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The photo shows a setup for measuring the chemical sensing function of a GaN/GaInN 
heterostructure. Here, green laser light was used, whereas in real experiments, an 
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Preface 1

Preface

During 2016, the Institute of Optoelectronics continued its successful research in the
fields of vertical-cavity surface-emitting lasers (VCSELs), GaN-based optoelectronics, and
semiconductor disk lasers.

The VCSELs and Optical Interconnects Group has been prolific in the electro-thermal and
optical modeling of VCSELs and the fabrication and analysis of novel VCSEL structures.
Optically controlled current confinement has been accomplished with integrated photo-
transistors and a new world record of 45GHz was established for the reversible thermal
tuning range of the birefringence splitting in single-mode VCSELs. On July 1st, results
from VCSEL research were presented to distinguished guests during a boat trip with MS
Sonnenkönigin on Lake Constance as part of the 66th Lindau Nobel Laureate Meeting.
In late September, the Highlights of Physics event sponsored by the Federal Ministry of
Education and Research (BMBF) and the German Physical Society (DPG) took place
in Ulm and attracted more than 60.000 visitors. For five days the VCSEL Group hosted
a very-well-received exhibition booth on “Microlasers in everyday life” next to majestic
Ulm Minster.

In 2016, the sensor activities in the GaN group have been strengthened by two new
Ph.D. students. One of them participates in our DFG-funded inter-faculty Graduate
School “PulmoSense” (Micro- and Nano-Scale Sensors for the Lung) involving groups
from engineering, physics, chemistry, and medicine of Ulm University. Our studies towards
AlGaN-based heterostructures for deep-UV LEDs have been successfully continued. First
boron-containing AlGaN layers have been grown which may help to reduce strain-related
problems in such devices. These activities have been assisted by Tomáš Hubáček, a guest
scientist from the Czech Academy of Science, who joined our Institute for about 6 months.

In the High-Power Semiconductor Laser Group, 23mW of ultraviolet laser emission at a
wavelength of 327 nm has been achieved in a semiconductor disk laser system using a sum
frequency mixing of the fundamental wavelength of 982 nm and the frequency-doubled
second-harmonic radiation at 491 nm.

A snapshot of several Ph.D. students of our Institute working in the cleanroom was
selected for the title page of the Annual Report of Ulm University 2015 (DOI 10.18725/
OPARU-4188) that was published in Oct. 2016. Finally we are very happy to welcome
Irene Lamparter in our team of technicians, who is reviving the much-needed mechanical
workshop of the Institute.

Karl Joachim Ebeling
Rainer Michalzik
Ferdinand Scholz
Peter Unger Ulm, March 2017



2 Annual Report 2016, Institute of Optoelectronics, Ulm University



VCSEL With Thermally Induced Birefringence 3

Vertical-Cavity Surface-Emitting Laser

With Thermally Induced Birefringence

Tobias Pusch and Eros La Tona

Birefringent vertical-cavity surface-emitting lasers offer a new opportunity to generate
high polarization modulation dynamics. By inducing spin-polarized carriers, the device
can be excited to oscillations in the degree of circular polarization with an oscillation
frequency nearly equal to the birefringence splitting. A mechanism for frequency tuning
of the oscillations directly integrated on the chip is desirable for future applications. With
asymmetric heating we demonstrate a reversible tuning of the birefringence splitting of
45GHz with a decrease of the laser output power of less than 3 dB.

1. Introduction

Vertical-cavity surface-emitting lasers (VCSELs) are used extensively today for optical
sensing and data transmission [1]. While most sensing applications impose only very
moderate requirements on the device dynamics, VCSELs in data transmission systems
are optimized for high bandwidth. Digital data transmission at a data rate of 50Gb/s
using a bit pattern generator [2] and at 71Gb/s with a dedicated electronic driver chip em-
ploying transmitter equalization [3] have been published. Recently as much as 150Gb/s
were generated with a commercial 850 nm wavelength VCSEL with 23GHz bandwidth
that was modulated with a spectrally efficient 13-level signal (modified duobinary 4-level
pulse amplitude modulation). Offline digital signal processing was required to determine
bit error ratios [4]. To reduce the system complexity and increase the energy efficiency,
laser devices with substantially higher bandwidth are needed for future optical intercon-
nects with data rates exceeding 100 Gb/s. The polarization dynamics in VCSELs offers
benefits to overcome the limitations of intensity modulation. Here the birefringence split-
ting, namely the frequency difference between the two linearly polarized modes, plays an
important role. By injection of spin-polarized carriers into a birefringent VCSEL, an os-
cillation in the degree of circular polarization can be generated, while the average emitted
power remains constant [5]. This oscillation can be switched off in an extremely short time
interval [6]. Fast polarization oscillations based on induced spin were shown [7]. The os-
cillation frequency is nearly equal to the birefringence splitting. A measured birefringence
splitting of more than 250GHz shows the potential of this approach [8].

2. New VCSEL Concept for Asymmetric Heating

A high birefringence splitting in VCSELs can be obtained using the elasto-optic effect.
External strain can induce a lattice anisotropy which results in an anisotropic change of
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Fig. 1: Photograph of a fabricated device (left). Cross-section of the VCSEL structure along the
dotted line on the left with the two electrical circuits (right). The path of the heating current is
partly indicated with white arrows. A, B, and C mark the contact points of the probe needles.

the refractive index. With this approach Panajotov et al. [9] reported a birefringence
splitting of 80GHz in a VCSEL packaged in a TO-can. Direct mechanical bending of a
VCSEL array has resulted in the present record of B = 259GHz birefringence splitting
[8]. For mechanically induced strain, a custom-made bending device is needed. This
limits the miniaturization of the laser sub-system as well as later commercial applicability.
Alternatively the birefringence splitting can be induced thermally. Jansen van Doorn et
al. [10, 11] used a 770 nm Ti:sapphire laser to generate a hotspot approximately 30 µm
next to the emission window of an 850 nm VCSEL. With a laser output power of 27mW a
reversible birefringence tuning of B < 3GHz was measured [10] and a much higher power
of 200mW led to a change of the birefringence to B = 23GHz accompanied by surface
damage [11], which is unacceptable for practical use. After the heating power was shut
off, a few percent of the birefringence change reached by exposure remained [11].

The approach reported in this article is based on the same idea of asymmetric heating.
However, we replace the external optical power source by an integrated electrical heater.
Such a one-chip device combines very small size, ease of handling, and fine-tuning capa-
bility of the birefringence splitting. A top view of the fabricated VCSEL structure and a
schematic cross-section are shown in Fig. 1. Wafer material for standard oxide-confined
AlGaAs-based 850 nm VCSELs was used, which was grown on a n-doped (001)-oriented
GaAs substrate by Philips Technologie GmbH, U-L-M Photonics. It consists of a p-i-n
structure with 23 top Bragg mirror pairs in the p-region and 37.5 bottom mirror pairs
in the n-region. The inner one-wavelength-thick cavity has three GaAs quantum wells
(QWs). An adjacent 30 nm thick AlGaAs layer in the p-region serves for current confine-
ment after mesa etching and wet-thermal oxidation. In contrast to conventional VCSELs
the mesa is not circular but resembles the shape of a keyhole. The orientation is along
the [110] or [1̄10] crystal axis, which are the preferred orthogonal polarization directions
of standard GaAs VCSELs [1]. The etching with a depth of 4.8 µm extends well into the
n-region. The VCSEL mesa has a diameter of 26 µm and the connected ridge has a length
and width of 16 µm and 12 µm, respectively. The oxidation step produces a fully oxidized
ridge and an aperture of 4–5 µm diameter for transverse single-mode emission of the laser.
The top p-ring contact on the mesa made of TiPtAu has an opening of 8 µm. The bottom
contact metalization is GeAuNiAu. The two bondpads in Fig. 1 are placed on polyimide
which is necessary for electrical insulation and planarization. They are connected to the
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Fig. 2: LIV curves of the VCSEL at 0mW and 94.4mW heating power (left). Laser output
power P2 = P (IL = 2mA) versus dissipated power Pdiss = IH · VH in the heater (right).

p-ring contact on one side and a short contact metalization (not covering the entire ridge,
see Fig. 1(right)) at the edge of the ridge on the other side. Two electrical circuits pro-
vide a high heating current IH and a low VCSEL operating current IL simultaneously. As
sketched in Fig. 1(right) the heating current flows from the right bondpad through the
ridge to the VCSEL ring contact and the left bondpad. The metalization gap forces the
current to enter the semiconductor ridge material with much reduced conductivity. This
is where the majority of heat generation takes place. The positions of the contact needles
are marked with A and C in Fig. 1. The fully oxidized ridge area is necessary to prevent
current flow through the ridge to the bottom contact. The second current path through
the VCSEL aperture to the bottom contact (contact point B) is used for laser operation.

3. Measurement Results

The measured light–current–voltage (LIV) characteristics for VCSEL operation without
heating are shown in Fig. 2(left). The threshold current is Ith = 0.42mA at a voltage of
Vth = 1.76V. The slope efficiency is 0.46W/A, corresponding to a differential quantum
efficiency of 31%. Figure 3 depicts the optical spectrum of the unheated VCSEL at a
current of IL = 2.3mA. It has two peaks at wavelengths of 848.00 nm and 848.04 nm. These
are the orthogonal polarization states of the fundamental mode. Actually the spectrum
was measured with a polarizer suppressing the longer-wavelength mode by about 28 dB.
Otherwise, caused by the resolution of the optical spectrum analyzer of 0.015 nm, only
this peak would be visible and the initial birefringence splitting couldn’t be determined.
The observed wavelength difference ∆λ = 0.04 nm of the polarization modes corresponds
to a birefringence splitting B = ∆ν = c∆λ/λ2 = 17GHz, where c is the vacuum velocity
of light. The next-order transverse mode at λ ≈ 847 nm is not seen in the spectrum. The
side-mode suppression ratio of the VCSEL (without polarizer) is about 26 dB at the given
operating point.

In what follows the device is characterized for different amounts of heating up to a current
IH = 33mA. This maximum value is chosen in order to prevent contact damage. Figure
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Fig. 3: Measured optical spectra without heating and for Pdiss = 94.4mW. A polarizer has
suppressed the long-wavelength peak at 848.04 nm and the short-wavelength peak at 851.28 nm.
The laser current is IL = 2.3mA.

2(left) shows the LIV curves for the peak dissipated power P̂diss = ÎH · V̂H = 33mA · 2.86V
= 94.4mW. The purpose of heating is the creation of anisotropic strain in the laser cavity
by means of the elasto-optic effect. While doing so, the laser necessarily experiences a
parasitic temperature increase, which is known to decrease both the achievable output
power and the operating voltage [1]. In the given device the slope efficiency decreases
from 0.46W/A at IH = 0 to 0.30W/A at IH = 33mA. The effect of the dissipated power
Pdiss on the output power at a laser current of IL = 2mA is displayed in Fig. 2(right).
The decrease from initially 0.72mW to 0.44mW for maximum heating amounts to less
than 40% and is thus well acceptable. Most importantly the birefringence splitting of
the fundamental mode in the optical spectrum in Fig. 3 has become much larger. The
measured wavelength difference of ∆λ = 0.15 nm corresponds to B = 62GHz and thus the
VCSEL can be tuned by as much as ∆B = (62−17)GHz = 45GHz. The spectrum of the
heated device in Fig. 3 was measured with the polarizer rotated by 90◦ versus the case IH
= 0. Obviously now the short-wavelength polarization mode at λ = 851.28 nm dominates.
The underlying polarization switch was found to occur at IH ≈ 30mA. Figure 4 plots the
birefringence splitting as a function of the dissipated power. There is a continuous increase
of B with increasing Pdiss with an apparent change of the slope around Pdiss = 60mW,
which is in the vicinity of the polarization switching point.

4. Conclusion

In summary we have presented a novel VCSEL device with electrical tunability of the
birefringence splitting via asymmetric heating. A record-high thermally induced tuning
range of 45GHz was shown at a moderate reduction of the laser output power. Even
higher values should be achievable with a more robust contact design allowing higher
heating currents. Fully reversible behavior without a remanent birefringence change was
observed. The detailed birefringence tuning behavior close to a polarization switching
point is a topic for further studies. The integrated heating approach can be combined with
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Fig. 4: Birefringence splitting of the VCSEL versus dissipated power of the integrated heater.

mechanical or piezoelectric birefringence generation to obtain high polarization oscillation
frequencies with fine and wide-range tuning capability.
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Parallel-Driven VCSELs With Optically Controlled

Current Confinement

Sven Bader

We present vertical-cavity surface-emitting lasers (VCSELs) with integrated phototran-
sistor (PT) layers, arranged as four parallel-driven mesas in one row connected by thin
ridges. Detailed studies about the turn-on process of the device are shown, as well as a
direct visualization of the optically controlled current confinement. Light–current–voltage
(LIV) operation curves with hysteresis loops were measured and simultaneous camera im-
ages were taken from the back side of the structure to record the turn-on/-off order of this
device.

