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Staff 1

Preface

The year 2009 was another successful one for the Institute of Optoelectronics. Research
concentrated on vertical-cavity surface-emitting lasers (VCSELs), optical interconnect
systems, GaN-based electronic and optoelectronic devices, and semiconductor disk lasers.

The VCSELs and Optical Interconnects Group has focused its efforts on the fabrication
and analysis of GaAs-based specialty VCSELs emitting higher-order transverse modes,
the design of bidirectional transceiver chips integrating a VCSEL and a PIN-type pho-
todiode, the optimization of polarization-stable surface grating VCSELs for atomic clock
applications, and the demonstration of VCSEL-based sensing and particle manipulation
in microfluidic chips.

Besides other ongoing activities, the GaN Group continued to concentrate on studies of
non- and semipolar structures for highly efficient longer wavelength light emitters. The
cooperation in our respective transregional research group “PolarCoN”could be further en-
hanced. In the frame of these activities, we have organized a summer school in September
where more than 50 scientists from the research group and from other renowned insti-
tutions world-wide enjoyed the great hospitality of the scientific center “Schloss Reisens-
burg” for fruitful scientific discussions. With the participation in the DFG project SALVE
(“Sub Angstrom Low Voltage Electron Microscopy”) led by the TEM group of Ulm Uni-
versity, we have set a first step in the field of graphene research.

In the High-Power Semiconductor Laser Group, an optically-pumped semiconductor disk
laser with intracavity second-harmonic generation in a novel folded-cavity resonator con-
figuraton has been realized, emitting 1.6W of continuous output power at a wavelength
of 460 nm. The incident pump power was 11W at a wavelength of 808 nm, which results
in a record overall power conversion efficiency of 14.5%.

In Feb. 2009, Anna Bergmann’s Diploma Thesis on VCSEL-integrated optical trapping
modules was awarded by the VDE. Johannes Michael Ostermann received the Dulger Prize
2009 of the Heidelberger Akademie der Wissenschaften for his work on polarization-stable
VCSELs.

On November 14, the Institute of Optoelectronics celebrated its 20-year anniversary. All
120 alumni of the Institute were invited to an anniversary celebration party and 67 of
them came to Ulm, some with spouses and children. Another highlight of last year’s
activities was the 14th European Workshop on MOVPE organized by our Institute in
June, where more than 200 scientists presented and discussed their brand-new results,
excellently hosted by the Edwin-Scharff Congress Center Neu-Ulm.

Rainer Michalzik
Ferdinand Scholz
Peter Unger Ulm, March 2010
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Intra-Cavity Second-Harmonic Generation of Blue

460 nm Watt-Level Emission from Optically Pumped

Semiconductor Disk Lasers

Frank Demaria and Alexander Hein

Experimental results with second-harmonic 460 nm-wavelength emission are presented. A
profound analytical description of the intra-cavity beam shaping properties of the resonator
based on the ABCD-law provides an effective design tool for the construction of appropriate
resonator setups. Also described is the layer design of the optically pumped laser chip in
which the fundamental radiation is generated. Overall conversion efficiencies up to 14.5%
and a maximum power of 1.6W are demonstrated.

1. Introduction

High performance laser display applications require blue color light sources with a wave-
length of 450–460 nm. Moreover, for this wavelengths a satisfying illuminance of reason-
able large areas can only be provided by lasers with at least several hundred milliwatts of
optical output power. Although laser diodes based on gallium nitride which are operating
at wavelengths around 405 nm are suitable and frequently used laser sources for optical
data storage, it still appears uncertain whether this approach leads to optical displays
with the desired qualities. Here an alternative approach is described. The experimental
results which are acquired by optically pumped semiconductor disk lasers in combination
with intra-cavity second-harmonic-generation meet the mentioned demands.

2. Experimental Setup

Figure 1 shows a standard folded-cavity configuration which is commonly used for intra-
cavity second-harmonic-generation (SHG) [1, 2]. In order to prevent absorption of the
second harmonic in the semiconductor material, the critically phase-matched nonlinear
crystal is localized in the outer resonator arm opposite to the laser chip. A 5mm-long
3×3mm2 cross-section bismuth borate crystal (BiB3O3, BiBo) is used. The folding mirror
and the external end mirror are designed to provide maximum reflectivity for the 920 nm
fundamental radiation, but much lower reflectivity for the second harmonic with 460 nm
wavelength. Wavelength stabilization, narrowing and tuning is realized by a 2mm-thick
birefringent quartz plate which is inserted under Brewster angle [3, 4]. The laser chip is
mounted on a copper heat sink whose temperature is stabilized at a value of 0 ◦C by a
Peltier cooler. Pump radiation from a fiber-coupled diode-laser is irradiated under an
inclination angle of 30 ◦ with respect to the surface normal and focused to a spot-size of
approximately 310µm × 270µm. The pump wavelength varies from 801 nm at threshold
to 803 nm at the maximum pump power.
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Fig. 1: Setup for second harmonic generation in a folded cavity configuration.

2.1 Analysis of beam and resonator

The design of a stable and effective resonator configuration is a challenging task. To
provide high fundamental laser radiation, the laser chip has to be excited within a rea-
sonable large area with diameters of several hundred micrometers. This defines the beam
diameter of the laser mode at that position. On the other hand, the beam diameter in
the outer resonator arm, where the nonlinear crystal is inserted, should be much smaller
to achieve effective SHG. The distances between the mirrors should not be too big in
order get an applicable and compact laser source with low aperture losses. Too small
distances are also not desired in an easy to handle experimental setup with macroscopic
components. Fortunately, with only few simplifying assumptions, a profound and clear
analytical description of the resonator’s beam shaping properties becomes possible. The
influence of the laser chip on the beam propagation is neglected as well as the SHG crystal
and the quartz-plate filter. According to fig. 2, the resonators geometry can be described

Fig. 2: Simplified geometry and parameters of the single-folded optical resonator setup with
curved external mirrors.

by the distances L1, L3 and the radii of curvature Rcf , Rce of the folding mirror and the
end mirror. These parameters alone determine wether the resonator is stable or unstable.
The approach for the theoretical description is the following. For a nondiffraction-limited
optical beam, which is made up by a superposition of Laguerre–Gauss resonator modes,
an effective radius of curvature of the phase fronts can be defined [7]. Stability of a lin-
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ear resonator requires that the beam’s effective radius of curvature at the end mirrors is
identical with the radius of curvature of the end mirrors. One of them is the rear reflector
of the laser chip. It is supposed to be plane. Thus, it is obvious that a beam waist
is established inside the laser chip at the position of the rear reflector. Its diameter is
assumed as 2W1. The second end mirror is the external end mirror which is realized by
a multi-layer dielectrically-coated 0.5 inch-diameter glass substrate. The folding mirror is
made up the same. For the shown configuration with a concave external end mirror, an
external beam waist with the diameter 2W2 is located inside the outer resonator arm at
a distance L2 from the folding mirror. If a plane end mirror is used, the external beam
waist is located at the surface of this mirror and L3 becomes identical with L2.

Paraxial ray analysis allows the simple description of the focussing characteristic of the
mirrors by the focal length f =Rc/2 and the ray transfer matrix formalism [8]. Finally,
the resonator’s caracteristical ABCD-matrix, given by the product of its single elemen-
tary transfer matrices has to be applied to the ABCD-law in order to derive analytical
formula within the parametric description of Gaussian beams. The generalization to
nondiffraction-limited beams with the wavelength λ and the beam waist radius W is
implemented by the diffraction number M2 and the definition of the Rayleigh range as

zR =
πW 2

M2λ
(1)

[9]. Different Rayleigh ranges for the two resonator arms have to be considered. The
Rayleigh ranges and beam waist positions are unambiguously determined by the res-
onators geometry. For a resonator with plane end mirrors (L2 = L3) and a folding mirror
with a focal length ff = Rcf/2 the spot-size reduction ratio

V =
W1

W2

(2)

is given by

V =

√

L1 − ff
L2 − ff

(3)

and the chip-sided Rayleigh range by

zR1 = V
√

f 2
f − (L1 − ff)(L2 − ff). (4)

For the more general case of a concave external end mirror with fe=Rce/2, the expression

z2R1 = [f 2
f − (L1 − ff)(L3 − ff)]

2fe(L1 − ff) + f 2
f − (L1 − ff)(L3 − ff)

2fe(L3 − ff)− (L3 − ff)2
(5)

can be derived for the Rayleigh range [10]. In this case, the distance of the external beam
waist from the folding mirror is determined by

L2 = ff
z2R1 + L1(L1 − ff)

z2R1 + (L1 − ff)2
(6)
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and the spot-size reduction ratio can be calculated by expression (3) which is valid also
for this case. Unlike the Rayleigh ranges and the spot sizes of the ideal Gaussian beam
(M2 = 1), the beam waists of the real beam with M2 > 1 are underdetermined according
to (1). Actually, it can be observed that the value of M2 strongly depends on the spot-size
of the pump beam on the laser chip for a given resonator configuration. That way an
optimization of the overlap of the lateral beam intensity and the gain distribution of the
laser chip takes place. The spot-size of the resulting beam is at any position M times
lager than the embedded fundamental Gaussian mode which is generated by the same
resonator. However, one restriction has to be considered. The beam waist diameters of
the laser mode fit the size of the pumped area as long as they are significantly larger than
the fundamental mode.

Best experimental results, concerning SHG output powers, have been achieved with a fold-
ing mirror with Rcf =50mm radius of curvature and an end mirror with Rce=1000mm,
the latter could have been replaced by a plane mirror in principle. For each sample L1

and L3 have been adjusted to achieve maximum SHG output powers within the ranges
85–93mm and 33–38mm. The calculated parameters of the laser mode for such config-
urations can be taken from Fig. 3. The solid lines in the upper diagram show the mode
diameters of the fundamental Gaussian mode on the laser chip. A pump-spot diameter
with the same value leads to nearly fundamental mode operation. A larger pump spot
leads to higher order modes which result in a larger effective diameter 2W1 of the laser
mode and a higher M2 value, which is illustrated as an example by the dashed line for
M2 =1.8. The correlated external beam-waist diameter 2W2 and the reduction ratio V
can be taken from the diagrams below. The bottom diagram shows the distance of the
external beam-waist position from the end mirror which is negligible because of the high
value of Rce. Before the SHG-crystal is inserted, the resonator was adjusted to achieve
stable and efficient fundamental laser operation. In this state, experimental investigations
in which the diffraction number of the emitted beam is measured by a beam analyzer show
very good agreement with theory. After the 5mm long crystal is inserted, the external
mirror has to be moved approximately 2mm to enlarge the value of L3. The enlargement
is related to a shift of the (virtual) beam waist position. It can be quantified in a more
detailled theoretical description that considers the length of the crystal and its effective
refractive index. The same applies to L1 and the birefringent filter.

2.2 Layer design of the disk laser chips

If the resonator is the framework of the laser setup, then the disk laser chip should be
considered as the key component. Chips with different charcteristical features have been
investigated. All structures are realized with a carefully elaborated layer design to provide
high efficiencies and high optical output powers [5, 6].

Figure 4 shows a graphical representation of the top region of the investigated struc-
ture #1 with 6 single quantum wells. Its composition consists of a dielectric surface layer,
a resonant periodic gain structure and the rear double-band Bragg reflector (DBBR).
The DBBR is designed to provide high reflectivity not only for the fundamental lasing
wavelength but also for the incident pump light. Thus, it has to be considered that the
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Fig. 3: Calculated relations of the resonator’s geometrical parameters for a folding mirror with
Rcf = 50mm and an end mirror with Rce = 1000mm. From top to bottom: laser-mode spot
size on the chip, spot size of the external focus, spot-size reduction ratio, distance of external
focus from the end mirror.

longitudinal field distribution of the pump light inside the structure is much more domi-
nated by a standing wave than by an exponential decrease that results from absorption.
The 84 nm-thick TiO2 surface layer with a refractive index of 2.381 for the pump wave-
length is designed to lower the surface reflectivity to a value of 5.4% for an unpolarized
beam which is irradiated under 30◦. That way, maximum absorbance values around 95%
can be achieved. Furthermore, the contrast of the refractive indexes is much higher at the
interface to air than at the interface to the semiconductor layers. Therefore a maximum
of the resonant pump field is located at this position and a minimum nearby the inter-
face to the semiconductor structure inside the absorbing 5 nm-thick GaAs anti-oxidation
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Fig. 4: Top region of structure #1, visualized by the index of refraction, beginning from the
surface layer to the first layers of the DBBR (left). Also shown are both calculated electric field
intensities for the emission wavelength λe = 920nm and the pump wavelength λe = 803nm with
an angle of incidence θi = 30◦. In detail shown is the junction between the dielectric surface
layer and the underlying semiconductor layers where nodes of the electric field intensities are
located (right).

layer. This layer is necessary to protect the underlying aluminum containing material
during the fabrication process. The gain structure is formed by a periodic sequence of
several 8 nm-thick In0.08Ga0.92As quantum wells which are surrounded by GaAs barriers.
Number and type of the quantum wells of the different samples are given in table 1. The

Table 1: Caracteristical features of the laser-chip samples.

Sample Quantum wells Distance from wafer center

#1a 6 single 8mm

#1b 6 single 8.5mm

#2 8 double 2mm

periods of quantum wells with their surrounding barriers are separated by GaAs0.71P0.29

strain compensation layers [3,11] which also act as a carrier diffusion barrier. The double
quantum wells of structure #2 contain a 10 nm-thick intermediate GaAs barrier.

3. Second-Harmonic Output Characteristics

Figure 5 shows an overview of the output characteristics for three laser chips with the
best performance. The output powers where limited by the cooling capacity of the Peltier
thermoelectric device that was used for temperature stabilization. For all measurements,
the orientation of the critical phase matched crystal was adjusted for maximum output
power at the highest pump power. The best performance is achieved with sample #1a,
a structure with 6 single quantum wells. At an incident pump radiation of 11W a SHG
output power of 1.6W is measured which results in an overall conversion efficiency of
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Fig. 5: Second harmonic optput power characteristics (left) and the corresponding overall con-
version efficiency (right).

14.5%. The fundamental radiation was filtered out with an optical band-edge filter. A
10 dB spectral linewidth of about 2.6 nm is typically observed as shown in the spectrum
in fig. 6.
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Fig. 6: Typical spectrum of the second
harmonic taken from sample #1b. The
linewidth at the 10 dB drop is 2.6 nm.

4. Conclusion and Outlook

The described combination of an optically pumped semiconductor disk laser with a nonlin-
ear crystal in a folded resonator may appear complex and extensive. It has been demon-
strated however, that the utilization of properly designed and fabricated laser chips in
an adequate resonator configuration leads to a blue laser source with unique properties.
The given analytical equations which realistically describe the beam shaping properties of
the resonator are quite useful for the dimensioning of stable resonator conifgurations for
efficient intra-cavity second-harmonic-generation. The maximum output power was lim-
ited by thermal roll over arising from insufficient heat removal. Only simple copper heat
spreaders and customized peltier coolers have been utilized for the experiments. Because
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of its nonlinear nature, the generation of the second harmonic becomes more efficient
with increasing intensity of the fundamental radiation. It seems that the utilization of
diamond heat spreaders with much better thermal conductivity and Peltier devices with
higher cooling capacity can lead to even brighter, multi-watt level laser sources.
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Advanced Strain Compensation in MBE-Grown

Semiconductor Disk Lasers

Fernando Rinaldi and Susanne Menzel

Strain compensation in disk lasers is described in detail in this article. The analyzed struc-
tures are pseudomorphically grown by MBE (molecular beam epitaxy) on GaAs substrates
and are designed for an emission wavelength of 920 nm. It is shown that strain compen-
sation is needed to produce reliable laser devices and two different strain compensation
strategies are compared.

1. Introduction

Nowadays semiconductor disk lasers are of great importance in virtue of their high out-
put power. In fact, it is common to fabricate devices having an output power of several
watts [1, 2]. Furthermore, the free access of the resonator allows intracavity SHG (sec-
ond harmonic generation) using nonlinear crystals. In this way, the range of emission
wavelengths that can be realized using different compound semiconductors is furthermore
expanded.

It is clear that such high emission power stretches the semiconductor material close to its
stability limit, and different techniques should be used to improve the device performances.
One of this methods is the strain compensation, that allows to grow complex disk laser
structures that are able to achieve higher output power without showing any degradation.

2. Typical Disk Laser Structures

The structure of the considered disk lasers is basically composed of two parts. The first
part is the DBR (distributed Bragg reflector), which is made of an alternating sequence of
AlAs/Al0.20Ga0.80As layers, these two materials have the highest refractive index contrast
that guarantees no fundamental absorption for the 808 nm pump light. The second part
is the active region, which consists of multiple In0.08Ga0.92As/GaAs QWs (quantum wells)
separated by GaAs and Al0.20Ga0.80As layers with the respective functions of absorbing
the pump light radiation and providing carrier confinement. In order to improve this
absorption, a special layer design consisting of a double periodic sequence of layers is
employed. In this case the reflectivity spectrum of the resulting DBR exhibits two stop
bands, one is used for the emission wavelength, the second one for the pump light.

The MBE pseudomorphic growth of the multilayers, performed on GaAs (001) substrates
starts with the active region, and is followed by the DBBR (double band Bragg reflector).
This structure is then mounted, in reversed order, on a heat sink and then the substrate
is chemically removed. More details about the design, processing, and characterization of
the resulting disk laser chips can be found in [2, 3].
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3. Disk Laser Strain Compensation

Four samples (a,b,c,and d) are considered in the following sections. The described struc-
tures are compressively strained because not only the In0.08Ga0.92As alloy of the 8 nm
thick QWs exhibits an in-plane strain ǫ of −0.57%, but also the almost unstrained AlAs
contributes with an in-plane strain of −0.15%. It results that the multilayer tends to
introduce dislocations on the [110] and [1̄10] directions in order to partially relax the
structure. Following [4,5] one can try to suppress the formation of the misfit dislocations
alternating the sign of the strain, in order to minimize the term S defined as

S =

∣

∣

∣

∣

∣

N
∑

i

ǫiCidi

∣

∣

∣

∣

∣

with Ci =
c211i + c11ic12i − 2c212i

c11i
, (1)

where the index i refers to the ith layer of thickness di and c11i and c12i are the relative
elastic constants in the assumption of cubic crystal material. The reduction of S can be
obtained using GaAs1−yPy, because this alloy can easily replace Al0.20Ga0.80As in part
of the structure. In fact, for values of y between 0.2 and 0.3, GaAs1−yPy has a band
structure and also a refractive index that properly fit to that purpose [6] just by adjusting
the optical thickness.

4. Characterization of the Samples

Different methods are used to characterize the samples. First of all, HRXRD (high res-
olution x-ray diffraction) measurement are performed on the as grown samples. In fact,
symmetric ω−2θ scans relative to the (002) and (004) Bragg reflections provide important
informations about the grown structure. For example the (002) allows the accurate inves-
tigation of the AlAs/Al0.20Ga0.80As due to the high contrast of the scattering factors given
by the presence of aluminum, and, on the other hand, the (004) reflection is more intense
and it is more sensitive to strain [7]. HRXRD allows to measure the exact thickness and
concentration of the layers in the structure. In particular, the phosphorus concentration
of the strain compensating layers and the indium concentration in the QWs can be de-
termined. An example is given in Fig. 1, where the measured and simulated HRXRD
spectra relative to the sample d are shown. The simulation is performed considering that
for the MBE growth just 4 independent parameters are needed to generate the complex
structure [3]. In particular from the (004) spectrum the phosphorus concentration of the
GaAsP layer and indium concentration of the QWs can be determined. Using these infor-
mations, the strain status of the sample and the value of S can be indirectly calculated.
On the other hand, S can be more directly found just by measuring the radius of curva-
ture R of the as grown sample and by using the Stoney’s formula. In fact, the curvature
of a crystalline multilayer belonging to the cubic system system can be calculated using
the relation

κ =
1

R
≃ 6

Csubd2sub

∑

i

miCidi ≃ − 6

Csubd2sub

∑

i

ǫiCidi, (2)

where mi is the lattice mismatch of the ith layer. The formula above shows that the
measurement of the radius of curvature for substrate of fixed thickness (for the used
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Fig. 1: Symmetric (002) and (004) spectra of the sample d. Just 4 independent parameters are
needed to describe the complex structure. The phosphorus concentration in the GaAsP layer is
21%, the indium concentration in the QWs is 8%.

