak shifts from 917.1nm at -15°C to 922.6 nm at 15°C which corresponds to a spectral
displacement of 0.183nm/K. A quite similar shift can be observed for the substantial PL
curves.
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4. Conclusion and Outlook

We demonstrated a simple method to investigate spectral and angular resolved photolumi-
nescence from optically pumped semiconductor disk lasers. The measurement technique
can be applied for a pre-characterization of the samples prior to laser operation but also
during operation of the devices in an extended resonator setup. The observed distortions
of the spectra are correlated with longitudinal resonances within the layer structure of
the sample. A decisive way to distinguish these resonances from the intrinsic photolumi-
nescence is introduced by a variation of the detection angle. The resonance shift with the
angle of measurement can be explained by the influence of the mean internal propagation
angle. It can be calculated from Snell’s law by the assumption of an effective refractive
index for the layer structure. Its exact value can be evaluated from the measurement as
a fit parameter.

Although measurements from two different samples have been presented, out major con-
cern is rather to outline the principle of the measurement and to suggest an interpretation
of the results, than to give a profound characterization of the devices. This would require
a more extensive investigation which, of course, had to include PL spectra from sample #1
which had to be recorded over the hole angular range from 0° to 90°. Anyway, the few
measurements at angles of 20° and 5° which are shown in Figs. 2, 5 and 9 give evicence
that the better performance of sample #1 accounts mainly for its longer resonance wave-
length. It is better tuned to the gain function than the too short resonance wavelength
of sample #2.

Considerable high intensities of the PL-spectra in laser operation, which can be observed
in in Figs. 7 to 9 can be clearly attributed to the barriers of the structure. They reveal
a serious loss mechanism which has to be considered in the quest for highly efficient
devices. The presented measurement technique can be used for an elaborated examination
of spectra from samples which are designed for reduced PL emission. A reduction of the
PL from the barriers could be realized by means of avoiding the appearance of high carrier
densities. Also a reduction of the volume of the barriers might be helpful in this context.
Both can rigorously be realized by direct pumping of the quantum wells.
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Bragg Mirror Design for Optically Pumped
Semiconductor Disk Lasers Emitting at 920 nm

Alexander Hein and Frank Demaria

Bragg mirror designs for Optically Pumped Semiconductor Disk Lasers (OPSDLs) are
presented. An optimization takes into account parameters such as reflectivity, thermal re-
sistance, and strain. Calculations and first results are shown for devices with an emission
wavelength of 920nm. The wavelength is of particular interest since its second-harmonic
yields 460 nm emission required for RGB display applications.

1. Introduction

Within the last decade, OPSDLs experienced a drastic boost. These devices cover wave-
lengths from the UV to the IR and are capable of delivering output powers in the watt
level for most of these wavelengths [1]. Naturally, there is a demand for a high material
quality and for an elaborated layer design in order to overcome degradation mechanisms
and to assure extended lifetime.

2. Mirror Type and Material

OPSDLs can be regarded as an active region with an integrated mirror. Since they
are low gain devices, the quality factor of the resonator has to be rather high. The
integrated mirror, a Distributed Bragg Reflector (DBR), should provide a reflectivity >
99.9 %. Taking into account the output characteristics of the OPSDLs, higher outcoupling
efficiencies are always achieved for higher reflectivities of the integrated mirror [2]| as
depicted in Fig. 1.

Highly efficient devices [3,4] make use of so-called Double-Band Bragg Reflectors (DB-
BRs), providing a high reflectivity for the pump wavelength in addition to the high re-
flectivity for the emission wavelength. A benefit of such mirrors is the more homogeneous
pumping of the Quantum Wells (QWs) since the profile of the pump intensity is primarily
governed by a standing wave distribution and only marginally by the exponential decay
being the case for single-band reflector structures. A further advantage is the recycling of
the pump light which is not absorbed on a single pass, thus reducing the heat contribu-
tion in the reflector. OPSDLs with emission wavelengths related to InGaAs/GaAs-QWs
(900-1200 nm) typically utilize DBBRs based on the well characterized Al,Ga,_,As alloy
with the most common composition of AlyGaggAs/AlAs. In addition to the demand
for high reflectivity, designs of DBBRs also strongly depend on the chosen thermal man-
agement approach. Utilizing transparent intra-cavity heat spreaders such as diamond or
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Fig. 1: Outcoupling efficiency for different Bragg mirror reflectivities (left) and thermal con-
ductivity of the AlyGa;_As alloy (right) according to [7,8].

silicon carbide [5], optimization of the thermal resistance of the mirror is not necessary
since the largest amount of produced waste heat simply bypasses the DBBR. However,
when the more cost effective thin device approach is chosen, where the laser is grown as
a bottom emitter and the substrate is removed in postprocessing, the thermal resistance
of the mirror should be minimized, simultaneously maintaining the high reflectivity.