1. Introduction

VCSELs are widely known for their low threshold current [1] which requires a high current
density in the active layers. Therefore, current spreading in the semiconductor material
must be prevented by either mesa etching [2] or current-blocking layers, e.g., by proton
implantation [3]. Epitaxial solutions with regrowth steps are also applicable [4]. Nowa-
days in most commercially available VCSELs, buried AlxOy oxide apertures funnel the
pump current into the middle of the mesa [5]. The wet-thermal processing of these insu-
lating layers depends on parameters like temperature and pressure which must be strictly
controlled to obtain reproducible devices. Moreover, the volume of the aperture layers
shrinks during oxidation. This results in a potentially problematic built-in strain near
the light-emitting quantum wells (QWs) of the active zone of the VCSEL [6]. A novel
oxide-free and regrowth-free approach uses the generated spontaneous light in the laser
resonator in association with an epitaxially integrated PT for an optical definition of the
current path through the device [7]. Initially, the PT, which is configured as an optical
switch, acts as an insulating barrier layer. Only leakage current generates some sponta-
neous emission in the active zone, which is partly absorbed in a thin InGaAs quantum
well (α-QW) embedded between the base and the collector layers. The resulting pho-
tocurrent takes the role of a base current and turns the most illuminated part of the PT
layers conductive after exceeding a certain threshold base current, depending on the PT’s
current gain and the layer structure of the VCSEL. Hence, the current–voltage operation
curve shows a negative differential resistance (NDR) region when the PT opens and the
resistance decreases. Once opened, the current aperture remains stable in diameter, thus
lasing starts after reaching the threshold current density. The advantages of this method
are a less complex and accelerated manufacturing process and in addition, due to the lack
of the oxide aperture, a reduced strain near the active zone. Ultimately, the PT-VCSEL
is intended to exhibit improved reliability and efficiency compared to present oxidized
VCSELs.
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Fig. 1: Layout and operation principle of the four parallel-driven bottom-emitting VCSELs
with integrated phototransistor layers for optically controlled current confinement. Initially, the
phototransistor with the lowest voltage drop during dark-current operation begins to open and
becomes conductive. The resulting spontaneous photons reach the neighboring mesas through
the thin ridges and switch them on successively.

2. Device Structure

Bottom-emitting PT-VCSELs were grown on a n-type GaAs substrate by molecular beam
epitaxy (MBE). The resonator is formed by p- and n-doped AlGaAs/GaAs Bragg mirrors
consisting of 29 and 26.5 layer pairs, respectively. The simulated lossless reflectivities are
Rtop = 99.91% (including the top metal) and Rbottom = 99.87%, while the estimated
threshold gain is 1520 cm−1. The active zone with three InGaAs QWs for lasing and the
pnp-structure of the PT with a calculated current gain of only ≈ 2 are placed inside the
cavity. The 6 nm thin α-QW, embedded between base and collector, has an absorption
coefficient of ≈ 3500 cm−1. Owing to its small thickness and the low current gain, the
PT requires high photon densities to switch its layers conductive. We have arranged
four InGaAs/AlGaAs-based PT-VCSELs in one row which were reactive ion etched to
the bottom reflector (see Fig. 1). Each mesa with a diameter of 45 µm is connected
with a 60 µm long and 20 µm wide ridge. The Ti/Pt/Au metal contact is placed on the
top reflector and extends over the whole structure. The back side of the substrate was
kept free from metal to guarantee an unobstructed view at the light output pattern of
the PT-VCSEL. Instead, a large-area n-contact is established between the sample and a
Au-coated vacuum holder.

3. Experimental

The sample holder has a center opening for transmission of the bottom-emitted light. In
addition to optical power measurements, the setup allows to take CCD camera images
from the bottom side of the wafer and obtain new insights about the turn-on/-off process of
the laser structure. The current source is connected to the sample holder and to a tungsten
needle which contacts the metalization of the PT-VCSEL. After a measurement, the needle
is moved to a different mesa to judge the influence of the contact position. The measured
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Fig. 2: Measured continuous-wave operation curves of the four parallel-driven PT-VCSELs.
Each kink indicates a turn-on/-off point of a PT. The turn-off order of the PTs is different from
that during turn-on, hence hysteresis loops exist.
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Fig. 3: Current–voltage measurements of the leakage current in the dark-current region for all
contact positions of Fig. 1. For each trace, the pump current is reduced from 50mA to zero to
ensure the needle-contacted PT turns off last. Only the range from 0 to 5mA is shown here.
The voltage drop of the left mesa (position A) is less than of the others. Hence, due to the
highest initial photon density, this PT always begins to turn on first.
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Fig. 4: Camera images of the bottom side of the PT-VCSEL arrangement at different currents
during turn-on and -off. The four parallel-driven mesas are highlighted in white. “0” and “1”
represent the off-/on-state of the PT in each mesa. The needle contacts the right mesa (position
D in Fig. 1).

LIV curves when contacting the right mesa (see Fig. 1) are shown in Fig. 2. Ramping up
the current from zero to 50mA, each NDR region indicates the turn-on of a PT in one
mesa. Owing to reflections of spontaneous photons at the etched walls, the whole mesa
area becomes conductive. Initially, the PT with the lowest voltage drop during dark-
current operation (see Fig. 3) begins to open, independent of the position of the needle.
In the investigated structure it is the left mesa (see Fig. 4 (top left)) where the highest
leakage current, respectively spontaneous emission, of the base–collector junction is to
be expected. Subsequently, while further increasing the current, spontaneous emission
reaches through the ridges to the neighboring mesas and successively turns these PTs
on. The output power drops due to the decreased current density in the mesas. Lasing
always starts at the needle-contacted mesa where the highest current density is expected
owing to lateral ohmic losses. This leads to confinement effects where distant PTs can
even switch off again, namely here while increasing the current from 20 to 30mA (from
switching state 1-1-0-0 to 0-1-1-1). In the NDR region around I = 23mA, the light
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output as an exception raises slightly due to the turn-off of the left PT, whereas the PT
at position C opens. The NDR region at 26mA originates from the turn-on of the right
mesa. Only while further increasing the current, the left PT is able to open again because
of the increasing current density, respectively the spontaneous emission, which reaches
again the left mesa. While decreasing the pump current, the distant PTs switch off first,
thus the turn-off order of the PTs is different from that during turn-on, as long as the
needle does not contact the mesa which opens first. Therefore, hysteresis loops occur
while the output power and voltage rise at each turn-off of a PT. The needle-contacted
PT always turns off last, hence it is possible to characterize the leakage current (see Fig.
3) of each mesa separately.

4. Conclusion

In summary, we have presented a PT-VCSEL arrangement with four parallel-driven mesas
connected with thin ridges, which experimentally demonstrates the process of optically
controlled current confinement. Measured operation curves could be identified with cam-
era images which illustrate the turn-on/-off behavior of the mesas. It is thus understood
that each NDR region represents a new opening of a PT area owing to spontaneous pho-
tons traveling through the ridges. The leakage current has a major influence during the
initial turn-on. The different sequence of the PT’s switching points also represents the
impact of non-negligible lateral ohmic losses in the layer structure. Lessons learned will be
transferred to future generations of solitary device which will be optimized with respect
to the degree of confinement (depending on the parameters of the PT, in particular the
current gain), threshold current, and electro-optic efficiency.
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Computation of Transverse Optical Modes

in Vertical-Cavity Surface-Emitting Lasers

Markus Daubenschüz

We present a finite-difference-based eigenvalue method for the computation of optical
modes in waveguides with cylindrical symmetry. This approach is combined with the ef-
fective index method to determine the transverse modes in the resonator of vertical-cavity
surface-emitting lasers (VCSELs) and to investigate the thermal guiding and the guiding
provided by the buried oxide layers. We introduce the mathematical fundamentals of the
finite difference method which is first applied to a step-index waveguide structure that al-
lows a comparison with analytical solutions. Field distributions and polarizations of the
modes are shown. Afterwards, multi-step and graded refractive index profiles as they arise
in VCSELs are analyzed and the influence of the oxide width on the guiding is investigated.

1. Introduction

VCSELs are key optoelectronic devices for data communication in high-performance com-
puting, data centers, and in-building networks [1, 2]. The performance of such lasers de-
pends on numerous design parameters that influence the current flow, the heat generation
inside the device, and the optical characteristics. To develop and optimize next-generation
VCSELs with data rates of 28 Gbit/s and above [3, 4] or to enable new applications, an
accurate prediction of the influence of design changes is inevitable. Therefore we have es-
tablished a quasi-three-dimensional simulation framework to compute the electro-thermal
characteristics of different epitaxial and geometrical designs [5, 6]. The simulations are
based directly on the epitaxial design protocols. Beside the electrical and thermal char-
acteristics, the knowledge of the optical properties is a major aspect. To complete our
tool we have implemented a set of algorithms to compute the transverse modes inside the
cavity. In Sect. 2 we show the mathematical foundation of the eigenvalue method based
on finite differences and we compare the results with analytical solutions of step-index
optical fiber structures. The next section extends the technique to VCSEL structures
with rotational symmetry and a more complex refractive index profile.

2. Finite Difference Method

The implementation of the mode solver is based on the finite difference method (FDM).
The underlying refractive index distribution is obtained by approximating the laser cav-
ity by a longitudinally homogeneous waveguide structure. The mathematical approach
of the FDM is the separation of electric and magnetic fields and the computation of
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transverse fields by finite differences while analytical expressions are available in the di-
rection of propagation. The generalized transmission line (GTL) equations derived from
Maxwell’s equations in cylindrical coordinates describe the relations between the electric
and magnetic fields by [7]

−iǫr

[

Er

Eφ

]

=
∂

∂z̄

[

H̄φ

−H̄r

]

+

[

−1
r̄

∂
∂φ

∂
∂r̄

]

H̄z , (1)

−iµr

[

H̄φ

−H̄r

]

=
∂

∂z̄

[

Er

Eφ

]

−
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1
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]

Ez , (2)

where i =
√
−1 and ǫr and µr are the relative permittivity and permeability, respectively.

We have normalized the coordinates u = r, z with the free-space wavenumber k = 2π/λ as

ū = uk and the magnetic field H̄ = HZ0 with the free-space wave impedance Z0 =
√

µ0/ǫ0.
Applying Faraday’s law
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µrr̄
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in (1) and Ampère’s law for dielectric material
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in (2), the GTL equations are rewritten as

∂[H ]t
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= −iRE[E]t ,
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= −iRH[H ]t (5)

with the transverse field components
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. (6)

The matrix elements RE and RH in (5) include the derivatives in r̄- and φ-directions and
the material parameters ǫr and µr of the structure. The two matrices have the form [8]

RE =





ǫr +
1
r̄2

∂
∂φ

1
µ

r

∂
∂φ

−1
r̄

∂
∂φ

1
µ

r

∂
∂r̄
r̄

− ∂
∂r̄

1
µ

r
r̄2

∂
∂φ

ǫr +
∂
∂r̄

1
µ

r
r̄

∂
∂r̄
r̄



 (7)
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The combination of the two equations in (5) leads to

∂2[E]t
∂z̄2

−QE[E]t = 0 , (9)
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∂2[H ]t
∂z̄2

−QH[H ]t = 0 , (10)

where we used the operation matrices QE and QH that arise from the matrix products

QE = −RHRE , QH = −RERH . (11)

Only the transverse field components are included in (9) and (10) and the derivatives
in longitudinal z̄ and transverse φ- and r̄-directions are separated. By replacing the
derivatives in (7) and (8) by finite differences one can solve the system of equations by a
transformation to principal axes

TEΓ
2
ET

−1
E = QE , THΓ

2
HT

−1
H = QH , (12)

where the matrices ΓE,H include the eigenvalues and the matrices TE,H the eigenvectors
of the QE,H matrices. The columns of eigenvectors correspond to the field distributions of
the modes in the structure, whereas the principal axis of the eigenvalues Γ contains the
propagation constants of the modes in the form

γ̄ =
√
Γ = κ̄ + in̄eff , (13)

where κ̄ = α/(2k) is the amplitude attenuation coefficient normalized with k and n̄eff is the
effective index such that the mode propagates with the propagation factor exp{−γ̄z̄} =
exp{−αz/2} exp{−in̄effkz} for a wave traveling in +z-direction. We assume structures
with material parameters not depending on the φ-direction and a perfect cylindrical sym-
metry. One can then replace the φ-dependency with

Er, H̄φ ∝ cos(mφ) , Eφ, H̄r ∝ sin(mφ) (14)

or vice versa. Therefore we can simplify (7) and (8) to the forms
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RH =





µr + r̄Dr̄
1
ǫrr̄
Dr̄ mr̄Dr̄

1
ǫrr̄

−m 1
ǫrr̄2
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 , (16)

where we have substituted the derivative ∂
∂r̄

by a finite difference matrix Dr̄ [7]. The
related coordinate system for the discretization with finite differences is shown in Fig.
1. Worth to mention is the half-step shift ∆r̄/2 between the Er, H̄φ and Eφ, H̄r fields,
which is caused by the first-order derivative of the coupling between the field components
in (15) and (16). As boundary conditions in the center at r̄ = 0 we use the Neumann
condition ∂F

∂r̄
= 0 for Eφ, H̄r and the Dirichlet condition F = 0 for r̄Er, r̄H̄φ. Due to the

multiplication of Er and H̄φ with r̄ the Dirichlet boundary condition is fulfilled without
forcing the field component itself to zero.

The results of the finite difference computation are compared to an analytical solution
for a weakly guiding step-index fiber with a refractive index n̄co = 1.5 in the core with
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Fig. 1: Coordinate system for a finite differ-
ence discretization of a step-index fiber with
rotational symmetry.
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Fig. 2: Comparison of analytic and finite difference solutions of the phase parameter B =

(n̄2
eff − n̄2

cl)/(n̄
2
co − n̄2

cl) and the frequency parameter V = krco
√

n̄2
co − n̄2

cl for the first nine LP

modes of a step-index fiber (left) and two radial field distributions for refractive indices n̄co = 1.5
and n̄cl = 1.497 and a core radius rco = 15µm (right). The radius of the simulation window is
80µm and the discretization step width is 0.1µm

.

