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Cover photo:

Novel oxide-free vertical-cavity surface-emitting lasers (VCSELs) with monolithically
integrated phototransistor (PT) for optically self-controlled current confinement.

As indicated in the schematic, the PT region is conductive where the laser mode
establishes. Areas unexposed by laser light remain isolating, which restricts the
current density distribution to the cross-section of the laser mode. Experimental
light-current-voltage curves show hysteresis behavior induced by the phototransistor.
The background depicts PT-VCSEL test structures with contact openings varying

from 10 to 150 pm diameter. See the related article on p. 13.
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Preface 1

Preface

The preface of this year’s Annual Report of the Institute of Optoelectronics starts with
a personal detail: In Oct. 2015, after two and a half years as the Director of Corporate
Research at Infineon Technologies in Munich and two full terms or twelve years as the
President of Ulm University, Karl Joachim Ebeling has resumed his previous position as
the Head of the Institute. Laser-based optical sensing is his main current research interest.

The VCSELSs and Optical Interconnects Group has presented novel vertical-cavity surface-
emitting lasers (VCSELs) with monolithically integrated phototransistors, which could
render oxide-aperture-based current confinement unnecessary in future device generations,
leading to easier manufacture and higher reliability. Remarkable hysteresis and negative
differential resistance properties of the new lasers are found and studied in detail. We
also investigate various methods to influence the birefringence in VCSEL cavities with the
ultimate goal to use novel laser devices in spin optoelectronics in the 100 GHz frequency
regime. The laser modeling for improved 28 Gbit/s VCSELs has been refined. A simpli-
fied and accurate method to extract the thermal resistance from temperature-dependent
continuous-wave output data of VCSELSs has been devised.

After more than 7 years, our DFG transregional research group “PolarCoN” about studies
on semipolar GaN structures has come to an end in 2015, leading to a bunch of final
publications (many of them are printed in January 2016, hence not yet listed in this
Annual Report). Although excellent results have been obtained, these studies will not be
directly continued. Instead, our studies about opto-chemical sensors are carried on with
even increased importance. The close cooperation with bio-chemists of our university
helps us to step into life-science applications. On the other hand, we have started new
activities towards AlGaN heterostructures which may find their application in deep-UV
light emitting diodes.

In the High-Power Semiconductor Laser Group, a quantum-well-pumped semiconductor
laser has been realized, which emits two wavelengths (957 nm and 998 nm) simultaneously
and additionally allows to switch between these at continuous output powers of more than
10 W.

Karl Joachim Ebeling

Rainer Michalzik

Ferdinand Scholz

Peter Unger Ulm, March 2016



Annual Report 2015, Institute of Optoelectronics, Ulm University




Quantum-Well-Pumped Semiconductor Disk Lasers 3

Quantum-Well-Pumped Semiconductor Disk Lasers
for Single- and Dual-Wavelength Emission

Markus Polanik

We present two quantum-well-pumped semiconductor disk lasers having identical epitax-
1al layer sequences, besides different resonance wavelengths. One shows an output power
exceeding 16 W at a wavelength of 982.6 nm, although mounted on a copper heat sink.
The other disk laser emits light with wavelengths of 960.8nm and 997.5nm simultane-
ously. Dual-wavelength emission was detected in a temperature range of 21.3-27.1°C.
The optical output power can be forced to switch from one longitudinal mode of the micro
resonator to another, by changing the temperature Ty, of the laser heat sink. Output pow-
ers of 10.98 W at a wavelength of 957.0nm (Ty, = —15°C) and 10.24 W at a wavelength
of 997.5nm (T, = 50°C) were measured. Thermal rollover was not seen, the limit-
ing factor was the available mazximum pump power. At a pump wavelength of 940nm,
quantum defects below 1.8 % have been obtained.

1. Introduction

Semiconductor disk lasers combine two major advantages of semiconductor lasers and
solid-state thin-disk lasers in a single device. The result is a semiconductor laser having
both, a high output power and a good beam quality [1]. A versatile wavelength range from
the ultraviolet to the infrared can be covered with semiconductor devices by changing the
material composition and the epitaxial layer sequence of the device [2]. The external
out-coupling mirror allows the use of intra-cavity devices, e.g. etalons, birefringent filters,
or nonlinear crystals. Dual-wavelength emission from a single laser disk can be forced by
placing an etalon inside the cavity of the laser [3]. However, if a wide distance between
the two simultaneously emitting wavelengths is required, a special laser design becomes
mandatory [4]. Switching between two emission wavelengths can be realized, for instance,
by a variation of the pump power [5]. In our approach, wavelength switching is realized
by a change of the laser heat-sink temperature. Furthermore, we evaluate the output
characteristics of two disk lasers having the same epitaxial layer sequence but with differ-
ent resonance wavelengths of the internal cavities. One of them shows dual-wavelength
emission at room temperature. Obtaining semiconductor chips with different resonance
wavelengths from a single wafer is possible due to the decrease of the layer thicknesses
from the middle to the edge of the wafer. Since the emission wavelength of a disk laser is
given by the resonance wavelength of the micro cavity, a broad wavelength range of 955
to 1000 nm can be selected with laser chips from the same wafer [6]. The reduced amount
of heat generated inside the active region of quantum-well-pumped lasers allows high out-
put powers even if the gain-spectrum peak at room temperature has a larger wavelength
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than the emission wavelength. In conventional barrier-pumped lasers, the amount of heat
generated inside the active region is significantly larger than in quantum-well-pumped
lasers and therefore the temperature-dependent shifts of emission wavelength and gain
spectrum are more critical. For barrier pumped lasers at high output powers, a detuning
of 25 nm at room temperature between these two wavelengths is recommended, because
of the four to fives times faster temperature-dependent shift of the gain peak compared to
the shift in the emission wavelength. FEven with the use of diamond heat spreaders and/or
intra-cavity heat spreaders, it is impossible to keep the laser at the desired temperature,
at high output powers [7]. Thermal rollover is therefore the main reason for the limited
output power of semiconductor disk lasers [2].

Quantum well pumping allows to diminish the generated heat inside the active region
by reducing the difference between the emission wavelength and the pump wavelength,
also known as quantum defect. The smallest quantum defect we measured so far was
1.55% for a laser with an emission wavelength of 954.8nm and a pump wavelength of
940 nm. Thermal rollover isn’t a large problem with these devices, the problem is the small
absorption rate of the pump power which is often below 35%. The pump absorption of
quantum-well-pumped lasers, like the name indicates, solely takes place in the quantum
wells. This is disadvantage compared to barrier-pumped disk lasers, where the pump
absorption can be controlled by the thickness of the barriers and is independent of the
number of quantum wells. Hence, a high absorption rate is much easier realizable with
barrier pumped lasers. Nearly all barrier-pumped laser designs allow an absorption rate
above 90%. To achieve the same absorption rate with quantum-well-pumped lasers, a
multipass optic is required. With a simple setup containing a parabolic mirror and two
prisms acting as retro reflectors, a multipass optic can be realized, which allows three
double passes of the pump radiation through the disk. This setup is already sufficient
to achieve an absorption rate of the pump power, close to 80 %, from the quantum-well-
pumped disk laser design presented here [6].

2. Laser Design and Fabrication

The layer design of the quantum-well-pumped laser is visualized in Fig. 1. A resonant
design for the emission and pump wavelength was chosen. The eight double quantum
wells are placed inside the active region at the anti nodes of the emission field. Because
of the wavelength difference between the emission and the pump wavelength, the field
intensities drift apart inside the device. Therefore, a 1.2 pym long GaAs spacer is grown
after the first four double quantum wells, since a quantum well placed inside a node of
the pump field isn’t able to provide any gain to the laser field [8].

Both sides of the active region are terminated by a AlAs/GaAs Bragg mirror. The top
mirror contains 3.5 pairs and the bottom mirror consists of 18.5 pairs. A dielectric coating
is sputter deposited onto the last bottom mirror facet, before a metalization is evaporated
onto the wafer. The purpose of this coating is to achieve a reflectivity over 99.95 % for the
emission wavelength at the bottom of the device. A dielectric coating is also placed onto
the surface of the device, acting as an anti-reflection (AR) coating. Additional information
about the fabrication of the quantum-well-pumped disk lasers can be found in [9].
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Fig. 1: Structure of the disk laser visualized in terms of the refractive index. Plotted are the
calculated field intensities of the laser and pump fields (TE-component). Only one layer pair
of the bottom Bragg mirror is displayed. On the top of the semiconductor device a dielectric
coating is applied.

The flip-chip technique allows the complete removal of the substrate after the laser disk is
mounted onto a heat sink. Since the design wavelength of 980 nm and the intended pump
wavelength of 940 nm are larger than the absorption wavelength of GaAs. Laser emission
is also possible without removing the GaAs substrate at the top of the laser, but even
with undoped substrate, a small absorption in the substrate was still present and output
powers over 1 W required a strong cooling of the device [6]. To conclude, removing the
substrate for high power operation is still necessary.

3. Reflectivity Spectra

Measuring the reflectivity spectra of a disk lasers allows to determine a few important
properties of the device, e.g., the positions of the resonance wavelength and the exci-
ton absorption. Varying the detection angle from 10 to 70°, the resonance wavelengths
experience cosine shifts to the small wavelengths, while the excitonic dip stays at one
position [10]. The two diagrams on the left-hand side of Fig. 2 show the result of such a
measurement.

At a distance of r = 10.5mm from the middle of the wafer, the resonance wavelengths
are located at 910, 945 and 980 nm. Only the first two resonance wavelengths are visible
at a detection angle of 10°, due to lack of absorption of the quantum films at larger
wavelengths. Measured at a distance of » = 5.5 mm, a shift of the resonance wavelength
of 13nm is noticeable. The approximate position of the excitonic dip only changed by
6nm.

In our experiments, we use a wavelength-stabilized pump laser with a wavelength of
940 nm. For a good absorption rate of the pump power, it is important that the emission
of the pump laser hits a resonance wavelength of the micro cavity. It is therefore necessary
to pump the chips under a certain angle. In the case of the disk laser with » = 10.5 mm,
a pump angle around 35° is favorable. However, a shift of the resonance wavelength
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Fig. 2: Measured reflectivity spectra of two disk lasers from the same wafer. The two lasers
have a different distance from the center of the wafer r, which causes a shift of the resonance
wavelengths. Only the device with 7 = 5.5 mm is capable of dual-wavelength emission at room
temperature. The left diagrams show the dependency of the reflectivity spectra from the de-
tection angle and the diagrams on the right side show the dependency of the spectra from the
temperature.

will occur if the temperature of the device changes. This is visible in the diagrams on
the right-hand side of Fig. 2. The temperature-dependent spectra were measured at a
detection angle of 10° and temperatures from 10 to 90 °C. For the resonance wavelength,
a shift of 0.09nm/K can be calculated and the wavelength shift due to the shrinkage
of the bandgap with rising temperature is 0.32nm/K. The dependency of the bandgap
size on the temperature is clearly visible in the range of 865 to 890 nm, in the measured
temperature-dependent reflectivity spectra. Only the device with » = 5.5 mm is capable
of dual-wavelength emission at room temperature. To force the other disk laser into lasing
at the smaller resonance wavelength at 958 nm, subzero temperatures are necessary. We
therefore only examined the single-wavelength emission of this device.

4. Single-Wavelength Emission

In this measurement, we demonstrate the capabilities of the used quantum-well-pumped
disk laser design. As shown in Fig. 3 we have characterized one of the disk lasers for
different pump angles to determine the optimum direction of the pump-laser beam. For
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these measurements, the chip already mentioned in the previous chapter coming from a
position of r = 10.5 mm on the wafer, was mounted on a copper heat sink. A wavelength-
stabilized pump laser emitting at 940 nm is focused under angles of 17, 23, 27 or 35°
onto the chip. The temperature of the laser is controlled by a temperature sensor on the
heat sinks and a Peltier cooler. The backside of the Peltier device is water cooled. All
measurements were performed at a heat-sink temperature of 0 °C and with an out-coupling
mirror reflectivity of 96 %.
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Fig. 3: Output characteristics of a quantum-well-pumped semiconductor disk laser pumped
with a wavelength of 940 nm. The measurements were taken at four different pump angles.
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During the measurements under a pump angle of 23°, the highest output powers up
to 16.07W were obtained. The measured optical output for all four pump angles was
limited by the highest available pump power of 104 W. No indication of thermal rollover
was observed. The values of the differential efficiency are between 50.7 and 54.8 %. The
highest absorption rate of the pump power with 34.8 %, was measured at an angle of 23 °,
while 29 W of the pump power is absorbed. A small decrease in the pump absorptance is
noticeable at higher pump powers, likely caused by the temperature raise of the disk with
increasing pump power. The highest shift of the resonance wavelength with increasing
absorption power is 0.163 nm/K. Typically, the wavelength shift of barrier-pumped disk
lasers is slightly larger.

A dependency of the emission wavelength on the pump angle can be observed. Choosing
a larger pump angle results in a longer emission wavelength. The explanation for this
behavior is simple: When changing the pump angle, the setup is readjusted for maximum
output power also by finding a optimum position for the pump spot on the laser chip.
Since the output power for all pumping angles is limited by the pump power, the highest
output power is observed at the position on the chip, where the highest pump absorption
takes place, resulting in a different emission wavelength.

5. Switching Between Longitudinal Modes

A change in the lasers heat sink temperature causes the gain peak to shift with 0.33 nm/K.
Lasing favorably occurs at the longitudinal mode which is closest to the gain peak. Since
the resonance wavelength only shifts with 0.07nm/K, a switch between two longitudi-
nal laser modes can be realized by changing the laser temperature. The problem of a
temperature-induced longitudinal mode switching is the incidental shift of the resonance
wavelengths of the micro cavity. A temperature change therefore always has an impact
on the pump absorption rate at a fixed pump wavelength. Some output characteristics
of a disk laser for dual-wavelength emission are summarized in Fig. 4, showing the op-
tical output power, the absorbed optical power, and the measured emission wavelength
of the laser at different temperatures of the heat sink and at different pump angles. In
this measurement, the quantum-well-pumped disk laser with » = 10.5 mm is used. This
particular chip is mounted on a diamond heat spreader. However, similar results can be
obtained with copper-mounted chips as well [6].

An output power of 10.24 W is possible, while the temperature of the heat sink is set to
50°C. The pump absorption stays constant at about 30 % during the whole measurement
and the wavelength shifts with 0.082nm/K. A change of the heat-sink temperature of
+50°C is causing a bisection of the pump absorption rate and in the case of the reduction
of the temperature, a step in the emission wavelength from the longitudinal mode at
997.5nm to the mode at 957.0nm. For the measurement of the output characteristics
at —15°C, the pump angle was reduced to 45°, so that a reasonable absorption rate
of the pump power was guaranteed. At this heat-sink temperature, an output power of
10.98 W and the smallest threshold pump power with 2.91 W was measured. A differential
efficiency of 57.3% was determined. The shift of the 957 nm long emission wavelength,
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Fig. 4: Output characteristics of a quantum-well-pumped semiconductor disk laser, at a pump
wavelength of 940 nm. The measurements were taken at five different temperatures and three
different pump angles.

with absorbed optical power, only has a value of 0.061 nm/K, which is reasonable for a
quantum defect under 1.8 %.

The measurements demonstrate, that a wavelength switch can be induced by a change
of the laser temperature and that thermal rollover is successfully avoided because of the
declining pump absorption rate at high pump powers. This behavior is mainly caused by
the red shifting resonance.

The temperature dependency of the optical output power and the absorption rate is
shown in Fig. 5. The disk laser was adjusted for maximum output power at a heat-
sink temperature of 50 °C. Then, without readjusting or changing the pump power, the
heat-sink temperature was changed. The used pump power during this measurement was
104 W. Raising the laser heat-sink temperature above 50 °C caused a quick decline of the
output power and of the pump absorption. A similar behavior is seen while decreasing
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the temperature below 50 °C, until a temperature of 25 °C is reached. In the temperature
range from 25 to 40 °C, a constant change of the pump absorptance with 0.681 % /K can
be observed. At a temperature of the heat-sink below 21.3°C, the laser stops emitting
at 997.5nm and only emits at 960.8 nm. The optical output power measurement shows
a clear kink while the temperature induced wavelength switch occurs. A small kink can
also be noticed in the behavior of the pump absorptance at the wavelength switch. A
change of the heat-sink temperature, while the device is lasing at the smaller wavelength,
induced an absorption rate change of 0.295%/K. Below —10°C humidity is freezing on
the chip surface preventing further measurements.
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Fig. 5: Optical output power and pump power absorptance over the temperature of the heat
sink. The chip was adjusted at 50°C for maximum output power. While the temperature of
the heat sink was varied, the pump power stayed constant at a value of 104 W.