3. Mirror Designs
3.1 Thermal considerations

The quantum defect for barrier pumped devices emitting at 920nm — accounting for
the typical pump wavelength of around 808 nm — is rather small compared to longer
wavelength OPSDLs. However, a major challenge for the emission at 920 nm is the carrier
confinement at elevated temperatures and carrier spillover at high injection levels due to
the small energy difference between the InGaAs QW and GaAs barrier (=80meV) [6].
The layer design of the Bragg mirror is considered with the focus on the reduction of
the thermal resistance. An easy approach is to exploit the material system. As shown
on the right side of Fig. 1, the AlAs layers of an Aly2GagsAs/AlAs Bragg mirror have
significatly higher thermal conductivity. Therefore, AlAs is used for the thicker phase
matching layers needed for the dual wavelength mirrors. Figure 2 shows the calculated
reflectivities of DBBRs with equal thickness, where one structure is a standard approach
and the other structure incorporates the described feature. The thermal resistivity of
each layer is calcultated according to

(1)

where t; is the respective layer thickness and Ay, ; is the temperature-dependent thermal
conductivity for the Al,Ga;_,As alloy [8] given by

1
2Waans + (1 — 2)Waias + 2(1 — 2)Caana1’

(2)
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Fig. 2: Calculated reflectivity characteristics of double band Bragg reflectors for a standard and
thermally optimized design.

where Wgaaas and Wiias are the binary thermal resistivities, and Cga_a1 is a disorder
factor. The overall thermal resistivity of the multilayer system is calculated from the
series connection of the single thermal resistivities:

t;

Rintor = Z R = Z VR (3)

7

The described structures are compared in terms of their thermal resistivity according to
the above equations in Fig. 3. For the structures under investigation the layer resistivi-
ties were calculated as 0.233 K-mm?/W and 0.168 K- mm?/W, respectively. For typical
pump spots of 300 um diameter the thermal resistance would account to 3.29 K/W and
2.38 K/W, equivalent to an improvement of 18 %.
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Fig. 3: Thermal layer resistivities of a standard (left) and thermally optimized structure with
high AlAs content (right).
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3.2 Strain considerations

A major shortcoming utilizing thick AlAs layers arises from the larger strain incorporation.
Experiments revealed degradation of the thermally optimized samples, especially when
values for the critical thickness in single layers were exceeded, as illustrated in Fig. 4.

Fig. 4: Locally resolved photoluminescence images of the thermally optimized sample before
(left) and after (right) laser operation. The sample was illuminated with a pump laser diode
emitting at 808 nm.

A simple qualitative comparison between the structures regarding strain can be drawn
weighting the energy stored in the respective structures. The stored energy of a multilayer
system can be calculated according to

Wiot = ZVI/Z = Zcitzfﬁia (4)

where ¢); is the in-plaine strain given by the mismatch to the substrate and C; represents
the elastic constant of the respective materials [9]. A comparison between the standard
and thermally optimized design is depicted in Fig. 5.
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Fig. 5: Comparison of the strain incorporation by means of the respective layer energies of a
standard structure (left) and one with higher AlAs content (right).
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The highest strain contribution results from the thick AlAs layers. Even though the
critical thickness can be exceeded without the formation of dislocations [9], the thick
AlAs layers are a weak spot because the single layers already exceed the critical thickness
during growth when the structure is susceptible. As described in [10] a straightforward
approach would be to replace the adjacent AlyoGaggAs layers by GaAsygPgo. In general,
with typical layer thicknesses slightly varying around one Quarter Wave Optical Thick-
ness (QWOT) it is not possible to simply replace Aly>GaggAs by GaAsggPgo without
offending the critical thickness limitation for GaAsygPg.2 due to the high lattice mismatch
(€=0.73%). Hence, this single optical layer is in fact a two layer Aly,GagsAs/GaAsP
compound, where the phosphorus concentration must be set in a very precise way to
match the refractive index of Alj,GaggAs. This would introduce adverse conditions for
the epitaxial growth. An alternative approach is a distributed compensation, where the
thick AlAs layers are split by thin GaAsP intermediates. As shown in Fig. 6 the reflectiv-
ity characteristic is not impaired by this method but by proper positioning even slightly
enhanced, and deviations of the phosphorus concentration are less crucial.
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Fig. 6: Calculated reflectivities of structures without and with partial strain compensation, as
well as a measured reflectivity characteristic for the compensated structure.