0 ≤ r ≤ r̄coλ/(2π) and n̄cl = 1.497 in the cladding with r > r̄coλ/(2π). The analytical
solutions are found by solving the characteristic equation [9, 10]

u · Jl(u)
Jl−1(u)

= −w ·Kl(w)

Kl−1(w)
(17)

with the Bessel function J describing the field distribution in the core and the modified
Hankel function K for the evanescent fields in the cladding. Solutions of the FDM are the
so-called EH and HE modes. It is convenient to approximate the modes inside a VCSEL as
a superposition of nearly degenerated EH and HE modes. These are the linearly polarized
LPlp modes in the combination EHl−1,p and HEl+1,p with the azimuthal order l and the
radial order p [9]. In Fig. 2 (left) we plot the BV diagram of the fiber for the first nine
LP modes. There is a perfect accordance of analytic and finite difference solutions. The
radial field distributions of two modes in the same fiber with core radius rco = 15 µm are
shown in Fig. 2 (right). To illustrate the origin of the LP modes we show in Fig. 3 the
two-dimensional electric field profiles and the corresponding electric field polarizations of
two quasi-degenerated EH01 and HE21 modes with an effective index n̄eff = 1.4997 for
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and HE21 (right) modes in a step-index fiber with n̄co = 1.5, n̄cl = 1.497, and rco = 15µm.

rco = 15 µm. The addition of these modes forms the linearly polarized LP11 mode that
is shown in Fig. 4. It should be mentioned that this mode can occur in two orientations,
namely sinφ and cosφ, and two orthogonal linear polarizations.

3. VCSEL Modes

The FDM described in the previous section enables us to evaluate the influence of dif-
ferent design parameters on the optical guiding in VCSEL structures with more complex
refractive index profiles compared to a simple step-index fiber. To determine the radial
refractive index profile we combine our approach with the effective index method [11] that
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that originates from the addition of the EH01 and HE21 modes in Fig. 3.
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Fig. 5: Radial effective index profile of an oxide-confined VCSEL with one main aperture with
active radius ra1 = 3µm and five additional apertures with ra2 = 3.5µm as well as a thermally
induced index profile (left) and the same profile without the influence of the oxide layers (right).

gives a relation between the change of the resonance wavelength ∆λ and the change of
the effective index ∆n̄eff , namely

∆λ

λ
=

∆n̄eff

n̄eff

(18)

with the initial resonance wavelength λ and the effective index n̄eff . The values of ∆λ =
∆λ(r) are determined with the one-dimensional transfer matrix method [12]. With this
approximation we can evaluate the influence of thermal lensing as well as the guiding
provided by one or multiple oxide layers. Figure 5 (left) depicts the effective index profile
of an oxide-confined datacom VCSEL with one main aperture and five additional apertures
with larger diameter to reduce the capacitance of the device, as indicated in the inset.
The radii are ra1 = 3 µm and ra2 = 3.5 µm for the main and the additional apertures,
respectively. The laser cavity consists of three quantum wells sandwiched between 26
top and 33.5 bottom mirror pairs. The influence of the oxide layers on the effective
index profile is quite strong, which is due to the high index difference ∆n̄ ≈ 1.4 between
aluminum oxide and AlGaAs. The effective index steps are ∆n̄eff = 0.006 and 0.055 for
the main and the additional apertures, respectively. The profile in Fig. 5 (left) includes
both the oxide and thermal effects on the refractive index. In contrast, Fig. 5 (right)
exclusively shows the thermally induced effective index profile for a dissipated electrical
power Pdiss = 14mW. The radial temperature profile inside the cavity causes a decreasing
n̄eff with increasing radial coordinate. This n̄eff profile results in the so-called thermal
lensing, which in the given case is small compared to the built-in guiding. The LP modes
guided by the effective index profile n̄eff(r) are then computed according to Sect. 2. The
first six transverse modes of the oxide configuration of Fig. 5 (left) are displayed in Fig.
6 (left). On the right side of Fig. 6 we set the radii ra2 of the additional oxide layers to
3, 3.5, and 4 µm and compute the profiles of the corresponding fundamental LP01 modes.
Larger ra2 obvious lead to a widening of the mode profiles. This effect is expected to
saturate owing to the guiding effect of ∆n̄eff at r = ra1.
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Fig. 6: Radial field profiles of the first six transverse modes in an oxide-confined VCSEL cavity
with ra1 = 3µm and ra2 = 3.5µm (indicated as vertical lines) (left) and the resulting LP01

modes of the same structure with changing ra2 (right).

4. Conclusion

We have introduced a finite-difference-based eigenvalue method for the computation of
optical modes in cylindrical geometries. In combination with the effective index method
this approach can be used to evaluate the distributions of the linearly polarized LP modes
inside the cavity of VCSELs with complex refractive index profiles. As a brief example
we have calculated different modes of an oxide-confined VCSEL and have investigated the
influence of variations of an oxide aperture diameter on the optical guiding.
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Parasitic Background Doping in Semipolar GaN

Marian Caliebe and Ferdinand Scholz

Semipolar GaN layers grown by metalorganic vapor phase epitaxy typically show quite
strong n-type background doping, mainly caused by parasitic oxygen incorporation. In the
studies reported here, we have investigated how to influence this parasitic doping by vary-
ing the growth temperature and the V-III ratio. Moreover, direct correlation with other
sample properties, particularly the surface roughness, has been observed. Surprisingly,
thick semipolar GaN layers grown by hydride vapor phase epitaxy exhibit very high back-
ground doping at the interface to the template and at the surface, whereas the carrier
concentration seems to be significantly lower in the main part of the bulk layer.

1. Introduction

Semipolar GaN layers and respective heterostructures have attracted strong interest over
the recent years (see, e.g., [1, 2] and references therein) as possible solutions to the so-
called ‘green-gap problem’, i.e., the decrease of the LED efficiency when the color of the
emitted light is shifted from blue to green. A major part of this problem is considered to
be caused by the internal piezoelectric field in the active GaInN quantum wells of con-
ventional structures grown in the polar c-direction, being larger for higher In content as
needed for longer wavelength emission. In contrast, semipolar layers are grown in other,
less polar directions leading to strongly reduced piezoelectric fields. However, in spite of
these research activities, semipolar LEDs could not yet outperform their polar counter-
parts (see, e.g., results obtained in our recent research group PolarCoN [3] and in our
EC project ALIGHT [4]). Typically, the lower quality of semipolar structures is blamed
for this deficiency. In particular, a high basal plane stacking fault (BSF) density is to
emphasize as the main difference to conventional c-plane structures. Moreover, a signifi-
cantly higher background carrier concentration above 1018 cm−3 is observed in nominally
undoped semipolar GaN layers [5, 6]. In the studies presented here, we have investigated
by which growth parameters these concentrations can be influenced and eventually re-
duced. Besides parameters like temperature or V-III ratio, also the surface roughness of
the layers seem to play an important role.

2. Experimental

The semipolar layers investigated here are grown on stripe-patterned sapphire wafers as
described previously [7]. In brief, this procedure is described as follows: Few microm-
eter wide stripe trenches are dry-etched in specifically oriented sapphire wafers having
inclined c-plane-like side-facets. These side-facets are the nucleation sites for the GaN
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growth performed in an Aixtron AIX-200/4 RF-S HT low-pressure horizontal metalor-
ganic vapor phase epitaxy (MOVPE) reactor. After having grown out of the trenches —
basically growing along the inclined c-direction —, the GaN stripes eventually coalesce
forming a layer with semipolar surface. For a (112̄2) surface, sapphire wafers with r -plane
orientation have been used. We have optimized this process carefully (see, e.g. [8]) achiev-
ing dislocation densities below 108 cm−2 and BSF densities of 200 cm−1. Here, we focus
mainly on the electrical and other properties of the top layer having a typical thickness
of 2–3 µm grown on an about 5 µm thick multi-layer buffer structure [7]. Thicker layers
up to several 100 µm have been deposited on these templates by hydride vapor phase
epitaxy [9].

Carrier concentrations have been determined by C-V measurements. Moreover, the oxy-
gen content was evaluated by secondary ion mass spectrometry (SIMS)2. Low-temperature
photoluminescence (PL) and scanning electron microscopy based cathodoluminescence
(CL)3 spectra have been analyzed with respect to carrier concentration and defects like
stacking faults. The surface roughness was determined by atomic force microscopy (AFM).

3. Results and Discussion

3.1 Variation of growth parameters

In order to find relations between the parasitic background doping and the growth proce-
dure, we have grown several series of samples. As reference, we take conditions which have
been optimized for c-plane growth and slightly modified in order to get best crystalline
quality of semipolar layers [7]. As mentioned above, we found quite high background dop-
ing concentrations of about 7 · 1017 cm−3 for these conditions (T = 1041 ◦C, V-III ≃ 560),
whereas comparable c-plane layers show concentrations below 1 · 1017 cm−3.

When increasing the growth temperature, we observed a significant decrease of the carrier
concentration (Fig. 1). SIMS data of the oxygen concentration in some of these layers
show the same trend confirming that indeed oxygen is the main impurity in these layers.
This trend is often observed in MOVPE grown layers [10]. However, when decreasing
the temperature below 1000 ◦C, we also observed a decrease of carrier concentration and
oxygen content [11]. Obviously, a maximum oxygen uptake happens around 1000 ◦C.

The NH3 flow and hence the V-III ratio is another growth parameter expected to signif-
icantly influence the background doping. Indeed, we observed a distinct decrease of the
carrier concentration with decreasing V-III ratio, again nicely accompanied by a respec-
tive decrease of the O concentration as detected by SIMS. These data suggest that NH3

may be a source of oxygen, although we have used best quality NH3 with a purity of 6.0.

3.2 Influence of surface roughness on background doping?

Besides the above-mentioned growth parameters, it seems that also the surface roughness
of our (112̄2) layers influences the parasitic incorporation of n-type impurities like oxygen.

2SIMS evaluation was performed by RTG Mikroanalyse GmbH, Berlin.
3CL measurements have been done by M. Hocker et al., Inst. of Quantum Matter, Ulm University.
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Fig. 1: Carrier concentration in (112̄2) layers determined by C-V measurements as a function
of growth temperature (V-III = 564, left) and V-III ratio (T = 1041 ◦C, right).

Layers with different surface roughness have been obtained by varying the sapphire trench
period. Such studies have been performed to find the optimum periodicity for our growth
procedure [12]. Analyzing low temperature PL spectra of this series, we observed that
the intensity ratio between the donor-bound exciton (D0,X) and the free exciton (XA)
lines correlate perfectly with the absolute intensity of the (D0,X) line and even with the
surface roughness measured by AFM (Fig. 2). This ratio is a qualitative indication of
the donor density. Therefore, we also performed C-V measurements on these samples.
Indeed, the donor concentration coincides also with the roughness data. This may be
explained by the strong oxygen sensitivity of a perfect (112̄2) plane, whereas other planes
(being present in rougher surfaces) incorporate less oxygen.
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Fig. 2: Donor concentration, intensity ratio of (D0,X) and (XA) PL lines, absolute intensity,
and surface roughness plotted versus stripe period of our sample series where the latter was
varied between 0.8 and 6µm.

3.3 Background doping in HVPE-grown semipolar layers

Previous low-temperature PL measurements on our HVPE-grown (112̄2) layers have
shown the presence of a so-called “free electron recombination band” (FERB) broad-
ening the typically very sharp (D0X) peak and extending it particularly to higher en-
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ergies [13]. This is consistent with very high n-type background doping concentrations
in the 1019 cm−3 range for the near-surface volume probed by PL, whereas comparable
c-plane layers always exhibit carrier concentrations in the mid 1016 cm−3 range [14]. Such
high carrier concentrations have also been confirmed by van der Pauw Hall experiments
which yield average values for the whole layers.

In order to check details of such parasitic background doping in these layers, we have
analyzed the cross-section of a (112̄2) layer grown by HVPE on top of an MOVPE grown
buffer as discussed above up to a total thickness of approximately 300 µm. Details of this
growth procedure have been published in [9]. This sample was grown with a growth rate
of about 100 µm/h.

Local luminescence spectra have been obtained by SEM-based CL at T ≈ 10K. Surpris-
ingly, we observed quite sharp peaks over most of the cross-section indicating a lower
carrier concentration, while the FERB dominated near the MOVPE-HVPE interface and
close to the upper sample surface. By analyzing the shape of these peaks4, the local carrier
concentration can be deduced, as depicted in Fig. 3. These data could be confirmed and
further quantified by analyzing the luminescence peak position of the signal of the basal
plane stacking fault I1 which was found to be sensible to the carrier concentration [15].
Indeed, fairly low carrier concentrations around 1018 cm−3 can be deduced from those
spectra in the main bulk region between lower interface and upper surface.

Fig. 3: Donor concentration profile over the cross-section of a semipolar GaN layer with a
thickness of about 300 µm, determined by various methods (see text).