6. Dwual-Wavelength Emission

Dual-wavelength emission can be detected while the temperature of the heat sink is be-
tween 21.3 and 27.1°C. The measured emission spectra at different temperatures of the
heat sink are displayed in Fig. 6. The quantum-well-pumped disk laser has the same
output power at both wavelengths at a temperature of the heat sink around 22.0 °C. The
rising temperature causes a quick decrease of the output power of the smaller longitudinal
mode. At a temperature above 27.1 °C only the longer longitudinal mode can be detected.
The opposite occurs at temperatures below 21.3 °C. The spectral widths of the measured
spectra are quite small. Even at output powers larger than 10 W the FWHM (full width
at half maximum) wavelength of the spectrum is below 1.1 nm. This makes this quantum-
well-pumped laser design particular interesting for frequency doubling applications. Using
a birefringent filter for narrowing the spectral width is no longer mandatory.
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Fig. 6: Measured spectra of a quantum-well-pumped semiconductor disk laser at different tem-
peratures of the heat sink. Dual-wavelength emission of the laser occurs at the wavelengths
960.8 and 997.5nm, while the temperature of the heat sink is between 21.3 and 27.1°C. The
small peak at 940 nm is caused by the pump laser.

7. Conclusion

In this work we demonstrated the benefits of laser operation with low quantum defect,
which was enabled by quantum-well pumping of the disk laser. A high output power
exceeding 16 W was easily achievable, although no diamond heat spreader was used. The
small spectral width of under 1.1 nm at high output powers will make the in-well pumped
disk laser peculiar interesting for frequency-doubling applications. Furthermore, the emis-
sion wavelength can be easily switched from emitting at 957 nm to 998 nm just by changing
the temperature of the lasers heat sink. A dual-wavelength emission with a distance be-
tween the emissions wavelengths of 36.7 nm is also possible without the use of intra-cavity
elements.
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VCSELs With Optically Controlled

Current Confinement

Sven Bader

We present a concept for optically controlled current confinement in vertical-cavity surface-
emitting lasers (VOSELs) based on the monolithic integration of a phototransistor. Omit-
ting the usual oxide aperture improves the manufacturability and prevents built-in strain
near the active zone. Measured continuous-wave operation characteristics of fabricated
devices show hysteresis loops in the current—voltage and light—current curves or a negative
differential resistance region. Requirements for the switch-on point of the laser are defined
and explained.

1. Introduction

Vertical-cavity surface-emitting lasers are widely used in optical sensing and short-distance
data communication [1]. Two major advantages of these devices compared to conventional
edge-emitting laser diodes are low threshold currents and high conversion efficiencies at
low output power. This requires high current densities in the close proximity of the active
region via current confinement. Early demonstrations successfully used mesa etching [2]
and proton implantation [3]. Epitaxial regrowth is an alternative method to produce
current-blocking regions [4, 5].

The bulk of today’s commercial VCSELs relies on oxide confinement [1,6], where excellent
operation behavior is achieved. Using a wet-thermal oxidation process, AlGaAs layers
of the top mirror with very high aluminum content are turned selectively into a non-
conductive oxide and thus form buried apertures. A tight process control is required for
reproducible results. During oxidation, the volume of the AlGaAs layers shrinks. Hence,
strain near the active zone of the VCSEL is inevitable, which gives rise to concerns about
the very-long-term reliability of the laser [7].

In order to avoid these disadvantages, we have developed a novel approach for current
confinement [8]. In contrast to existing methods, the concept is based on the idea that the
laser light beam itself should determine the current path through the device. Therefore a
phototransistor (PT) is monolithically integrated close to the active region of the VCSEL.
Only light-exposed PT areas allow current flow, whereas un- or underexposed regions form
a current-blocking layer (Fig. 1). Hence, the PT works as an optical switch. This should
result in an optically controlled enhancement of the current density distribution in close
vicinity to the laser mode.

The article is organized as follows. Section 2 introduces the novel current confinement
concept in some detail. Continuous-wave (cw) measurements of fabricated devices are
presented in Sect. 3. A model of the turn-on behavior is presented in Sect. 4.
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Fig. 1: Layout and operation principle of a top-emitting oxide-free PT-VCSEL with optically
controlled current confinement. The integrated phototransistor, consisting of emitter, base,
and collector layers, is configured as an optical switch. Areas exposed to the laser beam turn
conductive, which results in a laterally defined current path.
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2. Device Concept

Previous methods achieving current confinement in VCSELs manipulate the current flow
with physical barriers which form non-conductive layers. In consequence, the laser beam
is affected directly by the current path and will establish at areas with the highest current
density. The concept presented here works oppositely. The photons of the VCSEL beam
specify the current path, which entails an optical feedback. This is enabled by epitaxially
integrating a PT on top of the active region of the VCSEL between the two Bragg reflectors
(Fig. 1). In the standard configuration, the PT works similar to a bipolar transistor, here
pnp-type, which means that it consists of p-emitter, n-base, and p-collector layers. In PTs,
a photocurrent I, is generated by absorption of incident photons in the base-collector
depletion zone. In the devices discussed below, for this task an InGaAs quantum well
(QW) with defined width d and absorption coefficient « is embedded between base and
collector. The photocurrent is equivalent to the base current /g, which controls the
collector current flow through the device. Thus, no external base current is needed. The
generated base current can be estimated accordingly as
qA

Igpn = ph:(l—exp(—ad))-E-P %ad-%—i-P (1)
like in a regular pin-type photodiode, where the approximation is valid for ad < 1 (as
in a QW). ¢ is the elementary charge, h is Planck’s constant, and ¢ the vacuum velocity
of light. Incident light emitted from the VCSEL’s active region, with wavelength A\ and
power P in the cavity is responsible for Igp,, which means that the coupling between
VCSEL and PT creates an optical feedback. The laser is driven by an external current I,
which can only flow in the light-exposed areas. There, the electrons of the photocurrent
are swept directly through the n-doped base toward the p-emitter layer. Due to the charge
neutrality of the base, the hole current I flows through the device toward the collector. To
reach this state, a certain amount of photons are required to satisfy the turn-on condition,
which is introduced and explained in detail in Sect. 4. Un- or underexposed areas remain
non-conductive when the optical power is too small and hence not able to switch the PT
on. In this new concept, the lateral position of the laser beam cannot be influenced by
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Fig. 2: Schematic layer structure of the investigated bottom-emitting PT-VCSEL.

just controlling the current path. Instead, the photons and hence the location of the laser
mode must be manipulated directly by the quality of the resonator. The laser field will
establish where the best cavity is found, as defined, e.g., by the top contact metal or a
shallow surface relief [9]. As shown in Fig. 1, no transverse waveguiding is provided.

One-step epitaxial growth plus metal deposition can already produce a fully functional
VCSEL. No mesa-etching and oxidation are required, which prevents the mentioned built-
in strain near the active zone. The low additional structural complexity and the inherent
light-to-current alignment give this device a strong potential to simplify the fabrication.
The latter feature should also be beneficial for the conversion efficiency of such devices.

3. Characterization
3.1 Bottom-emitting PT-VCSEL

We have grown first test structures by molecular beam epitaxy. The schematic layer
structure is depicted in Fig. 2. The active zone contains three InGaAs QWs for lasing
operation at A = 1040nm. The PT layers are made of GaAs and are 255 nm thick. The
6 nm thick absorbing QW of the PT, embedded between the base and collector layer, has
an absorption coefficient of ~ 3500cm~'. The resonator is formed by 4 AlGaAs-GaAs-
based top mirror pairs and 31.5 binary (AlAs—GaAs) mirror pairs of the bottom reflector
with a simulated lossless reflectivity of Rpottom = 99.99 %. The VCSEL was processed
for light output through the thicker mirror because the laser mode establishes under the
top contact metal (Ti/Pt/Au) due to the increased top mirror reflectivity. The estimated
threshold gains are 2750 cm ™! (corresponding to Ryop = 99.3 %) and & 37000 cm ™! (Ryop =
74.6 %) with and without the metal, respectively.

Figure 3 (a) shows the measured light—current—voltage (LIV) characteristics of the PT-
VCSEL bottom emitter when the current is ramped from 0 to 3.5 mA. Owing to this initial,
non-ideal design, the optical output power is rather low. For very low input currents below
20 pA (point A), the IV curve corresponds to the usual dark current (/g = 0) region of
a PT, where the current results from the leakage current of the collector—base junction.
Above 20pA the curve shows a negative differential resistance (NDR) behavior until
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Fig. 3: Continuous-wave operation curves of the device from Fig. 2 when ramping (a) the current
or (b) the voltage, which results either in an NDR region or a hysteresis loop. The operation
points A and B are addressed in the text. The linear fit (dashed line in (a)) serves to estimate
the threshold current.

120 pA (point B). At this point the PT switches on. A further current increase results
in lasing operation above the threshold current Iy, = 1.26 mA. CCD camera observations
qualitatively show that the positive curvature of the LI curve is caused by an expansion
of the laser mode diameter since there is no built-in transverse waveguiding, in contrast
to oxide-confined VCSELs. For PT-VCSELs a behavior similar to gain-guided VCSELSs
can be expected, with contributions from thermally induced index guiding. The current
confinement in this device is thus rather weak.

Driving the PT-VCSEL with a voltage ramp, the switch-on/-off behavior changes into
a hysteresis loop (Fig. 3 (b)). First, as for current ramping, the device is operated on
the identical dark current curve. At 3.55V (point A) the current increases suddenly to
3.32mA and the device turns on. Once Ig ,, flows through the device, the current rises in
a positive feedback loop (more collector current induces more light emission in the QWs,
which means more absorption in the PT and thus a higher Iy ;) until reaching the stable
state at the diode characteristic curve of the PT-VCSEL. Reducing the voltage, the laser
remains on the diode curve (due to the already conductive base) until the PT turns off
at 2.42V with a remaining current of 120 pA (point B).

The LIV characteristics in Figs. 3 (a) and (b) differ only in the switch-on/-off mechanism
of the PT. After leaving operation on the dark current curve due to Iy, > 0, the NDR
region originates from an unstable state where not enough photons are available to switch
the PT on. In contrast, while using a voltage source, the PT jumps directly to the on-
state of the PT and the VCSEL. Ramping down from lasing operation, in both cases
the LIV characteristics are identical up to the switching point of the PT. Using a current
source the device enters the NDR region again, whereas with a voltage source the IV curve
suddenly jumps to the dark current curve. Thus, this behavior results in a hysteresis loop.
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Fig. 5: LIV characteristics of the top-emitting PT-VCSEL with current ramping.

3.2 Top-emitting PT-VCSEL

In order to increase the optical output power, the device from Fig. 2 has been post-
processed to create a top emitter (Fig. 4): First, we applied dielectric mirror layers which
increase the top mirror reflectivity to 98.9%. Second, an oxide aperture with 9 pm di-
ameter was incorporated between the top mirror and the emitter layer. The oxide width
was chosen according to the contact width to prevent lasing under the contact. The LIV
characteristics are depicted in Fig. 5. The current was ramped from 0 to 5mA.

As expected, the optical power of the device increases drastically to the mW range. The
threshold current amounts to 0.90 mA. The average slope efficiency is about 0.77 W/A,
which is 70 times higher than that of the bottom emitter. Lasing starts at the fundamental
mode. With increasing current, higher-order modes begin to oscillate, which is visible
as a kink in the LI curve at 3.7mA. The NDR region at very low currents proves the
functionality of the PT and hence its predicted influence on the current confinement.
Nevertheless the current confinement is rather weak because the current aperture grows
with increasing current. This can be improved by decreasing the photosensitivity of the
PT. Raising the transparency of the InGaAs QW will enhance the slope efficiency in an
improved design.
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Fig. 6: Graphical illustration of the base photocurrent Igp, and of Igpr versus the laser
current Iy. The point of intersection defines the switching point of the PT determined by (a)
the nonlinear shape of the gain curve of the PT at low currents in the pA-range and (b) the
threshold current of the PT-VCSEL (mA-range). Operation according to (b) is desired for
strong current confinement.

4. Turn-on Model

As mentioned in Sect. 3, the turn-on current and voltage largely define the current con-
finement functionality of the device. They depend on several parameters, namely the
absorption coefficient « of the absorbing layer of the PT, its position in the standing-
wave field in the cavity, as well as the current gain fSpr of the PT.

The latter determines the laser (or collector) current [y via the base current according to

Iy = Bpr - Ispr, (2)

where Ip pr defines the base current which is needed to turn the PT on in order to allow I
to flow through the laser. If a current Iy < Iy, is provided by a current source, spontaneous
optical power P, is generated in the active region of the VCSEL, where P, o [ like in
a light-emitting diode. Identifying P = P, we obtain Ig,, & ad - Iy from (1). Hence
the base current Ip pp,, created by absorption, is not constant but depends linearly on Ij.
According to (2) this is also valid for I pr. However, in a regular transistor fSpr turns
out to be not constant while increasing Iy, which directly affects the slope of Iy pt versus
Iy, as sketched in Fig. 6 (a). Low collector currents result in low current gains due to
high recombination currents in the emitter—base depletion zone and interface and possibly
surface leakage currents. This behavior is known and well explained in the literature using
the so-called Gummel plot [10]. The PT switches to the on-state when Iy ,,, > Ip pr, which
ensures the current flow I through the laser. While increasing [, from the dark current
curve (Igpn = 0) toward the turn-on point, the NDR region appears since the device
transitions from an off-state with high voltage to a low-resistance on-state.

The turn-on point can be graphically determined by plotting Ip ,, and Ippr versus Io.
The point of intersection of both lines defines the turn-on current where Iz, = Igpr
is satisfied. Due to the effect of the nonlinear fpr at low Iy, the point of intersection is
located at low currents. However, if Sp1 was constant, no such defined turn-on effect of the
device would be expected. To achieve strong optically controlled current confinement, this
point should be shifted to the threshold current Iy, of the VCSEL. Otherwise, low currents,
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respectively low optical powers, are sufficient to switch the PT on, which is likely to lead
to a lateral broadening of the laser field when the evanescent tails of the laser mode(s)
are able to open the PT. This corresponds to a weak current confinement, as seen in the
experiments in Sects. 3.1 and 3.2. Figure 6 (b) depicts the desired operation. The PT
should be in the off-state until I, is reached. This could be achieved by reducing its
current gain. Simultaneously, the PT should be designed to have a lower light sensitivity
by decreasing the absorption coefficient of the InGaAs QW in the present design or by
shifting its position towards a field node in the resonator. After finally reaching I}, the
amount of photons and hence Iy, will rise strongly due to stimulated emission. This
would lead to a turn-on point slightly beyond Iy, (see Fig. 6 (b)) and therefore to strong
optically controlled current confinement.

5. Conclusion

In summary, we have presented the concept of a novel oxide-free VCSEL with optically
controlled current confinement induced by a monolithically integrated phototransistor
next to the laser active region. First experiments give clear indications of the functionality
of the transistor in both operation schemes: in current mode, a negative differential
resistance region appears in the IV curve and in voltage mode, wide hysteresis loops
establish both in the IV and LI curves. We have introduced a simple model to explain
the occurrence of a distinct turn-on point of the PT-VCSEL. After the PT has turned-on,
regular VCSEL behavior is found.