GaAs substrates dsub = 350µm) is directly connected to the strain compensation term S.
The curvature κ can be easily obtained experimentally using, for example, HRXRD [3,8],
where the angle ω of the substrate diffraction peak, in this case the (004) Bragg reflection,
is determined on different sample points lying at different x positions on the intersection
line between the sample surface and the diffraction plane. The radius of curvature can be
calculated considering the ratio between the increments of ∆x and ∆ω.

As final characterization, the effect of strain compensation on the structure can be vi-
sualized by illuminating the prepared laser chip with the 808 nm pump laser light and
recording the infrared picture. As can be seen in Fig. 2, orthogonal sets of dark lines are
visible on the samples a and b. The strong suppression of the photoluminescence localized
in these lines can be directly observed and it is clearly detrimental for the laser function.
In fact, not only a lower efficiency is recorded, but also a shorter device lifetime.



14 Annual Report 2009, Institute of Optoelectronics, Ulm University

a b

c d

Fig. 2: Infrared pictures of the samples a, b, c, d described in the text. The probes are illuminated
with 808 nm light and the dark lines are easily recognizable in an orthogonal pattern. The
dimension of each chip is approximately 1mm×1.5mm.

5. Discussion

The significant features of the considered four samples are presented in Table 1. The
sample a and b are not strain compensated. The two samples differ in the number of
QWs and also in the value of the middle concentration of the aluminum alloy in the
DBBR. In fact, while in the sample a the aluminum alloy concentration of the 4.2µm
thick reflector is 68% in the sample b this value is raised to 75%. As consequence the
sample b is more compressively strained than the sample a, as can also be seen by the
strong differences in radius of curvature. The abundance of dark lines results in a low
efficiency and a reduced lifetime of the device. On the other hand, the samples c and d
show even less dark lines than the sample a, even though they incorporate both DBBR
with higher aluminum content. The last two samples are in fact strain compensated.

In sample c, the strain compensation layers consist in six 8 nm thick GaAs0.71P0.29 situated
regularly between the QWs. Instead in sample d, several GaAs0.79P0.21 layers having
a total thickness of approximately 600 nm, are placed not only between the QWs but
also in the DBBR. Considering that the two devices exhibit comparable performances,
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Table 1: Summary of data of the 4 samples described in the text.

Sample Number DBBR Radius of Phosphorus fraction

of QWs Al fraction (%) curvature (m) in GaAsP alloy (%)

a 6 69 6.3 0

b 12 75 3.2 0

c 6 75 3.8 29

d 16 72 7.0 21

of more than 5W output power at 920 nm under an absorbed pump power of 11 and
12W respectively, one can conclude that the strain arisen from DBBR does not play an
important role even though stores most of the elastic energy in the structure. In fact the
the radius of curvature of the structure c containing a not strain compensated DBBR is
much shorter than the one of structure d containing a partially strain compensated one.

6. Conclusion

One can prove that even with relatively weak strained In0.08Ga0.92As QWs, that are
required for 920 nm emission, disk laser chips take advantage from the introduction of
strain compensating layers in the structure, especially when DBBR having an higher
content of aluminum are utilized. Almost no dark lines are observed when two different
strain compensation scheme are used for devices that show comparable performances. For
this reason, more detailed studies are needed to clarify which approach is more convenient
in order to further improve the devices.

As conclusion, it is important to emphasize the good efficiency of the strain compensated
samples. As example, sample c exhibits an output power of 5.4W at 920 nm for an
absorbed 808 nm pump power of 11.0W and applying SHG achieves 1.6W at 460 nm [9].
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Design of a Short Integrated VECSEL Resonator

Wolfgang Schwarz

In this report, the design of a short vertical extended cavity surface-emitting laser (VEC-
SEL) is outlined. The propagation of the beam in the structure is described by a linear
ABCD-matrix approach. The necessary radius of curvature of the output coupler is calcu-
lated. Finally, proper coupling of the emitted beam into a multimode fiber is considered.

1. Introduction

For some applications it is beneficial to integrate a vertical-cavity surface-emitting laser
(VCSEL) with an external curved mirror. Here, the external mirror defines the transverse
mode structure and enhances the optical field in the extended resonator.

The investigated resonator structure is schematically depicted in Fig. 1. The VCSEL
consists of an active zone with a multiple quantum well structure embedded between
two Bragg reflectors (DBRs). The DBRs are implemented as a thinner p-doped mirror
(p-DBR) and a thicker n-doped mirror (n-DBR). A buried layer of doped AlAs above
the active region is selectively oxidized. Thereby transverse optical guiding is provided.
Furthermore the circular oxide aperture restricts the axial current flow to the center of
the active zone. This results in sufficient transverse overlap of the laser mode and the
carrier injection profile. VCSELs can be operated in a single transverse mode along with
stable polarization by introducing a mode-selective loss mechanism relying on the surface
grating relief technique [1].

The emission wavelength of the VCSEL is defined by the Bragg wavelength of the DBRs
and by the effective length of the inner cavity. Both are adjusted for a wavelength of
850 nm. Chemical wet-etching of the p-DBR and the active zone results in a circular
mesa. On top of the latter, an annular metal contact is deposited. The substrate is
electrically interfaced with a planar metal contact. The VCSEL is mounted underneath
a microfluidic channel, with the p-DBR facing up. The channel is fabricated from poly-
methyl methacrylate (PMMA). By hot embossing, a concave-shaped surface is created.
This surface defines the output coupler of the laser and therefore it is coated with a di-
electric DBR. Above the output coupler, an optical fiber can be plugged into a circular
recess which is embossed into the PMMA. By this means, the emitted light is coupled
straight into the fiber.

An aqueous solution with refractive index n = 1.33 perfuses the channel. The channel
height is 30µm. A 30µm thick glass cover lid (n = 1.51) is bonded to the channel walls
and seals the channel against leakage.
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2. Resonator Model

The presented resonator structure implies a three-mirror system: two plane DBRs forming
the internal resonator within the VCSEL and the curved DBR in the extended resonator.
An appropriate beam analysis for such a resonator structure can be made by utilizing the
ABCD-matrix law. Here a Gaussian beam is assumed. Thus the analysis is restricted to
optical fields propagating close to the optical axis. This propagation as well as refraction
and reflection are described by a matrix

Mi =

(

Ai Bi

Ci Di

)

. (1)

The index i refers to the i-th layer or interface in the structure. For simple propagation
in a homogeneous layer, the elements are Ai = 1, Bi = d, Ci = 0, and Di = 1, with d
being the layer thickness. In case of a beam propagating from a medium with refractive
index ni to a medium with refractive index ni+1, the elements in Mi are Ai = 1, Bi = 0,
Ci = ni/(Ri ni+1), and Di = ni/ni+1. The radius of curvature Ri is positive in case
of a concave interface and becomes infinity in case of a flat interface. Other matrices
for reflection exist, but are not included in the subsequent calculations. Hence, these
calculations do not account for reflections at the parasitic interfaces, which result in a
distorted laser mode. In a practical device, the air/glass interface should be anti-reflection
coated in order to suppress unwanted losses from this interface.

The complex beam parameter q(z) represents the real beam spot size w(z) and the radius
of curvature R(z) of the beam front in a Gaussian beam travelling along the z-axis. The
complex beam parameter is expressed by 1/q(z) = 1/R(z) − iλ/(πw2(z)ni). Here, λ is
the optical wavelength of the monochromatic beam and i =

√
−1 is the complex unit. For

every axial position, q(z) can be calculated according to qi+1 = (Ai +Bi qi)/(Ci +Di qi).
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Fig. 1: Schematic drawing of the ana-
lyzed resonator structure. It comprises
the VCSEL, the microfluidic channel and
the hot-embossed PMMA channel wall,
which is coated with a dielectric DBR.
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Internal and extended resonator differ in length by more than one order of magnitude.
This suggests a plane beam front passing the p-DBR, neglecting thermal lensing and
other guiding or anti-guiding effects in the VCSEL [2], [3]. The radius of curvature and
the beam spot size were calculated for initial beam diameters of 8 and 10µm. The radius
of curvature of the beam front is shown in Fig. 2. The invisible pole at the position z = 0
is in accordance with the assumed plane beam front at this point. The air/glass boundary
at the axial position of 20µm shifts the radius of curvature of the beam front towards a
larger radius (i.e., weaker bending). An opposite shift is introduced at the glass/channel
boundary at z = 50µm. When passing the concave extended mirror at z = 80µm, the
radii of curvature are 158 and 264µm, respectively. The concave extended mirror should
match this curvature in order to establish a stable resonator. Doing so, the beam can
make multiple bounces between the end mirrors while retaining its spot size and its radius
of curvature of the beam front.

2.1 Output coupler and optical fiber launch

The aperture of the output coupler should be sufficiently larger than the beam. Any cut-
off results in optical loss. The losses can be estimated from the ratio of cut-off and incident
optical powers for transmission through a circular metallic aperture with radius ρ, which
amounts to exp (−2ρ2/w2(z)). The beam spot size is depicted in Fig. 3. The beam is
continuously diverging from its inital diameter of 8µm (and 10µm, not shown here). The
calculations yield loss ratios of less than 2 · 10−6 for the fundamental mode in case of an
aperture radius of 15µm. Higher-order modes with a beam parameter product of M2 = 2
experience a relative loss of 6 · 10−3, which is substantially higher. In conjunction with
a resonator loss caused by the transmitted light of approximately 2 · 10−2, this facilitates
mode discrimination for fundamental mode operation.

The emitted light can be coupled directly into an optical fiber. This necessitates a fiber
with an aperture which is large enough to accomodate the transverse beam profile. Fur-
thermore, the numerical aperture of the fiber should exceed that of the VECSEL. This is
achieved if the beam passes the aperture of the output coupler and travels 200µm in the
PMMA. At this position, a 50µm core diameter graded-index multimode fiber is placed.
The aperture of the fiber core is expected to receive 89% of the incident power.

3. Conclusion

The calculation of a Gaussian beam propagating in a multilayer cavity provides the nec-
essary radii of curvature of the optical elements. By using the ABCD-matrix method the
beam profile was traced along the axis of propagation. There is indication that direct op-
tical coupling to a multimode fiber is feasible and that the resonator has favorable mode
discrimination for fundamental mode operation.
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High-Order-Mode VCSEL

With 12mW Output Power

A.Gadallah

We report high-power single-higher-order transverse mode emission of a large-area oxide-
confined rectangular-shaped VCSEL with a multi-spot shallow surface relief. Both a record-
high output power of 12mW and a record-low differential series resistance of 18 ohms are
achieved. Stable single-higher-order transverse mode emission with a side-mode suppres-
sion ratio exceeding 35 dB is maintained up to thermal rollover. Measurements of near-
and far-field intensity profiles of the higher-order mode are presented.

1. Introduction

The special features of VCSELs such as low power consumption, circular beam shape,
emission perpendicular to the wafer surface, on-wafer testing before packaging, and ef-
ficient high-frequency modulation are providing the motivation for a continued search
for new device types. Besides, VCSELs are ideally suited to form two-dimensional ar-
rays of compact optical sources owing to their low threshold currents and high packing
density. These attributes make VCSELs attractive light sources for various applications
such as optical data transmission [1], optical navigation with computer mice [2], gas
sensing [3], optical illumination and pumping [4], or optical particle manipulation [5].
However, VCSELs normally operate in multiple transverse modes, due to the large trans-
verse dimensions of the device. Many VCSEL applications, on the other hand, require
high-power single transverse mode emission. Hence, much effort has been invested in the
research into such single-mode VCSELs.

For this aim, we contribute with a VCSEL type that has a rectangular aperture with large
aspect ratio and provides high single-mode power using a shallow etching technique. In
this technique, a quarter-wavelength antiphase layer is added onto a regular top Bragg
reflectors in order to induce a decrease in top mirror reflectivity. This layer is then
selectively removed during processing by means of wet-chemical etching, such that the
threshold gain of a desired mode is lower than that of all other transverse modes. The
oscillating laser mode has a high transverse mode order. The emitted laser wavelength
is around 850 nm. As an additional favorable feature, the devices show low differential
series resistances due to the large aperture area compared with usual single transverse
mode VCSELs.
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2. Description of the Device

Figure 1 shows a schematic (top) and a top view (bottom) of an 8-spot surface-etched
rectangular-shaped VCSEL to enforce single-mode operation of the E81 mode having 8
maxima along the aperture length and one maximum along the aperture width. The
epitaxial material was provided by Philips Technologie GmbH U-L-M Photonics. The
layer structure consists of a bottom n-doped 37 pairs distributed Bragg reflector (DBR),
a one-wavelength thick cavity containing three 8 nm thick GaAs quantum wells separated
by 10 nm AlGaAs barriers, a 22 pairs p-DBR and a topmost quarter-wave thick GaAs
antiphase layer, all grown on an n-GaAs substrate.

Fig. 1: Schematic drawing (top) and top view (bottom) of a fully-processed 8-spot shallow
surface etched rectangular-shaped VCSEL.

The cavity resonance is in the vicinity of 850 nm. The antiphase layer induces losses for
the total structure. This layer is selectively removed in a single processing step using wet-
chemical etching. The 8-spot shallow etch pattern in Fig. 1 is adapted to the intensity
profile of the E81 mode. The diameter of each spot is about 6µm, the pitch is 9µm and
the active aperture area is about 6µm × 68µm. The pattern is designed such that there is
a maximum overlap between the etched spots and the calculated intensity maxima of the
targeted mode. With this method, a single-higher-order transverse mode is selected. The
analysis of higher-order-mode selection using surface etching was reported in [6]. Current
confinement is achieved through thermal oxidation of an AlAs layer placed just above the
one-wavelength thick inner cavity. This step defines the aperture area mentioned above.
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Wet etching is used to reach the AlAs layer. N- and p-type metalization processes are
applied, followed by polyimide passivation. Finally, bondpad metalization is carried out
for electrical contacting.
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Fig. 2: CW operation characteristics of an 8-spot surface-relief VCSEL with an active aperture
area of 6.3 × 68.3µm2.
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Fig. 3: Emission spectra of the device in Fig. 2 at different currents.

3. Characterization and Results

Room-temperature continuous-wave light–current–voltage (LIV) characteristics of the de-
vice from Fig. 1 are shown in Fig. 2. The corresponding spectra at different currents are
depicted in Fig. 3. The competitive mode is about 35 dB lower than the targeted mode
even up to thermal rollover. The maximum output power at thermal rollover is 12mW,
which is a record-high output power for fully monolithic VCSELs, either oscillating on the
fundamental mode [7]– [15] or on higher-order modes [16], [17]. The average differential
series resistance is 18Ω, as obtained from the slope of the current–voltage curve in the
range from 20 to 50mA, which is remarkably low. The threshold current is 12.8mA and
the maximum differential quantum efficiency is 38.5%. The relatively high threshold is
due to optical losses induced by the antiphase layer.
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In order to identify the main modes in the spectra in Fig. 3, we have performed spectrally
resolved near-field measurements by scanning a lensed fiber tip over the output aperture
with high resolution. Figure 4 shows the near-field intensity profile of the same VCSEL at
30 mA, taken with a spectral width of 0.046 nm centered around the spectral peak in Fig.
3 (no changes are observed even with 5 nm spectral width). In contrast to the simulations,

Fig. 4: Near-field intensity profile of the device in Fig. 2 at 30mA.

there is a marked difference between the intensity maxima and shape of the spots. We
attribute this to the inhomogeneous temperature throughout the active aperture, which
leads to cavity detuning. Figure 5 shows the measured far-field intensity in the plane
defined by the etch spots. Four major peaks are observed. The peak positions correspond
well with model calculations assuming diffraction from a multi-spot phase grating, where
the distance between spots and the phase shift of π/2 between etched and unetched regions
are the main parameters.
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Fig. 5: Measured far-field intensity profile corresponding to Fig. 4.

4. Conclusion

We have demonstrated that large-area (> 400µm2) multi-spot surface-etched rectangu-
lar-shaped VCSELs show stable high-power single-higher-order transverse mode emission.
Moreover, the differential series resistance is low. Near- and far-field intensity profiles
prove the successful mode selection. The manufacturing of this VCSEL needs only one
additional lithography and etching step, which makes it attractive for commercial fabrica-
tion. The VCSELs are intended to be applied for optical manipulation of microparticles.
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When positioned at an angle with respect to the fluidic flow direction underneath a mi-
crofluidic chip, all-optical deflection of flowing particles can be achieved with light forces.
Non-mechanical sorting is thus possible [5]. With the VCSEL presented here, the distance
between the intensity spots is 9µm, which cannot be easily achieved with conventional
linear VCSEL arrays as applied in [5].
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lithic cavity VCSELs for high singlemode output power”, Electron. Lett., vol. 73,
no. 3, pp. 178–179, 2001.



26 Annual Report 2009, Institute of Optoelectronics, Ulm University

[10] A.J. Fischer, K.D. Choquette, W.W. Chow, A.A. Allerman, D.K. Serkland, and
K.M. Geib, “High single-mode power observed from a coupled-resonator vertical-
cavity laser diode”, Appl. Phys. Lett., vol. 79, no. 25, pp. 4079–4081, 2001.

[11] D. Zhou and L.J. Mawst, “High-power single-mode antiresonant reflecting optical
waveguide-type vertical-cavity surface-emitting lasers”, IEEE J. Quantum Electron.,
vol. 38, no. 12, pp. 1599–1606, 2002.
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Static Characteristics of VCSELs and

PIN Photodiodes for Bidirectional

Standard Multimode Fiber Transmission

Alexander Kern and Dietmar Wahl

We present the monolithic design, fabrication and static properties of 850 nm wavelength
AlGaAs–GaAs-based transceiver chips with a stacked layer structure of a VCSEL and a
PIN photodetector. Bidirectional data transmission via a single, two-side butt-coupled mul-
timode fiber (MMF) is thus enabled. The approach aims at a miniaturization of transceiver
chips in order to ensure compatibility with standard MMFs with core diameters of 50 and
62.5µm used predominantly in premises networks. These chips are supposed to be well
suited for low-cost and compact half- and full-duplex interconnection at Gbit/s data rates
over distances of a few hundred meters.

1. Introduction

Owing to the increasing penetration of optical interconnection into mobile systems, local
industrial networks and nowadays also into the home environment, compact and low-
cost transceivers are more and more needed. A possible way to satisfy this demand is a
transceiver chip which consists of a vertical-cavity surface-emitting laser (VCSEL) sharing
the chip area with an intimately integrated photodetector. The monolithic integration
of both components as well as a design avoiding the use of external optics saves space,
weight and module cost.