4. Conclusion

We have investigated the parasitic background doping in semipolar (112̄2) GaN layers
grown by MOVPE and HVPE. In both cases, we find high background doping, obviously

4Performed by M. Hocker and K. Thonke, Inst. of Quantum Matter, Ulm University.
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due to parasitic oxygen incorporation. This is assumed to be a consequence of the chem-
ical properties of such surface, being more nitrogen-polar than a conventional GaN layer
grown in c-direction and hence being Ga-polar. Indeed, nitrogen-polar layers are known
to incorporate oxygen much more efficiently than Ga-polar layers [16, 17]. For MOVPE-
grown semipolar layers, the background doping can be significantly reduced by varying
the growth temperature or decreasing the V-III ratio. In HVPE grown layers, fair car-
rier concentrations have been found in the bulk region with much higher concentrations
incorporated at the beginning and at the end of the growth. At the beginning, this may
be due to oxygen or water deposits on the surface of the template when transporting it
from the MOVPE machine to the HVPE reactor. However, further studies are required
to find good explanations for the very high concentrations at the end of growth.
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Selective Functionalization of GaInN Quantum Well

Surfaces for Applications in Biosensing

Dominik Heinz and Martin F. Schneidereit

In this work, chemical functionalization of the surface of gallium indium nitride (GaInN)
quantum well structures is performed aiming to study biosensing of the iron-storage mole-
cule ferritin. In order to enable local investigations of ferritin molecules, a local function-
alization of the group III-nitride surface with silane molecules is performed. Our studies
demonstrate a preferred attachment of ferritin molecules on the functionalized quantum
well surface.

1. Introduction

Besides prominent applications in general lighting and lasing, chemical sensing based
on III-nitride semiconductors finds increasing interest [1–5]. Group III-nitrides provide
a very stable [6] and biocompatible [5] material system with excellent optoelectronic
properties. Today, biosensing methods are frequently based on flourescent labels which
can be selectively linked to biomolecules [7] and enable subsequent optical investigations
down to the microscopic scale [7, 8].

However, fluorescent dyes are often reported to suffer from photobleaching effects [9, 10]
and weak light intensity [10] which limits applications in biosensing [7, 9, 11]. Moreover,
fluorescent molecules are typically not selective to specific molecular properties such as
the iron-load of ferritin molecules [12, 13]. Hence, new label-free sensing approaches are
of interest for next generation optical biosensing. Ferritin molecules play a key role in
regulating the iron status of the human body [12]. Within their spherical cavity, up to
4500 iron atoms can be reversibly stored [12]. Besides the molecular concentration of
ferritin in human blood, the iron-load is reported as a superior biomarker [13].

In our recent studies, a new approach for sensing ferritin bound iron is demonstrated
applying polar GaInN quantum wells as optochemical transducers [14]. Ferritin and apo-
ferritin molecules immobilized onto the GaN semiconductor surface cause spectral shifts
of the polar GaInN quantum well photoluminescence [14]. Apoferritin corresponds to fer-
ritin molecules without iron-load. Spectral shifts are associated to changes of the quantum
confined Stark effect (QCSE) present in polar GaInN quantum wells.

In this study, a local functionalization of GaInN quantum well structures for selective
binding of ferritin molecules is studied. Hence, local photoluminescence changes caused by
adsorbed ferritin molecules can be investigated in micro-photoluminescence spectroscopy.
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2. Key-Lock Principle

In order to enable local investigations of (apo)ferritin molecules, a chemical functional-
ization of the III-nitride semiconductor surface with silane molecules is studied. Both,
the semiconductor surface and (apo)ferritin molecules are functionalized with molecules
which obey very specific binding properties. By using a key-lock principle, (apo)ferritin
molecules can be locally attached to the III-nitride semiconductor surface. A schematic
illustration of the applied key-lock principle for selective attachment of ferritin on GaN is
given in Fig. 1.

In this work, a local surface functionalization with 3-mercaptopropyltrimethoxysilane
(MPTMS) is studied. Silane molecules bind to OH groups present on the hydroxylated
GaN surface and obey a functional SH group. A functional maleimide group can be at-
tached to (apo)ferritin. The interaction between the functional SH group of MPTMS and
the maleimide group is highly specific [16]. Ferritin molecules with functional maleimide
group selectively bind to the SH group present on the silanized semiconductor surface.
Optionally, fluorescent rhodamine dyes can be attached to (apo)ferritin in order to allow
fluorescence microscopic investigations for cross-checking the surface functionalization.
In the target sensor design, local changes of the GaInN quantum well photoluminescence
shall be used for sensing the ferritin molecules as discussed in [14].

Two different approaches for local silanization of group III-nitrides are investigated. First,
selective stamping of silanes onto the semiconductor surface is performed. Polydimethyl-
siloxane (PDMS) stamps are realized using structured silicon wafers as templates. A SU-8
2000 photoresist is structured on the silicon wafer using conventional optical lithography.
The viscous PDMS is molded on the structured wafer and hardened for several hours.
Subsequently, the elastic PDMS stamp can be removed from the substrate and mounted
on a step motor based setup which allows a controlled stamping of different surfaces with
silanes. The detailed stamping sequence is given in Fig. 2.

In order to exclude silanization of nominally unpatterned areas, a second approach based
on the selective evaporation of silanes onto the semiconductor surface is applied using a
shadow mask. MPTMS is evaporated onto the uncovered areas of the sample. Subse-
quently, the mask is removed from the sample surface and the template is rinsed with
toluene to remove unbound silanes. In contrast to the micro-contact patterning, an im-
proved selectivity is expected with less silane molecules in nominally unpatterned areas.

Polar GaInN quantum well structures are realized on sapphire wafers in a commercial Aix-
tron AIX200/RF metal organic vapor phase epitaxy (MOVPE) reactor using ammonia
(NH3), trimethylgallium (TMGa), trimethylaluminum (TMAl), triethylgallium (TEGa),
and trimethylindium (TMIn) as precursors. First, a thin oxygen-doped aluminum nitride
(AlN) nucleation layer is realized, followed by a Ga-polar GaN buffer layer. GaInN quan-
tum wells with a thickness of 3 nm, 7 nm GaN barrier thickness, and a GaN cap layer
with a thickness of about 7 nm are realized. Before deposition of the silane molecules,
the semiconductor surface is hydroxylated using a mixture of sulfuric acid and hydrogen
peroxide.
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(Apo)ferritin

Locally deposited MPTMS
with functional SH group Maleimide

Optional rhodamine fluorescent dye

Hydroxylated surface

GaN
GaInN quantum wells

Fig. 1: Schematic illustration of the key-lock principle. Silane molecules are locally deposited
onto the hydroxylated GaN surface. The functional SH group of MPTMS selectively binds to
the maleimide group which is linked to the (apo)ferritin molecule in a separate functionalization
step. Optionally, a fluorescent rhodamine dye can be attached to the (apo)ferritin molecules.
Apoferritin was visualized with PyMol (PDB ID: 4V1W) [15].
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Fig. 2: Schematic illustration of the stamping procedure for selective deposition of silane on the
hydroxylated GaN surface. In the first step, the PDMS stamp is loaded with MPTMS. Subse-
quently, the silane molecules are locally deposited on GaN and link to OH groups on the GaN
surface. Unbound silanes are removed by rinsing the sample with toluene. The silanized areas
on the surface allow a selective binding to the maleimide group of functionalized (apo)ferritin
molecules.

3. Selective Binding of Ferritins

In our first experiments, a selective attachment of ferritin molecules on cheap glass sub-
strates was studied in order to optimize the micro-contact patterning process. After
silanization of the surface, (apo)ferritin molecules with functional maleimide group are
attached to the SH group of the silane molecules. Ferritin molecules are drop-casted on
the silanized surface and incubated for one hour. After incubation the samples are dipped
in water in order to remove unspecifically bound ferritin molecules from the surface.

Fluorescent micrographs of selectively attached ferritin molecules incubated with high and
low concentration are given in Fig. 3 (left, right), respectively. A selective attachment of
fluorescent ferritin molecules on glass is clearly visible using fluorescence microscopy (Fig.
3). However, ferritin molecules also unspecifically attach in nominally not functionalized
areas on glass. A periodic pattern with continuously increasing periodicity was chosen.
Higher concentrations of ferritin are found in unpatterned areas with smaller periodicity
of the stamping pattern. In areas with small periodicity silane molecules are expected to
accumulate during the stamping process. Hence, fluorescent ferritins also attach in these
areas.

Using the established micro-contact processing (Fig. 2), silane molecules are locally de-
posited on GaN surfaces. Due to the higher electrical conductivity of GaN in contrast to
glass, scanning electron microscopy can be performed on the silanized GaN surface. A
scanning electron micrograph of a silanized GaN surface is given in Fig. 4. Due to the
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Fig. 3: Fluorescence micrograph of locally functionalized glass substrates using the silane stamp-
ing procedure after subsequent attachment of ferritin molecules. A selective attachment of flu-
orescent ferritin molecules is observed besides unspecifically bound ferritin in nominally not
silanized areas.

Fig. 4: Scanning electron micrograph of a silanized GaN surface using micro-contact patterning.
Accumulations of MPTMS molecules are visible in areas with smaller periodicity of the stamp
pattern (black areas).
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Fig. 5: Selective evaporation of silane molecules onto a masked GaN template.

material contrast (back-scattering) between the silanized and unpatterned GaN surface,
the stamping pattern is clearly visible. As expected from our observations on glass sub-
strates, accumulations of silane molecules are found in areas with small periodicity of the
PDMS stamp pattern. Similar to our observations on glass, ferritin molecules are found
to unspecifically bind in unpatterned areas (not shown).

In order to avoid contamination of nominally unpatterned areas with silane molecules
during the micro-contact patterning, local evaporation of MPTMS onto a masked GaN
surface is studied (Fig. 5). After silanization, a small droplet with ferritin is deposited
on the patterned area and incubated for 1 hour. Subsequently, the sample is rinsed with
ultrapure water to remove unspecifically bound ferritin.

In fluorescence and scanning electron microcopy, the shape of the original ferritin droplet
is clearly visible (Fig. 6, left and right, respectively). A clear correlation of the attached
ferritin molecules to the silane pattern is possible. However, again unspecifically bound
ferritin molecules are found to preferably attach to unpatterned areas on GaN. Hence,
GaN is found to be highly attractive for ferritin molecules and further investigations are
necessary to remove unspecifically bound ferritin.

4. Summary

In this work, chemical functionalization of planar GaInN quantum well structures with
silane molecules for local immobilization of ferritin molecules is demonstrated. Our studies
provide a first step for next-generation biosensors using local photoluminescence changes
of GaInN quantum wells interacting with ferritin molecules immobilized on the semicon-
ductor surface. Two different approaches are studied based on micro-contact patterning
and selective evaporation of silane molecules. A selective attachment of ferritin molecules
on GaN is found as well as unspecifically bound ferritin on GaN.
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Fig. 6: Fluorescence micrograph of locally functionalized GaN templates using selective evap-
oration of MPTMS after subsequent local attachment of ferritin molecules (left), corresponding
scanning electron micrograph (right). A selective attachment of fluorescent ferritin molecules
can be observed besides unspecifically bound ferritin.
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Optimizing InGaN Heterostructures for High

Biosensitivity: Simulations Versus Experiments

Martin F. Schneidereit and Dominik Heinz

In this work, the optimisation of indium gallium nitride (InGaN) heterostructures towards
high biosensitivity is presented. Potential changes on the surface of InGaN heterostruc-
tures lead to a shift in wavelength and intensity of the photoluminescence (PL) signal of an
InGaN quantum well (QW) positioned close to the surface. The semiconductor software
nextnano is used to simulate various parameters to find the ideal background doping, QW
position and thickness. For live sensing experiments, a new setup with horizontal sample
positioning is introduced to enable reproducible verification of the simulation results.

1. Introduction

Gallium nitride (GaN) is widely known for its use in LEDs and, more recently, in high-
electron mobility transistors (HEMTs) [1, 2]. With its chemical inertness and stability
it is ideal for the use in biological and chemically harsh surroundings [3–6]. The pho-
toluminescence (PL) signal of InGaN quantum well (QW) heterostructures is sensitive
to electrical fields within the QW such, that a wavelength emission shift as well as an
intensity change can be observed for varying fields present in the QW (quantum-confined
Stark effect, QCSE). This effect can be used to detect surface potential changes (com-
pare Fig. 1): due to near-surface band bending, surface potential changes induce electric
fields within a QW located close to the surface. Due to this field, wavefunctions from
both electrons and holes get more separated for higher internal fields and show reduced
separation for lower internal fields. The separation on one hand determines the overlap
and thus recombination probability/PL intensity of the exciton. On the other hand, both
electrons and holes have their effective recombination energy decreased for higher sepa-
ration. The surface potential change is thus translated into a PL wavelength shift. It has
been shown by several groups (including our own) that InGaN heterostructures can be
used for sensing [5, 7, 8].

In order to achieve a maximum response from the QW structure, various sample parame-
ters can be changed and thus optimized. To reduce time and cost for such growth series,
simulations are performed with nextnano.