In the fabricated initial devices, the degree of current confinement is smaller than desired.
This can be deduced from the continuous increase of the slope of the LI curve resulting
from an expansion of the beam diameter, which is observed on qualitative images of
the mode profile. The waveguiding properties of PT-VCSELs will be a topic of future
studies. Also a noticeable voltage penalty is caused by the present design of the PT. We
have indicated the routes to optimize these adverse effects, namely a higher transparency
of the absorbing QW and a reduction of the PTas current gain. Implementing these, there
is a strong potential to create a new kind of high-performance VCSELs with simplified
fabrication and potentially superior reliability.
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Simplified Determination of the Thermal Resistance
of Vertical-Cavity Surface-Emitting Lasers

Markus Daubenschiiz

We present a novel approach to determine the thermal resistance and the internal temper-
ature of vertical-cavity surface-emitting lasers (VCSELs) based on easily accessible laser
parameters. The described method does not use any empirical parameters or pulsed mea-
surements that are often mentioned in literature. We explain how to determine the thermal
resistance and show the computation of the internal temperature for any operation point.
Furthermore the data evaluation can be used for characteristic parameter extraction that
enables us to establish an isothermal modeling of the VCSEL operation curves.

1. Introduction

VCSELs are key optoelectronic devices for optical sensing and data communication in
high-performance computing, data centers, and in-building networks [1,2]. The perfor-
mance of such lasers depends on numerous design parameters. To develop and optimize
next-generation VCSELs with data rates of 28 Gbit/s and above [3,4] or to enable new
sensing applications, an accurate knowledge about current flow and heat generation inside
the device is inevitable. High average internal temperatures 7; in the laser cavity are a
major problem, causing, e.g., a drop in conversion efficiency and reduced lifetimes. For
datacom VCSELs T; easily rises since higher-speed lasers need higher currents to reach
the required bandwidth. In general, VCSELs are often used in environments where ac-
tive cooling is not permitted due to the involved power dissipation and cost. Different
approaches have been demonstrated to decrease the internal temperature by a reduction
of the thermal resistance [5,6] or by minimizing the optical absorption [7] and series
resistances [8]. To compare the impact of different designs, an accurate determination
of T is required. An externally measurable parameter that is exclusively related to the
temperature distribution inside the laser is the change of the resonance wavelength with
temperature. For VCSELs with an emission wavelength in the 800-1000 nm range, a
mode shift of d\/dT ~ 0.07nm/K [9] is found. This value can be used to estimate the
temperature increase directly form the measured spectral red-shift. Another common
method to compute T; is the determination of the thermal resistance

(1)

which relates the average temperature change AT in the laser cavity to a change A Py
of the dissipated power. For this purpose, the VCSEL is typically driven with electrical
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Fig. 1: Temperature-dependent light—current—voltage characteristics of a VCSEL with an active
diameter D,. = 4pum for T, = 0°C to 120°C in steps of 20°C (left) and optical spectra of the
same laser at different T, and I = 1 mA current (right).

pulses up to a few hundred nanoseconds [10], namely shorter than the thermal time
constant which is in the range of some microseconds [11]. With this method, no internal
heating of the VCSEL by the dissipated power arises and thereby no thermal wavelength
shift appears. Pulsed operation thus allows to separate the influence of internal and
external heating. The wavelength shift is then only induced by a change of the ambient
temperature T,. A series of such measurements results in the above-mentioned dA/dT.
As will be seen later, the VCSEL behaves differently for uniform heating and for internal
heating by a dissipated power density profile. The drawback of pulsed measurements
is the need for high-speed equipment. In this article we briefly describe the thermal
influence on the laser characteristics and show the novel procedure of determining the
thermal resistance and internal temperature. The analysis of T} enables us to establish an
isothermal model by which we can extract important static laser parameters dependent
on the internal temperature.

2. Thermal Resistance

As can be seen in Fig. 1 (left), the operation curves of a VCSEL or of a laser diode in gen-
eral are highly temperature-dependent. They are influenced by the ambient temperature
as well as the internal temperature, which is related to several different mechanisms of
power dissipation [12]. The effects can be classified into linear power dissipation (absorp-
tion, carrier thermalization, carrier leakage, and spontaneous carrier recombination) and
quadratic power dissipation across the series resistance [13]. An increase of the internal
temperature T} leads to a change of different internal parameters that result in the case
of Fig. 1 in an increase of the threshold current Iy, a decrease of the slope efficiency SE,
and reductions of the kink voltage Vi and the differential resistance Rq = dV/dI. All of
these changes are indirectly related to T} and cannot be used to determine the internal
temperature.

As mentioned before, one measurable parameter that exclusively depends on the tem-
perature profile is the resonance wavelength A of the VCSEL. With an increase of T} or
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T, one observes a so-called red-shift of the emission spectrum to higher wavelengths, as
displayed in Fig. 1 (right). The shift is induced by a temperature-related change of the
refractive indices 7 of the semiconductor materials and by the thermal expansion of the
epitaxial layers and can be expressed as

L\ tdn 1d o)
AT adl  LdT’

which follows from the laser resonance condition. Both dn/dT > 0 and dL/dT > 0. The

second term on the right is more than an order of magnitude smaller than the first one.

The continuous-wave (cw) measurements of Fig. 1 were performed at wafer level on GaAs-
based VCSELs with an operation wavelength close to 850 nm and varying active diameters
D,.. The active region of the VCSELSs contains three GaAs quantum wells, and the top
and bottom Bragg mirrors have 21 and 37.5 layer pairs, respectively. The LIV and spectral
data were taken with a fully automated setup including a precise temperature-controlled
wafer chuck. For a measurement range from —10 to 140°C the curves were recorded in
steps of 5°C. The output power was measured with a calibrated Si photodiode housed in
an integrating sphere. The spectral measurements were done with a grating spectrometer
with wavelength steps of 22 pm, from which the measurable temperature resolution can
be estimated as 0.3 K when d\/d7" ~ 0.07 nm/K.

The dissipated power needed for the determination of Rty is defined as
Pdiss:Pol_P:]v(l_nc) (3)

with the electrical power P, the optical output power P, the injected current I, the
voltage drop V' over the VCSEL, and the conversion efficiency 7. = P/P,. In Fig. 2 we
show measurements of the peak wavelength A, of the fundamental LPy; mode over P
for the single-mode VCSEL from Fig. 1. One can clearly see a linear relation of A, and
Pyiss in the working range of the VCSEL for all ambient temperatures. This would also be
true for higher-order transverse modes [14]. Nevertheless in the following we will restrict
ourselves to the fundamental mode. In the analysis, this linear behavior of the mode shift
versus Pjiss is used to determine the thermal resistance Ry, of the laser. From (1) we can

also write Ry, as [9]

AT AMNAPys & 5
APy ANAT Gy (
with the parameters C7 = AN/APys and Co = AXN/AT for the wavelength shifts with
dissipated power and ambient temperature, respectively. The parameter C5 is mainly
related to the change dn/dT of the refractive indices with temperature (see (2)) and — to
avoid self-heating — must be determined with pulsed measurements or the aforementioned
estimated value for dA/dT. Our approach eliminates these difficulties or uncertainties in
the following way: with simple linear extrapolations we can identify the wavelengths Ao
of the LPg; mode without internal heating (Pyiss = 0mW) for all 7,. The data points
correspond to the LPg; peak wavelengths of the laser in pulsed operation. The plot
Ao = Ao (7%) yields a linear relationship with a slope of d\y/dT, = 57 pm/K, as shown
in Fig. 3 (left). As expected, for the same epitaxial design we find the same slope for

Ry,
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Fig. 2: Peak wavelength A, versus dissipated power Pyjs for different ambient temperatures 7.
The labels ‘1’ and ‘2’ indicate the required changes of Pyiss and T in (4).

all other values of D,.. As can be seen in Fig. 2, A, increases linearly with Py, i.e.,
no curvature is seen even for high dissipated power. However, the slope of the straight
lines increases with 7,,. We find values of d\/dPyiss = 0.24 nm/mW for T, = 20°C to 0.32
nm/mW for 100°C. To deduce the thermal resistance in (4) we need associated values of
AT and APg. For our analysis we are using the fact that one gets the same emission
wavelength for the same average internal temperature of the VCSEL, irrespective of T,
or Py being the origin. With the temperature-controlled wafer chuck we generate a
AT = AT, that is labeled with ‘2’ in Fig. 2. The temperature increase results in a
red-shift of A\g. For the initial ambient temperature, the same wavelength A\, = A\g can
also be achieved by internal heating. The necessary APy to create this 7} is labeled with
‘1’ in Fig. 2. Because of the increasing slopes of the A\, = A, (Puiss) curves with increasing
T, and the more homogeneous internal temperature profiles for small Py we have used
temperature steps of only 5°C between the adjacent curves, in contrast to the 20°C step
used for illustration in Fig. 2. If we now repeat the procedure for all adjacent curves we
get thermal resistances for different T, that are not constant due to the changing slope
of the A\, = A, (Paiss) curves. This is caused by decreasing thermal conductivities of the
semiconductor layers with increasing temperature. If we plot the values of Ry, over T,
as shown in Fig. 3 (right), we get again a linear behavior. The thermal resistance can
thus be written as the sum

Rrn = Row(Dac) + Rou(T) (5)

with the contribution Ry,(D,.) depending on the semiconductor material and the active
diameter and a thermal resistance

dRmy,
T, (6)

RTh(Ta) - (Ta - TaO) :

depending on the ambient temperature, where Ry (D,c) is defined at the temperature
Tao = 0°C. We find values of Ryy,(D,.) in the range of 4.54 K/mW to 3.02K/mW and
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Fig. 3: Intrinsic wavelength )y determined from linear curve fits for different ambient temper-
atures T, (left) and extracted thermal resistance Ry, as a function of T, (right).

dRy,/dT, from 0.0109 mW ™! to 0.0086 mW ™" for active diameters between 4 and 7 pm,
respectively.

3. Isothermal Model

As shown in Sect. 2, the proposed analysis of the thermal resistance enables to extract
the internal temperature for every point in a LIV curve. This gives the possibility to per-
form detailed analyses of the thermal effects and extract internal temperature-dependent
VCSEL parameters. Furthermore one can also exclude internal heating in the examination
of the LIV curves.

For this isothermal model we rearrange the measurement results in a new way. As shown
in Fig. 4, we can determine the output power P as a function of 7} for each individual
bias current. Similarly from the measured IV characteristic, V' = V(T},) can be plotted for
different /. With the help of these data we can now model the isothermal characteristic of
the VCSEL for any 7; in the measured range of temperatures. The procedure is visualized
in Fig. 4 for T; = 60°C. The temperature is kept constant and output powers are collected
for every data point. It should be noted that a curve in Fig. 4 can be generated from
the experimental data for every intermediate current I. The same procedure is repeated
for the IV curve and a LIV diagram is plotted. As a result, in Fig. 5 we find perfectly
linear characteristics which strongly deviate from the measured curves. The resulting
isothermal LIV curves would be found experimentally for pulsed operation at an ambient
temperature T, = T;. For T; = 60°C in Fig. 5 we identify a kink voltage Vi = 1.60 V and
a constant differential resistance Ry = 109 (). The threshold current is [;;, = 0.45 mA and
the slope efficiency is SE = 0.49 W/A. This kind of data evaluation enables us to extract
the dependences of Iiy,, SE, Vi, and R4 on the internal temperature. These are plotted
in Fig. 6 for the VCSEL with D,. = 4um. The data points are fitted with polynomial
functions. The threshold current shows a minimum value of Ii ymin = 0.24mA at T} =
5.24°C. The threshold minimum nearly corresponds to the maximum achievable slope
efficiency SEn.x = 0.54 W/A. Both electrical parameters, namely Vi and Ry, decrease
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Fig. 4: Optical output power of the VCSEL from Fig. 1 versus internal temperature for different
bias currents. The vertical arrow with the open bullets shows how an isothermal P(I) curve is
obtained for T; = 60°C.

with increasing T;, as known from the experiment.

4. Conclusion

We have demonstrated a novel approach for the determination of the thermal resistance
of vertical-cavity surface-emitting lasers. It is based on measured temperature-dependent
continuous-wave light—current—voltage curves and corresponding optical spectra. The
analysis requires no empirical data or pulsed measurements. The model allows to calculate
the internal temperature at all operating points. Moreover we can simulate an isothermal
operation of the VCSEL where the internal temperature is kept constant. As known

e Isothermal 3.5
6 —=——=— CW operation 140
E 42.5 S
% 4r Vk 42.0 ;
S 1 S
g {15 &
© ] S
8 2¢ 110~
[oR ]
© //th 105
0 — e
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Fig. 5: Comparison of the measured cw output characteristics of a 4 pm VCSEL and isothermal
curves for an ambient temperature 71, = 60°C.
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Fig. 6: Threshold current I;;, and slope efficiency SE on the left as well as kink voltage Vi and
differential resistance Rq on the right, all versus the internal temperature 7;.

from laser operation with short electrical pulses, we obtain perfectly linear light—current
and current—voltage curves. At the same time, the temperature dependence of the four
characteristic laser parameters, namely threshold current, slope efficiency, kink voltage,
and differential resistance can be extracted.
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New Approaches for Birefringence Tuning in
Vertical-Cavity Surface-Emitting Lasers

Tobias Pusch

Using the elasto-optic effect we increase the frequency difference between the two orthogo-
nally polarized modes, the so-called birefringence splitting, in standard single-mode ozide-
confined GaAs-based vertical-cavity surface-emitting lasers (VOSELs). The birefringence
may play an important role in the realization of ultrafast polarization modulation for high-
speed data transmission. For practical implementation it is necessary to miniaturize the
strain-inducing mechanism for birefringence tuning in VCSELs. The goal is the realiza-
tion of integrated structures on the VOSEL chip. In this article we discuss our work on
maniaturized bending devices as the next step in achieving extremely high birefringence
splitting. Furthermore measurements with integrated hotspot structures on VCSEL chips
were made to reach much smaller scales for birefringence fine-tuning.

1. Introduction

VCSELSs are extensively used today as transmitters in high-speed optical interconnects.
A first generation of 25 to 28 Gbit/s devices is currently being deployed. Although digital
modulation at about 71 Gbit/s with transmitter equalization has been shown [1], it is not
certain that 100 Gbit/s signals can be generated by direct current modulation. A potential
alternative to direct intensity modulation might be found in the research on birefringence
splitting, i.e., the frequency difference between the two orthogonally polarized components
of a VCSEL mode. It has been demonstrated that by optical spin injection a birefringent
VCSEL can be excited to oscillations in the degree of circular polarization [2]. Here
the oscillation frequency is nearly equal to the birefringence splitting. The generation of
extremely fast polarization bursts was shown as well [2]. Contributions to the birefringence
are geometrical anisotropies, the electro-optic effect in the cavity, and incorporated strain
[3]. Mechanically induced strain seems to be the most promising way. We have achieved a
record-high birefringence splitting of more than 250 GHz via direct substrate bending [4].
As a next step, new miniaturized concepts for birefringence tuning have to be investigated.

2. Options for Miniaturized Mechanical Strain Incorporation

The maximum birefringence splitting of 259 GHz [4] has been reached by bending a 10 x
10mm? large VCSEL sample with the custom-made mount sketched in Fig. 1. The aim
was to reach birefringence splittings of more than 100 GHz. We have found that values of
100-150 GHz are safely obtainable without sample failure. Based on this result, a much
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/ Vacuum ports

~—— Micrometer screw

Fig. 1: Drawing of our first custom-made mount with bending plate and VCSEL array sample
[4].

Fig. 2: Miniaturized second-generation bending device. A metal stripe with a glued VCSEL
array is fixed in a recess via a stamp. Strain is induced indirectly in the VCSEL array by bending
the free part of the metal stripe by movements of the screw (left). The VCSEL array is mounted
with conductive glue on the 10 x 4mm? large metal stripe (right).

simpler miniaturized bending mount can be constructed. It is depicted in Fig. 2, together
with a mounted sample.