Fig. 7: Locally resolved photolumines-
cence image of a strain compensated
structure, where dislocation defects are
still clearly recognizable.

Refering to Fig. 7 a fully successful compensation utilizing the intermediate layer method
was not achieved. Although degradation of the compensated structures was not observed,
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the defects set a limit to the lasing perfomance. Possible options to further minimize
the dislocation defects are higher phoshorus concentrations (> 25 %) in the compensating
layers or a higher quantity of these. However, additional layers and interfaces subvert the
thermal optimization, thus, a different approach is explored.

4. Hybrid Bragg Reflector

In order to reduce the limitations imposed by strain and simultaneously keeping the
thermal resistance to a minimum, a hybrid mirror — combination of a double- and single-
band mirror structure — with reduced AlAs content could be a promising approach. Here,
a slightly lower reflectivity for the pump wavelength is traded for a thinner top DBBR
structure. To maintain the high reflectivity for the emission wavelength the structure is
completed with a bottom single-band mirror. The reflectivity characteristic is plotted in
Fig. 8 in comparison with the designs described before.
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Fig. 8: Comparison of reflectivity characteristics for a hybrid structure with previously proposed
designs. Measurement of the hybrid shows good agreement with the calculation except for the
damped minor stop band which results from pump light absorption in the single-band mirror.

An argument in favour of such a structure is the possibility of using GaAs in the bottom
reflector which due to the high absorption of the pump light normally cannot be employed
in a DBBR. Further advantages are the innate better thermal conductivity compared to
AlgoGaggAs, a slightly reduced thickness due to a higher refractive index, and no strain
contribution. It also seems advantageous to replace the high refractive index layers of
Alg2GaggAs by Alg15GaggsAs in the double-band part. In addition to an improvement
of the thermal conductivity (=14 %), a smaller lattice mismatch is noted. Taking into
account the thermally induced shrinkage of the band gap of AlGaAs at the I'-valley from
the relation

(5)

5.41-1074.77
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the energy of Aly15GaggsAs [11] is large enough to avoid absorption of pump light as long
as the temperature is below 450 K. The comparison of thermal characteristics and strain
evaluation are shown in Fig. 9.
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Fig. 9: Thermal resistivity and strain evaluation for the hybrid mirror (right-top and right-
bottom) in a triangulation comparison. Thermal resistivity is compared to a thermally optimized
structure (top left), whereas strain evaluation is refered to a standard design (bottom left).

Evaluation of the thermal resistance shows an improvement of 23 % (1.83 K/W) compared
to the best thermally optimized DBBR structure. Moreover, calculation of the overall
stored energy reveals a value which is only 1.3 % larger compared to the standard design.

5. Conclusion

To enhance OPSDL performance we presented new designs regarding the integrated
double-band Bragg reflectors in terms of thermal optimization and structural stability.
In particular, for the hybrid mirror approach there is an indication that for similar reflec-
tivity behaviour, thermal characteristics clearly outperform standard structures as well
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as structures with high AlAs contents for optimized thermal resistance. Regarding strain
contribution the hybrid mirror performs equally to the strain proven standard devices and
is to be employed in future OPSDL generations.
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R.A.R. Leute, K. Forghani, F. Lipski, S. Schwaiger and F. Scholz, “Dreidimension-
ale AlGaN-Strukturen als Wellenleiter-Mantel fiir semipolare Laserstrukturen”, 25th
DGKK Workshop “Epitaxie von I11/V-Halbleitern”, Aachen, Germany, Dec. 2010.