So far there have been several examples of monolithic integration of a VCSEL and a pho-
todetector for optical interconnection purposes. An interesting attempt to use a VCSEL
as an efficient laser source and a resonant-cavity-enhanced avalanche photodetector is in-
troduced in [1]. Such a dual-purpose device is switched between two operation modes.
Half-duplex operation at 1.25Gbit/s data rate over a 50µm core diameter MMF with
500m length was demonstrated. Full-duplex data transmission is possible in case of spa-
tial separation of both devices. Similar to [1], just one epitaxial layer structure for a
VCSEL can be used in order to fabricate monolithically integrated transceivers consisting
of a VCSEL and a resonant photodetector [2]. Unfortunately such solutions are not well
suited for low-cost links owing to resonant detection, which requires temperature control at
both fiber ends due to the very narrow spectral range of the photodetector. Non-resonant
detection is achieved by the employment of separate epitaxial layers for photodiode and
VCSEL [3, 4]. Usually such a transceiver is grown in one run and thus contains all the
epitaxial layers from the beginning. Both the vertical and horizontal separation of the
devices is achieved by means of lithography and selective etching techniques.
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Fig. 1: Photograph of a transceiver chip consisting of a VCSEL and a 60µm diameter PIN PD.
The VCSEL is positioned off-center with respect to the photodetector in order to maximize the
effective photodetecting area of the transceiver. The dashed line indicates the alignment of a
MMF with 50µm core diameter.

In recent years, we have shown several designs of monolithically integrated VCSELs
and GaAs-based metal–semiconductor–metal (MSM) photodiodes [5]. Since MSM photo-
diodes generally have lower responsivities due to their metal contact fingers that partially
shadow the detector area, PIN-type photodiodes are predestined for applications implying
reduced fiber core diameters. Matching the transceiver chips to standard MMFs requires
further miniaturization of the VCSEL in order to maximize the photosensitive area of the
integrated chip. Figure 1 shows a transceiver chip with a 60µm PIN PD and a laterally
integrated VCSEL.

2. Chip Layout and Processing

A monolithically integrated transceiver chip comprises all epitaxial layers necessary for
signal generation and detection. Figure 2 illustrates schematically such a layer structure
grown by molecular beam epitaxy.

2.1 VCSEL

The layers for the PIN photodetector are grown on top of the VCSEL layers, separated
by a 150 nm thick Al0.9Ga0.1As etch stop layer. The resonator of the VCSEL is built by
a n-type doped bottom Bragg mirror containing 38.5 Al0.2Ga0.8As/Al0.9Ga0.1As periods
grown on a n-doped GaAs substrate and 23 equivalent p-type top mirror pairs. The inner
cavity has an optical thickness of one wavelength and contains three 8 nm thick GaAs
quantum wells, separated by 10 nm Al0.27Ga0.73As barrier layers. A 32 nm thick p-doped
AlAs layer in the first top mirror period above the active region is designated for current
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Fig. 2: Schematic layer structure of the transceiver chip. The layers for the PIN PD on top of
the VCSEL layers are separated by an etch stop layer.

confinement after an oxidation step. The VCSEL growth is terminated with a 30 nm
highly p-doped GaAs layer, which provides a low-resistance p-contact and at the same
time prevents oxidation of the subjacent aluminum containing layers.

2.2 PIN PD

The PIN photodiode is grown on top of the intrinsic etch stop layer, which also partially
acts as an insulator by reducing capacitive coupling between the two devices. The 1µm
thick undoped GaAs absorption layer is sandwiched by p- and n-doped Al0.3Ga0.7As. The
higher bandgap energy of these two contact layers provides a window for the wavelengths
of interest at around 850 nm. In order to minimize the energy band discontinuities between
the absorption and contact layers, linearly graded n- and p-AlxGa1−xAs (x = 0 → 0.3)
is employed, ensuring an easier escape of the light-induced carriers from the undoped
GaAs. The 10 nm thick n-doped GaAs cap layer protects the subjacent n-Al0.3Ga0.7As
from oxidation.

2.3 Fabrication

The fabrication of transceiver chips is based on lithographic structuring with photosen-
sitive resists and subsequent etching or material deposition steps. Seven to eight litho-
graphic steps are necessary for the full processing of the transceiver chip shown in Fig. 3.
In the first step, the detector layers on top of the VCSEL are removed by a selective
reactive-ion etching (RIE) process. In order to ensure that the uppermost VCSEL layer
is not affected by the etching, it is protected by an etch stop layer with a high aluminum
content, as mentioned above. Combining dry-etching processes with SiCl4 alone and with
appropriate SF6/SiCl4 ratio, high etching selectivities between GaAs and AlxGa1−xAs



30 Annual Report 2009, Institute of Optoelectronics, Ulm University

n−Bragg mirrors

n−substrate

p−Bragg mirrors

etch stop layer
absorption layer

AR−coating

PIN PD VCSEL

region
active

aperture
current

polyimide

P
D

P
IN

la
ye

rs
V

C
S

E
L

n−contact

p− / n−contact

Fig. 3: Schematic layer structure of the transceiver chip. The layers for the PIN PD on top of
the VCSEL layers are separated by an etch stop layer.

layers can be achieved [6], thus terminating the dry-etching on the Al0.9Ga0.1As layer.
Followed by a selective wet-etching with hydrofluoric acid, the highly p-doped cap layer
of the VCSEL can now be exposed. Unlike, e.g., MSM PDs with planar contact structure,
PIN PDs have vertically displaced contacts and thus require an additional etch step to
expose the p-doped Al0.3Ga0.7As layer, as can be seen in the left part of Fig. 3. With
increased SF6/SiCl4 ratio, the selective dry-etching process can also be adapted to layers
with lower aluminum content [6]. By means of the described selective etching techniques,
a uniform layer topography all over the wafer can be guaranteed in spite of the intentional
layer thickness inhomogeneity due to the epitaxial growth process. The third etching pro-
cess spatially separates the VCSEL and the photodetector by a 2–4µm narrow trench
and gives access to the current confinement layer, as seen in the right part of Fig. 3. It is
performed just with SiCl4 without selectivity. Also this process step requires reactive-ion
etching due to its steep mesa sidewalls, which are crucial for the miniaturization and
dense integration of the VCSEL and PIN PD. Selective oxidation in a hot water vapor
atmosphere forms the current aperture in the AlAs layer. An aluminum content of 90%
in the 150 nm thick etch stop layer ensures only a moderate oxidation rate compared to
the current confinement layer [7]. A deep oxidation of the etch stop layer associated with
a volume change would induce strain in the surrounding layers, which could cause cracks
and damage of the PD’s edges after the subsequent annealing process for the n-contacts.
On the other hand, a low aluminum content could result in a lower etching selectivity of
the hydrofluoric acid. The fourth lithography step provides planarization and passivation
with polyimide. Afterwards, both p- and n-contacts of the PD and VCSEL are evaporated
and annealed, in order to form low-resistance contacts. As can be seen in the left part
of Fig. 1, the bondpad arrangement of the PD allows testing with a microwave probe.
The VCSEL is driven via the bondpad of the p-contact and the back side n-contact on
the substrate. In the last lithography step, an Al2O3 quarter-wave antireflection (AR)
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layer is sputtered on the area of the transceiver chip which is exposed to incident light.
The reflectivity of the semiconductor surface is thus reduced from approximately 30% to
1.3% over a spectral width of nearly 50 nm [5].

3. Device Measurements

3.1 Basic PIN PD characteristics

The VCSEL as well as the PIN photodiode are designed for operation at 850 nm. For
photodiode characterization, the beam of a reference laser diode was focused on an AR-
coated full-area circular photodetector with 60µm diameter reverse biased at 3V. Both
the sample containing only the PIN layers and the sample including all transceiver layers,
i.e., VCSEL and PIN PD, were used in order to study possible influences of the underlying
VCSEL layers. In Fig. 4, the relation between the generated photocurrent Iph and the
corresponding incident optical power Popt is shown. The power was varied with an optical
attenuator in order to keep the operating current constant and thus to avoid a thermally
induced wavelength drift of the reference laser. The responsivity

Rph =
Iph
Popt

(1)

of the two devices can be determined from the slope of the strongly linear curves. The
device with only the PIN layers has a responsivity of 0.43A/W. The theoretical value of
0.41A/W is 5% lower and includes only a simple single-pass absorption with an absorption
coefficient of 9000 cm−1 for high-purity GaAs at 850 nm [8]. In this case, around 59% of the
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incident optical power is absorbed by the 1µm thick GaAs absorption layer. The measured
responsivity of the sample with a complete transceiver structure reaches 0.56A/W. The
30% higher responsivity arises from the subjacent VCSEL structure, where almost all
of the non-absorbed intensity is reflected and thus passes the absorption region for a
second time. The calculated responsivity of 0.57A/W considers a simple double-pass
absorption or just a single propagation through a twice as thick absorption layer and is
a good approximation to the measured value. The higher measured value for the device
with only the PIN layers could instead occur from a rather weak backreflection of the
underlying structure, which was not considered in the calculation.

The responsivity of a photodetector introduced by (1) can also be expressed as

Rph = η
q

hν
= η

λ

1.24µm

A

W
, (2)

including its quantum efficiency η, Planck’s constant h, the elementary charge q, the light
frequency ν, and the wavelength λ. In Fig. 5, the quantum efficiency extracted from the
photocurrent measurements according to (1) and (2) is presented as a function of the bias
voltage. The dependence is indeed weak, nevertheless the maximum value of a quantum
efficiency of 81% for the sample with underlying VCSEL Bragg mirrors and 63% for
the photodiode with single-pass absorption is reached at around 3V bias voltage. The
quantum efficiency is [9]

η = (1− R) · (1− exp {−αd}) , (3)

in which R =1.3% is the reflection coefficient of the AR-coated PD [5], d the thickness of
the absorption layer and α =9000 cm−1 the absorption coefficient of pure GaAs at 850 nm
according to [8]. In (3) the absorption in the p- and n-regions of the PIN PD is neglected
due to the higher bandgap of Al0.3Ga0.7As. The calculated value of about 82% for the
complete transceiver is close to the experimental data. The lower theoretical value of
59% for the sample without the VCSEL layers could indicate a certain reflection of the
non-absorbed light by the underlying p- and etch stop layer. The approach of single-pass
absorption has to be taken with some care.

3.2 Basic VCSEL characteristics

The transmitting element of the transceiver chip is a standard top-emitting, oxide-confined,
predominantly multimode VCSEL operating in the 850 nm wavelength range. For opti-
mization and evaluation purposes, three VCSEL sizes were implied in the lithography
mask design. The fully processed sample contains transceivers with different VCSEL
mesa diameters of 22, 25, and 28µm. For instance, Fig. 1 shows a transceiver chip with
a 28µm VCSEL and a 60µm PD. The operation characteristics of the three VCSELs
from the same sample, correspondingly having different oxide aperture diameters, are
displayed in Fig. 6. Multimode operation is observed using devices with 7.8 and 4.5µm
oxide aperture with maximum optical output powers of 10.3 and 6.6mW at thermal
rollover, respectively. The smallest device with an oxide aperture of just 1.5µm, on the
other hand, shows single-mode operation with a maximum optical power of 1.9mW. The
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Fig. 6: Continuous-wave light–current–voltage characteristics of GaAs VCSELs with three dif-
ferent oxide aperture diameters at room temperature.

largest VCSEL has a threshold current of 1.3mA and a differential quantum efficiency of
54%. The device with a current aperture of 4.5µm shows similar values of 1mA and 51%.
In contrast, the smallest VCSEL has 1mA threshold current but only 34% differential
quantum efficiency. Higher scattering losses at the oxide aperture are a likely reason. The
differential resistances extracted by linear interpolation of the current–voltage characte-
ristics at high operating currents are 235, 104, and 65Ω for 22, 25, and 28µm VCSEL
mesas, respectively.

4. Conclusion

In this article, a new kind of monolithically integrated 850 nm wavelength transceiver chip
has been presented for bidirectional optical data transmission over standard multimode
fibers. The chips consist of PIN photodiodes and oxide-confined, top-emitting VCSELs,
integrated to match 50 and 62.5µm core diameter GI MMFs. The miniaturization versus
previous generations of VCSEL/MSM PD chips requires the establishment of new fabri-
cation processes and thus also new epitaxial layer designs. The crucial point of the seven
lithography steps are the dry-etching processes, which define the PD plateau and expose
the p-contact layer of the PIN photodetector and VCSEL. The etching selectivity for the
AlxGa1−xAs layers can be adjusted with an appropriate choice of the SF6/SiCl4 gas ratio
in the RIE machine.

The PIN photodiode with 1µm thick absorption layer has a responsivity of 0.43A/W
for single-pass absorption. For the complete transceiver layer structure, the responsivi-
ty is enhanced by 30% to 0.56A/W, which is due to the reflection of the non-absorbed
light at the underlying VCSEL layers and thus a double-pass absorption. The quan-
tum efficiency of the transceiver-type PIN PD is 81%, whereas the single-pass PD has
63%. Oxide-confined VCSELs with 7.8µm current aperture diameter show maximum
optical output powers of 10.3mW, threshold currents below 1.3mA, and 54% differential
quantum efficiency.
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Investigations into the dynamic properties of complete transceiver chips are in progress.
We expect a lot of room for improvements with optimized layer structures and processing.
Half- and full-duplex data transmission experiments over different multimode fibers will
be performed in the near future.
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Heat-Sink Modules: Performance Enhancement

for VCSEL Chips

Anna Bergmann and Rudolf Rösch

We present the layout development for a heat-sink module tailored for small-dimension
laser chips. By means of improved heat dissipation, the laser characteristics are expected
to be enhanced, which is important for example for a sufficient trapping performance when
used as a laser source for optical traps. We show the requirements for the module parts
as well as their assembly.

1. Introduction

We are using vertical-cavity surface-emitting laser (VCSEL) sources in optical traps [1].
Advantages are the vertical emission, a suitable emission wavelength of about 850 nm and
the rather inexpensive fabrication of these lasers. Additionally, VCSELs can be arranged
with very small pitch in almost arbitrary shaped arrays.

In recent studies, we have shown a particle sorting application where tilted linear VCSEL
arrays are integrated underneath a microfluidic chip with a channel thickness of several
tens of micrometers [2]. These VCSEL arrays are manufactured with a self-aligned surface
relief process employing dry etching for steep vertical side walls [3].

After processing, the semiconductor material is cleaved into comparatively small pieces
of 1.2mm by 1.4mm. These laser chips contain the important sorting cell as well as
two neighboring cells to enable an easier handling of the chip and thus a protection of
the lasers. However, due to the small dimensions of the laser chip, there was poor heat
dissipation and consequently elevated temperatures in the semiconductor material. This
led to limited output powers and an earlier thermal rollover. The trapping performance of
the laser source is thus drastically degraded by these factors. For those reasons, it seemed
necessary to incorporate a heat sink into the setup.

2. Future Setup With Microfluidic Chip and Heat Sink

The former concept for the integrated optical trap can be seen in Fig. 1. One cleaved
laser chip is soldered to the polydimethylsiloxane (PDMS) microfluidic chip by indium
bumps. Thin glass with back side fanout tracks seals the microfluidic channel. These
fanout tracks enable addressing of the laser arrays.

However, operating the lasers in the described setup, we observed output powers between
one fifth and almost one half of the output power measured on-wafer. This effect and
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also the earlier thermal rollover are shown in Fig. 2 for comparison. Because of the
strong degradation of the device performance due to poor heat dissipation, we decided to
implement a heat sink.

microfluidic channel

metal fan−outthin glass

solder

p−contact padn−contact lensed VCSEL arraypassivation

bump

PDMS

Fig. 1: Former concept of the integrated optical trap. The laser chip with on-facet microlenses is
soldered by indium to the microfluidic chip which is sealed by thin glass. Contacting is achieved
via lithographically structured metallization on the back side of the glass [1].
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Fig. 2: Operation characteristics of an array with six lasers before (left) and after cleaving and
integration (right). The active diameter of the devices is 6.5 µm.

Figure 3 shows the new integrated setup. We are planning to solder-bond the laser chip
onto a copper heat sink. The laser chip is surrounded by a glass sheet with an opening
and a thickness similar to that of the chip. Fanout metallization is structured on the glass
surface. This module is then attached to the microfluidic chip by an adhesive which cures
when exposed to ultraviolet light. By mixing this adhesive with micrometer-sized spheres
of different diameters, we can easily adjust the distance between heat sink and microfluidic
chip and thereby prevent the microlenses on the laser facets from being impaired at the
glass surface.

In the following we will introduce the different parts necessary for the proposed setup and
finally the assembly.
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Fig. 3: Proposed concept of the integrated optical trap with the VCSEL array on a heat sink.

3. Heat-Sink Module: Components and Integration

3.1 Challenge: contacting of the embedded laser chip

The main difficulty when applying a heat sink as illustrated above is the contacting
step. In the given approach, only very small distances between laser and microfluidic
channel can be tolerated because we are dealing with small optical powers and an only
weak focusing of the light in comparison to other trapping setups. To keep up with
miniaturization, we use glass with a thickness of only 30µm. Additionally we discarded to
contact the lasers by wire bonding. Those wires would have a minimum diameter of 25µm,
resulting in a too large distance between lasers and microfluidic channel. Consequentially
we chose the thinner contacting solution, namely lithographically structured fanout tracks
on top of the planarized surface.

3.2 Heat-sink module: requirements on the copper part

Our present approach for the module design uses copper as a heat spreader. A rectangular
piece of glass with an opening serves as the electrical insulation between copper and fanout
metallization.

During high-temperature processing steps, the glass is subjected to mechanical stress
caused by the mismatch of the thermal expansion coefficients. If the glass is mounted on
a smaller area instead of the whole surface, this tension build-up is suppressed. Therefore
we decided to elevate the glass bonding area in comparison to the rest of the heat sink
surface. This area contains grooves for a facilitated glass bonding process, resulting from
an improved outflow of the glue. Additionally, the heat sink contains an elevated frame
for stronger mechanical support.

For some applications it is required to shift the laser chip from the center to the edge of
the heat sink, particularly to enable a denser packing of various parts. For this reason,
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the copper part contains a mounting area both in the center and at one of the edges.
With this feature, the heat sink is usable in standard setups as well as in specialized ones.

The whole copper material is able to serve as the back side contact for the laser arrays.
This contact is realized by a hole for a wire in conjunction with a thread for a fixing screw.

Figure 4 shows a drawing of the designed copper heat sink, satisfying all of the require-
ments mentioned above. One advantage is the usability for VCSEL array chips as well as
for VCSEL chips with an extended cavity (called VECSEL chips here). Their semicon-
ductor thicknesses are almost the same and their dimensions are rather similar.

Fig. 4: Left: Drawing of the designed copper heat spreader. Approximate dimensions are
18× 25mm2. Right: Images of the fabricated heat sinks with soldered laser chips.

Due to the bonding area at the edge, the copper heat spreader is not symmetric and the
center of gravity is slightly off-center. This could have the shortcoming that spin-coating
of photoresist is dangerous due to unbalanced centripetal forces.

3.3 Heat-sink module: requirements on the glass part

Glass is supposed to be the insulating material between copper and fanout metallization.
By using glass, we are able to observe the glue distribution while conjoining copper with
glass. Another advantage is the inexpensive and easy fabrication.

The very first requirement is a rectangular opening with dimensions in the same range as
the laser chip. At two edges of this rectangle are additionally circular holes with 400µm
diameter. They enable an easier application of the glue into the gap between laser chip
and glass, because it is slightly bigger than the outer diameter of the used cannulas. The
glass slide thickness is similar to the semiconductor thickness. Again, the glass opening
is suitable for both the VCSEL array and VECSEL chips.

Because it carries the electrical contacts, the glass sheet has to be long enough to be
accessible even after attaching the microfluidic chip on top. The dimensions of the glass
part will be around 4 cm length and 2.6 cm width.