In contrast to the mount in Fig. 1 we use indirect bending. The VCSEL array with a size
of 1 x 1mm? is 100 times smaller than in the first bending device. The array is fixed on
a metal stripe via conductive glue. The stripe itself is fixed on the left side by a stamp
(see Fig. 2, left) and about half the area is free-standing. The position of the VCSEL
array is close to the edge of the recess to achieve a maximum effect. We use a screw
with a pitch of 350 pm to bend the metal stripe and thereby to induce strain indirectly
in the VCSEL sample. The resulting optical spectrum for large bending is shown in
Fig. 3 (left). With a value of 226 GHz we have reached a comparably high birefringence
splitting as with the first bending device. The measurement was stopped here in order not
to risk sample damage. Figure 3 (right) displays the light—current—voltage (LIV) curves
of the investigated standard single-mode oxide-confined VCSEL with about 4 pm active
diameter. The threshold current and voltage are 0.44mA and 1.82V, respectively. An
optical output power of 1.0 mW is reached at about I = 1.82mA current. The higher-order
transverse mode is still suppressed by approximately 25dB at I = 2.1 mA.
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Fig. 3: Optical spectra without bending and with maximum applied bending of the metal stripe,
measured at 2.1 mA (left). LIV characteristics at maximum bending (right).

3. Approaches to Thermal Birefringence Tuning

The ultimate miniaturization step is a birefringence tuning mechanism integrated on
the VCSEL chip. At this level, mechanical bending seems impractical. Mechanisms for
thermally induced strain are more simple to construct. Studies with an external heat
source were made by Jansen van Doorn et al. [5, 6] for birefringence tuning in VCSELs.
In this case a Ti-sapphire laser beam was focused close to the VCSEL and the induced heat
deformed the crystal structure. The change of birefringence (less than 3 GHz reversible [5]
and 23 GHz with material ablation [6]) is substantially smaller compared to mechanical
bending due to the much lower induced stress.

We have made alternative investigations using standard 850 nm oxide-confined single-
mode VCSEL samples from Philips Technologie GmbH (U-L-M Photonics) which were
partly post-processed. The first sample design comprises three VCSELs per unit cell,
where one of them is a regular VCSEL structure. The other two are metalized on the
surface and can be used as hotspots. We measure the optical spectra and the LIV curves
for different current flow in one of the metalized VCSELs. The current in the lasing
VCSEL is constant at I = 2.1mA. A photograph of the device and measured optical
spectra for different tuning currents are depicted in Fig. 4. The spectra show a red-shift
of the fundamental mode as a result of a temperature increase in the lasing VCSEL.
However, no increase of the birefringence splitting is seen. With an estimated wavelength
shift rate of 0.07nm/K [7] we get a temperature increase in the lasing VCSEL of about AT
= 2.4 K. The main problem is visible in Fig. 4 (left). The distance of 75 pm between the
lasing VCSEL and the heat-inducing metalized VCSEL is simply too large. In other words,
the thermal cross-resistance Ropx = AT/ Paiss = 2.4K/(3.51V - 10mA) = 0.068 K/mW
is very low owing to a thick (thermally insulating) polyimide layer employed for sample
planarization. We get a slightly improved result of AT = 2.9 K from a second measurement
with the nearest-neighbor (68 pm distance) VCSEL of Fig. 4 (left).

The second investigated sample has been post-processed in the cleanroom. We have placed
a 120 nm thick nickel line in the vicinity of the VCSEL to potentially increase the thermal
cross-resistance. As in the first case of Fig. 4 we have measured the LIV curves and
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Fig. 4: Photograph of a sample with three VCSELs per unit cell. The distances between
the lasing VCSEL and the metalized heating VCSELs are indicated (left). Optical spectra for
different heating currents in a 75 pm distance metalized VCSEL (right).
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Fig. 5: Post-processed VCSEL sample with a nickel heating line (left). Optical spectra for
different heating currents are shown on the right.

optical spectra for different currents in the nickel line. A photograph of the sample and
measured optical spectra are shown in Fig. 5. The laser current is [ = 2.5 mA. Every unit
cell is surrounded by large trenches. For that reason it was not possible to run a straight
heating line across unit cells. Instead, the line and both bondpads had to be confined
in one unit cell, which resulted in a non-ideal geometry of a 90° bent heating line. To
get the main heating on one side we adjust the distance of the nickel line to the VCSEL.
In Fig. 5 the horizontal line is closer to the VCSEL and should have a larger heating
effect. In the optical spectra in Fig. 5, a red-shift is clearly seen. With a wavelength shift
rate of 0.07nm/K we get a temperature increase of about AT = 9K but no measurable
increase of the birefringence splitting. The thermal cross-resistance with a value of Ryp x
= 9K/(3.16V - 39.8mA) = 0.072K/mW is insignificantly larger than in the previous
hotspot design.

The obtained results make clear that the small temperature increase (and temperature
gradient) in the active VCSEL originates in the bad thermal conductivity between the
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Fig. 6: Schematic top view of a VCSEL chip design for thermal tuning. Dark color and the
dashed lines indicate deposited metal and the oxide apertures, respectively.

heating element and the VCSEL. To solve this problem, a revised VCSEL design is nec-
essary. As a possible candidate we investigate the structure sketched in Fig. 6, which
incorporates a thermal bridge between the heating element and the active VCSEL.

For convenience, the heat is again generated by a VCSEL with a metalized surface. In
the previous designs of Figs. 4 and 5, a polyimide layer (necessary for planarization and
electrical insulation) on the surface of the VCSEL chip has led to low lateral thermal
conductivity. For the thermal bridge in the new design a compromise must be found
between good thermal conductivity and electrical insulation. Thermal simulations are
underway to identify, among others, the influence of thermal bridge dimensions (width,
length, height) on achievable thermal cross-resistances and stress gradients.

4. Conclusion

New approaches for birefringence tuning in VCSELSs were shown. With a second-generation
bending device we have obtained a birefringence splitting up to 226 GHz by indirect bend-
ing with much smaller sizes of the mount and the sample. Further investigations into ther-
mally induced strain were made. Measurements with integrated hotspot structures show
only an internal heating of the VOCSEL but no visible increase of the birefringence split-
ting. Custom-made VCSEL chip designs with optimized placement of heating elements
have to be implemented. First simulations are in progress.
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Growth and Coalescence Studies of (1122) Oriented
GalN on Pre-Structured Sapphire Substrates
Using Marker Layers

Marian Caliebe

In this article', the growth and coalescence of semipolar (1122) oriented GaN layers,
deposited on pre-structured r-plane sapphire substrates, is studied with the help of Si-doped
marker layers. It has been found to be very important to adjust the shape of the initial
GaN stripes by varying the growth temperature to obtain not only a smooth surface, but
also a low density of basal plane stacking faults (BSFs) and threading dislocations (TDs)
on the wafer surface. With the help of transmission electron microscopy (TEM) and
cathodoluminescence measurements (CL), we can conclude that during growth, we need to
achieve a compromise between low BSF density, low TD density, and perfect coalescence
with smooth surface, free of fissures and other growth artifacts.

1. Introduction

A promising approach for the production of green and yellow GaN-based light-emitting
diodes (LEDs) is the usage of semipolar substrates. Compared to commercial c-oriented
devices, these substrates have a reduced piezo-electric field in the quantum wells. Thus,
the influence of the quantum-confined Stark effect can be reduced, which is expected to
result in higher efficiency of the recombination of carriers in the quantum wells [2-6].

The samples studied in this article are produced based on a method first demonstrated by
Okada et al. [7]. We use 2”7 r-plane sapphire wafers for hetero-epitaxy. These substrates
are patterned with trenches parallel to the a-direction of the sapphire. A special property
of these trenches is that one of the side-facets is c-plane-like. Under appropriate GaN
growth conditions, the selectivity is large enough that growth mainly takes place on these
c-plane-like facets, resulting in GaN stripes that coalesce after some time into a closed
layer with the desired (1122) surface. Compared to epitaxy on planar m-oriented sapphire,
a much better crystal quality can be achieved [8].

While Okada et al. [7] focused on this growth method itself and on growth selectivity on
the different sapphire crystal planes, Kurisu et al. [9] studied the variation of the shape
of the uncoalesced GaN stripes by varying the temperature and V/III ratio and selected
the optimum parameters merely by judging the growth selectivity, the shape of the GaN
stripes and their surface morphology (before coalescence). However, we focus our studies
on the influence of the shape on the fully grown sample by having a closer look on the

'For the full version of this article see [1].



36 Annual Report 2015, Institute of Optoelectronics, Ulm University

coalescence behavior and study its impact on defects in the final structure with the help
of marker layers. In both publications [7,9], dislocations and stacking faults were already
detected by TEM, but their development and propagation has not yet been studied in
detail.

The marker layers in this article are produced by doping with Si and can be observed
as a contrast caused by changed electrical conductivity in scanning electron microscopy
(SEM) [10]. They give direct insight into the growth evolution. It is easily possible to rec-
ognize at each point the shape of the growth front. Also, we can immediately observe, how
a change of the growth conditions influences the local growth behavior. Moreover, it is
possible to correlate the shape found in SEM micrographs on the cross-section with trans-
mission electron microscopy (TEM) images, to understand the propagation of threading
dislocations. Comparing samples with and without marker layers, we observed that the
influence of the marker layers on the crystal quality is negligible.

2. Experimental
2.1 Sample preparation

The metal organic vapor phase epitaxy (MOVPE) growth experiments are conducted on
(1102)-oriented sapphire substrates, which are structured in the following way: First, a
pattern of resist stripes with a period of 6 pm and an aspect ratio of 1:1 is prepared
by common photolithography. Then, trenches are etched by reactive-ion etching (RIE)
using the gases Ar, BCls, and Cl,. Afterwards, the remaining resist is removed in O,
plasma. Finally, the sapphire is cleaned wet-chemically with KOH and piranha solution

(HQSO4IH202).

2.2 MOVPE growth conditions

The sapphire wafers are overgrown in a commercial Aixtron-200/4 RF-S HT reactor using
the precursors TMGa, NHz, TMAI, and SiH;. The indicated growth temperatures are
the reactor temperatures measured on the backside of the susceptor which may differ
from the real wafer temperature. The sample structure is sketched in Fig. 1 and given
in Table 1. First, an intentionally doped AIN:O nucleation layer with an oxygen content
of approximately 10%, similar as in our standard c-plane growth [11,12], is deposited.
Then, a GaN buffer layer (layer I) is grown at 1080°C, a TMGa flow of f(TMGa) =
102 pmol/min with a V/III ratio of 870, and a reactor pressure of 150 hPa. After 3.5 min,
the reactor temperature is slowly ramped to 1000°C. After growth of approximately
0.5pm on the c-facet of the sapphire trench, an in situ deposited SiN, interlayer (layer
IT) is incorporated for defect reduction using SiH, [13]. Then, GaN growth continues for
further 6 min. In the next 50 min, the GaN stripe (layer III) is formed. In layer III, 5
marker layers are incorporated by doping for 2 min with SiH4 in a period of 10 min with
an estimated resulting n-carrier density of ~ 5-10®cm™3. Then, the reactor temperature
is set to 970°C for 40min (4 marker layers) to deposit a GaN interlayer (layer IV).
Its purpose is discussed in [1]. Finally, in layer V, the reactor parameters are set to
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V =<— GaN top layer

\Y] <— GaN interlayer

GaN

'« SiNinterlayer (Il)
I GaN buffer layer (1)

| AIN nucleation layer

~<— sapphire substrate

Fig. 1: Sketch of the layer sequence of samples A, B, and C.

Table 1: Layer sequence of the samples studied in Sect. 3.1. The marker layers are deposited
in a period of 10 min.

Layer Layer # Growth conditions Sample # Marker layers
GaN top layer \Y 1041°C, V/III = 140, 3
f(TMGa) = 156 pmol/min

GaN interlayer v 970°C 4
950°C A

GaN stripe I11 6 min, ramp to x = < 1000°C B 5
1050°C C

SiN,. interlayer IT 1000 °C -

GaN buffer layer I 1080 °C, ramp to 1000 °C -

T =1041°C, V/III = 140, and f(TMGa) = 156 pmol/min (resulting in a higher growth
rate), since this has been found to be the optimum conditions after coalescence [14]. Under
these conditions, 3 marker layers are deposited.

In this experiment, the growth temperature before coalescence (layer I11) is varied between
950°C and 1050 °C (Table 1) to study its influence on the resulting layer quality. Besides
SEM and TEM studies, CL is used to investigate the distribution of BSFs and dark
spots on the wafer surface, which allows inference to the distribution and density of TDs.
The ratio of the BSF I; at 3.41eV towards the donor bound exciton (D°X) peak in
photoluminescence (PL) is a qualitative measure of the amount of BSFs on the wafer
surface. Further, the full width at half maximum (FWHM) of high resolution X-ray
diffraction (HRXRD) rocking curves allows inference to the crystal quality. Atomic force
microscopy (AFM) is used to determine the surface texture and roughness.
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3. Results and Discussion
3.1 Shape of initial GaN stripes

In Fig. 2 (first row), SEM micrographs of the samples’ cross-sections are presented, which
show the marker layers. In TEM, (Fig. 2, second row), the marker layers are not visible.
The black lines in these images are threading dislocations.

By the course of the marker layers, it can be observed that at 950 °C (sample A), the shape
of the initial GaN stripes is only formed by {1122} planes. By increasing the temperature
to 1000 °C (sample B), also (0001) and (1120) planes appear. At 1050 °C (sample C), they
become larger than the (1122) surface plane. This behavior has already been observed by
Kurisu et al. by stopping the growth before coalescence [9].

The initial shape of the GaN stripes has a strong influence on coalescence and the residual
layer quality: It is well known that basal plane stacking faults (BSFs) are mainly located in
the -c-wing and may be blocked at the coalescence point by a small gap (see e.g. [15-18]).
For sample A, no a-plane exists at all. Thus, there is no gap in the coalescence region
to block BSFs. They can propagate unhindered to the surface, confirmed by the highest
BSF-related peak in PL (Fig. 3) and largest area of BSF induced luminescence in CL
(Fig. 2, bottom). Additionally, the neighboring stripe grows in c-direction over the (1122)
plane leading to non-planar coalescence. Sometimes this overlap can continue up to the
wafer surface resulting in the formation of several 10 pm long surface immersions called
“chevrons” that have already been reported by Brunmner et al. on (1122) GaN samples
produced after the same approach [19] and on (1122) GaN grown on m-plane sapphire
patterned with a SiO, epitaxial lateral overgrowth (ELOG) mask as reported by Zhu et
al. [20]. While up to now only assumptions about the origin of “chevrons” could be done,
we now were able to directly observe their formation (cf. [1]).

The optimum results were achieved for sample B (Fig. 2, center). Here, the surface
is already planar shortly after coalescence, which leads to the smoothest surface and
narrowest rocking curves in HRXRD (Fig. 4). Also, the small gap at the coalescence
region is formed parallel to the a-plane to stop the continuation of BSFs to the surface.

If the sample is grown too hot (sample C), we observe the worst case of coalescence. Now,
stripes grow together in a “V”-shape, which is formed by the a- and c-facets of neighboring
stripes. However, the BSFs on the c-wing are blocked most effectively leading to the
smallest BSF density on the surface (compare PL Fig. 3 and CL Fig. 2, bottom). The
“V”-shape often prevents coalescence leading to fissures which propagate to the surface
ending in a gap as shown in the SEM cross-section (Fig. 5, left), the SEM bird’s eye view
(Fig. 5, right) and the AFM image (Fig. 6, right). These fissures strongly decrease the
electrical conductivity perpendicular to the stripes. This can be observed e.g. in van der
Pauw Hall measurements, manifested in small geometry factors [21].

3.2 TEM investigations

In the TEM images (Fig. 2, second row), it is observed that threading dislocations mainly
start on the c-sapphire-GaN interface and propagate in c-direction. TDs bend by 90° to
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the a-direction as soon as they hit the (1122) plane (Fig. 2, second row, left). However,
if there is a wide c-plane like in sample C, some TDs might never bend and continue
propagating in c-direction (Fig. 2, second row, right). A very similar dislocation bending
has already been reported on c-oriented samples at 2S-ELO (two-step epitaxial lateral
overgrowth) and FACELO (facet-controlled ELO) investigations, respectively [22-24].

Both bent and un-bent dislocations have the chance to propagate to the surface. For
good layer quality, the bending should happen as early as possible. This way, the dislo-
cations can be either blocked at the coalescence gap, or are at least cumulated above the
coalescence point and not distributed equally over the whole sample surface.