F. Lipski, H. Wu, S. Schwaiger, L. Kirste, E. Richter, and F. Scholz, “Semi-insulating
GaN by Fe-Doping in Hydride Vapor Phase Epitaxy Using a Solid Source”, Interna-
tional Symposium on Growth of III-Nitrides, ISGN2010, Montpellier, France, July
2010.

R. Michalzik, A. Kern, M. Stach, F. Rinaldi, and D. Wahl, “True bidirectional optical
interconnects over multimode fiber” (invited), SPIE Photonics West 2010, Conf. on

Optoelectronic Interconnects and Component Integration X, San Francisco, CA, USA,
Jan. 2010.

R. Michalzik, “High-volume VCSEL applications: present and future” (invited),
Global COE PICE International Symposium — Photonics Breakthrough toward Next-
generation ICT —, Tokyo, Japan, March 2010.

R. Michalzik, A. Al-Samaneh, and D. Wahl, “VCSELs for atomic clocks”, VCSEL
Day 2010, Torino, Italy, May 2010.

R. Michalzik, A. Kern, M. Stach, W. Schwarz, M.T. Haidar, R. Rosch, F. Rinaldi,
and D. Wahl, “VCSELs monolithically integrated with photodiodes: good for bidi-
rectional data transmission over multimode fiber?”, Furopean Semiconductor Laser
Workshop, Pavia, Italy, Sept. 2010.
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F. Scholz, T. Wunderer, M. Feneberg, K. Thonke, A. Chuvilin, U. Kaiser, S. Metzner,
F. Bertram, and J. Christen, “AlGalnN heterostructures on semipolar facets of selec-

tively grown GaN stripes for optoelectronic applications” (invited), SPIE Photonics
West, San Francisco, CA, USA, Jan. 2010.

F. Scholz, T. Wunderer, M. Feneberg, K. Thonke, A. Chuvilin, U. Kaiser, S. Metzner,
F. Bertram, J. Christen, M. Brendel, D. Drager, and A. Hangleiter, “GalnN-based
LED structures on selectively grown semi-polar crystal facets” (invited), 2010 March
Meeting of the American Physical Society, Portland, OR, USA, March 2010.

F. Scholz, T. Wunderer, M. Feneberg, K. Thonke, A. Chuvilin, J. Biskupek,
U. Kaiser, S. Metzner, F. Bertram, J. Christen, M. Brendel, D. Drager, and
A. Hangleiter, “Patterned growth of GaN-based LED structures” (invited), 10th
International Workshop on Ezpert Evaluation and Control of Compound Semicon-
ductor Materials and Technologies, EXMATEC 2010, Seeheim-Jugenheim, Germany,
March 2010.

F. Scholz, F. Lipski, S. Schwaiger, and T. Wunderer, “Hydride vapor phase epitaxy
of thick polar and non-polar GaN layers” (invited), The IX International Conference
of Polish Crystal Growth Soc., ICPSCG-9, Gdansk, Poland, May 2010.

F. Scholz, T. Wunderer, M. Feneberg, K. Thonke, A. Chuvilin, and U. Kaiser, “In-
vestigations about local GalnN quantum well properties grown on triangular GaN
stripes”, International Workshop on Nitride Semiconductors, IWN2010, Tampa,
Florida, USA, Sept. 2010.

F. Scholz, “Licht aus dem Kristall: Leuchtquellen mit hochster Effizienz” (invited),
Ulmer 3-Generationen-Uni, Ulm University, Ulm, Germany, Nov. 2010.

S. Schwaiger, I. Argut, T. Wunderer, F. Lipski, R. Rosch, and F. Scholz, “Growth
of planar semipolar GaN via epitaxial lateral overgrowth on pre-patterned sapphire
substrates”, DPG Frihjahrstagung, Regensburg, Germany, March 2010.

S. Schwaiger, T. Wunderer, I. Argut, F. Lipski, R. Rosch, and F. Scholz, “Planar
semipolar {1122} and {1011} GaN on pre-patterned saphire substrates”, Neue Ma-
tertalien - Halbleiter, Otto-von-Guericke Universitat Magdeburg, Magdeburg, Ger-
many, Apr. 2010.