3.4 Heat-sink module: fanout tracks

Using large glass plates is not enough. The fanout tracks must be long enough as well.
That means new mask layouts have to be made, taking both centered and displaced setups
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into account. In the centered setup, the laser chip will be mounted in the center with
symmetric fanout tracks (Fig. 5), whereas in the displaced setup, the laser chip is shifted
to the edge. The glass opening is also shifted, and the fanout tracks start from this point
at the edge (Fig. 6).

Fig. 5: Mask layout for common applications with the laser chip in the center of the heat-sink
module. All fanout tracks start in the middle and have a length of approx. 3 cm.

Fig. 6: Mask layout for specialized applications with the laser chip at the edge of the heat sink.
All fanout tracks are accumulated at one side of the laser chip. Their length is about 3 cm.

3.5 Heat-sink module: assembly

The first step in the assembly process of the heat-sink module is the evaporation of indium
onto the copper surface where the laser chip is supposed to be soldered. After soldering,
the glass substrate is bonded to the copper carrying the soldered laser chip. In the next
step, the gap between laser chip and glass is filled with a two-part adhesive through a
cannula via compressed air.

For an improved adhesion of photoresist and metal we structure a polyimide layer above
the filled gap. Polyimide needs a one-hour hard-bake step at 300 ◦C. This high tempera-
ture is one of the reasons for the stepped glass bonding area.

Afterwards we fabricate fanout tracks bridging the gap and reaching over the glass surface.
For beam shaping, we apply integrated microlenses on top of the laser facets by reflow of
cylindrical photoresist islands. Since the reflow is done at 250 ◦C, lens fabrication cannot
be done prior to the polyimide curing.

The last assembly step consists of bonding the heat sink with lasers to the microfluidic
chip, by a UV-curing adhesive mixed with spacers. Figure 7 shows a schematic of the
complete assembly with microfluidic chip, long glass plate with fanout, and copper with
soldered laser chip.
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Fig. 7: Schematic of the complete heat-
sink assembly. Clearly visible are the cop-
per heat spreader with stepped areas and
the long glass with fanout tracks. At-
tached on top is the microfluidic chip with
channels in a Y-junction configuration.

4. Conclusion

Implementing copper as a heat spreader for the laser chip, the trapping performance is
expected to improve considerably. The described heat-sink module can be applied in the
integrated optical trap or similar integrated setups with small laser chip dimensions.

We have shown the layouts of the needed parts as well as the assembly of the complete
module. All parts are designed in a way that they are suitable for both common and
specialized applications, and also for similar types of laser chips.
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Continuous-Wave Characteristics

of MEMS Atomic Clock VCSELs

Ahmed Al-Samaneh and Dietmar Wahl

Vertical-cavity surface-emitting lasers (VCSELs) emitting at 894.6 nm wavelength have
been fabricated for Cs-based atomic clock applications. For polarization control, a previ-
ously developed technique relying on the integration of a semiconducting surface grating in
the top Bragg mirror of the VCSEL structure is employed. More specifically, we use a so-
called inverted grating. The VCSELs are polarized orthogonal to the grating lines with no
far-field diffraction side-lobes for sub-wavelength grating periods. Orthogonal polarization
suppression ratios exceed 20 dB. The polarization stability has been investigated at different
elevated substrate temperatures up to 80 ◦C, where the VCSEL remains polarization-stable
even well above thermal roll-over.

1. Introduction

Atomic clocks are stable frequency sources which provide enhanced accuracy and sta-
bility required for many recent civil and military applications ranging from communica-
tion systems to global positioning as well as synchronization of communication networks.
Nowadays these applications are increasingly demanding frequency sources with long-term
instabilities below 10−11 over one day, which cannot be afforded by quartz-based clocks.
Hence, research into miniaturized atomic clocks has been initiated in particular in the
United States of America [1], [2]. In 2008, the European Commission (EC) started to
fund a collaborative research project within its seventh framework programme (FP7) for
research and technological development to realize the first European miniature-size atomic
clock. It is called MEMS atomic clocks for timing, frequency control & communications
(MAC-TFC, www.mac-tfc.eu). The objective of MAC-TFC is to develop and demonstrate
all necessary technology to achieve an atomic clock having a volume less than 10 cm3, a
power consumption not exceeding 155mW, and a short-term instability (Allan deviation)
of 5 × 10−11 over one hour averaging interval. The proposed atomic clock is based on
coherent population trapping (CPT), obtained in an extremely compact Cs-based vapor
cell of a few cubic millimeters volume which is illuminated by a high-frequency modulated
VCSEL [3].

VCSELs are compelling light sources for MEMS atomic clocks, since they simultaneously
meet the requirements of 65 to 80 ◦C temperature operation while emitting a low-noise,
narrow-linewidth, single-mode, single-polarization beam with 894.6 nm wavelength un-
der harmonic 4.6GHz intensity modulation (as required for CPT using the Cs D1 line).
Their sub-mA threshold currents are favorable for small power consumption, and hybrid
integration with the clock microsystem is straightforward.
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2. VCSEL Design and Fabrication

2.1 Layer structure

The VCSEL wafer was grown by solid source molecular beam epitaxy on an n-doped
(100)-oriented GaAs substrate. Above the GaAs substrate, there is a 2µm thick highly
n-doped GaAs layer to allow n-contacting. The bottom n-type distributed Bragg reflector
(DBR) consists of 38.5 Al0.2Ga0.8As/Al0.9Ga0.1As layer pairs. The active region contains
three compressively strained InGaAs quantum wells with 6% indium content. Above the
active region, there is a 30 nm thick AlAs layer for wet-chemical oxidation, required to
achieve current confinement and lateral optical guiding of the laser radiation. To achieve
single transverse mode laser oscillation, the active aperture formed by selective lateral
oxidation is chosen to be 3 to 4µm. A 25 Al0.2Ga0.8As/Al0.9Ga0.1As layer pairs p-type
DBR is grown on top of the AlAs layer. The DBRs are graded in composition and doping
concentration for minimizing both the free-carrier absorption as well as the electrical
resistance. Moreover, δ-doping is incorporated into the DBRs for improved performance of
the VCSEL in terms of low threshold currents and high differential quantum efficiencies [4].
The structure has an additional topmost GaAs quarter-wave layer in which the so-called
inverted grating is etched to achieve laser emission with a single polarization mode.

2.2 Grating design and fabrication

Polarization stability of the VCSEL emission is of a great interest for MEMS atomic
clock applications. The polarization control technique applied in this work relies on the
integration of a semiconducting surface grating in the top Bragg mirror of the VCSEL
structure [5]. Compared to standard VCSELs, the fabrication of grating VCSELs in-
volves just a few additional processing steps, namely the definition of the grating and its
subsequent etching at the beginning of the fabrication sequence. Moreover, for a special
grating VCSEL type, an extra topmost GaAs quarter-wave layer has to be grown. This
layer serves as an antiphase layer, creating so-called inverted grating VCSELs [6]. The
emission of theses devices is polarized orthogonal to the grating lines. Compared to regu-
lar grating VCSELs, fabrication tolerances are much relaxed and quasi linearly polarized
laser emission is obtained from devices with only moderately increased threshold current
and no penalty in differential quantum efficiency and maximum output power. As a fur-
ther advantage of inverted grating VCSELs, diffraction effects are strongly reduced [6].
Grating fabrication employs electron-beam lithography and wet-chemical etching using
citric acid. Figure 1 displays the light outcoupling facet of an inverted grating VCSEL.
The polarizing effect originates from the difference in optical losses (top mirror reflec-
tivity) and thus threshold gains of modes polarized parallel or orthogonal to the grating
lines. Surface gratings are easy to adapt to different devices, since the major grating
parameters scale with the emission wavelength. Therefore the grating design parameters
selected in this work are based on simulations and experimental results of VCSELs emit-
ting in other wavelength regimes [6], [7]. Inverted gratings with quarter-wave etch depth,
sub-wavelengh grating periods (specifically 0.6 and 0.7µm), and 50% duty cycle have
been employed. These grating parameters have shown the best performance in terms of
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low threshold current, low diffraction loss, and high orthogonal polarization suppression
ratio [6].

Fig. 1: Scanning electron micrograph of a fully processed surface grating VCSEL.

3. Characterization

The correct emission wavelength of 894.6 nm in the given case is the key selection param-
eter of VCSELs for MEMS atomic clocks. As mentioned above, the emission wavelength
should be obtained at elevated ambient temperature and moderately high bias currents
to guarantee a low power consumption and sufficient modulation bandwidth.

3.1 Operation characteristics and spectra

VCSELs having standard n-type substrate-side contacts have been successfully fabricated.
Figure 2 (left) shows the light–current–voltage characteristics of a VCSEL with an active
diameter of 4.4µm. Its threshold current is lower than 0.5mA. The continuous-wave
spectrum at a current of 2.4mA is illustrated in Figure 2 (right). The fundamental trans-
verse mode is lasing at 894.6 nm. A higher-order mode is located on the short-wavelength
side with a side-mode suppression ratio of more than 25 dB, which is large enough for the
present application. Figure 3 shows the spectrum of another VCSEL with 3.3µm active
diameter. At an elevated temperature of 80 ◦C (as it might be expected in an integrated
MEMS atomic clock) and a current of 4.7mA, this device reaches the target wavelength
with a side-mode suppression ratio of almost 40 dB.

3.2 Polarization control

In this subsection, we investigate the polarization stability of inverted grating VCSELs.
Figure 4 (left) depicts the polarization-resolved light–current–voltage (PR-LIV) character-
istics of a VCSEL with 4.1µm active diameter, a grating period of 0.7µm, and a grating
depth of 60 nm. The dashed and dash-dotted lines represent the optical power measured
behind a Glan–Thompson polarizer2 whose transmission direction is oriented parallel and

2B. Halle GmbH, model PGT, long version, 60 dB extinction ratio
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Fig. 2: Operation characteristics of an 895 nm VCSEL with 4.4µm active diameter (left). Spec-
trum of the same VCSEL at 2.4mA current and T = 300K ambient temperature (right).
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Fig. 3: Spectrum of a VCSEL with 3.3µm
active diameter at 4.7mA current and T =
80 ◦C ambient temperature.

orthogonal to the grating lines, respectively. The magnitude of the orthogonal polariza-
tion suppression ratio (OPSR) exceeds 20 dB for currents between 2.5mA and thermal
roll-over. Here, the OPSR is defined as the ratio between parallel and orthogonal output
powers, namely

OPSR = 10 · log
(

Pparallel

Porthognal

)

dB . (1)

Since the VCSELs to be incorporated in MEMS atomic clock microsystems will experience
high ambient temperatures (e.g., T = 65 ◦C), the polarization control introduced by
surface gratings has been investigated under elevated temperature conditions. Figure 4
(right) shows PR-LI characteristics of a grating VCSEL with the substrate temperature
varied between 20 and 80 ◦C in steps of 20 ◦C. As can be seen, the grating VCSEL remains
polarization-stable even well above thermal roll-over.

3.3 Far-field properties

For optimum light routing in the clock microsystem, it is important to know the beam
properties of the VCSELs. The emission far-fields of a single-mode inverted grating
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Fig. 4: Polarization-resolved operation characteristics of a grating VCSEL with 4.1µm active
diameter at room temperature (left) and of a grating VCSEL with 4.4µm active diameter at
substrate temperatures from 20 to 80 ◦C in steps of 20 ◦C (right). For both VCSELs, the surface
grating has 60 nm grating depth, 0.7µm grating period, and 50% duty cycle. The quasi-vertical
arrow in the right figure points towards higher temperature.

VCSEL with an active diameter of about 3.6µm parallel and orthogonal to the grat-
ing lines are shown in Fig. 5. Both far-fields are almost identical, indicating an almost
perfectly circular beam shape. There are no emission side-lobes, which proves the absence
of diffraction effects by the sub-wavelength grating.
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Fig. 5: Far-fields of an inverted grating VCSEL measured orthogonal and parallel to the grating
lines at 4mA bias. The laser has an active diameter of 3.6µm. The grating period is 0.6µm,
the grating depth is 60 nm, and the duty cycle is 50%.

4. Conclusion

We have reported the fabrication and characterization of 894.6 nm VCSELs to be incor-
porated in Cs-based MEMS atomic clocks. The main requirements on the lasers, such
as correct emission wavelength, single-mode, single-polarization emission, low threshold
currents, and high-temperature operation have been successfully met. For polarization
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control, inverted gratings have been employed. The VCSELs are polarized orthogonal to
the grating lines with sufficient suppression of the competing polarization and no far-field
diffraction side-lobes for sub-wavelength grating periods. At elevated substrate tempera-
tures, the VCSELs remain polarization-stable even well above thermal roll-over.
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Structured SiN-masks for Self Separation of Full

2”-GaN Wafers by Hydride Vapor Phase Epitaxy

Frank Lipski

Using a dielectric mask structured by optical lithography, freestanding 2”-GaN wafers were
prepared by hydride vapor phase epitaxy (HVPE) and self separation during cooldown. The
mask was deposited on a GaN template grown on sapphire by metal organic vapor phase
epitaxy (MOVPE). We found that the instability of the SiN mask at growth temperature
supports the further self-separation. Testing different mask geometries, a hexagonally
shaped pattern with a period of 30µm and an opening of 3µm showed best performance.
This mask allowed the growth and separation of a full 2” GaN wafer by utilizing the
stress arising during cooldown from thermal mismatch to the substrate. The thickness
inhomogeneity is below 10% and the samples show good surface morphology.

1. Introduction

Unlike other established semiconductor material systems, nowadays GaN technology is
based on heteroepitaxy on foreign substrates due to missing GaN bulk crystals. While
the ammonothermal growth showed good progress for the fabrication of these demanded
substrates in the last years [1,2], hydride vapor phase epitaxy (HVPE) is still considered as
the most promising tool. Nevertheless HVPE growth of thick GaN samples is a challenge.
It is mostly a heteroepitaxial process, where large strain is generated on one side by
lattice mismatch of the foreign substrate material to GaN and on the other side by the
large mismatch of the respective thermal expansion coefficients yielding to severe bowing
and often to strong cracking of the grown samples. In order to reduce strain and bowing in
the final quasi-substrate, a removal technique of the foreign substrate from the grown GaN
layer is required. Many approaches towards that challenge were reported in literature,
such as laser-lift-off (LLO) [3], mechanical polishing for substrate removal [4] or growth
on etchable substrates like GaAs or ZnO [5, 6]. A self-evident technique is the use of
stress arising during cooldown for the separation. Many publications describe such an
approach [7, 8], nevertheless it is a difficult process as it requires some kind of interlayer
in the epitaxial structure for separation. On one hand, such a layer should weaken the
interface, on the other hand, most of the stress during cooldown should arise exactly at
this position, otherwise the cracking may occur at an undefined position in the crystal.
And finally there is the need to find a compromise of weak connection and good material
quality in the GaN grown above the interlayer. This seems to be very critical e.g. for low
temperature interlayers [9].

In this work we used dielectric masks, structured by optical lithography and dry etching
by an ex-situ process. This idea was originally used for defect reduction by epitaxial
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lateral overgrowth (ELOG) being nowadays fairly well established, and is also applied for
self-separation [10]. This method is well reproducible, in particular compared to most of
the in-situ deposited interlayers. The material quality of the overgrown layer above the
mask is excellent and the method also allows full control on the mask pattern and hence
on the strength of the connection.

2. Experimental

The HVPE growth was performed in a commercial Aixtron single-wafer HVPE system
with a horizontal quartz-tube, heated in a furnace with five zones. A 1:1 mixture of
nitrogen and hydrogen was used as carrier gas, as it showed best performance regarding
cracking [11]. Ammonia was applied as nitrogen precursor, while for the group-III element
GaCl was used, formed inside the reactor by streaming HCl gas over a liquid Ga source
heated to 850 ◦C. The used showerheads for the GaCl injection together with the carrier
gas flows were carefully adjusted to reduce parasitic deposition as much as possible. The
temperature and pressure for the GaN growth were kept constant at 1050◦C and 900 hPa
respectively. In order to improve the surface morphology, the V/III-ratio, pressure and
growth rate were changed during the last few micrometers of the growth. Details of this
procedure can be found elsewhere [12]. The growth was started at a fairly low growth rate
of about 10µm/h with a high V/III-ratio to pronounce lateral growth and then changed
up to 100µm/h.

The HVPE-growth was performed on 2 µm thick GaN template layers grown in an Aix-
tron 200/4 RF-S MOVPE system on (0001) sapphire wafers with a thickness of 430µm
and a diameter of 2”. The substrates had a miscut of 0.3◦ towards the a-plane, yielding
to an improved surface morphology [12]. For defect-reduction an in-situ SiN-layer was
deposited during the growth of the GaN template [13]. Such templates are strongly com-
pressively strained and allow crack-free growth of comparably thick HVPE layers more
easily. On these templates, a 200 nm thick SiN or SiO2 layer was deposited by plasma
enhanced chemical vapor deposition (PECVD) and structured by optical lithography and
dry etching. We investigated several different patterns for these studies.

Fig. 1: Honeycomb pattern where
the masked area is hexagonally
shaped. The period of the mask is
varied between 15µm and 100µm.



Self Separation Process for Full 2”-GaN Wafers in HVPE 49

The first one is a simple stripe pattern with masked stripes of a width of 8µm and an
opening of 3µm in between. The stripes are aligned along the 〈11̄00〉-direction. The sec-
ond pattern is hexagonally shaped like a honeycomb with open trenches between masked
hexagons (Fig. 1). For this pattern the size of mask and trench were varied, see table 1.
Again, the trenches run along the 〈11̄00〉-direction of GaN.

After locally removing the mask by dry etching, the samples were put back into the
MOVPE system to initiate lateral growth starting from the open trenches in the mask
partly covering the masked area. This growth step starts at fairly low temperature and
low V/III-ratio corresponding to a 3D growth mode. The patterns formed in this step
having triangular cross-sections were afterwards overgrown with increased temperature
and increased V/III-ratio for a more lateral growth over the masked areas. Although the
masked area is not completely closed during this step, it helps to achieve a closed layer
at an early stage in the HVPE growth.

3. Results and Discussion

3.1 Mask material

First, the applicability of SiO2 and SiN as masking interlayer for a subsequent self-
separation were investigated. Therefore, two samples were prepared with the same stripe
pattern and then overgrown using the same conditions in MOVPE and HVPE with an
about 300µm thick GaN layer. On both samples, self-separation during cool-down could
be observed. However, only the one with the SiN-mask separated at the prepared inter-
layer. Obviously, the SiN mask dissolves during HVPE growth, additionally leading to
a dissolution of the nearby GaN, resulting in big cavities in the GaN buffer. In Fig. 2
a SEM-picture of the cross-section of this sample is shown. The position of the former
mask can be identified by the big void due to a late coalescence of the overgrown layer.
Mainly the GaN buffer below the mask is partly dissolved while the buffer below the
former opening is not attacked. In contrast to the sample with SiO2-mask, horizontal
cracks were only observed at the mask position. SiO2 is much more stable compared to
SiN. Hence mask and GaN buffer of the SiO2 masked sample survive the HVPE growth
unharmed. Instead of a separation on the mask, horizontal cracks about 20µm above
developed as consequence of the high stress due to the thermal mismatch of sapphire and
GaN during cooldown.

Obviously, the dissolution of the mask together with the GaN nearby is essential for
the separation. A sample, where the SiO2-mask material was removed after the second
MOVPE step resulting in cavities where the grown triangular overlaps the former mask
due to a less pronounced lateral growth in HVPE, showed the same behavior as for re-
maining SiO2. Again, horizontal cracks appeared above the cavities (see Fig. 3). These
horizontal cracks also lead to self separation and freestanding GaN, but in a fairly uncon-
trolled random process. These samples also show several vertical cracks yielding to only
small pieces of GaN instead of a full free-standing wafer.
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Fig. 2: Cross section SEM pictures after HVPE growth of about 300µm. The left picture shows
the SiN mask which dissolved and also attacked the GaN directly below the mask. The mask
position is indicated by the vertical cavity due to a late coalescence of the overgrown GaN. The
right picture shows the growth on a SiO2 mask. The mask material and the GaN nearby is still
stable, but a horizontal crack about 20µm above the mask developed.