Fig. 2: Samples A (left), B (center), and C (right). First row: SEM cross-section. Second row:
TEM images correlated with the course of the marker layers detected by SEM. The white arrows
indicate the course of TDs. As soon as a TD hits the (1122) plane, it bends from the c- into the
a~direction. The red dashed line indicates the estimated course of the SiN, interlayer. Third
row: Low temperature CL measurement (3keV, T'= 10K) of the wafer surface. The images are
a superposition of a panchromatic map (grayscale) and the luminescence of the BSF I; (red).
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Fig. 3: Low temperature PL spectra measured at 7' = 15K for the samples A—C. Due to
the coalescence gap, BSFs are most effectively blocked in sample C, while sample A shows the
highest density of BSFs on the surface.
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Fig. 4: HRXRD and AFM results. The temperature indicates the growth temperature before
coalescence of samples A, B, and C. Sample B is clearly the optimum.

The TEM micrographs also confirm that sample B is the best (Fig. 2, second row).
For both samples A and B, the c-plane is (almost) not existent. Thus, the dislocations
bend early. However, in sample B many dislocations can be blocked by the gap at the
coalescence point. In sample A, all dislocations can propagate to the surface, which might
be the worst case scenario. Sample C has a huge c-plane facet just before coalescence.
Therefore, dislocations might never bend. However, if the coalescence gap is big enough,
they can be blocked (Fig. 2, second row, right).
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Fig. 5: Cross-section of failed coalescence leading to a “V”-pit (left). Bird’s eye view of “V”-pit
(right). SEM images of a fissure resulting in a “V”-pit on the surface of sample C.
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0,2
50,0 0.1
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Fig. 6: AFM images of samples A, B, and C. The sapphire trenches are oriented vertically.

3.3 CL investigations

The low temperature cathodoluminescence (CL) measurement results of the wafer surface
(3keV, T'= 10K) are consistent with the findings of TEM. In Fig. 2 (bottom row), the
superposition of the panchromatic map (gray scale) and BSF I intensity (red) is depicted.
Sample A shows the highest density of dark spots and BSFs, because both the TDs and
SFs can propagate unhindered to the surface. Sample B has a clearly reduced density
of dark spots and BSFs. We find that the dark spots are clustered in lines, while the
BSFs are mainly aligned on the -c side parallel to the dark spots. Consistent with the PL
measurement (Fig. 3), almost no BSFs can be found on sample C. Because of the huge
gaps and fissures, also a lot of the dislocations can’t propagate to the surface resulting in
an even smaller dark spot density compared to sample B.

Due to the superposition of the dark spots, it is not possible to determine their density
exactly. The dark spot density could only be estimated roughly to 3-10%¢cm™2, 1-108cm 2
and 8 - 107cm 2 for the samples A, B, and C, respectively.
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4. Conclusion

In this study layers of (1122) oriented GaN were grown on pre-structured sapphire sub-
strates. We found that a variation of the shape of the initial GaN stripes has a huge
impact on the coalescence behavior and the resulting layer and surface quality. We ob-
served that threading dislocations starting from the stripe-shaped, c-oriented sapphire
GaN interface in c-direction are bent by 90° as soon as they hit the (1122) plane. In GaN
stripes with a comparably large c-plane facet, TDs might never bend and continue up to
the wafer surface.

We conclude that we have to make a compromise between a minimum TD density, a
minimum BSF density, a good coalescence, and a smooth surface. Thus, an intermediate
growth temperature of 1000 °C of the initial GaN stripes before coalescence seems to be
the best choice. Higher growth temperature of the initial GaN stripes would lead to
smaller BSF density, but then a c-plane emerges, preventing TDs from bending into the
a-plane and continuing unhindered to the wafer surface. In contrast, at lower growth
temperature, BSFs from the -c-wing propagate to the wafer surface resulting in a large
BSF density.
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Efficiency Studies of Semipolar GalnN-GaN
Quantum Well Structures

Tobias Meisch and Ferdinand Scholz

In order to clarify the reasons for the fairly poor electroluminescence (EL) performance of
semipolar LED structures grown on patterned sapphire wafers, we have analyzed both, pure
photoluminescence (PL) test structures without doping only containing 5 GalnN quantum
wells and full EL test structures, all emitting at a wavelength of about 510 nm. Fvaluating
the PL intensity over a wide range of temperatures and excitation powers, we conclude
that such quantum wells possess a fairly large internal quantum efficiency of about 20 %.
However, on EL test structures containing nominally the same quantum wells, we obtained
an optical output power of only about 150uW at an applied current of 20mA. This may
be due partly to some thermal destruction of the quantum wells by the overgrowth with
p-GaN. Even more important seems to be the not yet finally optimized p-doping of such
structures.

1. Introduction

As discussed in our previous annual report contributions (see, e.g., [1]) and in other
publications (see, e.g., [2] and references therein), the efficiency of green light emitting
diodes based on GaN heterostructures is still significantly inferior as compared to their
blue light emitting counterparts. Such longer wavelength emission requires an increased
In content in the active quantum wells of these devices leading — on the one hand — to a
more defective material owing to the increasing lattice mismatch to the GaN host material
and the need to use fairly low growth temperatures for such In-rich layers. On the other
hand, these quantum wells are heavily pseudomorphically strained causing strong internal
piezoelectric fields leading to a tilt of the valence and conduction band in the quantum
wells. Consequently, the wave functions of electrons and holes get spatially separated
and the recombination probability is predicted to be significantly reduced [3]. These
piezoelectric fields can be reduced or even avoided by growing such heterostructures in
non-c-directions. While nonpolar GaN structures typically possess a poor crystal quality,
semipolar growth directions like {1122}, {1011}, or {2021} are a promising compromise
between a reasonable crystal quality and a reduced internal field.

Our investigations focus on the growth of semipolar {1122} GaN heterostructures on
{1012} trench-patterned sapphire substrates, similar as reported by Okada et al. [4]. The
GaN, nucleating on the inclined c-side-facets of these trenches, first grows in the well-
established c-direction, then forms triangularly shaped stripes and eventually coalesces
after a suitable growth time to a planar {1122} oriented surface [2,5]. On such planar
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semipolar surfaces, the growth of semipolar GaInN quantum wells and complete LED or
laser diode structures in a single epitaxial run is possible. The wafer diameter is just
limited by the reactor size. In our studies, 2” diameter sapphire wafers were used.

The main goal of these studies was the evaluation of the quantum efficiency of our semipo-
lar quantum wells for emission wavelengths beyond 500 nm. As reported earlier [1,6], our
semipolar LEDs emit comparably weak light intensities of about 100 pW at 20 mA. The
current studies should help to clarify whether this is mainly caused by the limited quan-
tum well quality or whether the p- and n-type doping of the outer barrier layers may
be responsible for this behavior. Therefore, we have investigated the characteristics of
GalnN quantum wells grown on previously optimized [5] semipolar GaN templates and of
complete LED test structures. This required further optimisation of the p-doped layers
which will also be discussed here. Magnesium, the only acceptor applicable to GaN, needs
to be incorporated in huge concentrations, typically in the range of several 10? cm™3 for
hole concentrations still below 10'® cm™ [7] owing to its large activation energy of about
180meV [8]. Even worse, the Mg incorporation in {1122}-oriented GaN is reported to
be less efficient than on c-plane surfaces [9-11]. Somewhat higher concentrations have
been obtained for lower growth temperatures, helping to overcome the quite large para-
sitic n-type background [1]. However, only a small Mg concentration window seems to be
suitable for good semipolar LED performance.

2. Experimental

As reported earlier in more detail [1], trenches have been defined by optical lithography
and then etched into (1012) oriented sapphire wafers by reactive ion etching leading to
c-plane-like facets on one side of the stripes. All other facets have been covered by
directional sputtering of SiO, in order to prevent parasitic growth.

The MOVPE growth was done in a commercial Aixtron-200/4 RF-S HT reactor using
the standard precursors ammonia (NH3), trimethylgallium (TMGa), trimethylaluminum
(TMALI) and trimethylindium (TMI). For doping, silane (SiH4) and bis(cyclopentadienyl)-
magnesium (CpsMg) have been used. The details of the nominally undoped GaN buffer
layer growth including a defect-reducing SiN interlayer up to a total thickness of about
5pum is described in [1]. On top of such templates, GaInN-GaN quantum well test struc-
tures with 5 quantum wells have been grown with a quantum well width L, of about
2.2nm and a GaN barrier width Ly of about 6.5nm. In order to achieve an emission
wavelength beyond 500 nm, we have chosen quite low growth temperatures of 725°C and
760 °C for wells and barriers, respectively. The top GaN layer was grown at the same
conditions as the GaN barriers with a thickness of about 13 nm in order to allow efficient
photoluminescence excitation even with a HeCd laser. For LED test structures, a 2 pm
thick Si-doped GaN layer was grown between buffer and first quantum well with a nomi-
nal Si concentration of about 10* cm™2. After the last quantum well, 30 nm of undoped
GaN have been deposited to minimize back-diffusion of Mg into the quantum wells. The
structure was finalized by a Mg-doped p-GaN layer with a thickness of 100 nm. This layer
was grown at a temperature of 910°C, where we observed a larger Mg incorporation as
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compared to higher temperatures [1]. Moreover, such fairly low capping layer tempera-
ture minimizes the detrimental thermal load to the GalnN quantum wells. More details
of the Mg doping of this layer will be discussed later in this report. In order to have a
low contact resistivity, an even higher doped cap layer with a thickness of about 10 nm
was grown on top.

The quantum well structures were evaluated by photoluminescence (PL) at various ex-
citation powers by mainly using a GaN-based laser diode with a wavelength of 405 nm
and a maximum output power of more than 300 mW as excitation source. Simple p-type
contacts with a diameter of 90 pm have been processed on the LED test structures by
evaporating In, whereas the n-type contact has been formed by scratching the surface
down to the n-GaN layer. The optical output power of these structures was measured
on-wafer under DC conditions inside an integrating sphere at room temperature without
additional light outcoupling features.

3. Photoluminescence of Semipolar Quantum Wells

In order to find out, whether the semipolar quantum wells are significantly inferior as
compared to common polar ones, we have investigated our structures by PL in a wide
temperature range between 10K and room temperature. Thus, we can estimate the
internal quantum efficiency as the PL intensity ratio between room temperature and low
temperature, if we assume a pure radiative emission at low temperature.

Our QW samples show indeed a quite strong PL at low temperature and at room tem-
perature (Fig. 1).
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Fig. 1: PL spectra of one of our quantum well structures at low and room temperature.

The PL intensity of such quantum well structures is expected to be governed by the
well-known ABC-model. The total spontaneous recombination rate Ry is given by

Rtot31:A~n+B-n2—l—C~n3 (1)
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where n describes the carrier concentration, A is the coefficient describing non-radiative
transitions according to the Shockley-Read-Hall model, B represents the radiative recom-
bination coefficient, and C' is the Auger coefficient. Hence the radiative efficiency, also
called “internal quantum efficiency” niqr depends on the carrier concentration according
to
. Rrad . B -n? 9
mQE_thal_A-n—l—B-nZ—l—C-n?" (2)

Consequently, the internal quantum efficiency niqr is expected to change with carrier
concentration. In order to get reliable data, we therefore have measured the PL intensity
as a function of excitation intensity at many temperatures (Fig. 2).

Indeed, we found that the intensity ratio between room temperature and low temperature
at a given laser excitation power is fairly constant in this range of excitation power. This
ratio is often interpreted as internal quantum efficiency, assuming that the non-radiative
coefficient A is negligible at low temperature and hence the recombination rate at low
temperature is purely radiative. This assumption is fair if this ratio saturates at a high
level for temperatures close to 0 K (Fig. 3). On the other hand, the Auger term should be
still negligible, i.e. the excitation power should be not too large, being visible by the fact,
that the PL efficiency does not yet decrease with increasing excitation power (Fig. 2).
Hence, these data (Fig. 3) allow us to estimate a fairly large internal quantum efficiency
of mqe > 25 %, which is confirmed by a comparably strong absolute PL intensity of these
semipolar QWs.
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Fig. 2: Ratio of integrated photolumines- Fig. 3: Ratio of integrated photolumines-
cence intensity and excitation power (nor- cence intensity and excitation power (nor-
malized) versus excitation laser power mea- malized) versus temperature at a laser exci-
sured at various temperatures. tation power of 115 mW.

As expected, our semipolar quantum wells show only a minor wavelength shift with ex-
citation power between 10 and 300 mW of about 3nm (Fig. 4, left), while a similarly
grown polar quantum well structure shifts by 13nm (Fig. 4, right), although emitting at
somewhat shorter wavelength. Such a shift is a consequence of a screening of the internal
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Fig. 4: PL peak shift of a semipolar QW structure (left) and a similar polar structure (right)
at room temperature for the same excitation power range.

piezo-electric field in the quantum wells by the excited carriers. Hence, a smaller shift
confirms the smaller electric field in our semipolar quantum wells.

4. Electroluminescence from Semipolar Test Structures

As described above, we have embedded such QWs into n- and p-doped GaN layers thus
forming an electroluminescence test structure, which can be regarded as a simple semipo-
lar light emitting diode (LED). As discussed previously, the Mg doping was carefully
optimized. This eventually resulted in p-doped semipolar GaN layers despite the still
fairly large n-type background as directly proven by Hall experiments [1]. Indeed, p-type
behavior could be only obtained in a small window of Mg fluxes (Fig. 5). At low Mg flux,
the n-background dominates, whereas at large flux, we assume that self-compensation
effects lead again to n-type behavior as well-known for polar structures [7].

Accordingly, the LED performance seems to be very sensitive to the Mg flow during the
growth of the top p-GaN layer (Fig. 6).

For the best Mg flow the total light output power reaches 150 pW at a current of 20 mA.
Although being quite large as compared to other results obtained for semipolar LEDs
on foreign substrates (see, e.g., [12]), this value still represents a wall-plug efficiency of
nwee < 0.25%. Even if we assume fairly large losses by a low light extraction efficiency,
such values seem to indicate that the internal quantum efficiency of our LED structures is
much lower than those 20 % or so which we measured on our PL structures (see Sect. 3).
In order to check whether the QWs of our LEDs are indeed worse than those of our PL
structures, we have measured the PL intensities of both types of structures side by side
carefully establishing similar measurement conditions (Fig. 7). Here, we used again the
blue laser diode as excitation source in order to minimize any absorption of the excitation
light in the top p-layer, although such losses cannot be completely disregarded. Indeed,
the PL intensity of the QW structure is about 3 times brighter than the intensity of the
LED test structure. This may indicate some degradation of the QWs in the LED structure
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Fig. 6: Electroluminescence intensity versus applied current at room temperature for three
different Mg flows during p-GaN growth. Owing to our small p-contact size, fairly large current
densities have been obtained (top axis).

by the overgrowth of the QWs by the p-layer grown at 910 °C. Owing to the fairly large In
content in these green light emitting QWs of about 30 %, this may be indeed reasonable.
However, this does not explain completely the poor performance of our LEDs. Therefore,
we think that also the pn junction must be further optimized, particularly by reducing
the strong parasitic oxygen doping in our semipolar GaN further.

5. Conclusion

We have carefully evaluated the photoluminescence and electroluminescence efficiency
of semipolar GalnN quantum wells grown on patterned sapphire wafers. We found a
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structure at room temperature.

fairly large ratio between room temperature and low temperature photoluminescence on
samples which do not contain a p-doped top layer. From these data, we can estimate
an internal quantum efficiency of about 20 %. However, LED test structures show fairly
weak electroluminescence indicating a wall plug efficiency below 0.25 %. When comparing
PL and EL data measured on various samples, we suppose that this strong discrepancy is
partly a consequence of some degradation of the high In content quantum wells during the
p-layer overgrowth. However, a further optimisation of the p- and n-type doping profiles
seems to be even more important.

Acknowledgment

We are grateful for the strong technical and scientific support by many others, in particular
Karim Adel Shams Aldeen Alkhouly, Marian Caliebe, and Gulnaz Gahramanova. These
studies have been partly financially supported by the DFG within our research group
PolarCoN and by the EU in our project ALIGHT.

References

[1] T. Meisch, “Doping Behavior of (1122) GaN Grown on Patterned Sapphire Sub-
strates”, Annual Report, Inst. of Optoelectronics, Ulm University, pp. 1320, 2014.