S. Schwaiger, I. Argut, T. Wunderer, F. Lipski, R. Rosch, F. Scholz, S. Metzner,
F. Bertram, and J. Christen, “Growth of planar semipolar GaN on pre-patterned

sapphire substrates”, 15th International Conference on Metalorganic Vapor Phase
Epitazy, ICMOVPE-XV, Lake Tahoe, NV, USA, May 2010.

S. Schwaiger, I. Argut, T. Wunderer, F. Lipski, R. Rosch, F. Scholz, S. Metzner,
F. Bertram, J. Christen, K. Fujan, M. Feneberg, and K. Thonke, “Semipolar GaN on

pre-patterned sapphire substrates: growth and characterization”, Palo Alto Research
Center, Palo Alto, CA, USA, June 2010.
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S. Schwaiger, J. Daubler, and F. Scholz, “Semipolar GaN on structured sapphire: coa-
lescence behaviour and luminescence from InGaN quantum wells”, PolarCon Summer

School, Ulm University Conference Centre Schloss Reisensburg, Giinzburg, Germany;,
Oct. 2010.

S. Schwaiger, S. Metzner, J. Thalmair, S. Neugebauer, T. Wunderer, J. Daubler,
F. Bertram, J. Zweck, J. Christen, and F. Scholz, “Koaleszenz von {11-22} orien-
tiertem GaN auf strukturierten r-orientierten Saphir-Substraten”, 25th DGKK Work-
shop “Epitazie von I11/V-Halbleitern”, Aachen, Germany, Dec. 2010.

D. Wahl, A. Kern, M. Stach, F. Rinaldi, R. Rosch, and R. Michalzik, “VCSELs with
monolithically integrated photodiodes for single-fiber bidirectional data transmission
in the Gbit/s range”, 16th Int. Conf. on Molecular Beam Epitaxy, MBE 2010, Berlin,
Germany, Aug. 2010.

B. Westenfelder, J.C. Meyer, J. Biskupek, G. Algara-Siller, C.E. Krill III, F. Scholz,
and U. Kaiser, “In situ ultra-HRTEM electrical investigations of graphene”, poster
at 24th International Winterschool on: FElectronic Properties of Novel Materials,
IWEPNM 2010, Kirchberg, Austria, March 2010.

T. Wunderer, F. Lipski, S. Schwaiger, F. Scholz, M. Feneberg, K. Thonke,
A. Chuvilin, U. Kaiser, S. Metzner, F. Bertram, J. Christen, C. Vierheilig, and
U. Schwarz, “Three-dimensional GaN for semipolar light emitters” (invited), DPG
Frihjahrstagung, Regensburg, Germany, March 2010.

T. Wunderer, R.A.R. Leute, J. Wang, S. Schwaiger, F. Lipski, K. Forghani, F. Scholz,
J. Biskupek, A. Chuvilin, U. Kaiser, M. Brendel, D. Driager, and A. Hangleiter,
“GaN-based laser structure with semipolar InGaN QWs realized by selective area
epitaxy”, DPG Friihjahrstagung, Regensburg, Germany, March 2010.

T. Wunderer, J. Biskupek, A. Chuvilin, U. Kaiser, Y. Men, J. Wang, F. Lipski, S.
Schwaiger, K. Forghani, and F. Scholz, “GaN-based laser structure using 3D semipo-
lar InGaN qunatum wells embedded in planar AlGaN cladding layers”, 15th Inter-
national Conference on Metalorganic Vapor Phase Epitary, ICMOVPE-XV, Lake
Tahoe, NV, USA, May 2010.

L. Bimboes, F. Gruet, C. Affolderbach, R. Matthey, G. Mileti, A. Al-Samaneh,
D. Wahl, and R. Michalzik, “Spectral characterization of 894 nm VCSELSs for MEMS
atomic clocks”, Atelier a Arc-et-Senans, Les microtechniques dans le quotidien, one-
page abstract and poster. Saline Royale d’Arc-et-Senans, France, Sept. 2010.

C. Borgentun, J. Bengtsson, A. Larsson, F. Demaria, A, Hein, and P. Unger, “Opti-
cally pumped high-power semiconductor disk laser with gain element engineered for
wide tunability”, SPIE Photonics FEurope, Conf. on Semiconductor Lasers and Laser
Dynamics IV, Brussels, Belgium, Apr. 2010.