2. Experimental Setup

In order to obtain an undisturbed read-out signal, backside excitation through the sub-
strate is essential. Double-side polished (DSP) sapphire wafers are thus used for the epi-
taxy of the heterostructures. The setup described in the following can be seen in Fig. 2:
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Fig. 1: Sensor principle schematic: for an undisturbed/virgin surface (left), the surface potential
is only tilted due to the piezofield of the QW. For adsorbed molecules, the surface potential is
shifted (right), resulting in a near-surface band bending which leads to shift in the effective QW
recombination energy: surface potential change is translated into QW emission shift.

for live sensing, the sample surface should be horizontal in order to enable application of
liquids from the top. In order to measure the spectral shift directly, the spectrum of the
QW with an untreated surface is recorded. Then, the molecules are added to the surface
via a pipette and the shifted spectrum is recorded. This is done in order to eliminate
spectral changes due to inhomogeneities of the heterostructure itself. From the relative
position of the peaks, the wavelength shift in nm can be determined, all spectra are nor-
malized for better comparability. To exclude (complete) laser absorption within the GaN
bulk material and to excite only the QW, a 405 nm laser is used which has its energy
below the bandgap of GaN. The laser beam is coupled into the beamline of the optical
setup via a dicroic beamsplitter which reflects the laser but transmits the PL signal. The
transmission spectrum of the filter can be seen in the inset of Fig. 2. The beam is then
focussed onto the InGaN heterostructure to excite the QW. The PL signal is collected
and collimated by the same lens located below the sample. This is done to keep the top
side free for adding of sensing liquids. The collimated PL signal is transmitted through
the beamsplitter and then reflected by a silver mirror to be focused into the spectrometer
unit.

3. Simulation with nextnano

The heterostructures which are grown by metalorganic vapor phase epitaxy (MOVPE)
have to be optimized for optical sensing. To maximize the spectral shift originating
from the QCSE, various parameters can be adjusted, including: QW thickness, cap layer
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Fig. 2: The setup for live sensing experiments. The beam of a 405 nm laser is coupled into
the optical readout beam line via a dichroic beamsplitter (transmission spectrum, see inset) and
then focussed onto the InGaN structure from the backside. The PL signal is then also collected
from the backside and passes the dichroic filter where it gets reflected by a silver mirror. The
collimated signal is then focussed into a spectrometer unit. In order to perform live sensing, a
PL spectrum of the structure is recorded and subsequently the test substance is added from the
top. The PL emission shift can then be directly observed.

Fig. 3: Schematic of a standard QW heterostructure. The GaN buffer layer (thickness 1–3 µm)
is grown on a sapphire substrate of 450 µm. On the buffer layer, a 3–6 nm InGaN layer is grown,
which is followed by a GaN cap layer of 3–30 nm. The InGaN embedded between the GaN layers
forms the quantum well.

thickness, background doping concentration, indium concentration within the QW (see
Fig. 3 for reference). The tool used for these simulations is nextnano, which is an advanced
semiconductor device simulation program. nextnano performs a self-consistent solution
of Poisson, Schrödinger and drift-diffusion current equations.

As a first means, the QW thickness was varied from 3nm up to 6 nm in steps of 0.5 nm
for different background doping concentrations. It is expected that for a thicker quantum
well, the overall potential difference in the QW increases and thus leads to an increased
QCSE. This in turn increases the wavelength shift and thus the sensitivity for the given
heterostructure. The results are indicated in Fig. 4. With larger thickness, an increased



40 Annual Report 2016, Institute of Optoelectronics, Ulm University

wavelength shift could be observed from a predefined surface potential shift. The potential
shift was chosen to be 0.6 eV as this is the order of magnitude that can be expected from
biomolecules. With increasing thickness however, the separation between electron and
hole wavefunctions increases linearly, thus reducing their overlap exponentially. This
leads to a reduced recombination rate by up to a factor of ≈ 1000. This means that a
trade-off has to be met between sensitivity (i.e., the amount of wavelength shift) on one
hand and signal intensity, which is related to the recombination rate, on the other. For
intermediate thicknesses, high background doping concentrations seem to be desirable.
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Fig. 4: Wavelength shift versus QW thick-
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The second parameter varied in the simulations was the indium content in the InGaN
QWs, again with various background doping concentrations. Considerations were the
same as for the QW thickness: with higher indium concentration, strain is increased, as is
the QCSE. The simulations confirm these expectations: higher indium concentration leads
to a considerably increased sensitivity for low background doping, while for higher doping,
the effect is not as prominent (see Fig. 5). The drawback of high indium concentrations
(similar to higher QW thicknesses) is that the wavefunction separation increases and leads
to reduced signal intensity. For intermediate indium content, again, higher background
doping seems to be desirable.

The last parameter that was considered is the positioning of the QW within the GaN bulk,
i.e., its position relative to the surface. The barrier between the surface and the QW is
called the cap layer. The sensor principle is based on the change of the QCSE which is
induced by free carriers within the material. Depending on the background doping, the
penetration of the surface band bending into the material happens within few to several
hundreds of nanometers. From first considerations done in [9], the higher the field in the
QW, the more sensitive it reacts to small potential changes. In the simulations performed,
the trend is perfectly clear: highest sensitivity is achieved for QWs positioned close to the
surface and for the maximum local field, high doping is needed (see Fig. 7). This matches
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well with the previous considerations of higher background doping being advantageous
for higher sensitivity. The simulations for 3 nm showed numerical problems and were not
included in Fig. 7.
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Fig. 6: Representative PL spectra for apoferritin: the virgin surface PL signal was undergoing
a red-shift when apoferritin (solved in DI water) was added on top. The observed red-shift was
17 nm for a QW thickness of 3 nm and a cap layer of 3 nm.

4. Comparison Between Simulations and Measurements

With the setup described above, live measurements are possible and thus, first results
could be obtained from sensing in liquid environments. As examplary biomolecules, solu-
tions of ferritin and apoferritin2 have been prepared by S. Chakrabortty et al.3. Ferritin is
a macromolecule related to the iron household of the human body. Within its hollow core,
it can store Fe2+ ions and release them at a desired position within the bloodstream [10].
The ferritin concentration in the blood is an indicator for various health conditions, such
as chronic anemia [11]. With our sensor structure we want to detect the iron content
of ferritin itself, which is expected to be an even superior biomarker for further diseases
such as Alzheimer’s disease [12]. For first analysis, the influence of the biosolvent on the
surface potential was investigated. The intrinsic wavelength shift of the biosolvent has
to be taken into account for an exact determination of the molecule’s concentration later
on. The shift is determined by analyzing and comparing the spectra of the virgin surface
versus the surface with added molecules/liquids. An exemplary apoferritin analysis can
be seen in Fig. 6. While deionized (DI) water did not show any spectral shift, toluene
showed a spectral shift of 4.4 nm (both see Fig. 9). DI water is used as solved for pure
ferritin and apoferritin, while toluene is used for later stages of the experiments.

The next step was to analyze the molecules themselves (see Fig. 10): ferritin and apo-
ferritin were analyzed for different cap layer thicknesses4 to compare with the results

2Apoferritin is ferritin depleted of iron.
3Institute of Organic Chemistry III, Ulm University
4Samples with cap layers > 9 nm had faulty growth runs and could not be investigated.
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Fig. 9: Spectral shifts of biosolvents: DI water (left) did not lead to any spectral shift of the
PL signal. For toluene (right), a spectral red-shift of 4.4 nm can be observed.

discussed in Sect. 3. The results were mostly as expected: for the thinnest cap layer, the
sensing shift was highest, whereas for thicker cap layers the shift reduced (see Fig. 8).
When compared to the simulations in detail, the results point to a background doping
concentration of≈ 0.5·1017cm−3, which is reasonable for MOVPE growth with unintended
background doping from contaminants. In order to better determine the shift in surface
potential due to the adsorption of apoferritin, the simulations were used to approach the
observed shift by assuming various surface potential changes. The results can be seen
in Fig. 11: due to the observed wavelength shift, a surface potential change of −1.6 eV
is concluded. This is higher than expected, errors might arise from donor concentration
which was assumed to be ≈ 1 · 1016cm−3 but is possibly higher (compare results above).
All in all, the simulations match well with the expected result, even though uncertainties
remain about exact surface starting potential and induced shift by the biomolecules.
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Fig. 10: Comparison between measurement
and simulation for apoferritin sensing: the ob-
served red-shift was 3.5 nm for a QW thick-
ness of 3 nm and a cap layer of 9 nm.
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Fig. 11: QW simulations for Fig. 10: for
the given sample, the surface potential was
changed and the resulting wavelength shift
was compared to the measurement. The
matching potential change was −1.6 eV.

5. Summary

In conclusion, a setup for horizontal excitation is demonstrated, enabling live sensing
experiments on fixed sample positions. These live sensing results are used to better un-
derstand the sensing behaviour of InGaN QW heterostructures and to confirm the results
found in [7]. They are also compared to the simulations done in nextnano, which have been
performed in order to optimize the heterostructure design parameters to achieve maxi-
mum biosensitivity. With both, simulations and experiments, further QW samples will
be improved to come closer to our final goal of realising medical sensors for biomolecules.
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Gas Sensing Using InGaN Quantum Wells

Jassim Shahbaz

Chemical stability and inertness of GaN and InGaN make them suitable candidates for
gas and biosensing applications in chemically harsh environments. Unlike conventional
III-nitride based sensors with electrical readout, we focus on heterostructures which can
be read out purely by their photoluminescence signal remotely. These semiconductors
are particularly sensitive to changes in surface charges. In this initial study, InGaN
quantum wells grown on GaN buffer layers are used for gas sensing measurements and
the knowledge acquired from these experiments will be applied to the development of highly
sensitive optical analysis of gases present in human breath.

1. Introduction

GaN is well established as a general lighting and lasing applications semiconductor ma-
terial. In recent years it has also attracted interest from the scientific community for
other applications such as gas and biosensing [1–3]. The material is chemically stable
and inert, has good optoelectronic properties and is biocompatible [4, 5]. For biosensing
the polarity dependent piezoelectric properties are expected to be extremely useful [6].
GaN also has a large bandgap and the highest occupied and lowest unoccupied orbitals of
many biomolecules match very well with it [7]. Typically gas and biosensors are electrical
devices, transistors and Schottky diodes [8], in which the adsorption of molecules changes
the surface Fermi level pinning and hence the electrical conductivity. A near-surface
upward band bending is observed with the creation of a depletion zone for n-doped semi-
conductors. More complex nanostructures have also been researched due to their high
surface-to-volume ratio and low power consumption. However, these structures require
intricate fabrication processes and also sophisticated contacting methods. Even then the
contacts are vulnerable in wet chemical environments.

III-nitride based semiconductors on the other hand can be read out optically completely
avoiding the drawbacks of electrical contacting making the structures stable against de-
structive chemicals. The adsorbates on the surface of such structures modify the optical
photoluminescence (PL) response which can be investigated remotely. In this study a
label-free approach towards gas sensing is presented, with a particular focus on gases
present in the human breath. The PL response of a planar near-surface InGaN quantum
well (QW) with different GaN capping layer thickness in the presence of different gases is
studied.
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2. Experimental Details

A commercial horizontal flow metal organic vapour phase epitaxy (MOVPE) reactor
Aixtron AIX200/RF is used for the semiconductor heterostructure growth. Ammonia
(NH3), trimethylgallium (TMGa), trimethylaluminum (TMAl), triethylgallium (TEGa),
and trimethylindium (TMIn) are used as precursors. Nitrogen and ultra-pure hydrogen
are used as carrier gases. First, a 10 nm thick AlN nucleation layer is grown on a c-
oriented double-side polished sapphire wafer followed by a nominally undoped Ga-polar
GaN buffer layer with a thickness of about 3 µm. Then a single 3 nm thick InGaN QW
is grown with a GaN capping layer of different thickness, i.e., 3, 6, 9, 15 and 30 nm at the
top (Fig. 1, left). For the optical characterisation of the QW, a micro-photoluminescence
setup with a sealed chamber connected to a gas mixing apparatus was used. The changing
PL spectra in response to the cyclic switching of ambient gases is continuously recorded.
A HeCd laser (325 nm) is used for the excitation of the QW PL and both the optical ex-
citation and the read-out of the PL spectra is performed from the top. A monochromator
in combination with a liquid nitrogen cooled CCD camera is used to spectrally resolve
and record the QW emission signal.

3. QW Photoluminescence Response to Gas Molecules

The adsorption of gas molecules on the surface influences the near-surface InGaN QW PL
emission. Within the GaN bandgap the Fermi level is pinned to the surface states present
in high density when no surface modification is done. For n-doped GaN in air, upward
band bending of 1 eV has been reported [9] which induces a depletion zone for majority
charge carriers (i.e., electrons) near the surface. The length of the depletion zone (Wd)
is dependent on the carrier concentration in the bulk crystal and the surface potential as
described by

Wd =
√

(2 · ǫs · ψs)/(q ·Nd) . (1)

Here ǫs is the absolute dielectric permittivity, ψs is the surface potential, q is the elemen-
tary charge and Nd is the doping concentration [10]. Figure 1 (right) shows the energy
band diagram of an n-type semiconductor with upward band bending resulting in the
depletion of electrons and accumulation of holes in the region. The QW near the surface
experiences this electric field and as a consequence the effective bandgap is changed, an
effect known as the quantum-confined Stark effect. Moreover, the QW grown on the polar
c-plane also suffers from the internal piezoelectric fields which tilts the QW energy band
in the opposite direction to the surface-induced band bending. Any adsorbate on the
surface accumulating negative charges will increase the near-surface band bending for an
n-doped material while on the other hand a reducing agent will have the opposite effect.
So for oxidising agents a blue-shift in the emission due to the reduced tilt in the QW
energy band is expected while an increase in the overlap of electron–hole wave function
should also improve the radiative recombination probability.