[2] F. Scholz, “Semipolar GaN grown on foreign substrates: a review”, Semicond. Sci.
Technol., vol. 27, pp. 024002-1-15, 2012.

[3] S.H. Park and S.L. Chuang, “Crystal-orientation effects on the piezoelectric field and
electronic properties of strained wurtzite semiconductors”, Phys. Rev. B, vol. 59, pp.
4725-4737, 1999.



52

Annual Report 2015, Institute of Optoelectronics, Ulm University

[4]

N. Okada, A. Kurisu, K. Murakami, and K. Tadatomo, “Growth of semipolar (1122)
GaN layer by controlling anisotropic growth rates in r-plane patterned sapphire sub-
strate”, Appl. Phys. Ezxpress, vol. 2, pp. 091001-1-3, 2009.

M. Caliebe, T. Meisch, B. Neuschl, S. Bauer, J. Helbing, D. Beck, K. Thonke, M.
Klein, D. Heinz, and F. Scholz, “Improvements of MOVPE grown (1122) oriented
GaN on pre-structured sapphire substrates using a SiN, interlayer and HVPE over-
growth”, Phys. Status Solidi C, vol. 11, pp. 525-529, 2014.

T. Meisch, R. Zeller, S. Schorner, K. Thonke, L. Kirste, T. Fuchs, and F. Scholz,
“Doping behavior of (1122)-GaN grown on patterned sapphire substrates”, Phys.
Status Solidi B, vol. 253, pp. 164-168, 2016.

U. Kaufmann, P. Schlotter, H. Obloh, K. K&hler, and M. Maier, “Hole conductivity
and compensation in epitaxial GaN:Mg layers”, Phys. Rev. B, vol. 62, pp. 10867—
10872, 2000.

B. éantié, “Statistics of the Mg acceptor in GaN in the band model”, Semicond. Sci.
Technol., vol. 21, pp. 1484-1487, 2006.

S.C. Cruz, S. Keller, T.E. Mates, U.K. Mishra, and S.P. DenBaars, “Crystallographic
orientation dependence of dopant and impurity incorporation in GaN films grown by
metalorganic chemical vapor deposition”, J. Cryst. Growth, vol. 311, pp. 3817-3823,
20009.

F. Scholz, T. Meisch, M. Caliebe, S. Schorner, K. Thonke, L. Kirste, S. Bauer,
S. Lazarev, and T. Baumbach, “Growth and doping of semipolar GaN grown on
patterned sapphire substrates”, J. Cryst. Growth, vol. 405, pp. 97-101, 2014.

J. Wang, Y. Gao, S. Alam, and F. Scholz, “Mg doping of 3D semipolar InGaN/GaN-
based light emitting diodes”, Phys. Status Solidi A, vol. 211, pp. 2645-2649, 2014.

D.V. Dinh, M. Akhter, S. Presa, G. Kozlowski, D. O’Mahony, P.P. Maaskant, F.
Brunner, M. Caliebe, M. Weyers, F. Scholz, B. Corbett, and P.J. Parbrook, “Semipo-
lar (1122) InGaN light-emitting diodes grown on chemically-mechanically polished
GaN templates”, Phys. Status Solidi A, vol. 212, pp. 21962200, 2015.



Iron-doped GaN 53

Iron Doping in Hydride Vapor Phase Epitaxy of GaN

Martin Klein and Ferdinand Scholz

In order to overcome problems with non-uniform iron (Fe) doping in our GaN layers
grown by hydride vapor phase epitazxy, we have optimized the construction of our ferrocene
doping channel. By pre-heating the hydrogen carrier gas before entering the hot bubbler, a
constant Fe supply could be established. Moreover, losses of the precursor gas in the reactor
could be minimized by a re-design of the ferrocene mini-showerhead. In consequence,
an about 1 mm thick free-standing GaN layer containing a uniform Fe concentration of
2. 10" em™3 ezhibited a specific resistivity of 107 Qcm at room temperature.

1. Introduction

Although GaN-based heterostructures have enabled the realization of many modern semi-
conductor devices like high-brightness blue and green LEDs;, laser diodes, and high-power
high-frequency field effect transistors, there are still many issues to be optimized for such
devices. Most work is still done on foreign substrates like sapphire or SiC, which leads
to fairly large defect densities in the epitaxial structures. Homoepitaxial growth on GaN
wafers would be preferable, however, the availability of such substrates is still very lim-
ited. Therefore, our studies concentrate since several years on the growth of thick GaN
layers by hydride vapor phase epitaxy (HVPE; see, e.g., our previous Annual Reports).
Particularly, we are investigating the possibilities to realize semi-insulating GaN layers by
iron doping in HVPE [1]. In order to improve the doping concentration control, we have
attached a metalorganic gas channel to our HVPE system enabling to supply ferrocene
(bis-cyclopentadienyl-iron, CpsFe) as Fe source. However, first experiments resulted in
a very non-uniform doping profile with a large Fe peak after switching on the precursor
channel, while the remaining layer contained nearly about an order of magnitude less
[Fe] [1]. Hence, the average Fe concentration in our layer of about 1-2 - 10" cm ™3 was
too small to compensate the parasitic background doping and to lead to semi-insulating
behavior of our GaN layers. This required a redesign of our precursor channel, which will
be described in this report along with the obtained results.

2. Experimental

These studies have been performed in our horizontal HVPE reactor, which contains 5
separated heating zones. Liquid Ga, positioned in zone II at a temperature of 850°C, is
transported by HCI to the substrate in heating zone IV, where the epitaxial growth takes
place at typical temperatures of 1050 °C. Ammonia (NHj) is used as nitrogen precursor.
As described in our last report, the ferrocene is transported by Hy from its bubbler into
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an additional quartz tube in the center of our reactor close to the growth zone. Owing to
the high ferrocene bubbler temperature (see below), all gas lines connecting the bubbler
and the HVPE reactor were heated by heating tapes to temperatures above 95°C. As
ferrocene would get lost by decomposing in the hot environment of our HVPE reactor, we
mix it with HCI inside zone I of the HVPE reactor near to the reactor inlet to form FeCl,

which then can be transported forward to the substrate. Details of this construction are
described in [1].

The grown layers have been evaluated — besides standard characterization — by van
der Pauw Hall experiments. In some samples, the Fe concentration has been directly
determined by secondary ion mass spectrometry (SIMS), performed by Lutz Kirste et al.
(Fraunhofer Institute of Solid State Physics, Freiburg).

3. Optimization of Doping Channel
3.1 Pre-heating of carrier gas

As mentioned above, when switching on our Fe precursor channel gas flow in our previous
experiments, we had observed a peak Fe doping of up to 2-10' cm™ which then decreased
rapidly to an average value of 1-2 - 10" ecm™. Due to the very low vapor pressure of
ferrocene, such values only could be obtained for bubbler temperatures of 95°C. However,
according to our conventional metalorganic precursor channel construction, the ferrocene
bubbler was flushed with “cool” Hy of about 20 °C (room temperature). Moreover, it must
be considered that ferrocene is still solid even at 95°C. Therefore, we tentatively explain
the observed doping peak by a transportation of a large amount of ferrocene according to
its vapor pressure at 95°C only in the very first moment. However, then the “cool” H,
carrier gas locally decreases the ferrocene temperature and also its vapor pressure. This
leads to a reduced ferrocene uptake, keeping in mind a fairly low thermal conductivity of
the solid ferrocene, whereas in a liquid material, the carrier gas bubbling would lead to a
mixing of the material and hence to a much weaker temperature gradient.

Therefore, it is obvious that a pre-heating of the Hy carrier gas would decrease our prob-
lem. We connected a coil of several windings of our Hy precursor supply line connected
to the inlet of the ferrocene bubbler, which was immersed into the thermo-bath liquid of
our ferrocene bubbler. At a typical flow of 40sccm, the carrier gas needs about 20s to
flow through this coil, which should be enough to heat up to the bubbler temperature of
95°C. Indeed, we now could establish fairly uniform Fe doping concentrations during the
growth of several hours.

3.2 Optimization of showerhead

After a few experiments, we observed black depositions solely at the first two of six small
outlet holes in the showerhead which is responsible for distributing the FeCl, evenly over
the growth region. This indicates that most of the dopant is leaving the showerhead at
the upstream end of the growth zone. Due to the reactor geometry, the general flow of the
carrier and source gases inside the growth zone is pointing backwards. Moreover, other
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tests indicated a leakage between the supply tube and the showerhead as a consequence
of a gas blocking in the showerhead. This means that in this configuration a significant
part of the FeCl, flow is transported away from the wafer, before it can contribute to any
doping of the layer.

Therefore, a new showerhead was constructed which only contains one larger elliptical
outlet hole directly over the growth zone instead of a few small ones.

By applying all construction details discussed above, two Fe-doped GaN layers with a
thickness of about 1 mm have been deposited on templates grown by metalorganic vapor
phase epitaxy. Facilitated by a hexagonal SiN mask, they spontaneously separated from
the sapphire substrate by the thermal expansion mismatch between GaN and sapphire [2].
On the sample depicted in Fig. 1, a uniform Fe concentration of 2 - 10'® cm™ has been
determined by SIMS (Fig. 3) at several positions. However, the crystalline quality of
this sample was not good enough for Hall experiments due to many internal cracks etc.
Therefore, we used an optimized hexagonal SiO, mask for strain management for the
second sample shown in Fig. 2. Although the self-separation did not work properly in the
center of this sample, we could perform Hall experiments over a wide temperature range
from room temperature up to 1000 K on the other areas confirming a semi-insulating
behavior with a specific resistivity of about 107 Qlcm at room temperature.

Fig. 1: Free-standing Fe-doped GaN sample Fig. 2: Partly separated layer grown on a

on a template with 30 pm mask period. Fe template with 15 pm mask period. According

content according to SIMS: 2 - 10" cm 3. to van der Pauw Hall experiments: specific
resistivity p = 107 Qcm.

4. Conclusion

In order to establish a controllable iron doping source for the growth of Fe-doped GaN,
we have improved the metalorganic gas channel connected to our HVPE reactor. Owing
to the low vapor pressure of ferrocene, a high bubbler temperature is required. Therefore,
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Fig. 3: SIMS profile of a free-standing GaN sample grown with ferrocene carrier gas pre-heating,
measured down from the sample surface.

a pre-heating of the carrier gas was implemented, which stabilized the Fe supply over
the full duration of an epitaxial run. Moreover, precursor gas losses in the reactor by
unwanted backpressure could be minimized by changing the outlet hole design of the
Fe showerhead. Now, uniformly doped thick GaN layers could be grown demonstrating
semi-insulating behavior in temperature dependent Hall experiments.
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GalnN Quantum Wells as Optoelectronic
Transducers for Biosensing of Ferritins

Dominik Heinz

In this work, investigations on gallium indium nitride (GalnN) quantum well structures
as optochemical transducers in biosensing are presented. In contrast to the conventional
electrical read-out of IlI-nitride-based sensors, a purely optical photoluminescence read-out
is performed. Particularly, optical investigations of the iron-storage molecule ferritin de-
posited on GalnN quantum wells are presented. A significant spectral shift of the quantum
well photoluminescence is observed for varying iron-load of ferritin.

1. Introduction

Currently, (bio)chemical sensing methods are often based on optical technologies [1-7].
Fluorescent labels which can be selectively linked by antibodies to different biomolecules
[5] or even cells [8] are frequently applied. Most prominently, fluorescent markers are used
in enzyme-linked immunosorbent assays (ELISA) which enables analytics down to the
picomolar range [3] or in single molecule real time (SMRT) sequencing using fluorescent
nucleotides [4,5]. Today, the throughput in molecular analytics is often limited by the
very weak light intensity of such fluorophors [3-5]. In particular, the signal-to-noise ratio
is a crucial quantity for single molecule analytics [4,5]. Fluorescent labels often suffer
from photobleaching effects which limits the signal-to-noise ratio significantly [3,9] or
antibodies are not sensitive to specific molecular properties [10, 11].

As unbound iron is toxic, the iron-storage molecule ferritin plays an important role in the
regulation of the iron concentration inside the human body [10]. The globular protein
ferritin reversibly stores up to 4500 iron atoms inside its cavity where the ions undergo
a mineralization process [10]. The concentration of ferritin molecules in human blood
is typically determined using immunoassays. It is frequently monitored as biomarker in
order to determine the iron status of the body [9,10]. Ferritin bound iron is reported as a
superior biomarker compared to ferritin protein levels [11]. Particularly, iron overload can
be distinguished from an inflammation which also influences ferritin protein levels [11].
Additionally, other diseases such as hepatitis or cancer can influence the ferritin protein
concentration [11]. A malfunction of the iron-incorporation and storage of the ferritin
molecule is associated with Alzheimer’s disease where higher concentrations of ferritin
bound aluminum are found [12]. However, common antibodies used in immunoassays are
only sensitive to the ferritin protein concentration but not to the iron load of the molecule
itself [10,11]. In contrast to immunoassays, determination of ferritin bound iron requires
sophisticated methods such as species-specific isotope dilution mass spectrometry [10].
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In recent years, gallium nitride (GaN) established as an excellent material system for
general lighting and lasing applications in the visible spectral range. Besides classical
applications in optoelectronics, group Ill-nitrides find increasing interest in (bio)chemical
sensing [13-17]. Particularly, nanostructures such as nanowires are in the focus of re-
search [13,18-22]. Typically, nanostructures require rather sophisticated lithographic
and epitaxial methods for their realization. Many studies involve an electrical read-out
of nanostructures in (bio)chemical sensing [20-22]. However, group [Il-nitrides are ex-
pected to be particularly suited for optical sensing applications which so far has been
rarely studied [13,18,19]. In contrast to other material systems, group III-nitrides benefit
from an excellent chemical stability [23], biocompability [16,17], optoelectronic proper-
ties [13,18,19], and polarity dependent piezoelectric properties [24,25] which might be
particularly useful in (bio)chemical sensing. In fact, the highest occupied and lowest un-
occupied orbitals of many biomolecules match very well to the large bandgap of group
[II-nitrides [26].

In this work, an alternative “label-free” approach for molecular analytics without appli-
cation of fluorophors is demonstrated using the stable photoluminescence (PL) of GalnN
quantum wells. Particularly, the application of planar GalnN quantum well structures as
optoelectronic transducers for sensing ferritin bound iron is investigated (Fig. 1). Planar,
near-surface GalnN quantum wells allow a very flexible and reproducible arrangement
of the optoelectronic properties compared to more sophisticated nanostructures. All in-
vestigations are based on the spectral and intensity changes of the GalnN quantum well
luminescence in presence of ferritin with varying iron-load.

2. Experimental

GalnN quantum well structures are grown in a commercial Aixtron AIX200/RF metal
organic vapor phase reactor using ammonia (NHj), trimethylgallium (TMGa), trimethy-
laluminum (TMALI), triethylgallium (TEGa), and trimethylindium (TMIn) as precursors.
Ultra-pure hydrogen and nitrogen are applied as carrier gases.

First, a thin oxygen-doped aluminium nitride (AIN) nucleation layer is grown on c-oriented
sapphire wafers with a miscut of 0.3° towards the a-direction. Subsequently, a Ga-polar
GaN buffer layer with a thickness of about 1 pm is realized followed by five GalnN multi
quantum wells with a nominal thickness of 3nm and 7nm GaN barrier. In order to enable
a sensitivity of the quantum wells to the biomolecules at the surface, a thin GaN cap layer
with a thickness of about 7nm is realized.

Before deposition, the GaInN quantum well surface is hydroxilated using a mixture of
sulfuric acid (H2SO4) and hydrogen peroxide (HyO2) with a ratio of 1:1 for 5 min. Subse-
quently, the samples are rinsed in deionized water and dryed under nitrogen flow. Ferritin
and apoferritin (corresponds to ferritin without iron-load) from horse spleen are purchased
from Sigma-Aldrich und purified using dialysis. In particular, the saline and glycol buffer
solutions of the biomolecules are substituted by deionized water. A concentration of
about 2pmoldm™ of (apo)ferritin in deionized water is realized and deposited on the
hydroxilated GalnN quantum well surface.
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Fig. 1: Schematic illustration of the micro-photoluminescence setup for front side excitation of
modified GaInN quantum well structures (left). Near-surface band structure of a polar single
GalnN quantum well surface without biomolecule modification (middle) corresponding band
structure with increasing band bending after adsorption of oxidizing molecules (right).