3.2 Mask pattern

Freestanding GaN-pieces that were produced with the stripe pattern showed a strong
asymmetric (concave) bow with a curvature of 1100 km−1 and 1550 km−1 parallel and
orthogonal to the stripes, respectively. In order to suppress this asymmetric bowing, we
investigated the honey-comb like pattern as described above (see Fig. 1). In order to
optimize the separation properties, the ratio between masked and open area was varied
keeping the opening width constant at 3µm thus changing the filling factor FF, i.e. the
ratio of the masked to open area (table 1). We expected a better separation for a larger
FF. For a 200µm thick GaN layer no separation was achieved for the 15µm period sample.
The 30µm period showed full separation, although the GaN layer broke into several pieces
due to the comparably low layer thickness. However, for the larger periods of 60µm and
100µm, it was not possible to get a closed layer during the HVPE growth. To increase
the FF at still acceptable period length, we have reduced the width of the openings to

Fig. 3: SEM picture of a sample
where the SiO2 was removed after
the second MOVPE step (left). The
part, that is overgrown over the for-
mer mask will remain as cavity af-
ter the HVPE growth. The right
picture shows a crosssection after
HVPE growth. Similar to samples
where the SiO2 was not removed,
horizontal cracks above the inter-
layer developed and are visible in the
SEM picture.
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1.5µm. This lead to a slightly improved separation. However, as this is at the limit of
our optical lithography, further experiments were done with 3µm openings.

We also observed that the separation does not depend on the layer thickness if a thickness
of about 200µm is exceeded. However, a larger thickness is needed to avoid vertical
cracking of the GaN layer during separation.

Table 1: Ratio of masked to open area (FF) for different patterns.

Pattern Trench width Period Filling factor (FF)

stripe 3µm 8µm 72%
hexagon 3µm 15µm 64%
hexagon 3µm 30µm 81%
hexagon 3µm 60µm 90%
hexagon 3µm 100µm 94%
hexagon 1.5µm 30µm 90%

3.3 Properties of separated GaN-wafers

In Fig. 4 a photograph of an about 1.5mm thick separated GaN wafer is shown with
a thickness inhomogeneity of only 10%. Such a thickness is actually the limit of our
HVPE system due to parasitic depositions inside the reactor. It has a very smooth
surface (Fig. 5).

All separated samples exhibit a concave bow depending on the total layer thickness. The
bow of the 1.5 mm thick sample was determined by HRXRD measurement to be 277 km−1

while a thinner sample with half the thickness showed a bow of 750 km−1.

Fig. 4: Photograph of a full 2”
GaN wafer self-separated dur-
ing cool-down by growth on
the hexagonally shaped mask
with a period of 30µm. The
thickness of the wafer is about
1.5mm.
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Fig. 5: Optical microscopy photograph with Nomarski contrast of the free-standing self-
separated GaN layer. The surface is very smooth (left). On the backside (right), the mask
structure is still observable, proving that separation happened on that interlayer.

The quality of the layer was further investigated by PL and HRXRD measurements. The
full width at half maximum (FWHM) of the (002)- and (102)-reflections are 75 arcsec and
230 arcsec, respectively.

The position of the donor bound exciton (D0X) at 3.470 eV measured by low temperature
photoluminescence with a HeCd-laser as excitation (Fig. 6) indicates a strain free surface.
The FWHM of less than 1meV for the D0X shows the good quality. The dislocation
density determined by a chemical etching method, where we used hot HCl-gas and atomic
force microscopy [14] was below 1 · 106 cm−2. By room temperature Hall measurement we
determined a carrier mobility of 740 cm2/Vs and a carrier concentration of 6 · 1016cm−3.

4. Conclusion

Full 2”-wafers of freestanding GaN of high quality were fabricated by a self-separation
process during cool-down by an inserted dielectric mask. It was found that SiN as mask
material dissolves at the chosen temperature in HVPE and leads to cavities in the GaN-
buffer below, strongly enhancing the self-separation process and making the production
of crack-free freestanding GaN wafers possible.
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Fig. 6: Low temperature (10K) PL spectrum of a freestanding sample, grown on the hexagonal
mask with a period of 30µm.

References

[1] T. Fukuda and D. Ehrentraut, “Prospects for the ammonothermal growth of large
GaN crystal”, J. Cryst. Growth, vol. 305, pp. 304–310, 2007

[2] R. Dwilinkski, R. Doradzinski, J. Garczynski, L. P. Dierzputowski, A. Puchalski,
Y. Kanbara, K. Yagi, H. Minakuchi, and H. Hayashi, “Excellent crystallinity of truly
bulk ammonothermal GaN”, J. Cryst. Growth, vol. 310, pp. 3911–3916, 2008

[3] C.R. Miskys, M.K. Kelly, O. Ambacher, and M. Stutzmann, “Freestanding GaN-
substrates and devices”, phys. stat. sol. (c), vol. 0, pp. 1627–1650, 2003.

[4] S. Nakamura, M. Senoh, S. Nagahama, N. Iwasa, T. Yamada, T. Matusushita,
H. Kiyoku, Y. Sugimoto, T. Kozaki, H. Umemoto, M. Sano, and K. Chocho,
“InGaN/GaN/AlGaN-based laser diodes with cleaved facets grown on GaN sub-
strates”, Appl. Phys. Lett., vol. 73, pp. 832–834, 1998.

[5] K. Motoki, T. Okahisa, N. Matsumoto, M. Matsushima, H. Kimura, H. Kasai,
K. Takemoto, K. Uematsu, T. Hirano, M. Nakayama, S. Nakahata, M. Ueno, D. Hara,
Y. Kumagai, A. Koukitu, and H. Seki, “Preparation of Large Freestanding GaN Sub-
strates by Hydride Vapor Phase Epitaxy Using GaAs as a Starting Substrate”, Jpn.
J. Appl. Phys., vol. 40, pp. L140–L143, 2001.



54 Annual Report 2009, Institute of Optoelectronics, Ulm University

[6] F. Lipski, S. B. Thapa, J. Hertkorn, T. Wunderer, S. Schwaiger, F. Scholz,
M. Feneberg, M. Wiedenmann, K. Thonke, H. Hochmuth, M. Lorenz, and M. Grund-
mann, “Studies towards freestanding GaN in hydride vapor phase epitaxy by in-situ
etching of a sacrificial ZnO buffer layer”, phys. stat. sol. (c), vol. 6, pp. S352–S355,
2009.

[7] Y. Oshima, T. Eri, M. Shibata, H. Sunakawa, K. Kobayashi, T. Ichihashi, and
A. Usui, “Preparation of Freestanding GaN Wafers by Hydride Vapor Phase Epi-
taxy with Void-Assisted Separation”, Jpn. J. Appl. Phys., vol. 42, pp. L1–L3, 2002

[8] S. Bohyama, H. Miyake, K. Hiramatsu, Y. Tsuchida, and T. Maeda, “Freestanding
GaN Substrate by Advanced Facet-Controlled Epitaxial Lateral Overgrowth Tech-
nique with Masking Side Facets”, Jpn. J. Appl. Phys., vol. 44, pp. L24–L26, 2004

[9] Yi.V. Zhilyaev, A.V. Nasonov, S.D. Raebski, S.N. Roding, M.O. Shcheglov, and
V.Yu. Davydov, “Bulk gallium nitride: preparation and study of properties”, phys.
stat. sol. (a), vol. 195, pp. 122–126, 2003.

[10] C. Hennig, E. Richter, M. Weyers, and G. Tränkle, “Self-separation of thick two
inch GaN layers grown by HVPE on sapphire using epitaxial lateral overgrowth with
masks containing tungsten”, phys. stat. sol. (c), vol. 4, pp. 2638–2641, 2007.

[11] E. Richter, C. Hennig, M. Weyers, F. Habel, J.D. Tsay, W.Y. Liu, P. Brückner,
F. Scholz, Y. Makarov, A. Segal, and J. Kaeppeler, “Reactor and growth process
optimization for growth of thick GaN layers on sapphire substrates by HVPE”,
J. Cryst. Growth, vol. 277, pp. 6–12, 2005.

[12] P. Brückner, F. Habel, and F. Scholz, “HVPE growth of high quality GaN layers”,
phys. stat. sol. (c), vol. 3, pp. 1471–1474, 2006.

[13] J. Hertkorn, F. Lipski, P. Brückner, T. Wunderer, S. B. Thapa, F. Scholz, A. Chuvilin,
U. Kaiser, M. Beer, and J. Zweck, “Process optimization for the effective reduction
of threading dislocations in MOVPE grown GaN using in situ deposited SiN masks”,
J. Cryst. Growth, vol. 310, pp. 4867–4870, 2008.

[14] F. Habel and M. Seyboth, “Determination of dislocation density in epitaxially grown
GaN using an HCl etching process”, phys. stat. sol. (c), vol. 0, pp. 2448–2451, 2003.



HVPE a-plane GaN on Misoriented Substrates 55

Investigations of HVPE grown Nonpolar a-plane

GaN on Slightly Misoriented r-plane Sapphire

Substrates

Stephan Schwaiger

We have investigated the growth of nonpolar GaN templates by hydride vapor phase epi-
taxy (HVPE). This includes a systematic study of misoriented r-plane sapphire wafers
with a miscut angle up to ±1◦ towards the c-axis of the crystal as starting substrates.
Starting with an AlN nucleation layer approximately 3.3µm of nonpolar a-plane GaN are
grown by metalorganic vapor phase epitaxy (MOVPE). The subsequent growth by HVPE
was optimized to obtain flat and homogeneous layers with very good crystal quality. This
was illustrated by very small full widths at half maximum (FWHM) of x-ray rocking curve
(XRC) measurements of less than 500 arcsec. The surface quality was evaluated by scan-
ning electron microscopy (SEM) and optical phase contrast microscopy showing a high
number of surface defects (pits) for the samples with a high miscut towards the positive
direction whereas a slight miscut of +0.5◦ reduces the surface roughness. Additionally,
smallest XRC FWHM values have been obtained for this particular miscut. A miscut
towards negative directions results in lower crystalline quality and the surfaces shows
hillock-like features. All GaN layers on misoriented substrates are tilted with respect to
the substrate. Their tilt angle increases with the miscut angle. Its direction is opposed to
the miscut of the sapphire.

1. Introduction

Currently, commercially available devices based on the nitrides, like light emmitting
diodes, are typically grown along the crystallographic c-direction. Unfortunately, huge
piezoelectric fields are present within respective heterostructures, because of the lattice
geometry and the induced strain. The resulting effects are mostly summarized as the
quantum confined Stark effect [1]. One negative consequence is the reduced carrier re-
combination probability in quantum wells (QWs) [2]. To get rid of these negative effects,
growth in nonpolar or semipolar direction is investigated by many groups. Typical nonpo-
lar directions are a [112̄0] and m [101̄0]. Due to the lack of real bulk GaN, the structures
have to be grown either on foreign substrates like e.g. r-plane sapphire leading to a-plane
GaN [3], or m-plane SiC [4] or LiAlO2 [5] which results in m-plane GaN. However, the
resulting material grown in those unusual directions typically contains a high number of
defects. Other groups use sliced pieces from hydride vapor phase epitaxially (HVPE)
grown GaN as starting substrates [6] resulting in a drastic reduction of the defect density.
However, only small sized wafers of a few square millimeters are nowadays available for
extremely high prices. In short the perfect substrate is still missing.
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Therefore we are currently investigating the optimized growth of nonpolar quasi-substrates
by HVPE which can be used for subsequent device epitaxy, as this method provides large
enough growth rates. However, the nucleation on foreign substrates usually requires a wide
range of optimization parameters and is quite challenging. Therefore, we are studying the
optimization of the template layers by metal organic vapor phase epitaxy (MOVPE) for
the subsequent hydride vapor phase epitaxial (HVPE) process. In this manner, we ensure
to use the advantages of both systems. Misoriented sapphire wafers are known to improve
the surface quality of c-plane GaN layers [7]. Here, we present a systematic study of the
influence of slightly misoriented r-plane sapphire substrates on the growth of non-polar
a-plane GaN layers via the combination of MOVPE and HVPE.

2. Experimental

All samples investigated within this study are grown on quarters of 2 inch epi-ready r-plane
sapphire wafers resulting in a GaN growth in [112̄0] direction. We used a commercial hor-
izontal flow Aixtron AIX-200/4 RF-S reactor with the standard precursors trimethylgal-
lium (TMGa), trimethylaluminum (TMAl) and ammonia (NH3) for the MOVPE growth.
As carrier gas, we used Pd diffused hydrogen. The process temperature was controlled by
a pyrometer at the backside of the rotation tray. Before starting growth the substrates
were exposed to an in-situ desorption step at 1200 ◦C for 10 min in hydrogen atmosphere.
For the HVPE growth, a commercial horizontal flow Aixtron single-wafer system with
five different heating zones was used. The carrier gas usually is a mixture of nitrogen
and Pd diffused hydrogen. The precursors for the GaN growth are high purity NH3 and
GaCl which can be produced by streaming HCl gas over liquid gallium at a temperature
of approximately 850◦C.

As substrates we used r-plane sapphire wafers with a slight miscut ranging from −1.0◦

to 1.0◦ towards the [0001]-axis of the sapphire in steps of 0.5◦. The miscut is defined
positive when the angle between surface and c-direction is smaller than the angle between
the r-direction and the c-direction of the sapphire. The different samples were labeled as
samples A (−1.0◦), B (−0.5◦), C (reference sample, ±0◦), D (+0.5◦) and E (+1.0◦), were
lower case letters denote the respective MOVPE templates and capital letters the final
HVPE grown samples. The growth process was identical for all samples. The MOVPE
growth was carried out on half wafers, whereas the HVPE growth was performed on
quarters in order to have exactly the same growth conditions for several samples.

First, a high temperature AlN nucleation layer (NL) with a thickness of about 30 nm was
deposited in MOVPE. Then an initial GaN layer with a total thickness of approx. 3.3µm
was grown in a two step growth process, interrupted by two in-situ SiN defect reduction
layers. The first GaN layer was grown at a temperature of 1120 ◦C, a pressure of 150 hPa,
with a V/III-ratio of ≈ 2180 and a growth rate of ≈1.2µm/h. After 0.3µm, SiN was
deposited by applying a constant flow of silane (SiH4) and ammonia (NH3). The surface
was fractionally covered with SiN acting as a nanomask and influencing the morphology of
the overgrown layer resulting in a defect reduction [8,9]. At a nominal thickness of 1.0µm
a second SiN layer was deposited. Now, the growth parameters were changed to the second
GaN step conditions: mainly the V/III-ratio was decreased to about 540, resulting in an
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increased growth rate of ≈ 2.5µm/h. The growth parameters of the following single-step
HVPE growth were as follows: A temperature of approximately 900 ◦C, a pressure of
900 hPa, with a V/III-ratio of ≈ 18 and a total thickness of approximately 12µm.

For investigating the crystal quality, all samples were analysed by x-ray diffraction (XRD)
rocking curve measurements (XRC) as well as low temperature (14K) photoluminescence
(PL) spectra. The latter enables the qualification of typical defects in non-polar layers like
basal plane stacking faults (BSFs) or prismatic stacking faults (PSFs) [10,11]. The surface
quality was evaluated by scanning electron microscopy (SEM), optical phase contrast
microscopy (OM) and atomic force microscopy (AFM).

3. Results and Discussion

Nonpolar a-plane GaN grown by MOVPE usually shows a typical morphology: A stripe
like feature along the c direction and some surface pits [12]. We observed a reduced
and more homogenous surface roughness for negative miscuts (samples a, b) whereas for
positive miscuts the stripe like pattern becomes more pronounced and surface defects
start to develop (d, e). This is consistent with the data reported by Araki et al. [13].
Even earlier, Imura et al. [14] reported a specular surface for miscut orientations of −0.5◦

Fig. 1: a) SEM micrograph of the
typical HVPE grown layers after
optimization. The surface looks
smooth without any facets, pits or
stripe like features. b) The in-
set shows unoptimized HVPE GaN
grown under high temperature con-
ditions (color online).

(the definition of miscut angles is exactly opposite in this paper), which is also in line
with our data. Investigations on the crystal quality via XRD and PL (not shown) are in
contrast to these findings of the surface quality. The samples with higher miscut towards
the positive direction (d, e) show reduced XRD linewidths and less stacking fault related
luminescence (typically at 3.42 eV and 3.30–3.35 eV) compared to the PL signal from the
near band edge region.
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3.1 GaN grown by HVPE

Before growing on these miscut templates, we have optimized the growth of nonpolar GaN
on exactly oriented r-plane wafers. The growth parameters like temperature, pressure,
V/III-ratio, H2/N2-ratio, growth rate etc. have been varied to get layers with optimized
surface and crystal quality. Layers grown before this optimization usually had a very
rough and facetted surface (Fig. 1 b).

3.2 MOVPE template

The typical surface of HVPE grown GaN after optimization (Fig. 1 a) is very smooth and
does exhibit neither the often observed surface defects (”pits”) nor the stripe like features
otherwise typical for a-plane GaN on r-plane sapphire grown by MOVPE.
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Fig. 2: XRC FWHM values for HVPE grown GaN layers with different V/III-ratio during
growth. The improvement for lower values can clearly be seen (color online).

The optimized overgrowth in HVPE does not only improve the surface morphology but
also the crystal quality of the layers. X-ray rocking curve linewidths of the symmetrical
reflections could be reduced from around 750 arcsec for the MOVPE template to less
than 500 arcsec for the HVPE grown layer regardless of the direction of the incident
beam. Besides the temperature which is the key parameter for a flat surface (T ≈ 900 ◦C,
cf. Fig. 1), the ammonia flow rate is the growth parameter that shows the strongest
influence. Only for low V/III-ratios (≤ 20) it is possible to grow a-plane GaN layers in
HVPE with nearly no anisotropy in XRD measurements (Fig. 2). Smaller asymmetric
reflection linewidths like (101̄2) are also indicating a better crystal quality.
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Fig. 3: Optical microscope images of the surfaces of the HVPE grown samples with different
miscut A) −1◦, B) −0.5◦, C) 0◦, D) +0.5◦, E) +1◦ (color online).

The final HVPE GaN layers show a different surface morphology for the different miscut
angles (Fig. 3). It seems that a negative miscut (samples A, B) leads to a rough surface
with a high density of microscopic hillocks with an average diameter of approximately
20µm. Both, no miscut and a miscut towards positive angles leads to drastically improved
surfaces. The morphology gets more homogenous and the roughness is decreased. This
also could be proven by AFM measurements (not shown). However, if the miscut is

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

miscut

1000

1500

2000

2500

F
W

H
M

[a
rc

se
c]

500

600

700

800

900

1000

F
W

H
M

[a
rc

se
c]

(10-12)

(11-20) || c

(11-20) _|_ c

Fig. 4: FWHM of XRD rocking curves. The asymmetrical (101̄2) reflection and the symmetrical
(112̄0) reflection with the incident beam perpendicular (parallel) to the c direction is plotted to
the left (right). (color online).
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too large, the — from MOVPE growth — well known surface defects start to develop so
that the resulting surface is even rougher than for negative miscut angles (E). The pits
theirselves are of increased size when compared to the MOVPE templates because of the
increased thickness of the sample.