The QW should be positioned in the region with a large potential gradient, i.e., close to the
surface, for maximal spectral shift. However, due to lowering of the barrier height, there
is an increased probability of the carriers tunnelling out of the QW and non-radiatively
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recombining at the surface or in the bulk. This could potentially lead to a loss in the
PL intensity. Under these circumstances a compromise might be necessary between high
sensitivity in terms of a wavelength shift and high signal-to-noise ratio for such a sensor.

c-plane

Al2O3 (substrate 300 µm)

AlN (nucleation layer 10 nm)

InGaN QW (3 nm)

GaN capping layer 

GaN buffer (1.125 µm)

Gas flow

UV excitation

PL emission

Fig. 1: Micro-PL setup schematic for front-side UV excitation of the InGaN QW (left). Capping
layers of different thickness were used for these measurements. Band structure for GaN/InGaN
heatrostructure without and with near-surface band bending after adsorption of oxidising agent
(right) [1].

4. Experimental Results

Gas sensing experiments were performed using a single 3 nm thick InGaN planar quantum
well. In order to investigate the influence of the capping layer thickness on the sensitivity
of the sensor, layers of different thickness were grown. With the HeCd laser front-side
excitation of the QW, a PL signal from the different samples is observed at around 2.6 eV.
By changing the thickness of the capping layer from 3nm to 30 nm, a blue-shift of about
90meV is observed (Fig. 2). This shift might be a result of strong near-surface band
bending compensating the internal piezoelectric polarisation effects. Another possible
reason for the blue-shift is the desorption of indium during the longer capping layer
growth at slightly higher temperature.

To measure the influence of surface gases on the QW emission, first nitrogen and oxygen
were used and the results for PL peak energy variation are shown in Fig. 3 for two different
capping layers i.e., 3 and 30 nm. Oxygen atmosphere is expected to increase the upward
surface band bending and increase the overlap of the electron–hole wave function. A
clear peak emission shift is visible when switching from nitrogen to oxygen and the PL
intensity is also affected (not shown here). However, the sensitivity of the sensor decreases
considerably after the first cycle, as is evident from the energy variation, pointing to the
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Fig. 2: Peak emission energy of InGaN QW structures with different GaN capping layer thick-
ness, a blue-shift with increasing cap thickness is observed.

formation of an oxide layer on the surface. The thinner capping layer with 3 nm showed
higher sensitivity compared to a thicker layer with 30 nm showing shifts of about 28meV
and about 0.5meV, respectively. These results confirm simulation results presented in [11].
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Fig. 3: Spectral shift of InGaN QW in nitrogen and oxygen when cyclically switched in 5min
intervals: 3 nm cap (left) and 30 nm cap (right).

The effect of hydrogen on the QW PL emission was also investigated. 5% hydrogen
in nitrogen was switched in place of oxygen and the PL emission peak position and
intensity was recorded (Fig. 4). With hydrogen adsorption on the surface a blue-shift is
observed again possibly due to the increased near-surface band bending. The reduction
in sensitivity due to the oxidation layer is less severe in this case compared to pure
oxygen. Although the emission energy is higher in hydrogen ambient, the intensity of
the signal is decreased possibly due to the tunnelling of electrons out of the QW and
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increased non-radiative surface recombination processes, although further studies need to
be done to investigate this phenomena. The shift in energy seemingly is a more reliable
sensor response as it is a direct result of the QW band situation. However, the intensity
change could be used in combination with the energy change for more complex ambient
environments carrying additional information about the gas to be detected.
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Fig. 4: (Left) Spectral shift and (right) intensity shift of an InGaN QW in nitrogen and 5%
hydrogen in nitrogen when cyclically switched in 5min intervals.

5. Conclusion

Optical transducers based on GaN/InGaN heterostructures for the detection of gases have
been realized for a proof of concept. Gas molecules on the surface of such sensors induce
a spectral shift of the PL emission and a change in the signal intensity with the changing
of gas molecules is also observed. Oxidising agents induce a blue-shift with a decrease in
PL intensity while reducing agents induce a red-shift and an increase in the PL intensity.
Further work is to be done towards functionalization of the surface to improve sensitivity
and selectivity. These results are promising and could be useful in the development of
high-sensitivity gas sensors with optical readouts.
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Growth and Characterization of AlGaN/AlN

Heterostructures

Tomáš Hubáček†

In this article, we present our studies about the epitaxial growth of AlGaN quantum well
(QW) structures for deep ultraviolet light emitting devices as a preparatory work for the
later incorporation of boron, which is not described here. X-ray diffraction, photo- and
cathodoluminescence, atomic force microscopy, and transmission electron microscopy have
been used for characterization of our structures.

1. Introduction

Since few years, deep ultraviolet (UV) light emitting diodes (LEDs) based on high Al
content AlxGa1−xN materials have attracted strong scientific focus due to many possible
applications. Especially in the UV-C range (around 270 nm), there are many applications
as sterilization and disinfection of water and air, phototherapy, medical diagnostics etc.
[1, 2]. Compared to conventional deep UV sources (e.g. mercury lamps), LEDs can have
lower power consumption. Being mercury-free, they are also environmentally acceptable.
Moreover, they can be switched on/off much faster. Mercury lamps have a fixed emission
spectrum with a narrow peak at 254 nm, while the emission wavelength of LEDs can be
chosen arbitrarily from 210 nm up to the visible spectrum [3].

Although the output power of deep UV LEDs has greatly increased [4–6] in the last few
years, their wall-plug efficiency is still typically less than 10%, i.e., substantially inferior
as compared to visible LEDs based on InGaN materials [7]. Our current studies concen-
trate on two major reasons which are blamed responsible for such low efficiency of deep
UV LEDs. The first challenge is to grow high quality AlN layers with a low density of
threading dislocations, which induce severe nonradiative recombination processes. The
second problem is the significant lattice mismatch between layers with different Al content
leading to strong pseudomorphic strain in the active QWs. This causes strong piezoelec-
tric fields in the active layers reducing the overlap between the electron and hole wave
functions, which further deteriorates the radiative recombination rate [8].

To solve the strain problem, we can use boron containing AlGaN layers in the active
region. Boron nitride (BN) has an approximately 18% smaller lattice constant compared
to AlN [9]. Hence, alloying BN with Al(Ga)N opens the possibility to lattice match active
layers to the AlN host material used for short wavelength LEDs. Besides leading to a
reduced piezoelectric field in the active layers, lower lattice mismatch may help to reduce

†Tomáš Hubáček was a visiting scientist in the Inst. of Optoelectronics from Aug. 2016 until Jan. 2017.
His permanent address is: Institute of Physics, Czech Academy of Sciences, Prague, Czech Republic.
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strain-induced crystalline defects. Currently, only few publications about AlxByGa1−x−yN
concerning experimental [9–14] and theoretical studies [15–17] can be found. Many fun-
damental properties are still unknown or uncertain. Boron is reported to have a poor
solubility in AlGaN [18], but for Al0.5Ga0.5N only 6–7% of boron is enough to compen-
sate compressive strain with respect to AlN.

In this article, we present some preliminary results of AlGaN/AlN heterostructures with
an emission wavelength around 260 nm which have been optimized for preparation of
subsequent structures where B will be incorporated into the quantum wells.

2. Experimental

All structures were prepared in an Aixtron AIX-200/4 RF-S HT low-pressure horizontal
MOVPE reactor, equipped with a Laytec EpiCurveTT apparatus for in-situ measurement
of reflectivity and the true wafer temperature. Slightly mis-cut c-plane oriented sapphire
wafers have been taken as substrates. Standard precursors (trimethylgallium, TMGa,
trimethylaluminum, TMAl, and ammonia, NH3) were used with nitrogen and hydrogen
as carrier gases.

A high-resolution X-ray diffractometer (Bruker Discover D8) was used to study the crys-
tal quality and other parameters of the heterostructures (strain, composition and layer
thickness). Photoluminescence (PL) spectra were measured at low temperature (8K) us-
ing an argon fluoride excimer laser (excitation wavelength of 193 nm). Depth-resolved
scanning electron microscopy (SEM) based cathodoluminescence (CL) was measured also
at T ≃ 8K (SEM: 1–10 keV, spectral resolution: 7meV/0.34 nm) [19]. Moreover, surface
properties have been measured by atomic force microscopy (AFM), whereas details about
the quantum wells have been observed by transmission electron microscopy (TEM).

All heterostructures were grown on 500 nm thick AlN buffer with an AlN nucleation
layer [20]. We typically have grown heterostructures with 5 AlGaN QWs with a thickness
of about 2 nm embedded into 8 nm thick AlN quantum barriers (QBs). First samples have
been grown continuously without any interruption between template and heterostructure
growth. In later experiments, we prepared full wafer AlN templates which have been used
as quarter wafer substrates for the subsequent deposition of our AlGaN heterostructures
to get comparable conditions for several samples. The growth on these templates was
initiated with the deposition of a 100 nm thick AlN layer in order to have a perfect
transition.

3. Results and Discussion

3.1 Stabilization time between barrier and quantum well growth

Forghani et al. [21,22] have already investigated the growth of AlGaN layers. We started
our investigations by following their recipes and growth parameters for the AlGaN layers,
whereas the AlN growth was optimized at the beginning of our project. For obtaining
high AlN template quality, a pulse-growth mode turned out to be beneficial where TMAl
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and NH3 were supplied separately for 2 s and 1 s, respectively. With this approach, we
obtained a good crystal quality of 500 nm thick AlN templates with a full width at half
maximum (FWHM) of around 40 arcsec and 1400 arcsec for the 0002 and 101̄2 X-ray
diffraction peaks, respectively. An excellent flatness of the surface could be confirmed by
AFM (RMS for 10× 10 µm2 was 0.6 nm), which was much better than what we obtained
by continuous growth of the AlN template. So we used this recipe for the growth of the
buffer layers and the AlN barriers between the QWs.

Initially, some growth parameters, especially the reactor pressure and TMAl flow, were
different for the quantum barrier (QB) and quantum well (QW) growth. When keeping all
growth parameters and total flow during epitaxy constant and only changing the reactor
pressure from QB to QW from 35 hPa to 80 hPa, respectively, we observed an increase
in the surface temperature by about 18K). This may be due to the lower gas velocity at
lower pressure. Although a growth interruption of 20 s was introduced at each interface,
some part of the temperature ramp was still going on during the QW growth. As the
temperature may influence the Al and Ga incorporation, we introduced an additional
20 s growth interruption as stabilization time. Indeed, we observed that the QW PL peak
shifted from 292 nm to 269 nm (Fig. 1) for the samples grown with this stabilization phase.
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Fig. 1: PL spectrum of samples with and without stabilization time and with different TMGa
flow during QW growth. The Ga flow was slightly changed by about 10% (without stab. time:
31 µmol/min, with stab. time: 27 µmol/min). However, this change cannot explain the large
change of wavelength and hence the obvious change of composition x by more than 30%.

3.2 Different TMGa flow

In order to check the Ga incorporation at fairly high temperature (the true temperature
was 1160 ◦C), we have grown a series with different TMGa flow during the QW, keeping
all other parameters unchanged. As expected, we observed a shift of the PL wavelength
(Fig. 2) to higher energy for smaller TMGa flow. However, the shift was not consistent
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(4 nm shift for 15% decreased flow, 20 nm shift for 33% decreased flow), which may be
caused by some variations in the template quality in this series. Therefore, we have
decided to grow our further growth series on quarter wafer templates, hence using the
same template quality for 3 runs (one quarter keeping as a reference sample).
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Fig. 2: PL spectrum of samples with different TMGa flow during QW growth. Samples with 5
QWs on 500 nm AlN template. All other parameters were kept constant (TMAl flow, pressure,
temperature, NH3 flow).

3.3 High-energy shoulder in PL

In the PL spectrum of the sample grown with 6 sccm TMGa flow (23 µmol/min), we
observe a shoulder at higher energy (see Fig. 2). Therefore, depth-resolved cathodolumi-
nescence [19] was done (Fig. 3) to find out whether this may be a consequence of different
properties of the 5 QWs. For low acceleration voltages (probing just the upper quantum
wells) we do not see the high-energy shoulder. It starts to appear for 2.5 kV primary
electron voltage which probes mostly the deeper QWs. For an acceleration voltage of
4 kV, the intensity of both bands in the PL spectrum are equal. Hence these experiments
obviously indicate that the first grown QWs show luminescence at shorter wavelength
than the later grown QWs.

There are several possible explanations for this high-energy shoulder. On the one hand, the
composition or the thickness of the QWs may be different due to some uncontrolled growth
variations. Regarding a composition variation, the results would indicate an Al content
of about 55% in the first grown QWs and about 50% in the upper QWs. On the other
hand, later grown QWs could be partially relaxed, as they may have reached the critical
thickness. The best measurement tool for investigation of strain in heterostructures is X-
ray diffraction of asymmetric planes. Therefore, we have measured reciprocal space maps
(RSM) of the (204+) plane. The main substrate peak, the zero-order peak and other
satellite peaks are on the same vertical line (the same qa value in the reciprocal space,
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which is related to the a lattice parameter in real space) indicating that the structure is
fully strained (no relaxation of AlGaN QWs).

Transmission electron microscopy (TEM) studies (Fig. 4) indicate a thickness of the QWs
of just 2.0 ± 0.1 nm, and the QBs show 8.0 ± 0.1 nm thickness, both in fair agreement
to our XRD data. Moreover, these micrographs show a fairly abrupt hetero-interface
when switching from AlGaN to AlN, whereas the other interface seems to be less abrupt.
Obviously, further studies are necessary to improve the abruptness of the AlN-AlGaN
interface. However, these TEM micrographs confirm a uniform thickness of all QWs.
Hence we conclude that the high-energy shoulder in the luminescence spectrum is caused
by some composition variation in the QWs.
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Fig. 3: Depth-resolved cathodolumines-
cence of sample with 31 µmol/min TMGa
flow (cf. Fig. 1). The primary electron volt-
age was varied between 1 and 10 kV.