H. Bremers, A. Schwiegel, H. Jonen, U. Rossow, M. Brendel, A.D. Drager,
A. Hangleiter, S. Schwaiger, and F. Scholz, “Identical indium incorporation in polar
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[47]
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and nonpolar GalnN quantum wells: a high resolution X-ray diffraction study”, In-
ternational Workshop on Nitride Semiconductors, IWN2010, Tampa, Florida, USA,
Sept. 2010.

J. Christen, S. Metzner, F. Bertram, T. Wunderer, F. Lipski, S. Schwaiger, and
F. Scholz, “Spatio-time-resolved cathodoluminescence spectroscopy imaging micro-

scopic correlation of real structure and recombination kinetics in InGaN quantum
wells” (invited), SPIE Photonics West, San Francisco, CA, USA, Jan. 2010.

J. Christen, F. Bertram, S. Metzner, T. Wunderer, F. Lipski, S. Schwaiger, and
F. Scholz, “Spatio-time-resolved cathodoluminescence spectroscopy imaging: micro-
scopic recombination kinetics in semi-polar InGaN quantum wells” (invited), MéM,

Portland, OR, USA, Aug. 2010.

J. Christen, F. Bertram, S. Metzner, T. Wunderer, F. Lipski, S. Schwaiger, and
F. Scholz, “Microscopic energy relaxation in semipolar InGaN quantum wells via real
space transfer-directly imaged by spatio-time-resolved cathodoluminescence spec-

troscopy”, International Workshop on Nitride Semiconductors, IWN2010, Tampa,
Florida, USA, Sept. 2010.

K.J. Fujan, M. Feneberg, B. Neuschl, I. Tischer, K. Thonke, S. Schwaiger, I. Izadi,
F. Scholz, L. Lechner, J. Biskupek, and U. Kaiser, “The dominant role of pits in
the emission spectra of GaInN quantum wells grown on non-polar a-plane GaN”, In-
ternational Workshop on Nitride Semiconductors, IWN2010, Tampa, Florida, USA,
Sept. 2010.

H. Jonen, H. Bremers, U. Rossow, A. Schwiegel, M. Brendel, A.D. Dréger,
A. Hangleiter, S. Schwaiger, and F. Scholz, “Comparable indium incorporation in
polar and nonpolar GalnN quantum wells for longwavelength lasers”, E-MRS Fall
Meeting, Warsaw, Poland, Sept. 2010.

H. Jonen, H. Bremers, U. Rossow, L. Hoffmann, H. Schwiegel, M. Bren-
del, A.D. Dréager, S. Schwaiger, F. Scholz, J. Thalmaier, J. Zweck, and
A. Hangleiter, “Indium-Einbau in GalnN Quantenfilmen auf polaren und nicht-
polaren Oberflichen”, 25th DGKK Workshop “Epitaxie von I11/V-Halbleitern”,
Aachen, Germany, Dec. 2010.

C. Karbaum, F. Bertram, S. Metzner, J. Christen, T. Wunderer, and F. Scholz,
“Spectrally resolved cathodoluminescence microscopy of an InGaN SQW on hexago-
nally inverted GaN pyramids”, DPG Frihjahrstagung, Regensburg, Germany, March
2010.

M. Kunzer, R. Gutt, L. Kirste, T. Passow, K. Forghani, F. Scholz, K. Kohler, and
J. Wagner, “Improved quantum efficiency of 350 nm LEDs grown on low dislocation

density AlGaN buffer layers”, International Workshop on Nitride Semiconductors,
IWNZ2010, Tampa, Florida, USA, Sept. 2010.
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S. Metzner, F. Bertram, J. Christen, T. Wunderer, F. Lipski, S. Schwaiger, and
F. Scholz, “Microscopic correlation of real structure and recombination kinetics
in semipolar InGaN SQW using spatio-time-resolved cathodoluminescence”, DPG
Frihjahrstagung, Regensburg, Germany, March 2010.

S. Metzner, F. Bertram, T. Hempel, J. Christen, T. Wunderer, F. Lipski,
S. Schwaiger, and F. Scholz, “Spatio-time resolved cathodoluminescence microscopy
of semipolar InGaN SQW on inverse GaN pyramids: correlation of real structure

and recombination kinetics”, 15th International Conference on Metalorganic Vapor
Phase Epitaxy, ICMOVPE-XV, Lake Tahoe, NV, USA, May 2010.