In order to judge the crystal quality of the samples, XRC measurements were performed
(Fig. 4). Somehow as expected from the results of the MOVPE grown templates, the
crystal quality for the samples with negative miscut is worse compared to layers grown
on positive miscut substrates. But in contrast to those findings, the smallest FWHM
values were not measured for the sample with the highest positive miscut (E) but for
sample D with a slight miscut of +0.5◦. Nevertheless this fits quite well to the results of
the optical investigations of the HVPE grown samples. As the (101̄2) reflection is known
to be sensitive to edge and screw dislocations [15], it is often used to judge the crystal
quality. The FWHM of this reflection is essentially smaller for the samples with a positive
miscut. In particular sample D shows the strongest improvement and smallest values.

One question of course will rise if one grows on miscut substrates. How is the inclination
between substrate and layer, between sapphire and GaN? To analyze this, again XRC
measurements were recorded (Fig. 5). The measured miscuts of the sapphire wafers agree
to the nominal values. For all miscuts, the overgrown GaN layer shows an inclination
angle with respect to the surface that is larger than the miscut of the sapphire. The
data points shown in figure 5 represent the direction of the normal of the reflection plane.
This means that the tilt is measured with respect to the surface. So the inclination of



HVPE a-plane GaN on Misoriented Substrates 61

the a-direction of GaN is even higher than and in the same direction as the tilt of the
sapphire r-plane. Hence the tilting of the GaN layer is totally opposed to the miscut of
the sapphire (with respect to the ‘normal’ r-plane surface).

4. Summary

We studied the influence of slightly misoriented r-plane sapphire substrates on the crystal
quality and surface morphology of a-plane GaN grown by HVPE on MOVPE templates.
We found strongly different miscuts for the best values of either of these two parameters.
The situation got better after HVPE growth: Now, both, surface quality and crystal
quality can be improved by a slight miscut of +0.5◦ towards the [0001] direction. It was
also shown that the GaN layers are grown tilted with respect to the sapphire wafers with
an inclination totally opposed to that of the miscut sapphire substrate.
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Inverse GaN Pyramids for Semipolar GaInN/GaN

Light-Emitting Diodes

Thomas Wunderer

Excellent semipolar GaN material quality can be obtained by growing inverse GaN pyra-
mids on full 2 inch c-plane sapphire when combining the advantages of defect reduction
via FACELO and selective area growth for faceted surfaces. The nearly defect free ma-
terial is obtained by structuring the mask into a honeycomb pattern. When realizing
full GaInN/GaN LED structures on those templates, a relatively broad emission is ob-
served during electroluminescence measurements. Furthermore, the dominant wavelength
is found to be dependent on the applied current density. The pronounced shift is in good
agreement with the wavelength shift along one single facet. Gas phase diffusion during the
active area growth is believed to be the main reason for the varying indium content. The
homogeneity could be influenced by changing the reactor pressure during the active area
growth.

1. Introduction

Non- and semipolar group III-nitrides providing reduced piezoelectric fields are promising
candidates for improved device performance due to an increased overlap of the electron
and hole wave functions within the quantum wells (QWs) [1]. Nevertheless, one main
problem is still limiting the use of non- or semipolar material for commercial production:
On foreign substrates with conventional size just inferior material quality compared to
c-plane growth can be achieved up to now. In this case, non-radiative recombination is
compensating the advantage of the reduced fields and leads to a moderate performance of
such devices [2–4]. On the other hand, high quality material can be obtained by cutting
pieces from HVPE grown c-plane GaN in the desired direction on which high performance
devices were achieved [5]. However, the limited sample size and its high price are still
limiting factors for any mass production [6].

In the late 1990s, the technique of facet-controlled epitaxial lateral overgrowth (FACELO)
was successfully developed to reduce the defect density of group III-nitrides [7]. Selective
area epitaxy can also be used to form three dimensional (3D) GaN structures with side
facets providing semipolar surfaces. Hence, complete semipolar device structures can be
obtained on low-cost full 2 inch or larger c-oriented sapphire wafers [8].

In this work, we highlight the possibility to combine the advantages of both techniques, ef-
ficient defect reduction via FACELO and the formation of 3D structures providing semipo-
lar GaN surfaces using selective area epitaxy. The 3D structures are used as high quality
GaN templates for the implementation of complete LED structures for electroluminescence
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Fig. 1: SEM pictures of 3D GaInN/GaN LED structure: bird’s eye view (left) and top view
(right).

(EL) test measurements. The unconventional electro-optical properties are analyzed by
means of the local layer properties with resepct to the structured surface. It is found that
the indium composition and QW thickness is varying along a single facet.

2. Experimental

All samples were grown by low pressure metalorganic vapor phase epitaxy (MOVPE).
First, about 2µm thick, high quality GaN was grown on c-plane sapphire wafers including
an in-situ deposited SiN interlayer for effective defect reduction [9]. Then, a 200 nm thick
SiO2 layer was deposited via plasma enhanced chemical vapor deposition (PECVD) and
structured into a honeycomb pattern serving as a mask for the subsequent selective area
growth. Using optimized GaN growth conditions (low temperature, low V/III ratio, high
pressure) perfectly ordered inverse pyramids can be realized providing semipolar facets
which increase the effectively usable surface. A detailed description of the formation of
the 3D structures can be found elsewhere [10]. Realizing a complete LED structure, the
3D GaN template is n-doped, followed by a 5-fold Ga1−xInxN/GaN mulitple quantum
well (MQW) layer stack with a nominal QW thickness of 4 nm and an In concentration
x exceeding 30%, a p-AlGaN electron blocking layer and a p-GaN top layer. For EL test
measurements simple indium contacts are realized by standard photo lithography and
e-beam evaporation of the metal.

3. Results and discussion

Different to previous studies [10], the GaN regrowth in the 2nd epitaxial step was elongated
allowing for the coalescence of the material above the masked area. This strategy follows
the idea of defect reduction via the FACELO principle. Threading dislocations (TDs)
which are not blocked, neither by the in-situ deposited SiN nor the ex-situ deposited SiO2

mask, and penetrate through the opening are bent to the side due to selective area growth.
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Fig. 2: TEM image of inverse pyramid structure showing the efficient defect reduction.

Using the mask with the honeycomb pattern the TDs are bundled in one point above the
mask and (nearly) defect free semipolar facets develop for the subsequent deposition of
the active area.

As can be seen in Fig. 1, the 3D surface can be transferred to a higher region above the
mask using 3D growth parameters. A planarization of the structure is prohibited whereas
it is preferred for typical FACELO samples. Perfectly ordered inverse GaN pyramids
are formed providing smooth {11̄01} facets. Transmission electron microscopy (TEM)
analyses comfirm the efficiency of this technique as no TD could be observed reaching the
semipolar surface (Fig. 2). They are blocked by the in-situ deposited SiN, the SiO2 mask
or are bent sidewards.

The high material quality is further confirmed via x-ray rocking curve measurements
(XRC) and optical investigations using photo- and cathodoluminescence measurements
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Fig. 3: PL spectrum of inverse GaN pyramids recorded at 14K. The FWHM of the D0X at
3.479 eV is determined to be as small as 2.2meV. No stacking fault-related transition observable
as typically found in non-polar GaN on foreign substrates [11].
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(PL, CL), respectively. The following values displaying the full-width at half maximum
(FWHM) of symmetric and asymmetric reflections, respectively, could be obtained from
XRC measurements: 299 arcsec for the (00.2), 410 arcsec for the (10.1), 416 arcsec for
the (10.2) and 284 arcsec for the (11.2) reflection. Fig. 3 shows the PL spectrum of the
3D GaN recorded at 14K. No stacking fault-related transition could be observed for the
sample as it is typically found for non-polar GaN grown on foreign substrates [11]. The
FWHM of the donor-bound exciton transition (D0X) at 3.479 eV is as small as 2.2meV.

Analyzing the structural properties of the active area of the LED sample using scan-
ning TEM (STEM), well developed GaInN QWs with abrupt interfaces can be observed
confirming the high material quality from the optical active region, (Fig. 4).

Fig. 4: STEM image of semipolar GaInN/GaN LED structure grown on inverse pyramids.

Figure 5 shows the respective EL spectra recorded for currents between 1 and 20mA
during EL test measurements. A relatively broad emission is detected from the integrally
collected light which is not expected when taking into account the reduced piezoelectric
field on semipolar surfaces. Whereas for small currents the longer wavelength in the
green spectral region is dominating, the emission shifts towards the blue spectral region
for higher currents. The exact color coordinate for each current is depicted in Fig. 6.
Interestingly, for a current of 1mA white light can be realized without the use of any
phosphor. Furthermore, the coverage of the LED with an orange-red phosphor should
open the possibility for the generation of white light with a high color rendering index
(CRI) at a high excitation level as there would be no green minimum as often seen in the
spectra of commercially available white LEDs.

The unusual shift of the color coordinate within the color diagram can not be simply
explained by state filling of potential fluctuations within the QWs when increasing the
current. For the 3D surface it is essential to investigate the local layer properties with
respect to the specific position on the sample.

Indeed, a strong influence on the QW emission properties was observed within one sin-
gle facet when performing spatially resolved SEM-CL investigations [12]. Looking to the
wavelength distribution on the 3D surface of an undoped sample with a single GaInN
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Fig. 5: EL spectra of semipolar GaInN/GaN LED grown on inverse GaN pyramids for currents
between 1 and 20mA.

QW grown under similar conditions the following situation can be recognized (Fig. 7):
From the c-plane areas no QW emission could be recorded at all. This phenomenon
can be understood as the QW thickness on the c-plane areas was determined to be as
thick as about 7 nm with a relatively high indium content. Due to the resulting high
piezoelectric field on the c-plane and the unconventionally thick QW, electron and hole
wavefunctions get extremely separated. Therefore, the recombination probability is very
weak with consequently a completly depressed QW emission. On the other hand, strong
luminescence is observed from the semipolar facets. Whereas a longer QW emission wave-
length is recorded at the top of the structure, it shifts gradually to shorter wavelengths
when coming closer to the tip. From the edges where two {11̄01} planes meet each other
a shorter and brighter emission can be recorded. Now, one can argue that the main part
of the green emission spectrum during the EL test measurements origins from the upper

Fig. 6: Color coordinates for currents between 1 and 20mA determined from the respective
spectra (see Fig. 5).
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Fig. 7: SEM-CL images recorded from an undoped GaInN single QW grown on inverse pyramids
with semipolar {11̄01} facets.

{11̄01} facets, whereas the blue spectral part has its origin from the edges and the area
near the tip, correlated with a possible change of the current distribution over the facet
arrea with increasing applied voltage.

The absolute value of the wavelength shift is very much dependent on the geometry of the
sample and the growth conditons chosen for the active area growth. Due to the fact that
just a slight change of the QW thickness is determined by analyzing the STEM pictures,
the strongest influence on the emission wavelength must result from a difference in the
indium composition varying along the facet. It is thought that gas phase diffusion and
surface migration during the active area growth are remarkable reduced due to the growth
conditions necessary for a high indium incorporation efficiency. As could be confirmed
by ongoing experiments the wavelength shift could be influenced by changing the growth
conditions with respect to the diffusion coefficient. E.g. the variation of the reactor
pressure during the active area growth influenced the linewidth of the emission [13] and
could probably explain the pronounced shift observed by Nishizuka et al. for GaInN/GaN
stripes with {112̄2} facets grown at atmospheric pressure [14].
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4. Conclusion

Semipolar GaInN/GaN LEDs were realized on the {11̄01} side facets of selectively grown
inverse GaN pyramids on full 2 inch sapphire wafers. The excellent material quality was
comfirmed by TEM and STEM analyses which suggest (nearly) defect free semipolar sur-
faces. The relatively broad QW emission during electroluminescence test measurements
are correlated with the gradually varying QW wavelength emission along one single facet.
Its origin is mainly thought to arise from a different indium composition as a result of
gas phase diffusion processes during the active area growth as the QW thickness does not
change drastically. Furthermore, the dominant peak wavelength is found to be dependent
on the applied current density. Those properties could be advantageous for the genera-
tion of white light emitters with a high CRI whereas the desired color coordinate can be
fine-tuned by the current.
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Sample Support Development for In-Situ

Ultra-HRTEM Electrical Investigations

Benedikt Westenfelder

Specially designed sample supports have been developed to permit in-situ investigation of
the electrical conductivity of ultrathin samples e.g. sheets of graphene or semiconductor
nanofoils in a high-resolution transmission electron microscope (HRTEM). This report
describes different ways of realization of a suitable sample platform including the corre-
sponding electrode support geometry.

1. Introduction

The measurement of the influence of adsorbates in terms of individual molecules or atoms
on the conductivity of ultrathin materials at simultaneous visualization of events taking
place on atomic scale opens not only new horizons in basic research but also provides
a well-founded scientific background with regard to potential sensor applications as pro-
posed by F. Schedin et al. [1] in 2007.

In principle the performance of (in-situ) electrical studies in a HRTEM offers a very
attractive solution. On one hand, it provides an effective real-time observation of the
sample; on the other hand — at adequately low acceleration voltages — it is a relatively
non-destructive characterization method for a wide range of materials.

In order to achieve this goal, the respective samples should be both simultaneously: em-
inently thin and free-standing. With respect to this technological challenge, world wide
only few successful experiments are known. In case of semiconductor nanofoils so far no
experiments are known. In case of graphene there is one, but very elaborate measuring
principle. On this, a sheet of graphene is mounted on a standard TEM grid to realize an
electrode from the samples backside. The second contact is made by a scanning tunneling
microscope (STM) tip using a particular TEM–STM platform [2, 3].

Here, we present various approaches to realize an in situ electrical measuring sample plat-
form. These sample supports are not only uniquely adaptive but also provide reproducible
environmental conditions, which is one of the most important aspects to gain quantitative
information and in the face of future applications.

2. Fabrication Approaches

2.1 Approach I: Procedures based on commercially available and already
perforated SiN membranes

Commercially available support chips on the basis of silicon with a maximum diameter
of 3.05mm are already very common for TEM investigations. In general they consist of
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Fig. 1: Schematic cross-sectional view of a typical TEM sample support chip.

two insulating nitride (SiN) or dioxide (SiO2) layers. One is located at the upper and a
second one at the lower surface of a silicon substrate. To achieve a perforated membrane,
each of these films needs to be structured. Into the top layer, arrays of little opening are
etched on which the sample later will be positioned. The masking of the bottom layer is
used to etch selectively large areas of exposed silicon up to the opposing top layer (Fig. 1).
The thickness of the resulting SiN or SiO2 membrane, hole diameter as well as hole pitch
are typical size parameters offered for sale to choose them according to the individual
requirements (Fig. 2).

10 µm10 µm

Fig. 2: Two optical micrographs of purchasable SiN membranes with different hole maskings.

Optical lithography is usually the most efficient way to deposit metal electrode structures
on these membranes. In this context one should check if the sample supports offered by
the supplier are only available as single frame chips or in terms of single frames joint with
each other to a so called multi frame array (Fig. 3 a). In the latter case, annoying side
wall formations arising from the photo resist can be easier avoided. Otherwise edge beads
near the membrane will not only cause loss in lithographic resolution but also reduce
dramatically the surface effectively usable for lithographic applications (Fig. 3 b).

Furthermore, after exceeding a critical hole pitch and diameter, resist ripples can arise
along the perforated membrane areas leading again to losses of the lithographic resolution
(Fig. 3 c). The magnitude of theses parameters depends on the viscosity of the photoresist
and the occurring surface tension.

Moreover, prior to each resist coating an oxygen plasma treatment of the chip surface is
highly recommend. Otherwise the implied surface tension can tend to a rolling off of the
liquid during the spin coating process (Fig. 3 d,e).
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pull direction

droplet formationuncoverd area

Fig. 3: a) Schematic illustration of a multi frame array chip. This arrangement allows the
simultaneous processing of several single frames which can be snapped out, when all lithographic
steps are finished. b) Optical micrograph of a single frame chip coated with resist exhibiting
highly distinct side wall formations on its edges. c) Resist stripes covering a SiN membrane,
where the homogeneity of the thickness is strongly influenced by the perforation. d) Corner
region of a single frame chip: Here, the resist tended to a droplet formation. Uncoated areas are
remaining, because only a little droplet became pulled apart from the center towards the sample
edges. The most of the resist got slipped away during the spin coating by the centrifugal force.
e) After the coating only few resist droplets are still adhering at the SiN surface - almost all of
the resist got slipped away.

For simple two probe measurements, an interdigitated finger electrode geometry is rec-
ommended. This is at most flexible with regard to the sample position (Fig. 4).

1

2

3

Fig. 4: Schematic top view how an interdigitated finger electrode
structure could be easily realized: 1) Metal electrode structure. 2)
The sample material e.g. a flake of graphene. 3) In-between the
electrodes located membrane holes, onto which the sample should
be positioned.

2.2 Approach II: Procedures based on commercially available and non-per-
forated SiN membranes

In order to gain more flexibility concerning sample size and electrode geometry, in this
approach the membrane hole parameter are chosen by oneself. This can easily be achieved
by a focused ion beam (FIB) etching procedure (Fig. 5). For this purpose we use the same
commercially available TEM support chips, just without perforation of the SiN membrane.

This approach takes advantage if the sample can be positioned accurately, not only in
terms of the electrode and hole design. Also a smaller amount of holes and likewise smaller
sizes of the SiN membranes can be chosen to improve its mechanical stability. This of
particular importance in view of lithography based processes, e.g. electrode fabrication
as described above.
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Fig. 5: Scanning electron microscope (SEM) view of variously FIB-perforated membranes from
the back (left) and top side (right). Gold electrodes were deposited beside the FIB-fabricated
openings.

2.3 Approach III: Procedures based on self-fabricated SiN membranes

Opposite to the approaches described before, the following procedure is based on self-
fabricated support chips. Thereby one gains a maximum of flexibility with regard to
the choice of electrode or membrane hole design as well as simplified handling during its
lithography based fabrication processes.

Fig. 6: Left: Drawing of the top and back view of the advanced single frame chip design
including a scheme of its cross-sectional area. Right: A photograph of self-fabricated support
chips exhibiting specified SiN membrane sizes of around 25µm.

Similar as for the commercially available chips, the free-standing SiN areas are achieved
by using highly anisotropic wet-chemical etching (KOH solution) of unmasked (100) Si
surfaces. Simultaneously etched flutes — which include automatically achieved freestand-
ing SiN “triangles” at the four intersection points (numbered in Fig. 6) — enable simple
cleaving to remove the surrounding chip areas from the central single frame after sample
preparation is finished.

Large, unstructured chip areas around the single frame provide optimum conditions for
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resist coating in terms of lithographic applications and the avoidance of accidental cracking
into several single or double-frame chips upon contact with a lithography mask or removal
of the sample from conductive carbon pads, which are typically used for SEM/FIB sample
mounting.

A similarly important benefit of the mechanically stable surrounding areas is the possibil-
ity of etching marker structures into the SiN layer to enable the precise sample alignment
that is required for subsequent e-beam-writing processes.

After the support chip fabrication itself, electrode structures were deposited onto the
SiN membrane (Fig. 7, left). The metal layer system consists of 10 nm titanium, 30 nm
gold and again of approximately 100 nm titanium. The top layer is used to protect the
gold layer from a tetrafluoromethane plasma introduced by the reactive-ion etching (RIE)
machine. Latter is needed to realize precisely a vertical slit in-between the electrodes, in
terms of using the electrode structure itself as mask (self-alignment). After the dry etching
process the upper titanium layer becomes selectively removed, together with a temporary
photoresist mask used to protect the exposed SiN surface around the electrodes (Fig. 7,
right).