Fig. 4: TEM image of 5 QW sample (cf.
Figs. 1 and 3). The QW and the QB thick-
ness were measured to be 2.0 ± 0.1 nm and
8.0 ± 0.1 nm, respectively. Cap layer (top
part of figure) thickness: 24 nm.

3.4 Different number and thickness of QWs

In a next series, we have grown some structures with 10 QWs, one with the same QW
growth times as in the samples described above. In another sample, the QW growth time
was reduced by about 40%. In XRD, full pseudomorphic strain for both structures could
be measured confirming that even these structures did not relax because of surpassing the
critical thickness. As expected, the sample with the thinner QWs showed a blue-shift of
about 25 nm in PL. Particularly in the sample with thicker QWs, a similar high-energy
shoulder was observed and analyzed by CL as discussed above (Fig. 5).
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Fig. 5: Depth-resolved cathodoluminescence spectra for sample T6190 (QW growth time: 45 s;
left) and T6191 (QW growth time: 27 s; right), both containing 10 QWs. Primary electron
energy varied between 1 and 14 keV.

4. Conclusion

We have grown first AlGaN/AlN QW heterostructures and tried to get good and uni-
form PL emission at around 260 nm. XRD and SEM-CL measurements indicate that the
structures are fully strained. However, we observed a broadening of the PL signal due
to a slight variation of the Ga concentration in each quantum well with more Ga found
in the upper (later grown) QWs. From TEM we obtained the real thickness of the QWs
which was in good agreement with our expectations. We found a significant difference
in interface abruptness between QBs and QWs with the transition from AlGaN to AlN
being more abrupt.
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Investigation of AlBN Grown by MOVPE

Oliver Rettig

In this report, growth of boron containing layers and their characterisation will be pre-
sented. Different growth parameters are changed to investigate whether they have beneficial
influence on the growth of boron containing Al(Ga)N with boron contents in the percent-
age regime. As template previously optimised AlN layers with a thickness of 500 nm were
mainly used for overgrowth.

1. Introduction

LEDs based on GaN material already revolutionised the light market in the visible spec-
trum. However, current ultraviolet (UV) applications such as sterilization and disinfection
of water and air [1,2], phototherapy [1], flourescence analytical systems [2], bio-agent de-
tection [3], spectrometry and currency validation [4] still use mercury containing lamps.
Even though UV-LEDs have many advantages like their size and non-toxicity, they still
suffer from external quantum efficiencies below 10%.

Apart from carrier injection efficiency and light outcoupling, there are further important
challenges in the realization of high efficiency devices. State-of-the-art AlN templates
still exhibit many threading dislocations which decrease the efficiency drastically when
penetrating the optically active quantum wells (QWs). They are generated as a conse-
quence of the lattice mismatch of sapphire or silicon carbide (SiC), which are possible
substrate materials, and the AlN template grown on top. Also the lattice mismatch of
the AlN template and the AlGaN QWs leads to a significant decrease in luminescence.
AlGaN QWs with a thickness of only a few nanometers grow strained on top of the AlN
template. Due to the strong piezoelectrricity of AlGaN-based materials, an electric field
is induced in the compressively strained QWs leading to a band tilt. This results in a
decrease of the overlap integral of the electrons and holes which causes a decrease in
radiative recombination as well as a decrease of the effective transition energy.

By introducing boron, which is the lightest and smallest group-III element, to state-of-
the-art AlGaN-based material systems, another degree of freedom in lattice matching
can be utilised. Therefore both, template quality as well as a reduction of the quantum-
confined Stark effect (QCSE) in the QWs might be achieved by the incorporation of boron.
According to current scientific knowledge only 5% of boron would be enough to lattice
match AlBN on SiC.

In this work, we try to clarify whether it is possible to grow AlxByGa1−x−yN layers with
good crystalline quality. Until now only few studies have been focussing on the growth
of boron containing group-III-nitrides [5–7]. Important material properties such as the
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composition dependence of the bandgap, lattice parameter for wurtzite-BN and ionisation
energies of donors and acceptors are not yet known for this material. Due to its very low
surface diffusion, parasitic gas phase reactions and poor solubility in AlGaN [5], growing
high quality boron containing material has not yet been achieved. By introducing high
temperatures of up to 1400 ◦C, optimising V/III-ratio, applying indium as surfactant and
precursor alternation we try to increase the surface mobility of boron. For characterisa-
tion, photoluminescence spectroscopy (PL), X-ray diffraction (XRD), scanning electron
microscopy (SEM), atomic force microscopy (AFM), secondary ion mass spectroscopy
(SIMS), and transmission electron microscopy (TEM) are performed to steadily increase
the quality of the layers.

2. Experimental Details

The MOVPE reactor used for this study is a low-pressure horizontal reactor (Aixtron
AIX-200/4 RF-S) with a high-temperature susceptor kit enabling growth temperatures
up to 1400 ◦C. All group-III-nitrides are grown on standard (0001) sapphire substrates
with an offcut of 0.3◦ towards the m-plane. Trimethyl-aluminium (TMAl), trimethyl-
gallium (TMGa), trimethyl-indium (TMIn), triethyl-boron (TEB) and ammonia are used
as precursors.

For characterisation, a high resolution X-ray diffractometer (Bruker Discover D8) is used
to check the crystal quality of the samples. Additionally aberration-corrected high-
resolution TEM (AC-HRTEM) was performed by our project partners of the Central
Facility of Electron Microscopy at Ulm University.

Photoluminescence spectroscopy is performed by using an argon fluoride excimer laser as
excitation source which works at a wavelength of 193 nm. This part was supervised by
the Institute of Quantum Matter, Semiconductor Physics Group at Ulm University.

3. Growth of Boron Containing AlN Layers

3.1 Growth at AlN growth conditions

Literature reports different values for the incorporation efficiency of boron in AlN [8, 9].
Therefore, first experiments were performed at standard AlN growth conditions [10] using
different amounts of boron. In SEM, we found that a boron content in the gas phase larger
than 2% drastically decreases the surface morphology. For TEB/III-ratios between 3%
and 29%, no boron related XRD signal and a clearly visible shift of the PL defect band can
be observed. In AlBN layers with higher boron content an additional defect band occurs
at 4 eV which shifts even further to higher energies when increasing the boron supply.
This band then dominates over the 3 eV defect band which is related to the AlN [11].
This already implies a change of growth regarding the formation of different defect types
caused by boron.

In order to improve the layer quality, AlBN layers were grown with lower gas phase
ratios of ∼2%. XRD as well as SIMS studies were performed to determine the amount of
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boron incorporated in the AlBN layers. In XRD, a weak peak was visible in some layers
which would indicate a boron content of only ∼0.4% can be calculated assuming fully
relaxed layers and a c-lattice constant of 0.422nm for w-BN [12]. Being very close to the
AlN main peak at these low contents, the AlBN reflex only shows a weak response. In
contrast, SIMS investigations identify 5% of boron inside the layers which is much more
than indicated by XRD measurements. Therefore further characterisations of the grown
layers are performed. TEM investigations reveal columnar growth of the upper part of the
AlBN. Figure 1 shows a weak beam dark field (WBDF)-TEM image in g = 112̄0 direction
of the 300nm thick AlBN layer grown on top of an AlN template with a thickness of
500 nm.

Fig. 1: WBDF image of a 300 nm thick Al0.95B0.05N layer on top of a 500 nm thick AlN template
on sapphire. For the upper part of the AlBN layer strong columnar growth can be observed.

The first ∼50 nm of the AlBN show many bright small spots, which makes it impossible to
follow the threading dislocations originating from the AlN template. In the upper part of
the layer, strong columnar growth can be seen with many of those columns being bright
whereas others appearing dark. The width of these columns fluctuates between 20 nm and
40 nm. As WBDF images are taken with a slight angle offset from the Bragg condition,
only dislocations are visible as bright lines. Since in this image many of the columns are
bright it can be concluded that they are rotated around the c-axis such that the crystal
does fulfil the Bragg condition. Additionally a very rough surface can be observed for
the AlBN layers. The individual columns have a very sharp tip resulting in a needle-like
shape.

Selective area diffraction measurements (Fig. 2) of the interface of the AlN template
show a wurtzite configuration of the AlBN, which matches the template well. Performing
the same measurements at the top part of the AlBN, it can be seen that the wurtzite
diffraction pattern smears up by a small amount. Course approximations of the angle
suggest a tilt of the c-direction of ∼4◦.

Plan view TEM investigations of the top of the AlBN layer (Fig. 3) confirm strong colum-
nar growth. In fact the columns do not coalesce completely to form a closed layer. In be-
tween those columns formation of amorphous material appears. Nevertheless, the diffrac-
tion pattern of the columns depicts crystallinity in wurtzite configuration. However a tilt
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Fig. 2: Selective area electron diffraction image of the upper part of the AlBN layer with
columnar growth and the interface between the AlN template and the AlBN layer. The c-axis
of the AlBN columns at the top rotated up to 4◦, whereas at the interface the lattice fits the
direction of the template well.

of the columns by up to 3◦ around the c-axis can be observed. High resolution images
of the coalescence region of two neighbouring columns after filtering respective lattice
directions confirm the difference in lattice direction of ∼2◦.

The presence of strong columnar growth with amorphous material enclosed might be
the reason for the inconsistency in SIMS and XRD data. Accumulation of boron in
the amorphous materials due to phase separation causes less boron incorporation in the
AlBN columns. Therefore XRD, which reflects the composition of the columns, can only
measure much lower boron concentrations than SIMS, which is sensitive for the overall
presence of boron, but cannot distinguish between material incorporated in the columns
and material present in the amorphous inclusions.

Fig. 3: Plan view TEM images and electron diffraction pattern of surface near region of the
AlBN layer. A non-fully-coalesced layer of individual columns can be observed. Diffraction
patterns reveal a rotation of the crystal structure around the c-axis of the columns by up to 3◦.
This behaviour can be validated by high resolution images of neighbouring columns where a tilt
of ∼2◦ is visible.

3.2 High-temperature growth series

From literature [5] and the results obtained above we conclude that the surface mobility
of the boron is the main reason for columnar growth since the columns do not coalesce to
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form a closed layer. Hence, further studies were performed trying to increase the mobility
of the B atoms on the growing surface.

By using a high-temperature setup for our MOVPE reactor, it is possible to reach temper-
atures up to 1400 ◦C. To investigate whether high temperatures help to improve crystal
growth, a series with 3 different temperatures was grown, not changing any other process
parameters. Figure 4 shows PL spectra of 300 nm thick AlBN layers grown on the same
500 nm thick AlN template which is also displayed as reference.

Fig. 4: Overview PL spectra of AlBN temperature series and reference template (left) and
zoomed NBE region (right). With higher temperatures an additional defect band arises at
around 4 eV. At high temperatures the NBE luminescence also exhibits additional contributions.

One can clearly see a drop in intensity in the defect related PL intensity when boron is
supplied during growth. Moreover, a change in the respective positions of the peaks can
be observed. All 3 AlBN layers still show a contribution at 3 eV which is most likely
related to the AlN defect band. Additionally, a second contribution is present for all
boron containing samples. Those peaks however are not appearing at the same energy for
all samples. With increasing temperature the centre of the peak shifts to higher energies.
At 1200 ◦C this peak is located at ∼3 eV whereas at 1300 ◦C a much broader peak is visible
reaching from 3.6 eV up to 5 eV. Previous studies showed a similar behaviour of the defect
band when increasing the boron supply in the gas phase, leading to the conclusion that
at higher temperatures more boron incorporated in the AlBN layers might be present
compared to lower temperatures. However SIMS measurements revealed that more boron
is incorporated in layers grown at lower temperatures. Again it has to be considered that
this does not necessarily mean an increase in boron incorporation in the crystalline parts
of the layers.

In the near-band-edge (NBE) region the PL spectra of the AlBN layers differ significantly.
Whereas the layer grown at 1200 ◦C shows almost no NBE luminescence, different major
contributions are visible in the spectra of the samples grown at 1300 ◦C surface tempera-
ture. The latter shows much stronger AlN-related band-edge luminescence. Additionally,
a very strong peak arises at 5.8 eV. For this peak, different origins are possible. When
considering bandgap bowings reported in literature [13] a boron content below 5% can
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lead to a decrease in the bandgap energy by up to 300meV which is in good agreement
with the data received by SIMS investigations. However bowing parameters as well as
band-edge energies of wurtzite BN are still not well known and contradictory discussed in
literature due to its unstable nature. Another possible origin of this contribution is the
presence of hexagonal BN. Due to phase separation at higher temperatures BN might grow
in its initially more stable hexagonal phase. As discussed in [14], an indirect bandgap of
h-BN with the longitudinal and acoustic phonon transitions present at energies possibly
related to Al0.95B0.05N. The strong PL peak at ∼5.8 eV in Fig. 4 might be related to optical
phonons. The acoustic phonons should have a contribution at ∼5.86 eV, which fits well
with our PL data. The respective ratios between acoustic and optical phonons should
be constant for all samples. This, however, could not be verified for additional grown
layers runs, indicating that this peak might be related to other phenomena. TEM diffrac-
tion patterns of the hotter grown layers, which are not displayed here, reveal that the
wurtzite crystallinity of the previous layers (see Fig. 2) cannot be maintained. Therefore
it has to be assumed that at higher temperatures, phase separation is preferred over the
incorporation in AlN, leading to other possible phases like h-BN or amorphous growth.