S. Metzner, S. Neugebauer, F. Bertram, T. Hempel, J. Christen, S. Schwaiger,
[. Argut, T. Wunderer, F. Lipski, R. Rosch, and F. Scholz, “Microscopic investi-
gation of planar semipolar GaN directly grown on pre-patterned sapphire substrates
by cathodoluminescence”, poster at International Workshop on Nitride Semiconduc-
tors, IWN2010, Tampa, Florida, USA, Sept. 2010.

J. Meyer, S. Kurasch, G. Algara-Siller, U. Kaiser, B. Westenfelder, F. Scholz, and
C. Krill, “Towards microscopy on graphene”, Graphene Seminar Fraunhofer IPA,
Stuttgart, Germany, June 2010.

S. Neugebauer, S. Metzner, F. Bertram, T. Hempel, J. Christen, S. Schwaiger,
J. Daubler, and F. Scholz, “Highly spatially and spectrally resolved cathodolumi-
nescence of planar semipolar GaN grown on pre-patterned sapphire substrate”, 25th
DGKK Workshop “Epitaxie von I11/V-Halbleitern”, Aachen, Germany, Dec. 2010.



140 Annual Report 2010, Institute of Optoelectronics, Ulm University
Publications
[1] A. Al-Samaneh, S. Renz, D. Wahl, and R. Michalzik, “Small-signal analysis and

polarization stability performance of single-mode VCSELs for MEMS atomic clock
applications”, in Proc. Sizth Joint Symposium on Opto- and Microelectronic Devices
and Cicuits, SODC 2010, pp. 61-64. Berlin, Germany, Oct. 2010.

A. Al-Samaneh, S. Renz, A. Strodl, W. Schwarz, D. Wahl, and R. Michalzik,
“Polarization-stable single-mode VCSELSs for Cs-based MEMS atomic clock applica-
tions”, in Semiconductor Lasers and Laser Dynamics 1V, K.P. Panayotov, M. Scia-
manna, A.A. Valle, R. Michalzik (Eds.), Proc. SPIE 7720, pp. 772006-1-14, 2010
(Best Student Paper Award).

A. Gadallah and R. Michalzik, “Densely-packed 2-D matrix-addressable vertical-
cavity surface-emitting laser arrays”, in Proc. The 4th International Conf. on Modern
Trends in Physics Research, MTPR-010, p. 37. Sharm El Sheikh, Egypt, Dec. 2010.

A. Gadallah, A. Bergmann, and R. Michalzik, “High-power single-higher- order-mode
VCSELs for optical particle manipulation”, in Semiconductor Lasers and Laser Dy-
namics 1V, K.P. Panayotov, M. Sciamanna, A.A. Valle, R. Michalzik (Eds.), Proc.
SPIE 7720, pp. 77201Y-1-10, 2010.

A. Kern, D. Wahl, M.T. Haidar, B. Liu, W. Schwarz, R. Rosch, and R. Michalzik,
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munication over standard multimode fibers”, in Semiconductor Lasers and Laser Dy-
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phys. status solidi (a), vol. 207, pp. 1287-1291, 2010.

R. Michalzik, “High-volume VCSEL applications: present and future” (invited), in
Proc. Global COE PICE International Symposium — Photonics Breakthrough toward
Next-generation ICT —, pp. 50-52. Tokyo, Japan, March 2010.

R. Michalzik, A. Kern, M. Stach, F. Rinaldi, and D. Wahl, “True bidirectional op-
tical interconnects over multimode fiber” (invited), in Optoelectronic Interconnects
and Component Integration X, A.L. Glebov, R.T. Chen (Eds.), Proc. SPIE 7607,
pp. 76070B-1-17, 2010.

F. Scholz, T. Wunderer, M. Feneberg, K. Thonke, A. Chuvilin, U. Kaiser, S. Metzner,
F. Bertram, and J. Christen, “GalnN-based LED structures on selectively grown
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S. Schwaiger, I. Argut, T. Wunderer, R. Rosch, F. Lipski, J. Biskupek, U. Kaiser, and
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