CF4

H O + H SO2 2 2 4

Ti Au

Ti

SiN

Si

10 µm

Area provided for
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graphene sheets

Gold electrodes
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Fig. 7: Left: Optical micrograph of an advanced support geometry. Right: Schematic illustra-
tion of the layer system and fabrication steps to achieve such an electrode support structure

The main advantage of this electrode design is that the sample is actually suspended only
between the two electrodes and not interacting with any support material. In other words
we achieved optimum conditions to perform highly sensitive electrical measurements, es-
pecially with regard to the influence of adsorbate-induced surface states on conductivity.

3. Conclusion

We introduced three different approaches to fabricate in a most efficient way and according
to individual demands a sample platform which is fully capable to perform in situ electrical
measurements on a HRTEM. The first two methods are based on commercially available
TEM support chips and hence they represent the cheapest and fastest way. The third
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and most promising possibility is an alternative to gain the optimum of flexibility with
respect to the further processing and possible applications.
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Coaxial GaN/InGaN/GaN Nano-Heterostructures

Mohamed Fikry

The optimization of the epitaxial quality and ordering of coaxial GaN/InGaN/GaN nano-
heterostructures is the main focus of this study. Two approaches for the realization of
upright ZnO nanipillars, used as templates for the epitaxially grown GaN layers, with
their respective degrees of pattern arrangement are introduced. Consequently, the growth
of coaxial GaN/InGaN/GaN quantum wells (for three different samples) along with the
corresponding structural and optical properties is investigated. By comparing the optimized
InGaN quantum well growth conditions in two different MOCVD reactors, we could reduce
the FWHM of an intense room temperature photoluminescence peak of the InGaN quantum
well at 3 eV from 300meV to 190meV. Cathodoluminescence mapping along the nanotubes
revealed two main peaks that are emerging from the sides and top facets of the tubes backing
an argument for different respective In incorporation.

1. Introduction

Gallium nitride nanotubes and nanorods have been receiving considerable attention as
building blocks for nanophotonic technologies due to their unique high aspect ratios,
promising the realization of photonic and biological nanodevices such as blue light emit-
ting diodes (LEDs), short-wavelength ultraviolet nanolasers and nanofluidic biochemical
sensors [1]. As a first step to realize the potential impact of these novel structures, the
development of a process for fabricating dislocation free, position and diameter controlled
nanostructures arrays is necessary. A variety of techniques have been utilized to synthesize
GaN nanowires including laser ablation [2], metal-initiated Vapor-Liquid-Solid nanowire
growth in metalorganic chemical vapor deposition (MOCVD) reactors [3] as well as hy-
dride vapor phase epitaxy [4] . However, these approaches suffered from not having well
ordered and upright pillars. On the other hand, there have been various methods to
successfully grow high quality, upright and arranged ZnO nanorods [5]. Therefore, one
approach for realizing GaN nano-structures in an upright and well ordered form is growing
GaN epitaxially around ZnO nanorods as reported in our previous work [6].

ZnO decomposes by reacting with hydrogen or ammonia at elevated temperatures. There-
fore, a multi-layer growth process (MGP) for the growth of GaN layers on ZnO templates
by Metal Organic Vapor Phase Epitaxy (MOVPE) [7] has been developed. However, at
the very last stage of growth at high temperatures , the ZnO may easily dissolve resulting
in GaN nanotubes taking the original pattern of the ZnO pillars (Fig. 1). Furthermore,
we have demonstrated the growth of a coaxial GaInN quantum well structure around the
resulting GaN nanotubes [8]. In the present study, we investigated further the optimiza-
tion of the afore-mentioned coaxial quantum well growth along with the corresponding
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Fig. 1: GaN nanotubes grown around ZnO nanorods which dissolved during the MOVPE process
[6].

Fig. 2: ZnO nanorods grown on a-plane sapphire using a ZnO seed layer (left) [9] and using a
gold catalyst (right) [10].

optical and structural characterizations using photoluminescence, transmission electron
microscopy, scanning electron microscopy and cathodoluminescence. In addition, a new
approach for the control of the arrangement and diameter of the ZnO pillar templates
is described accompanied by the corresponding optical characterization of the overgrown
coaxial GaN/InGaN/GaN heterostructures.

2. Experimental

The ZnO nanopillars used as templates in these studies have been grown using two dif-
ferent approaches. The first is a catalyst-free vapor-solid process on a-plane sapphire
wafers which started with a ZnO nanocrystal nucleation seed layer using zinc acetate as
precursor [9]. In a subsequent step, the nanorods were deposited at 845 ◦C with Ar as
carrier gas where a ZnO/carbon powder was used as a precursor. Vertically aligned ZnO
nanorods (Fig. 2 left) with typical diameters and heights of 100–300 nm and 1–2µm were
achieved, respectively.

However, this is a random process where the precise control of the position or ordering
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of the rods is not controllable and the degree of reproducibility of such process is not
quite high. Therefore, a second approach utilizing the structured patterning of a thin
metal catalyst layer on the a-plane sapphire substrate before the ZnO pillar growth was
attempted [10]. Around 2 nm of Au were deposited on the a-plane sapphire followed by
the deposition of a monolayer of polystyrene spheres with a diameter of 1.4µm. Then the
sample is treated on a hot plate and in an oxygen plasma for fixing the spheres on the
gold film and reducing their size, respectively. Finally, the gold film in the open windows
between the spheres is wet etched and the spheres are removed in an ultrasonic bath. The
final pattern of the gold catalyst takes the form of the Polystyrene sphere monolayer, where
the periodic distance is dictated by the diameter of the spheres, the time in oxygen plasma
and the wet etching time of the gold film. The ZnO pillar growth is thus enhanced mainly
at the sites where the gold catalyst is positioned. A SEM picture of the subsequently
grown ZnO pillars in an ordered form on the patterned gold catalyst is shown in Fig.
2 (right) with diameters of 100–300 nm and lengths of 1–1.5µm, respectively. The ZnO
templates are then transferred to our AIXTRON AIX 200 RF low pressure (LP) MOVPE
system. Here, the precursors were trimethylgallium (TMGa) and NH3. In the following,
we compare three different samples. For sample A, the ZnO pillars were grown using the
catalyst-free nucleaction seed layer. The subsequent GaN nanotube growth and the the
In containing layers including the adjacent GaN barrier layer took place in two different
MOVPE systems, respectively, in order to take advantage of the well established InGaN
growth environment in the second system. A single coaxial quantum well was epitaxially
grown. We have already reported about the characterization results for this sample in [8].
It is retrieved here for comparison.

For sample B, the sequence was exactly the same except for the facts that three coaxial
quantum wells were grown and there was no growth interruption. InGaN growth took
place in the same MOVPE system after the InGaN growth conditions have been optimized.
Finally, sample C was a gold patterned ZnO template with the same GaN and InGaN
growth conditions as sample B.

Photoluminescence carried out at room and low temperature was applied to investigate the
band gaps of the grown multi-layer nano-structures. The shape of the grown nanopillars
was mainly investigated by scanning electron microscopy (SEM). Transmission electron
microscopy (TEM) measurements revealing the dimensions of single rods and the het-
erostructure details for sample A are retrieved [8]. Low temperature cathodoluminescence
was utilized to map the distribution of quantum wells for sample B.

3. Coaxial GaInN Quantum Wells

As mentioned above for sample A, the deposition of one InGaN quantum well took place
in a second MOVPE system. Here, the growth was re-established by growing a thin GaN
layer (about 7 nm) at 885 ◦C with triethylgallium (TEGa) as Ga precursor and N2 as
carrier gas. Then, the trimethylindium (TMIn) flow was switched to the reactor to grow
a GaInN quantum well with nominally about 10% In at a temperature of 830 ◦C. Finally,
the temperature was set back to 885 ◦C for the growth of the outer GaN barrier layer,
first grown with N2 as carrier gas, then switching to H2 for the last few nanometers. SEM
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inspection showed that the diameters of the nanotubes have significantly increased and
the tube openings were closed (Fig. 3 left).

Fig. 3: Sample A: GaInN/GaN coaxial nanotube structures (left) and the corresponding room
temperature photoluminescence spectrum (right) [8].

It seems that most material was deposited at the top of the tubes, indicating a less
pronounced precursor diffusion down to the template surface. This may be a consequence
of the fairly densely packed nanotubes and of the lower diffusivity of TMIn and TEGa as
compared to TMGa, being even further pronounced by the lower growth temperature. In
room temperature photoluminescence, a fairly intense peak at around 3 eV, the position
expected for the GaInN quantum well, was observed (Fig. 3 right) with a full width at half
maximum of 300meV. TEM analysis (not shown here) showed a quantum well thickness
of 4 nm, a covering spacer of 20 nm and a distance of 40 nm from the inner tube wall to
the quantum well layer [8].

Fig. 4: Sample B: three GaN/GaInN/GaN coaxial nanotube heterostructures grown without
growth interruption.

For sample B, three quantum wells were deposited directly after the epitaxial growth of the
GaN tube in the same machine. Here, the InGaN quantum wells growth conditions were
optimized for a barrier and quantum well thicknesses of 7 nm and 3 nm on c-plane sapphire,
respectively, with an emission wavelength of 417 nm. Within that context, the barrier and



Coaxial GaN/InGaN/GaN Nano-Heterostructures 81

quantum well growth temperatures were 880 ◦C and 860 ◦C, respectively, using the same
precursors and carrier gas as for sample A. As opposed to sample A, the tube openings
were apparently observed (Fig. 4). This could indicate the process sensitivity with respect
to the diffusivity of TMIn and TEGa to the temperature variations between the two
machines. In room temperature photoluminescence, an intense peak with a narrower
spectral width of 190meV was observed at 3.086 eV indicating again the existence of a
quantum well structure (Fig. 5 (left)). Note that the light-colored lines are just software
created Gaussian fits for calculation purposes.

Fig. 5: Sample B: Room temperature and low temperature photoluminescence spectrum for
three GaN/GaInN/GaN coaxial nanotube heterostructures.

Moreover, a wide blue luminescence peak - also noticeable for sample A - centered around
2.8 eV is observed, which has been reported by Wang et al. to be attributed to carbon
incorporation from the TMGa incomplete dissociation at low temperatures during the
deposition of the first layers of GaN [11]. Another shoulder peak at 3.33 eV was observed
that could be attributed to either band gap emission of some remaining ZnO or a possible
stacking fault in GaN or even some InGaN layers with less In incorporation along different
facets of the GaN nanotube (namely: the side walls or the top ring of the tube). In low
temperature photoluminescence (Fig. 5 right), the intensity of the InGaN quantum well
peak was shifted to 3.16 eV and was increased by a factor of 2.5 with the same spectral
width of 190meV. The peak at 3.33 eV was increased by a factor of 5 whereas the blue
luminescence peak was suppressed. Furthermore, low temperature cathodoluminescence
mapping along the rods has been undergone (Fig. 6 and Fig. 7). It was shown that the
emission of the lower energy peak that is attributed to the InGaN quantum well mainly
emerged from the top of the tubes (Fig. 6), whereas the higher energy peak emission
emerged from sides and bottom of the tubes (Fig. 7). Five minutes hydrochloric acid
(HCL) treatment was undergone to a twin sample to etch away any remaining ZnO,
however the spectrum did not show a significant decrease of the peak at 3.33 eV, thus
supporting more the assumption of a stacking fault or a an InGaN phase separation on
the different facets of the tubes.

The ZnO pillars of sample C were less dense and more ordered than those of samples
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Fig. 6: Low temperature cathodoluminescence mapping along the nano-tubes for sample B
under detector window centered at 393 nm.

Fig. 7: Low temperature cathodoluminescence mapping along the nano-tubes for sample B
under detector window centered at 370 nm.

A and B since the approach of the structured patterning of the gold film mentioned in
the experimental section has been utilized. The InGaN quantum well growth conditions
were exactly the same as those for sample B. As shown in Fig. 8 (left), the GaN tubes
with their coaxial quantum wells took the same arrangement as the original ZnO pillars.
However, the diameters of tube openings were considerably reduced (Fig. 8 (right)). In
low temperature photoluminescence (Fig. 9), a sharp peak showing the donor bound
exciton emission of GaN at 3.46 eV with spectral width of 14meV was observed. This is
in addition to a newly observed peak at 3.41 eV that is assumed to be stacking fault of
GaN, blue luminescence and the afore-mentioned unclarified peak around 3.33 eV.

Surprisingly, the InGaN quantum well peak at 3.16 eV, previously discussed for sample
B, did not show any sign in the spectrum. Probably, the TMIn and TEGa diffusion on
a lower density of pillars is more homogeneously distributed along the rods leading to
lower In incorporation on the top ring facets of the tubes, thus reducing the emission of
the afore-mentioned InGaN peak. However, still CL and TEM of that sample are needed
for confirmation of the afore-mentioned argument. Notably, the wide blue luminescence
at low temperature for sample C is considerably high compared to sample B that could
indicate a possible manifestation of gradient of In incorporation.
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Fig. 8: Sample C: SEM pictures of the coaxial GaN/InGaN/GaN nano-heterostructures showing
a relatively ordered pattern (left) and a smaller tube opening diameter compared to sample B
(right).

Fig. 9: Low temperature photoluminescence for sample C: coaxial GaN/InGaN/GaN quantum
wells overgrown around a less dense and more ordered ZnO pillar template.

4. Conclusion

Based on cathodoluminescence mapping along the coaxial GaN /InGaN/GaN nanoheterostruc-
tures, we assume that the In incorporation along the nanotubes is different along the sides
and the top ring facets, respectively. Moreover, low temperature photoluminescence for
the more ordered and less dense structures revealed the disappearance of an InGaN peak
at 3.16 eV and the appearance of a more intense and wide blue luminescence peak. This
could indicate that for the more ordered structures, a gradient of In incorporation along
different facets exists which would be attributed to higher diffusivity of TMIn and TEGa.
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Processing of Semipolar and Nonpolar InGaN Based

Laser Diodes

Robert A.R. Leute

We studied a fabrication process suitable for laser diodes based on both nonpolar and
semipolar AlGaInN structures. The simplicity of the designated device architecture of an
oxide stripe laser is well suited as a test structure. We investigate the crucial process of
resonator formation for nonpolar material and describe the response of nonpolar material
to dry etching.

1. Introduction

Laser diodes (LDs) based on InGaN quantum well (QW) structures emitting in the blue
to green spectral region are of great interest for applications ranging from spectroscopy to
laser projectors for mobile devices. Whereas LDs in the blue spectral region are available
commercially, the so-called “green gap” is just at the point of being bridged. The necessity
of creating InGaN QWs with high indium content in order to achieve longer wavelengths
leads to an aggravation of epitaxial challenges. Optimal growth conditions for the active
region become increasingly different from the surrounding GaN layers with increasing
In content. Furthermore, the lattice mismatch between GaN and InGaN induces strong
polarization fields along the commonly used polar directions, thus resulting in a reduced
recombination rate, due to the quantum confined Stark effect (QCSE). The QCSE draws
the wave functions of electrons and holes apart, thereby decrasing the wave function
overlap. This inherent issue can be avoided or alleviated by the growth of the active
region on nonpolar or semipolar planes [1].

There is no consensus nor clear scientific indication about the most opportune crystal
plane yet. The longest wavelengths (520-531 nm) have been achieved on the semipolar
{202̄1} plane [2,3] while LDs on the conventional c-plane have been pushed as far as 515 nm
[4, 5]. The essential issues of increasing the indium incorporation and reducing defect
densities are still unsolved. Additionally, differently oriented samples pose new challenges
for device processing, too. Especially the alignment of laser mirrors in respect to crystal
planes is drastically changed when growing devices with alternate crystal orientations.
We investigate the subsequent material response in respect of differences between polar
and nonpolar samples.

1.1 Fabrication process for an oxide-stripe laser

There are numerous device architectures for laser diodes. Aim of our investigations is the
application of an oxide striple laser diode fabrication process on nonpolar and semipolar
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samples. The edge emitting design of an oxide-stripe laser is well established and was
already applied successfully to conventional c-plane samples, producing a laser diode with
a threshold current density of 6 kA/cm2 [6]. Fig. 1 shows the LD schematically.
Vertical optical confinement is achieved by sandwiching the active layer between two
AlGaN layers with lower refractive indices. Laterally, the current injection along a small
opening in the insulating oxide layer pumps just a narrow region leading to gain guiding.
Lateral optical confinement is achieved by isolating the top metal contact from the laser
structure except for a small stripe opening.

Sapphire substrate - not to scale
AlN:O, nucl.

undoped GaN 1.00µm

SiN interlayer
330 nm

GaN:Si 5×1018 750 nm

GaN:Si 1×1019 300 nm

Al 0.09Ga0.91N:Si 4×1018

GaN:Si 4×1018 2×In0.09Ga0.91N/GaN QW
Al 0.2Ga0.8N:Mg 2×1019 e-barrierGaN:Mg 2×1019 Al 0.09Ga0.91N:Mg 1×1019

{

SiO2

Pd/Au metal contact

Ti/Al/Ni/Au contact

Fig. 1: Epitaxial structure and layout of laser device.

2. Experimental

The processing steps were investigated using test samples that were not laser structures.
The efficiency of the laser diodes is reliant on the reflectivity and orientation of the
resonator mirrors. Conventional LDs based on polar AlInGaN samples have typically
resonator facets formed by m and a oriented crystal planes. Thus they are well aligned
and very smooth. For homoepitaxially grown samples (e.g. [3]) as well as samples grown
on SiC this can be achieved by cleaving. For heteroepitaxial growth on sapphire, the
crystal orientation between substrate and the grown layers is rotated and cleaving of the
substrate will not result in equally cleft layers.

Therefore etching is used for resonator formation. In order to get steep and smooth
sidewalls, we need both an etching mask material with high selectivity as well as an
etching method with high anisotropy. The former is fulfilled by nickel (cf. [7]). For
the latter, solely dry etching methods such as reactive ion etching (RIE) are utilized.
Especially the possibility to balance physical and chemical etching gives control of the
etching profile in contrast to wet etching. The high anisotropy is especially needed for
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Fig. 2: Optical microscope image (200×) of Ni mask aligned along c-axis for HVPE (left) and
MOVPE (right) grown samples.

semipolar samples where aspired resonator facets no longer coincide with low index crystal
facets.

The alignment of the resonators has great influence on the gain of the diode, especially
for semipolar and nonpolar samples. Scheibenzuber et al. [8] calculated gain and optical
eigenmodes in InGaN laser diodes and found substantially higher gain values for laser
ridges oriented parallel to the c-axis (or its projection) compared to an orientation per-
pendicular to it. Thus, it is necessary to fabricate resonators along the c-axis. Resonator
sidewalls will then be formed by c-planes and m-planes for a-plane oriented samples. As
mentioned before, prospective samples will be grown heteroeptiaxially on sapphire sub-
strates and thence will be unsuited to create mirrors by means of cleaving.

For testing, two samples were prepared. The first sample S9456aGSr consists of ≈ 5.46µm
nominally undoped a-plane oriented GaN grown by MOVPE. The second sample V9081 7
consists of a MOVPE grown a-plane oriented GaN template, overgrown inside a hydride
vapor phase epitaxy (HVPE) reactor creating an approximately 20µm thick a-plane ori-
ented nominally undoped GaN layer. Both samples were grown on r-plane sapphire and
show typical grooves (cf. [9]) along c-direction. 300 nm nickel was evaporated as etch-

Table 1: RIE conditions used for dry etching of a-plane GaN.