Photoluminescence measurements are performed using a micro-photoluminescence setup
with mirror objective (Fig. 1). A HeCd laser with main emission wavelength at 325 nm
is applied for excitation of the quantum well photoluminescence. The optical read-out is
performed using a monochromator and a liquid nitrogen-cooled CCD camera.

Local backside excitation PL experiments are performed using backside polished GalnN
quantum well structures. GalnN quantum well samples are mounted on a pinhole in order
to allow local measurements before and after deposition of the biomolecules at the same
position on the sample surface. A blue laser diode with an emission wavelength at 405 nm
is used for resonant excitation of the quantum wells in order to avoid absorption inside
the GaN buffer layer. The PL read-out is performed from the front side.

3. Influence of Ferritin Bound Iron on the GaInN Quantum Well
Photoluminescence

Ferritin and apoferritin are locally deposited on a hydroxilated planar structure containing
5 GalnN quantum wells. Photoluminescence spectra measured from the front side are
shown in Fig. 2.

A significant spectral shift and an intensity variation of the local photoluminescence re-
sponse is observed after deposition of the biomolecules on the surface. In order to exclude
the influence of local fluctuations of the quantum well photoluminescence, several local
measurements are performed on ferritin and apoferritin areas.

A mean spectral red-shift of about 2.4nm and an intensity increase of about 35% is
observed for the areas where apoferritin is deposited with respect to ferritin. Regarding
the Ga-polarity and c-orientation of the GalnN quantum wells, a red-shift for apoferritin
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Fig. 2: Micro-photoluminescence of planar 5x GalnN multi quantum wells with ferritin and
apoferritin surface modification and corresponding reference structures without modification
(left). Error bars are mainly caused by local fluctuations of the quantum well PL and local
inhomogeneity of the deposited biofilm thickness (right).

corresponds to a reduction of the initially upward surface band bending. A reduced near-
surface band bending leads to an increased tilting of the quantum well band structure
and hence to an increased quantum confined Stark effect (QCSE). Therefore, apoferritin
can be assumed to behave as a reducing agent which attracts holes at the GaN surface
and hence reduces the band bending.

Indeed, it is reported in literature that apoferritin can bind different kinds of positively
charged metal ions, particularly Fe?t and Fe3* ions [27]. The binding affinity is re-
ported to be pH-dependent as protons in the buffer solutions compete with other metal
ions [27,28]. Ferritins are reported to obey a negative surface potential which attracts
cations [29]. Surprisingly, the photoluminescence intensity slightly increased after apofer-
ritin deposition. A reduced overlap of the electron and hole wave functions and reduced
radiative recombination propability is expected due to the increased QCSE. The intensity
increase might be explained by an improved light extraction due to the increased surface
roughness or by reduced non-radiative surface recombination.

In contrast to apoferritin, a tendency for a blue shift with respect to the reference struc-
ture without surface modification is observed for ferritin. It is expected that the reducing
nature of apoferritin is significantly weakened or overcompensated due to the incorpora-
tion of positively charged ions, which is indeed observed. The iron concentration inside
the ferritin molecules is expected to vary. Unfortunately, local fluctuations of the quan-
tum well PL. and large error bars inhibit a clear statement about the electron transfer
for ferritin. A spectral blue shift corresponds to an oxidizing nature of ferritin. This
corresponds to an increase of the near-surface band bending and reduced QCSE.
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Fig. 3: Local backside excitation PL measurement using double polished 5x GalnN multi
quantum well structures (left) for apoferritin (top) and ferritin (bottom) modified surfaces.
Schematic illustration of the setup (right): a polarized blue 405 nm laser is used for resonant
excitation of the quantum wells which is selectively separated from the PL using a second
polarizer. The sample is mounted on a pinhole to excite the same position before and after
deposition of the biomolecules.

In order to exclude the influence of local variations of the quantum well PL, local backside
excitation experiments are performed. The polished sapphire backside of a planar multi-
quantum well structure is mounted on a pinhole (Fig. 3). As GaN is absorbing in the
UV spectral range, a blue laser diode is used for optical resonant excitation of the GalnN
quantum well PL. The optical PL read-out is again performed on the quantum well side.

Again a spectral redshift is found after deposition of apoferritin biomolecules on the
quantum well surface compared to the local reference measurement without surface modi-
fication. A slightly higher intensity is found which might be again explained by improved
PL light extraction on the quantum well surface. The result is in very good agreement
with the previously described investigations on the front side. In contrast, a reduced
spectral shift with a slight tendency for smaller wavelength is found for ferritin molecules
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which again matches with our expectations. However, the PL quenching is much more
pronounced compared to our frontside excitation experiments which might be a local
effect. Obviously, the overall iron load of (apo)ferritin molecules seems to have a strong
influence on the optoelectronic properties of polar GalnN quantum wells. A reduced
spectral shift of ferritin molecules might be explained by a reduced binding affinity of
ferritin for positive charges compared to apoferritin.

4. Summary

The realization and application of planar GaInN quantum well structures as optical trans-
ducer elements in biosensing is demonstrated. Ferritin molecules on the surface of such
structures strongly influence the near-surface quantum well PL depending on the iron-
load of the molecules. A significant spectral redshift of the photoluminescence is observed
in the presence of apoferritin caused by the externally induced QCSE. The results might
be particularly useful for new “label-free” optical sensor concepts without application of
fluorophors based on the transducing properties of GalnN quantum wells.
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Investigation of AIBGaN Structures for UV-Lighting

Oliver Rettig

In this work, a brief introduction in the advantages of AIBGaN as a material for UV-
lighting devices will be given. As a template, AIN layers will be developed based on knowl-
edge already obtained in our group. Also mew approaches will be discussed to further
increase the AIN crystal quality.

1. Introduction

Highly efficient blue light-emitting diodes (LED) already exist on the basis of Ga(In)N [1]
enabling the generation of white light. Also LEDs in the UV range, especially the UV-C
range (~270nm), have many applications since they can be used for sterilization and
disinfection of water and air [2, 3], phototherapy [2], flourescence analytical systems [3],
bio-agent detection [4], spectrometry [5] and currency validation [5]. However, LEDs in
the UV spectral range are typically much less efficient [2] due to the challenges of growing
high quality AIN layers with low threading dislocation density (TDD). Such dislocations
penetrating through the optically active layers, drastically decrease the efficiency of the
device. Due to lattice mismatch between the sapphire substrate used for overgrowth and
AIN, defects are generated. To minimize lattice mismatch between the substrate and
the AlGaN with very high Al-content as well as reducing the absorption of light in the
substrate, UV-LEDs are not grown on GaN- but on AIN substrates [6]. Moreover, lattice
mismatch between layers of different Al content lead to further problems, e.g., further
defect generation or even cracking. Due to the quantum confined Stark effect (QCSE),
piezoelectric fields reduce the overlap of the electron and hole wave functions and, hence,
the recombination probability in the active quantum wells decreases.

Boron containing AlGaN layers enable a further degree of freedom in lattice matching the
optically active layers to the AIN templates since BN has an approximately 18 % smaller
lattice constant compared to AIN [7]. Hence, strain and TDD can be reduced which
normally negatively affect the efficiency of the optoelectronic device. Lattice matching
also leads to reduced piezoelectric fields in the active layers which also helps increasing
the efficiency of the LEDs.

However, boron exhibits a poor solubility into AlGaN [8]. To overcome this problem high
temperature growth up to 1400 °C will be applied. Fortunately, only 3-4 % of boron are
sufficient to compensate compressive strain in Aly75GagosN grown on AIN.

Therefore, we recently have started a project which will clarify whether boron incorpo-
ration helps to reduce the strain in AlGaN hetero structures without deteriorating the
crystal quality. Only little information about Al,B,Ga;_,_,N can be found in litera-
ture [9-11]. Many fundamental properties like band gap as a function of the composition
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and donor/acceptor ionization energies are still unknown or uncertain. Here, we report
about our first steps to optimize the growth of AIN layers on sapphire which will be used
as templates for our later AIBGaN growth studies.

2. Experimental Details

The MOVPE reactor used for this study is a low-pressure horizontal reactor (Aixtron
ATIX-200/4 RF-S) with a high-temperature susceptor kit enabling growth temperatures
up to 1400°C. All group Ill-nitrides are grown on standard (0001) sapphire substrates
with an offcut of 0.3° towards the m-plane. Trimethylaluminium (TMALI), trimethylgal-
lium (TMGa), trimethylindium (TMIn), triethylboron (TEB), and ammonia are used as
precursors.

For characterization, a high resolution X-ray diffractometer (Bruker Discover D8) is used
to study the crystal quality of the samples.

Photoluminescence spectroscopy is performed by using an argon fluoride excimer laser as
excitation source which operates at a wavelength of 193 nm.

3. Growth of the AIN Template

Thapa and Qi [12,13] have already investigated the growth of AIN layers and optimized
the growth parameters.

Hence, we started our investigations by following their proposed recipes [14]: AIN tem-
plates are grown in a two-step process. First, an oxygen doped approximately 20 nm thick
AIN nucleation layer is grown. This is followed by a faster grown undoped AIN layer with
a mixture of carrier gases Ny : Hy = 2: 1. After nucleation layer growth, a 10 min low
temperature annealing step is employed at 500 °C. The TMAI and ammonia mass flows
during layer growth are 10 pmol/min and 10 mmol/min, respectively which results in a
V/III ratio of approximately 1000. The reactor pressure is set to 35 hPa and the surface
temperature is set to 1085 °C which is measured pyrometrically from the top.

It was found that the addition of TMIn during growth helps improving the adsorption
and surface mobility of the Al-precursors and hence enhances the crystal quality [12].
Due to the high growth temperature, indium is not incorporated effectively into the AIN
layer [15].

XRD results for a 500nm thick layer show very narrow reflections with a full width at
half maximum (FWHM) of 92arcsec and 1163 arcsec for the (0002) and (1012) peaks,
respectively.

Figure 1 shows the XRD measurement of the (1012) reflection with a pseudo-Voigt re-
gression.

The TDD can be roughly estimated by [16]
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Fig. 1: XRD measurement of the (1012) reflection of a 500 nm thick AIN template with a
FWHM of 1163 arcsec.

where

B - Bhkl = \/(ﬁscrow - COS X>2 + (Bodge - sin X)2 (2)

stands for the FWHM of the respective hkl-reflection measured by XRD and b is the
length of the Burgers vector of the screw- or edge-type TD, respectively. The angle x
is taken from the position of the hkl-reflection peak of the XRD’s Euler cradle. From
the FWHM of the (0002) reflection fyew can directly be calculated since x = 0. For
the calculation of the edge-type TDD the FWHM of the (1012) reflection as well as the
already obtained value for [ ew are used. Hence, on our recent 500 nm AIN templates
we can estimate the TDDs t0 Dyeew = 2+ 107cm™2 and Degge = 1+ 10" cm™2,

However, simulations show that in AlIGaN MQW LEDs a TDD in the range of 10'° cm~2 is
too high to achieve an internal quantum efficiency larger than a few percent [2|. Therefore,
we need to reduce particularly the FWHM of the (1012) reflection.

There are still possibilities for improvement mentioned in literature. Hirayama et al. sug-
gest a multi-step process with faster and slower growth rates. Also AlGaN-AIN-multilayers
are used to enhance the crystal properties of the template [2]. Since it is possible to in-
stall a high temperature setup in our MOVPE, higher growth temperatures will be also
investigated. Pulsed growth is also successfully applied to enhance the surface mobility
of the Al precursors and hence improve the crystal quality [17]. A very promising method
of drastically enhancing the crystal properties is thermal annealing of the AIN template
up to 1600°C [18]. Some groups also improved the crystal quality of the AIN template
by an epitaxial lateral overgrowth (ELO) process [19]. All of these approaches will be
investigated to get the best possible foundation for further research.



68 Annual Report 2015, Institute of Optoelectronics, Ulm University

3.1 Modification of the precursor usage

For the slow growth of the AIN:O nucleation layer, a TMAI bubbler at a temperature
of 5°C is used. This provides decently low mass flow to achieve thin and controlled
nucleation layer growth. However, for the growth of the top layer, a higher growth rate
is needed which requires a larger mass flow of the TMAI precursor. For that purpose, a
second TMAI bubbler at a temperature of 17°C is applied.

For the growth of boron containing materials, an additional bubbler needs to be installed
into our MOVPE. Unfortunately, no spare channel is available. Therefore, one of the
TMAI bubblers needs to be replaced. The idea was to find a compromise between slow
and fast growth rate resulting in a bubbler temperature of 10°C.

In order to determine which bubbler is better suited for this purpose, we have grown with
different bubbler configurations, as displayed in Table 1.

Table 1: Comparison of the the crystal quality obtained with the two TMAI bubblers for a
500 nm thick AIN layer on sapphire.

| sample | T6028Aa T6029Aa T6033Aa

nucleation | bubbler 1 1 2
bubbler temperature (°C) 4 4 10

pressure (mbar) 1000 400 1400
source flow (sccm) 25 10 25
layer bubbler 2 1 2
bubbler temperature (°C) 17 4 10

pressure (mbar) 1000 400 1000
source flow (scem) 25 22 38

FWHM (1012) 1500 4200 2100

The pressure as well as the temperature of the bubblers are chosen to keep the TMAI
mass flow constant. Therefore, all templates are expected to have the same crystal quality.
However, as can be clearly seen, the FWHM of the (1012) reflection changes significantly
depending on the bubbler used as precursor source for AIN growth. Neither bubbler one
nor bubbler two can be used for both, nucleation and buffer layer growth to achieve the
same FWHM as compared to the combination of both. The reason for that behaviour is
not known until now. It is supposed that bubbler one might be contaminated since it is
a rather old source. However, this contamination seems to help for the growth of a good
nucleation layer since the crystal quality is better compared to templates with nucleation
layers grown with the second bubbler. Further studies are needed to clarify this issue.
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4. Summary

First studies on the growth of AIN templates were performed. Templates with a thickness
of 500nm show a FWHM of the XRD of 92arcsec and 1162arcsec for the (0002) and
(1012) peaks, respectively. This is equal to a TDD of Dyew = 2 - 10" cm™? and Degge =
1-10°cm~=2. However, for the growth of highly efficient UV-LEDs further improvement
needs to be achieved.
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vertikal emittierender Laserdioden,
November 2015.
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Diploma and Master Theses

1.

10.

Ifeanyi Francis Edokam,

Growth and Characterization of {1122} Semipolar Gallium Nitride on 100 mm
Diameter Patterned Sapphire Substrate,

Master Thesis, January 2015.

Sepideh Faraji,

FEpitazy and Characterization of Semi-polar (1011) and (2021) GaN-based
Hetero-structures on (1123) and (2243) Patterned Sapphire Substrate,
Master Thesis, January 2015.

Raphael Albert Zeller,

Epitazie und Charakterisierung von semipolaren InGaN / GaN-LEDs
auf strukturierten Saphirsubstraten,

Master Thesis, January 2015.

Andreas Ziegler,
Optische und elektrische Untersuchungen an GaAs-basierten Phototransistoren,
Master Thesis, January 2015.

Haitham Nasr,
Relative Intensity Noise Characterization of Vertical-Cavity Surface-Emitting Lasers,
Master Thesis, April 2015.

Stefanie Unseld,

Untersuchung von temperaturabhdingigen Effekten in vertikal emittierenden
Laserdioden (VCSEL),

Master Thesis, April 2015.

Muhammad Asad,
Chemical functionalization of GaN surfaces,
Master Thesis, May 2015.

Florian Betz,

Einfluss der Aufbau- und Verbindungstechnik auf die Zuverlassigkeit von vertikal
emittierenden Laserdioden,

Diploma Thesis, May 2015.

Sushil Tandukar,

FEpitazial growth of (1122) semipolar GaN on sapphire patterned by deep
UV-lithography,

Master Thesis, May 2015.