3.3 Reduction of boron supply

With the goal to achieve growth of a closed layer without having strong columnar features
present, a further decrease in boron content in the gas phase was performed. Boron
contents reported here arise from the assumption of linear incorporation with gas phase
supply, starting at boron contents known from our previous SIMS investigations. A growth
temperature of 1170 ◦C was chosen in order to suppress the additional NBE contributions
observed in Sect. 3.2.

It is clearly visible that changing the boron supply does not affect the shift of the NBE
peak. Only the intensity of the peaks increases by the reduction of boron. The small
down-shift in energy of the band edge might be related to the boron incorporated in the
AlBN layers. Again utilising bowing parameter values reported in literature [13], this
shift would be related to approximately 0.4% of boron in AlN. However those values
are still vague due to the scarce literature available for boron containing III-nitrides.
Nevertheless, from the position of the band edge being constant for all boron contents,
it could be concluded that the solubility limit of boron in AlN is reached for respective
growth conditions. This assumption would also fit with previous investigations of strong
columnar growth and amorphous material grown between the columns. Excessive boron
which cannot be incorporated in AlN accumulates and forms amorphous clusters.

4. Summary

First studies on the growth of boron containing AlN layers were performed. Al0.95B0.05N
was grown with strong columnar growth as well as growth of amorphous material could
be observed. The columns show wurtzite configuration in TEM investigations. From our
studies we conclude that phase separation might be caused by exceeding the solubility of
boron in AlN.
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Fig. 5: NBE PL spectra of AlBN boron series and their template as reference. The amount of
boron between 1.5% and 5% supplied during growth, does not affect the shift of the band edge
related peak.

Therefore, more experiments are currently planned to decrease the boron content further
to reach a concentration that is still below the solubility limit. Additionally, by optimising
the growth conditions, we try to increase it further.
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Generation of Ultraviolet Laser Light by Frequency

Tripling of a High-Power Infrared Optically Pumped

Semiconductor Disk Laser

Markus Polanik and Jakob Hirlinger-Alexander

We present an ultraviolet (UV) laser with an output power exceeding 23mW at an emission
wavelength of 327 nm. The UV laser is realized by frequency tripling an infrared optically
pumped semiconductor disk laser which is capable of an output power above 23W at a
wavelength of 982 nm. To access the UV wavelength regime, sum frequency generation of
the frequency-doubled and the fundamental wavelength is utilized.

1. Introduction

The accessible wavelength range for optically pumped semiconductor disk lasers (OPS-
DLs) in the InGaAs/GaAs material system can cover a broad regime between 920 and
1180 nm. Utilizing different gain material like GaAlAs or GaInNAs extends the range to
even shorter or longer emission wavelengths [1]. Since frequency doubling of the laser
device is easily achievable by placing a nonlinear crystal inside the lasers cavity, semicon-
ductor disk lasers grown on GaAs substrate can cover almost the entire visible wavelength
spectrum. Adding a birefringent filter into the cavity allows to improve the second har-
monic performance and to tune the emission wavelength by a few nanometers. Output
powers with tens of watts in the visible range are possible by using second harmonic
generation [2]. An ultraviolet emission can either be realized by tripling an infrared disk
laser or by doubling an AlGaInP red laser [3, 4].

In order to generate ultraviolet light with an infrared laser it is necessary to frequency
triple the laser’s emission wavelength. Although it is possible to directly frequency triple
the output light of a laser by taking advantage of the third-order nonlinearity, this process
is quite uncommon due to the low conversion efficiency. A two-step process which involves
mixing the fundamental infrared laser light with the frequency-doubled output of the laser
can be far more efficient [5]. This approach can be realized with an optically pumped
semiconductor disk laser by placing two nonlinear optical crystals inside the lasers cavity,
one for the second-harmonic generation and the other one for the sum-frequency genera-
tion. Here, we utilize this two-step process to frequency-triple the output of an optically
pumped semiconductor disk laser which is designed for a wavelength of 980 nm [6].
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2. Layer Design and Characterization of the Disk Laser

The semiconductor disk lasers structure contains three key elements: A dieletric anti-
reflection coating, a resonant periodic gain structure and a double-band Bragg reflector
(DBBR). The gain region of the disk laser contains six InGaAs quantum wells which are
placed in the anti-nodes of the standing electric field inside of the microresonator. The
quantum wells have an indium concentration of 16.5%. Strain compensation is utilized
by GaAsP layers. In order to provide a bottom mirror with a high reflectivity for the
laser wavelength as well as for the pump wavelength, a numerically designed DBBR with
33 mirror pairs out of AlAs/Al0.19Ga0.81As is used [7]. The disk structure was designed
for an emission wavelength of 980 nm and a pump wavelength of 808 nm. During the
processing of the laser devices, the GaAs substrate will be completely removed, which
requires growing the epitaxial structure in reverse order. The Bragg mirror is therefore
the last layer sequence grown in the chamber of the molecular beam epitaxy machine.
To further improve the performance of the barrier pumped laser device, a diamond heat
spreader is used. The measured reflectivity spectra of a processed disk laser are shown in
Fig. 1.
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Fig. 1: Reflectivity spectra of a disk laser over the incidence angle at room temperature (left).
The reflectivity spectra over the temperature (right) were taken at an angle of 10 ◦.

From the angle-dependent reflectivity spectra, the excitonic resonance wavelength and a
suitable pump angle can be determined. The excitonic dip is located at a wavelength of
963 nm, which is roughly 17 nm shorter than the emission wavelength of the laser device.
A slightly greater distance between these to wavelengths would be favorable, since the
gain spectrum will shift four to five times faster with increasing temperature than the
resonance wavelength. One of the two stop bands of the DBBR is located between 945
and 1015 nm, while the other one lies between 800 and 830 nm. The position of the stop
band for the pump wavelength can be determined by measuring the reflectivity spectra
of the semiconductor disk lasers backside [7].

In a linear resonator with an outcoupling mirror reflectivity of 99.1% an optical output
power of 23.3W can be achieved with the optically pumped semiconductor disk laser.
The heat sink of the laser device was cooled down to a temperature of −7.5 ◦C. At higher
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heat-sink temperatures a decline of the output power is noticeable. Nevertheless an out-
put power beyond 17W is still possible at a heat-sink temperature of 7.5 ◦C. The output
characteristics of the disk laser measured at four different heat-sink temperatures is dis-
played in Fig. 2. A diode laser with an emission wavelength of 808 nm is used as a pump
source. The spot size of the pump beam on the chip is 600× 550 µm2. An increase of the
absorbed pump power leads to a linear shift of the emission wavelength of approximately
0.19 nm/W. The absorptance rate of the pump power during the four measurements at dif-
ferent heat-sink temperatures is between 89.8 and 97.8%. It is noticeable that an increase
of the chip temperature leads to a decline of the absorptance rate. This can be explained
with an increasing reflectance of the semiconductor disk at the pump wavelength, due to
the red-shift of the spectrum, for higher temperatures. A larger pump angle may solve
this problem.
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Fig. 2: Output characteristics of the used semiconductor disk laser in a linear resonator setup
with an outcoupling mirror reflectivity of 99.1%. The measurements were taken at four different
temperatures of the heat sink.
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3. Experimental Setup for Frequency Tripling

For the frequency tripling we used a double-folded resonator with three different mirrors,
a birefringent filter and two nonlinear crystals for the second harmonic and sum-frequency
generation. Both are lithium triborate (LBO) crystals and have 3 × 3mm2 wide cross-
sections. The crystal for the second-harmonic generation is 8mm, the crystal for the
sum-frequency generation 10mm long. The thickness of the birefringent filter is 4mm. A
sketch of the experimental setup is shown in Fig. 3.

Fig. 3: Sketch of the experimental setup for frequency tripling the infrared laser. The ultraviolet
light is coupled out at the first folding mirror and the frequency-doubled light is coupled out at
second folding mirror. All resonator mirrors are highly reflective for infrared light.

The first mirror is the integrated Bragg mirror on the semiconductor chip. It is highly
reflective for the pump and the fundamental wavelength. Due to the fact that the bandgap
of GaAs at room temperature is 1.42 eV, which corresponds to a wavelength of 873.13 nm,
the semiconductor disk is absorptive for the second and the third harmonic. To prevent
the semiconductor structure from unnecessary heating, we couple the second and third
harmonic beam out of the resonator before it can reach the chip. Therefore, we have
two different coatings on the first and second folding mirror. The first folding mirror is
transmissive for the third and highly reflective for the fundamental wavelength and the
second harmonic. The second folding mirror is transmissive for the second and highly
reflective for the fundamental wavelength and the third harmonic.
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In order to narrow the spectral width and stabilize the emission wavelength the laser,
a birefringent filter is placed in the first resonator arm. Although the filter is placed
in the Brewster angle inside of the resonator, the filter still couples out a high amount
of infrared light, which has to be blocked with suitable absorbers. The two nonlinear
crystals are placed right next to each other in the beam waist of the last resonator arm,
since high electric field strengths are beneficial to increase the efficiency of the nonlinear
conversions. Placing the crystals directly next to each other has in addition the advantage
that the influence of the walk-off angle between the first and the second harmonic in the
SFG crystal, which is not avoidable with critical phase matching, is small. The standing
wave in the laser resonator is a superposition of a forward and a backward traveling
wave. As a result, the crystal for the second harmonic generation will also produce a
forward and a backward traveling wave. In the crystal for the sum-frequency generation
we want to have as much second harmonic electric field strength as possible, so we place
the SHG crystal behind the SFG crystal and make the end mirror high reflective for the
second harmonic. This positioning of the crystals has the big advantage that the second
harmonic photons are traveling only in one direction through the SFG crystal (towards
the semiconductor chip). Due to momentum conservation, the generated third harmonic
has the same direction as the second harmonic. On the way back towards the chip, the
second harmonic is coupled out at the second folding mirror and the third harmonic —
the UV light we want to get — is coupled out at the first folding mirror. The captured
beam profile of the ultraviolet laser beam and a picture of the experimental setup are
shown in Fig. 4.

Fig. 4: Picture of the experimental setup (left). The ultraviolet laser beam is visible on a piece
of paper due to fluorescence. A CMOS camera was used to measure the beam profile of the
ultraviolet beam at a pump power of 10W (top right) and 33W (bottom right).
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4. Output Characteristics of the Ultraviolet Laser

The experimental setup allows a tuning of the fundamental wavelength from 970 to 985 nm
(full width at half maximum) with the birefringent filter. However, a significant drop in
the ultraviolet output power takes place if the fundamental wavelength is detuned away
from the adjusted wavelength. Tuning of the emission wavelength requires a realignment
of the two nonlinear crystals due to the loss of the phase matching. Although the spectral
width of the ultraviolet light could not be directly measured, it is expected to be 0.08 nm,
since the spectral width of the fundamental wavelength is 0.24 nm at −3 dB clip level.
Without a birefringent filter in the resonator, the spectral width of the fundamental
emission at −3 dB is 2.4 nm wide. In our experiment, the fundamental wavelength of the
laser of 982 nm leads to a second harmonic wavelength of 491 nm. The sum-frequency
generation of the first and the second-harmonic results in a third-harmonic wavelength
of 327 nm. In Fig. 5 the output characteristics of the second and the third harmonic are
shown.
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Fig. 5: Second and third harmonic output power. A quadratic fit of the second harmonic output
power is possible for pump powers below 27W.

The output power of the second harmonic rises from zero to 1.8W when the pump power
is raised from 8.7 to 32.8W. A quadratic fit to the output curve could be applied for
pump powers below 26.8W. At higher pump powers a deviation from the quadratic fit
is observed. The reason for this behavior is the temperature rise of the nonlinear crystal
which leads to a phase mismatch with higher powers. With a second harmonic power of
1.8W, the third harmonic output power reaches 23mW.

The pump conversion efficiency is calculated as the ratio between the output power and
the pump power. The results for the second and third harmonic are displayed in Fig.
6. For the second harmonic a nearly linear behavior for pump powers between 14.4 and
26.8W is noticeable. This corresponds to the quadratic curve of the output power. An
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explanation for this behavior is the proportionality of the second harmonic output to the
square of the fundamental laser power. The fundamental power itself is proportional to
the pump power. So the second harmonic output divided by the pump power must be
linear.
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Fig. 6: Pump conversion efficiencies of the second and third harmonic of the laser from Fig. 5.

5. Conclusion

We demonstrated the output characteristics of an intra-cavity frequency-tripled infrared
laser. Frequency tripling was achieved by mixing the fundamental wavelength of the
semiconductor disk laser of 982 nm with the second harmonic. While it was possible to
achieve an output power of more than 23W at the fundamental wavelength of the laser,
the double-folded resonator with two nonlinear crystals inside it only allowed a second-
harmonic output power of 1.8W. With a value beneath 6%, the conversion efficiency of
the second harmonic is over three times lower than the anticipated efficiency from previous
frequency doubling experiments [8]. Nevertheless, an ultraviolet output power of 23mW
at a wavelength of 327 nm was possible. Further improvements of the second-harmonic
power should also increase the ultraviolet output, since the third harmonic generation
highly depends on the second harmonic field strength in the sum-frequency generation
crystal.
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