Electrode RF power 50W

Pressure 15mTorr

Cl2 1.7 sccm

BCl3 10.2 sccm

Ar 5.1 sccm

Etch rate ≈ 40 nm/min

mask using 15 nm titanium as an adhesion layer. A mesa pattern was transferred by
photolithography. The alignment of the stripes along the c-direction can be seen in Fig. 2.
Under the optical microscope, the grooves and the overall roughness are clearly visible.
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For a-plane samples, the resonator edges are aligned parallel to {0001} and {101̄0} crystal
planes, we therefore expect smooth and steep sidewalls. On both samples mesa structures
were etched with an Oxford Plasmalab 100 RIE system using the parameters given in
table 1. The parameters were chosen from previous experiences with c-plane samples [6]
where sidewalls with an inclination angle of 80◦ were achieved.
After dry etching the mask was removed with a wet etching solution of H2O, HCl and
H2O2. The samples were then investigated with a scanning electron microscope (SEM).

3. Results

The aforementioned roughness of heteroepitaxially grown nonpolar samples complicated
the deposition of the nickel etch mask. The 300 nm thick Ni layer is highly strained and
even with a Ti adhesion layer, the reduced contact to the GaN surface lead to flaking and
self separation of the mask from the sample. In order to improve adhesion and reduce the
strain, we increased the thickness of the Ti layer from 15 nm to 20 nm and introduced
two 1 nm thick gold interlayers each after 100 nm of nickel for strain relaxation. Thusly
evaporated etch masks showed flawless adhesion and allowed smooth structuring. The etch
time (RIE) was chosen for an etching depth of approximately 1.2µm based on previous
experiences with c-plane GaN. We found no noticeable difference in etch rate for the
a-plane samples. Figure 3 shows the SEM picture of a mesa flank of the HVPE grown
sample with included height measurement. The etching depth of the MOVPE grown
sample was found to be the same within the accuracy of the measurement (not shown).
Both samples show a humpy roughening of the upper half of the flank but are smooth
below (Fig. 5). Wether these bulges are related to material properties or caused by the
processing is unclear, yet.

Fig. 3: SEM picture of mesa side flank
(HVPE sample), height ≈ (1.2 ± 0.1)µm.

Fig. 4: SEM picture (detail) of cleft mesa,
considering the viewpoint the inclination
angle is ≈ (74 ± 2)◦(MOVPE sample).
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Fig. 5: SEM images of the mesa edge for HVPE (left) and MOVPE (right) grown a-plane GaN
after removal of the Ni mask.

Measurement on a mesa cleft (Fig. 4) shows an inclination of only 72◦ to 75◦. Further
optimization of the anisotropy of the etching process deems necessary, before they can be
used as resonator mirrors.

The etching seemed to have only marginally deleterious effects on the etched surface.
They still show a typical respective smoothness for HVPE and MOVPE grown a-plane
GaN (Fig. 6) and hence appear well suited for further processing steps.

Fig. 6: SEM images of etched surface for HVPE (left) and MOVPE (right) grown a-plane Gan.

4. Conclusion & Outlook

The response of nonpolar GaN to RIE dry etching was investigated. The etching mask was
optimized by introducing gold interlayers for a high reproducibility and reliability. While
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etching depth and profile are very promising further investigations for a-plane samples are
needed to increase the inclination angle of the etched resonator mirrors as well as further
experiments on samples with semipolar surfaces.
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MOVPE Growth of High Quality AlGaN Using

In-Situ Deposited SiN Nano-Masks

Kamran Forghani †

Growth optimization of AlGaN epilayers — with 20% and 30% Al content — directly
grown on sapphire by MOVPE was investigated. Quality of the AlGaN epilayers was
improved by an in-situ nano-masking employing ultra-thin SiN interlayer(s), confirmed
by high intensity luminescence of quantum wells grown on top of these high quality AlGaN
layers.

1. Introduction

AlGaN layers grown directly on sapphire typically experience fairly strong biaxial com-
pressive strain [1] which leads to a large number of threading dislocations (TDs) — mainly
misfit TDs. These mainly occur in the form of edge/mixed type TDs. They cause very
broad asymmetric high resolution X-ray diffraction (HRXRD) reflections, e.g. (102)-
reflexes [2]. On the other hand, screw/mixed type dislocations are mainly responsible
for the broadening of the symmetric (002) HRXRD peaks. They do not hamper the de-
vice performance as strongly as edge type TDs [3]. Therefore, our main interest in this
work is to grow AlGaN epilayers with as narrow as possible asymmetric XRD reflections
corresponding to a low density of edge type TDs.

Nowadays, epitaxial lateral overgrowth (ELO) [4] techniques are widely used to grow high
quality GaN layers using metalorganic vapor phase epitaxy (MOVPE). On the other hand,
long ex-situ masking procedure and the presence of localized TDs in the window regions
are typical drawbacks of ELO. Moreover, a thick overgrowth of the mask necessary to
coalesce wing areas can lead to cracking of epilayers.

In-situ ELO techniques, especially in small scales, are of general interest due to the possi-
bility to overcome the drawbacks of ELO while keeping its advantages. It has been shown
by Tanaka et al [5] that SiN intermediate layers are an effective tool to grow high quality
GaN epilayers. However, Engl et al. [6] observed that SiN interlayers do not reveal any
visible improvement in crystal quality of AlGaN layers. In other words, these techniques
seem to be less promising concerning the AlGaN material system, since AlGaN does not
grow as selective as GaN [7]. Nevertheless, we report a successful implementation of SiN
interlayers being deposited in-situ which could lead to facet-initiated ELO (FIELO) [8]
in the nano-scale (nano-FIELO).

†in cooperation with M. Klein, F. Lipski, S. Schwaiger, J. Hertkorn, F. Scholz (Institute of Opto-
electronics, Ulm University), M. Feneberg, B. Neuschl, K. Thonke, R.A.R. Leute, K. Fujan, I. Tischer
(Institute of Quantum Matter, Ulm University), O. Klein, U. Kaiser (Transmission Electron Microscopy
Group,Ulm University)
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2. Experimental

All samples investigated in this study were grown on (0001) sapphire substrates in a low-
pressure horizontal reactor (Aixtron AIX-200/4 RF-S). Trimethylgallium (TMGa) and
trimethylaluminum (TMAl) were used as group-III precursors, and ammonia as group-V
precursor. The Al incorporation in our samples was typically about 20% and 30% as
confirmed by photoluminescence (PL) and HRXRD. The standard growth temperature
was set to 1120 ◦C. Similar as for our high quality GaN layers, we used a nucleation layer
(NL) of oxygen doped AlN with a thickness of about 25 nm [9]. Silane was used for the
deposition of the SiN layers.

Fig. 1: 4min AlGaN overgrowth on
SiN mask with different deposition
time leading to different surface mor-
phologies with micro-islands: SiN
deposition for (a) 3min, (b) 4min
and (c) 6min.

The thickness of the SiN interlayer must be less than a monolayer to obtain the best
growth results [5]. An important factor in implementing an in-situ mask is the surface
coverage, varied by the deposition time (Fig. 1).

In order to find the optimal coverage of the SiN mask, we deposited the mask after almost
150 nm of AlGaN growth on the NL and grew nominally 1µm above the mask. Also the
effect of overgrowth thickness on the crystal quality has been investigated. A series of
GaN-AlGaN multi quantum wells were grown on samples with different SiN modifications,
taking their CL signal as a figure of merit in order to investigate the influence of the AlGaN
layer improvements obtained by the SiN interlayers on device-relevant structures. These
experiments were carried out similarly for samples with 20% and 30% aluminium.

Sapphire

AlGaN ~ 700 nm SiN

Sapphire

AlGaN ~ 1000 nm

AlGaN ~ 150 nm
NL

SiN

Sapphire

AlGaN ~ 1000 nm

AlGaN ~ 150 nm
NL

AlGaN ~ 1000 nm

SiN

c

b
a

Fig. 2: Typical structures grown in
this work, (a) reference sample, (b)
layers with a single SiN interlayer
and (c) a structure with double-SiN
interlayer

As a reference for the following investigations, an AlGaN epilayer with 20% Al content
was grown with a thickness of 0.7µm (Fig. 2-a). The X-ray rocking curves (XRC) showed
a very narrow symmetric (002) reflection — FWHM of 57” — and a very broad (102)
asymmetric reflection — FWHM of 2350”. The reference sample with 30% Al-content
had a thickness of 0.6µm showing 53” and 2590” XRC peak broadening for (002) and
(102) reflections, respectively.
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Phase-separation (inhomogeneous incorporation of Al in AlGaN epilayers) has a high
probability to occur during AlGaN growth. The different surface migration lengths of
the Ga and Al adatoms [1] play an important role in the phase-separation appearance,
i.e. whenever growth occurs on an uneven surface, this phenomenon takes place more
severely [10]. Since during AlGaN post-growth of SiN, pyramidal islands are initiated,
we have investigated phase-separation as side effect by means of PL followed with locally
resolved cathodoluminescence (CL), shortly called SEM-CL.

3. Results and Discussion

3.1 AlGaN layers with 20% Al

AlGaN epilayers were grown as schematized in Fig. 2-b, with a SiN interlayer deposited
after 150 nm growth of AlGaN on a NL followed by 1µm overgrowth of SiN.

The deposition time of the SiN-layer was varied between 3min and 8min. The best results
within the series could be obtained for a deposition time of 6min revealing huge crystal
improvement — XRC (102)-FWHM of 571”— due to SiN nano-masking, see table. 1.
However, the more SiN coverage is, the rougher the surface, being evident from atomic
force microscope (AFM) roughness evaluations in 10µm × 10µm. Whenever mask cover-
age is higher, consequently, more overgrowth thickness is essential in order to coalesce the
initiated facets (submicro-islands), see Fig. 1. The surface roughness is also correlating
with (002)-FWHM XRCs.

RMS= 25nm after 1µm overgrowth RMS= 3nm after 1.8µm overgrowth

RMS= 0.8 nm after 2.5µm overgrowth RMS= 0.3 nm after 3.4µm overgrowth

Fig. 3: Surface topography evaluations after different overgrowth of SiN mask (6min deposited)
with AlGaN.
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Table 1: Effect of SiN deposition time on XRC (102), (002) reflections and surface roughness
in AFM for the samples with 20% Al.

SiN deposition (102)-FWHM (002)-FWHM RMS-AFM
0min 2347” 57” 1 nm
3:30min 1789” 115” 2 nm
4min 1212” 160” 6 nm
4:30min 999” 183” 8 nm
5min 645” 321” 15 nm
6min 571” 343” 25 nm
7min 645” 308” 23 nm
8min 818” 301” 58 nm

Therefore, we carried out a series of investigations concerning the effect of overgrown
layer thickness after the SiN mask on crystal quality together with evolution of surface
topography. The sample with a SiN deposition time of 6min was chosen. Fig. 3 shows the
surface topography and roughness evaluations done by AFM. After 2.5µm overgrowth,
we achieved sub-nm roughness values which was even less than our reference sample with
1 nm roughness. The asymmetric peak FWHM decreased with increasing thickness down
to a value of 443” for the sample with 3.4µm overgrowth (Fig. 4).
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Fig. 4: Effect of SiN mask overgrowth on XRC of (102) and (002) reflections in AlGaN (20%)
epilayers — with SiN deposition time of 6min.

A multi quantum well (MQW) structure (8× GaN:3 nm/AlGaN:7 nm) was grown on these
high quality layers to take their luminescence as a probe for the improvement of the
epilayer quality due to the SiN interlayer. On the reference sample ( AlGaN epilayer
without SiN interlayer) the MQW-PL intensity at about 3.6 eV is weaker than that of
the buffer layer — 700 nm thick AlGaN — at about 3.85 eV with PL-FWHM of 67meV
(Fig. 5). However, MQW grown on layers with a SiN interlayer at 150 nm and 1µm
overgrowth as buffer showed much more intense PL from MQW (PL-FWHM of 58meV)
compared to that of the barrier. The PL-FWHM of the MQW even became narrower
when the SiN interlayer was directly deposited on the NL.

More complicated structures like deposition of two SiN interlayers with a distance of
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Fig. 5: Normalized PL for reference sample (without SiN interlayer) and some high quality
AlGaN layers with SiN interlayer. PL-FWHM of every layer is written on the respective graph.

300 nm — the first one on the NL — even experienced narrower luminescence spectra
with a FWHM of 42meV.

According to weak beam dark field transmission electron microscopy (WBDF-TEM) in-
vestigations, edge-type TDs (the main existing TDs) are stopped generally by the SiN
interlayer (Fig. 6-a). TDs in some regions are merged or bent, creating a bundle of dis-
locations reaching the surface. TDs can reach the surface but in the form of a bundle of
dislocations, rarely separately. Thus, this bundling increases the dislocation free surface
effectively, in addition to dislocations annihilated by the SiN. Fairly large defect-free areas
with diameters in the range of few micrometers in lateral size could be observed (Fig. 6-a).

We interrupted the growth after nominally overgrowing about 290 nm AlGaN on the SiN
interlayer in order to study TDs’ behavior due to SiN deposition. Scanning electron
microscopy (SEM) of the surface topography reveals that some pyramidal islands are
formed with {11̄03}-facets (Fig. 6-b). The islands look as if there is pure selective area
grow of AlGaN on SiN nano-mask.

TEM cross sectional images from the same sample show that growth also occurs even
between the formed islands(Fig. 6-c). The AlGaN grown on the wing area between the
islands has a high density of TDs contrary to the pyramidal islands being almost TD free.
The initiation of facets affect the TDs behavior as well. Due to the fact that growth in
〈112̄0〉 direction is faster than other in-plane directions the pyramidal islands have higher
lateral growth rate. On the one hand, this leads to bending of TDs and even formation
of dislocation loops, consequently dislocation termination. On the other hand, these high
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SiN

g = 2-1-10

a b

c

Fig. 6: (a): TEM from cross section of a sample with 4min SiN deposited at 150 nm above NL
with 1µm overgrowth, (b): SEM image from top view of a sample with very same structure but
only 4min. overgrowth, (c): Cross sectional TEM from sample shown in (b).

quality pyramidal islands grow laterally in size and then dominate the low quality areas
of AlGaN grown between them (on the wing area).

3.2 Phase separation investigations

The overgrowth of the SiN nano-mask was interrupted in order to record luminescence
spectra of the topmost overgrown layers in different steps of the nano-FIELO (Fig. 7).
PL spectra (Fig. 8) confirm that phase-separation phenomena occur, being evident from
several visible luminescence peaks for each sample. At the very early stages of SiN-
overgrowth, there are several peaks visible mainly in low Al-content regions. As the
surface evolves - from sample ’i’ to sample ’v’ - two merging peaks are basically visible.
With more overgrowth, consequently, there is just one main peak with a side peak, lower
in energy as well as intensity.

In order to disclose how the Al (Ga) concentration is distributed over the surface, SEM-
CL investigations were performed on the first sample within this series. The sample has
4min AlGaN overgrown on the SiN mask deposited for 4min.

In the CL spectrum of the sample (Fig. 9-a), several peaks are visible. The highest Al
contents are incorporated on the top facets of the hillocks — c-plane facets evident from
the 3.83 eV emission line (Fig. 9-e and Fig. 9-f). That is similar to findings of Zhoua
et al. [11] that Al incorporated more into c-plane facets as compared to tilted m-plane
facets. Together with the lower surface mobility of the Al-adatoms, there is another reason
promoting phase segregation. Incorporation efficiency of Al and Ga adatoms depend also
on crystallographic growth direction. The (001)-plane has a higher number of coordinated
surface atom bonds than these tilted facets [12]. This means incorporation of adatoms on
c-plane facets is energetically more favorable. In other words, Al-adatoms have stronger
incorporation efficiency into c-plane facets due to lower surface diffusion length. This
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Fig. 7: Top: Surface topography of samples with different AlGaN (20%) overgrowth time after
SiN deposition; ‘i’, ‘ii’, ‘iii’, ‘iv’ and ‘v’ correspond to overgrowth thickness of 90 nm, 290 nm,
510 nm, 1000 nm and 1300 nm, respectively. Bottom: respective in-situ reflectometry graphs of
such samples. Steps 1, 2 and 3 show NL growth, 150 nm AlGaN growth before SiN interlayer,
followed by 4min SiN deposition, respectively.

results in a higher Al concentration on top of the hillocks and slightly less Al concentration
in the side facets.

However, it is clear from SEM-CL mapping of the 3.46 eV emission line (Fig. 9-c) that
pure GaN is also incorporated very much in the hillock areas. This can be attributed to
the fact that in the beginning of the growth, as mentioned earlier, Ga has higher selectivity
— less sticking coefficient — than Al. That results in diffusion of Ga adatoms to window
area of the SiN mask at the very beginning of the AlGaN overgrowth while this is not
the case for Al adatoms. Thus, it can be expected to observe GaN luminescence from
the bottom layers of the hillocks. On the masked area, however, AlGaN growth is taking
place (Fig. 6-c) but since it has mainly very poor crystal quality and less thickness than
hillocks, it does not luminesce visibly.

3.3 AlGaN layers with 30% Al

Similar to our AlGaN (20%) layers, finding out the optimum coverage of SiN in AlGaN
(30%) is our first step. Layer structures have been grown similar as described in Fig. 2-b
with 1µm overgrowth (OG) after SiN deposition. Obviously 8min SiN-deposition time
led to the best results (table 2), in the series with regard to the XRC (102)-FWHM being
down to 1406” compared to that of the reference sample with 2591”. The same MQWs as
in the previous part (AlGaN layer with 20% Al) were grown on these layers. We observed
a huge improvement due to the SiN implementation into such layers with a PL-FWHM
of 95.9meV while that of the sample without SiN is 212.6meV.
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Fig. 8: PL spectra from the samples with different overgrowth times shown in Fig. 7.

Table 2: Effect of SiN-deposition time on XRD (102)- and (002)-reflections as well as on PL of
MQW — emitting at 340 nm — grown on some of these buffer layers as a probe to enhancement
of crystal quality in AlGaN (30%) layers.

Strucutre SiN (102)-FWHM (002)-FWHM MQW PL-FWHM
i: SiN+1µm OG 0min 2591” 53” 212.6meV
i: SiN+1µm OG 6min 1814” 172” —
i: SiN+1µm OG 7min 1652” 228” —
i: SiN+1µm OG 8min 1406” 285” 95.9meV
i: SiN+1µm OG 9min 1500” 350” —
ii: SiN+2µm OG 8min 1086” 217” 88.3meV
iii: double-SiN 8min 1087” 233” 74.5meV

By continuing the AlGaN overgrowth on the SiN interlayers up to a thickness of 2µm, we
could further reduce the edge/mixed type TDs being evident from (102)-XRC, (sample
ii in table 2). The PL-FWHM of MQW is also further reduced to 88meV. A third
sample (sample: iii in table 2) was grown with the same structure but with a second SiN
interlayer with distance of 1µm from the first SiN layer (Fig. 2-c). The second SiN did
not lead to any change in the (102)-XRC peak width but revealed a slightly broader (002)
reflection. Nevertheless, the MQW-PL was 13.5meV narrower in the sample with double
SiN interlayer.

4. Conclusion

In-situ deposited SiN nano-masking is an effective tool to reduce edge/mixed type dis-
locations in AlGaN layers. The dislocation reduction mechanism is basically FIELO in
nano scale, leading to the realization of high quality layers without necessity of thick
overgrowth of the mask. As AlGaN does not show a strong selectivity during overgrowth
of SiN nano-mask, the growth occurs on the masked areas as well but the growth rate is
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Fig. 9: SEM-CL from sample ‘i’ shown in Fig. 7. The hillocks have regions with different Al
concentration distribution.

much lower than on the non-masked areas in the very beginning of the overgrowth of the
mask, leading to the initiation of islands (facets) which have very low dislocation density.
During the growth, they become larger eventually dominating the high dislocation den-
sity areas leading to formation of TDs’ bundle. The bundling effect additionally helps to
realize larger dislocation free areas on the surface. However, this technique seems to be
less efficient for higher Al concentrations, e.g. 30% Al content.
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