Hongfei Wang,
Investigations Into Vertical-Cavity Laser Diodes With Integrated Electrical Heaters,
Master Thesis, June 2015.
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11.

12.

13.

14.

Markus Polanik,
Charakterisierung von optisch quantenfilmgepumpten Halbleiterscheibenlasern

mit kleinem Quantendefekt,
Master Thesis, November 2015.

Ze Jiang,

Fvaluation of semipolar GaN characterization grown by MOVPE and HVPE
for LEDs application,

Master Thesis, December 2015.

Sukhjit Singh,
Investigations Into Dynamic Photodiode Characteristics With Optical Heterodyning,
Master Thesis, December 2015.

Linyuan Wu,
Functionalization of Ga(In)N nanostructures for optical sensing,
Master Thesis, December 2015.
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Bachelor Theses

1. Feihong Song,

Development of the Hall measurement system based on van der Pauw method,
May 2015.

2. Donghao Wu,
Realization of micro-fluidic channels on structured GaN surfaces,

May 2015.
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Talks and Conference Contributions

1]

[10]

S. Bader, P. Gerlach, and R. Michalzik, “Novel oxide-free VCSEL with optically
controlled current confinement”, Conf. on Lasers and Electro-Optics Europe, CLEO/
Furope 2015, Munich, Germany, June 2015.

M. Caliebe, Y. Han, M. Hocker, T. Meisch, C. Humphreys, K. Thonke, and F. Scholz,
“Studies with marker layers on semipolar (11-22) oriented GaN grown on (10-12) pre-
structured sapphire substrates”, poster at 16th Furopean Workshop on Metalorganic
Vapor Phase Epitary (EWMOVPE XVI), Lund, Sweden, June 2015.

M. Caliebe, Y. Han, T. Meisch, C. Humphreys, and F. Scholz, “Growth and coales-
cence studies with marker layers on (11-22) oriented GaN on pre-structured sapphire
substrates”, PolarCoN Winterschool, Reisensburg, Giinzburg, Germany, March 2015.

M. Caliebe, S. Tandukar, Z. Cheng, T. Meisch, D. Heinz, F. Scholz, A. Plettl, Y.
Han, C. Humphreys, M. Hocker, S. Bauer, F. Huber, and K. Thonke, “Influence of
trench period and depth on MOVPE grown (11-22) GaN on patterned r-plane sap-
phire substrates”, 30th DGKK Workshop Epitaxie von I1I-V-Halbleitern, Gottingen,
Germany, December 2015.

M. Daubenschiiz, P. Gerlach, and R. Michalzik, “Epitaxy-based electro-thermal sim-
ulation approach for vertical-cavity surface-emitting laser structures”, poster at Conf.
on Lasers and FElectro-Optics Furope, CLEO/FEurope 2015, Munich, Germany, June
2015.

S. Faraji, “Epitaxy and characterisation of semipolar (10-11) and (20-21) GaN on pat-
terned sapphire substrates”, PolarCoN Winterschool, Reisensburg, Giinzburg, Ger-
many, March 2015.

D. Heinz, R.A.R. Leute, M. Fikry, L. Wu, D. Wu, F. Huber, O. Rettig, M. Asad,
S. Bauer, M. Hocker, I. Tischer, T. Aschenbrenner, M. Schowalter, D. Hommel,
A. Rosenauer, K. Thonke, and F. Scholz, “GaN-based nanostructures as novel op-

tical sensor elements” (invited), Recent Advances in Nano Science and Technology
(RAINSAT-2015), Chennai, India, July 2015.

D. Heinz, O. Rettig, F. Huber, M. Madel, M. Asad, J. Jakob, S. Bauer, M. Hocker,
S. Jenisch, K. Thonke, and F. Scholz, “Ga(In)N nanostructures as optical sensing el-
ements”, poster at Forschungstag Baden- Wiirttemberg Stiftung, Stuttgart, Germany,
July 2015.

M. Klein, D. Heinz, T. Meisch, F. Lipski, and F. Scholz, “Ferrocene doping in hydride
vapor phase epitaxy”, 6th International Symposium on Growth of I1I-Nitrides (ISGN-
6), Hamamatsu, Japan, November 2015.

M. Klein, R. Leute, T. Meisch, F. Lipski, and F. Scholz, “Properties of selective
area growth patterns for gallium-nitride self-separation in hydride vapor phase epi-
taxy”, 6th International Symposium on Growth of III-Nitrides (ISGN-6), Hama-
matsu, Japan, November 2015.
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[11]

[12]

[13]

[14]

[15]

[17]

[18]

[19]

[20]

[21]

[22]

R.A.R. Leute, D. Heinz, J. Wang, T. Meisch, F. Scholz, O. Rettig, F. Huber, K.
Thonke, S. Jenisch, and S. Strehle, “GaN nanostripes with sub-200-nm periodicity”,
PolarCoN Winterschool, Reisensburg, Glinzburg, Germany, March 2015.

T. Meisch, K. Alkhouly, G. Gahramanova, R. Zeller, S. Schérner, K. Thonke, L.
Kirste, T. Fuchs, M. Caliebe, and F. Scholz, “Planar semipolar (11-22) green In-
GaN/GaN LEDs grown on patterned sapphire subtrates”, 11th International Con-
ference on Nitride Semiconductors (ICNS 2015), Beijing, China, September 2015.

T. Meisch, K. Alkhouly, G. Gahramanova, R. Zeller, S. Schérner, K. Thonke, L.
Kirste, T. Fuchs, M. Caliebe, and F. Scholz, “Planar semipolar (11-22) green In-
GaN/GaN LEDs grown on patterned sapphire subtrates”, 30th DGKK Workshop
Epitaxie von I1I-V-Halbleitern, Gottingen, Germany, December 2015.

T. Meisch, R. Zeller, S. Schorner, and F. Scholz, “Doping behavior of (11-22) GaN
grown on PSS”, PolarCoN Winterschool, Reisensburg, Giinzburg, Germany, March
2015.

T. Pusch, M. Lindemann, N.C. Gerhardt, M.R. Hofmann, and R. Michalzik, “In-
creasing the birefringence of VCSELSs beyond 250 GHz”, Conf. on Lasers and FElectro-
Optics Europe, CLEO/FEurope 2015, Munich, Germany, June 2015.

O. Rettig, D. Heinz, S. Jenisch, F. Huber, M. Madel, S. Bauer, M. Hocker, K. Thonke,
and F. Scholz, “GaN-nanowires for sensor applications”, 30th DGKK Workshop Epi-
taxie von III-V-Halbleitern, Gottingen, Germany, December 2015.

F. Scholz, “GaN-based LEDs: promises and challenges” (invited), EBV Lighting
Academy, Munich, Germany, March 2015.

F. Scholz, “GaN-based LEDs and laser diodes: promises and challenges”, seminar
talk at IMTEK, University of Freiburg, Freiburg, Germany, November 2015.

F. Scholz, “LEDs statt Glithbirnen: Wie funktioniert’s? Was bringt’s?”, 25th An-
nwersary of the Faculty of Engineering and Computer Science, Ulm University, Ger-
many, June 2015.

F. Scholz, D. Heinz, K. Thonke, F. Huber et al., “GaN-based hetero and nanostruc-
tures for chemical sensing and UV light emission”, The International Symposium on
Bio & Nano Interface, Suzhou, China, November 2015.

F. Scholz, M. Caliebe, M. Fikry, D. Heinz, R.A.R. Leute, T. Meisch, O. Rettig, and J.
Wang, “Epitaxially grown GaN-based micro- and nanostructures for optoelectronic

applications”, Sino-German Workshop on Photonic Manufacturing, Manipulation
and Measurement (PMMM 2015), Changchun, China, July 2015.

J. Wang, T. Meisch, R. Zeller, and F. Scholz, “Internal quantum efficiency and
carrier injection efficiency of c-plane, {10-11} and {11-22} InGaN/GaN-based LEDs”,
PolarCoN Winterschool, Reisensburg, Giinzburg, Germany, March 2015.
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23]

[24]

M. Lindemann, H. Hopfner, N.C. Gerhardt, M.R. Hofmann, T. Pusch, and R.
Michalzik, “Ultrafast polarization dynamics with controlled polarization oscillations
in vertical-cavity surface-emitting lasers”, SPIE Photonics West 2015, Conf. on
Vertical-Cavity Surface-Emitting Lasers XIX, San Francisco, CA, USA, Feb. 2015.

M. Lindemann, H. Hopfner, N.C. Gerhardt, M.R. Hofmann, T. Pusch, and R.
Michalzik, “Controlling the frequency of ultra-fast polarization oscillations in spin-
VCSELS”, poster at 79th Annual Meeting of the German Physical Society (DPG)
and DPG Spring Meeting, Berlin, Germany, March 2015.

M. Lindemann, T. Pusch, N.C. Gerhardt, M.R. Hofmann, and R. Michalzik, “Tuning
the frequency of polarization oscillations in spin-VCSELs by mechanical strain in-
duction”, Conf. on Lasers and Electro-Optics Europe, CLEO/FEurope 2015, Munich,
Germany, June 2015.

M. Lindemann, T. Pusch, N.C. Gerhardt, M.R. Hofmann, and R. Michalzik, “To-
wards high frequency operation of polarization oscillations in spin vertical-cavity
surface-emitting lasers” (invited), SPIE Optics + Photonics 2015, Conf. on Spin-
tronnics VIII San Diego, CA, USA, Aug. 2015.

M. Lindemann, H. Hopfner, N.C. Gerhardt, M.R. Hofmann, T. Pusch, and R.
Michalzik, “Controlled switching and frequency tuning of polarization oscillations

in vertical-cavity surface-emitting lasers”, poster at SPIE Optics + Photonics 2015,
Conf. on Spintronnics VIII, San Diego, CA, USA, Aug. 2015.
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Publications

1]

[10]

[11]

M. Alimoradi Jazi, T. Meisch, M. Klein, and F. Scholz, “Defect reduction in GaN
regrown on hexagonal mask structure by facet assisted lateral overgrowth”, J. Cryst.
Growth, vol. 429, pp. 13-18, 2015.

S. Bader, P. Gerlach, and R. Michalzik, “Novel oxide-free VCSEL with optically
controlled current confinement”, in Online Digest Conf. on Lasers and Electro-Optics
Europe, CLEO/FEurope 2015, paper CB-2.6, one page. Munich, Germany, June 2015.

M. Caliebe, T. Meisch, M. Madel, and F. Scholz, “Effects of miscut of prestructured
sapphire substrates and MOVPE growth conditions on (1122) oriented GaN”, .J.
Cryst. Growth, vol. 414, pp. 100-104, 2015.

M. Daubenschiiz, P. Gerlach, and R. Michalzik, “Epitaxy-based electro-thermal simu-
lation approach for vertical-cavity surface-emitting laser structures”, in Online Digest
Conf. on Lasers and Electro-Optics Europe, CLEO/FEurope 2015, paper CB-P.14, one
page. Munich, Germany, June 2015.

R.A.R. Leute, J. Wang, T. Meisch, J. Biskupek, U. Kaiser, and F. Scholz, “Blue to
true green LEDs with semipolar quantum wells based on GaN nanostripes”, Phys.
Status Solidi C, vol. 12, pp. 376-380, 2015.

T. Pusch, M. Lindemann, N.C. Gerhardt, M.R. Hofmann, and R. Michalzik, “In-
creasing the birefringence of VCSELs beyond 250 GHz”, in Online Digest Conf. on
Lasers and Electro-Optics Furope, CLEO/FEurope 2015, paper CB-2.2, one page. Mu-
nich, Germany, June 2015.

T. Pusch, M. Lindemann, N.C. Gerhardt, M.R. Hofmann, and R. Michalzik, “Verti-
cal-cavity surface-emitting lasers with birefringence splitting above 250 GHz”, FElec-
tron. Lett., vol. 51, pp. 1600-1602, 2015.

B. Westenfelder, J. Biskupek, J.C. Meyer, S. Kurasch, X. Lin, F. Scholz, A. Gross,
and U. Kaiser, “Bottom-up formation of robust gold carbide”, Scientific Reports, vol.
5, pp- 8891-1-6, 2015.

S. Bauer, S. Lazarev, M. Bauer, T. Meisch, M. Caliebe, V. Holy, F. Scholz, and
T. Baumbach, “Three-dimensional reciprocal space mapping with a two-dimensional
detector as a low-latency tool for investigating the influence of growth parameters on
defects in semipolar GaN”, J. Appl. Cryst., vol. 48, pp. 1000-1010, 2015.

D.V. Dinh, M. Akhter, S. Presa, G. Kozlowski, D. O’Mahony, P.P. Maaskant, F.
Brunner, M. Caliebe, M. Weyers, F. Scholz, B. Corbett, and P.J. Parbrook, “Semipo-
lar (1122) InGaN light-emitting diodes grown on chemically-mechanically polished
GaN templates”, Phys. Status Solidi A, vol. 212, pp. 21962200, 2015.

Y. Han, M. Caliebe, M. Kappers, F. Scholz, M. Pristovsek, and C. Humphreys,
“Origin of faceted surface hillocks on semi-polar (1122) GaN templates grown on
pre-structured sapphire”, J. Cryst. Growth, vol. 415, pp. 170-175, 2015.
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[12]

[13]

[16]

[17]

[18]

M. Karlusi¢, R. Kozubek, H. Lebius, B. Ban-d’Etat, R.A. Wilhelm, M. Buljan, Z.
Siketi¢, F. Scholz, T. Meisch, M. Jaksié, S. Bernstorff, M. Schleberger, and B. Santié,
“Response of GaN to energetic ion irradiation: conditions for ion track formation”,
J. Phys. D: Appl. Phys., vol. 48, pp. 325304-1-12, 2015.

M. Lindemann, H. Hopfner, N.C. Gerhardt, M.R. Hofmann, T. Pusch, and R.
Michalzik, “Ultrafast polarization dynamics with controlled polarization oscillations

in vertical-cavity surface-emitting lasers”, in Vertical-Cavity Surface-Emitting Lasers
XIX, C. Lei, K.D. Choquette (Eds.), Proc. SPIE 9381, pp. 938101-1-7, 2015.

M. Lindemann, T. Pusch, N.C. Gerhardt, M.R. Hofmann, and R. Michalzik, “Tuning
the frequency of polarization oscillations in spin-VCSELs by mechanical strain induc-
tion”, in Online Digest Conf. on Lasers and Electro-Optics Europe, CLEQ/Europe
2015, paper CB-2.1, one page. Munich, Germany, June 2015.

M. Lindemann, T. Pusch, N.C. Gerhardt, M.R. Hofmann, and R. Michalzik, “To-
wards high frequency operation of polarization oscillations in spin vertical-cavity
surface-emitting lasers” (invited), in Spintronnics VIII, H.-J. Drouhin, J.-E. We-
growe, M. Razeghi (Eds.), Proc. SPIE 9551, pp. 955120-1-5, 2015.

M. Lindemann, H. Hopfner, N.C. Gerhardt, M.R. Hofmann, T. Pusch, and R.
Michalzik, “Controlled switching and frequency tuning of polarization oscillations
in vertical-cavity surface-emitting lasers”, in Spintronnics VIII, H.-J. Drouhin, J.-E.
Wegrowe, M. Razeghi (Eds.), Proc. SPIE 9551, pp. 95512Z-1-5, 2015.

B. Neuschl, M.L. Godecke, K. Thonke, F. Lipski, M. Klein, F. Scholz, and M.
Feneberg, “Zeeman spectroscopy of the internal transition T to SA; of Fe?* ions in
wurtzite GaN”, J. Appl. Phys., vol. 118, pp. 215705-1-10, 2015.

I. Tischer, M. Hocker, B. Neuschl, M. Madel, M. Feneberg, M. Schirra, M. Frey, M.
Knab, P. Maier, T. Wunderer, R.A.R. Leute, J. Wang, F. Scholz, J. Biskupek, J.
Bernhard, U. Kaiser, U. Simon, L. Dieterle, H. Groiss, E. Miiller, D. Gerthsen, and
K. Thonke, “Optical properties of defects in nitride semiconductors”, J. Mater. Res.,
vol. 30, pp. 2977-2990, 2015.
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