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Bridge-contact microdisk lasers formed by wet chemical etching
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This work presents an approach to the fabrication of quantum dot microlasers on GaAs substrates featuring a
disk-shaped cavity, a bridge-type electrical contact and a supporting mesa formed by wet chemical etching. The
bridge structure consists of two mesa structures connected by a suspended gold beam, one of which is actually a
microdisk cavity, and the other allows to create an external electrical contact. The proposed method opens up ways
to fabricate small-diameter injection microlasers, as it obviates the need for wire bonding to the top surface of the
microlaser cavity. Microlasers with a bridge electrical contact were fabricated, the formation of a close-to-vertical
microcavity side-wall in the active region of the structure was demonstrated and the electroluminescence spectra of
the microlasers were obtained in a wide range of pump currents, confirming the possibility of lasing both at room

and elevated temperatures.
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1. Introduction

Semiconductor whispering gallery mode quantum-dot
microdisk lasers are one of the most promising areas in
the development of light microemitters that are used in
various optoelectronic applications ranging from optical
communication systems to biomedical sensing [1,2]. Due
to a high Q factor [3], low lasing threshold [4] and lateral
direction of output radiation, they have considerable ad-
vantages over other types of microlasers (vertically-emitting
lasers, photonic crystal lasers, etc.). Efforts have been taken
over recent years [5-8] to integrate microdisk lasers with
other elements and to finally use them as part of photonic
integrated circuits. A reliable electric contact is required
for integration of such lasers. Small sizes of microlasers
make it difficult to provide electric contact to them through
direct soldering (welding) or microprobe contact. Moreover,
integrated form of microlasers with photonic integrated
circuit requires electric connections to be made between
circuit components, which also shall be accomplished in a
single process cycle.

This work describes an approach to creating bridge-type
microdisc lasers with an outboard bonding pad. Bridge
structure consists of two isolated mesa structures with an
air metal contact thrown between them. The key feature of
this structure is in that the bonding pad is brought out onto
a free-standing dielectrically isolated supporting mesa. Air
etching under the metal contact provides electric insulation
of the heterostructure layers between the mesas [9,10].
Such structural arrangement provides not only stable electric
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pumping without degrading the functional properties of the
microlaser, but is also used to overcome the minimum
microlaser size confinement induced by the capabilities of
forming a contact with the upper surface of the cavity.

Fabrication of microlasers usually includes synthesis by
molecular beam or vapor phase epitaxy methods followed
by the formation of microcavities in the form of a disk or
ring using photo or electron-beam lithography and etching.
To form microdisc cavities with outboard contact, this
work uses a wet chemical etching method that, compared
with plasma-enhanced chemical etching, doesn’t require
additional planarizing coatings to form the bridge electric
contact between the microlaser and bonding pad; such
coatings deteriorate heat removal and reduce the optical
output power due to absorption of the laterally outgoing
light [11]. Moreover, in case of wet chemical etching, the
bridge contact is formed in a single cycle with mesa etching,
because wet etching may be performed laterally under the
metal region. At the same time, optimization of wet etching
conditions is required to form a vertical-wall mesa.

This work first created microdisk lasers with a bridge
contact, demonstrated the formation of a near-vertical
microcavity wall near the active region of the structure and
achieved lasing at room and higher temperatures.

2. Materials and methods

Laser heterostructure was synthesized by gas-phase
epitaxy from organometallic compounds on a n™-GaAs
substrate nonoriented at 6° relative to the (100) plane.
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Figure 1. SEM images of formed microlasers with a bridge contact: @ — plan view, b — angle view, ¢ — view of the side wall for deep

etching, d — view of the devices and unetched region.

The structure consisted of a n*-GaAs buffer layer, 1.5um
n-Alg 39Gag 61 As lower emitter layer, 0.75um undoped
GaAs waveguide layer, 1.2um p-AlGaAs upper emitter
layer and 0.15um p**-GaAs contact layer. The wave-
guide layer contained an active region consisting of 6
InGaAs/GaAs quantum dot layers that were formed by the
deposition of a 2nm Ing4GagcAs layer on GaAs. The
quantum dot layers were separated by a 40 nm GaAs spacer.

Microlasers were formed using standard photolithography
methods. The lift-off lithography method was used to form
dielectric and metallic layers. To isolate the bonding pad
from the supporting mesa, a dielectric liner consisting of
a two-component TiO,-SiO; system was formed using the
magnetron sputtering method. Ohmic contact was formed
by the high-vacuum thermal evaporation method with
sputtering of the Ag-Mn-Ni-Au system to the p-GaAs and
Au-Ge-Ni-Au layer for n-GaAs followed by simultaneous
hydrogen burning-in. The ohmic contact was also brought
out onto the supporting mesa by the thermal evaporation
method, for this Cr-Au sputtering was performed. The
resulting metal beam was thickened using selective gold
electroplating to a thickness of ~ 3 um.

Mesastructures were etched in a polishing HBr:K,Cr,O7
etchant that had similar etching rates for the heterostructure
layers, due to which a sufficiently smooth side wall of the
mesa was made. Etching was performed to a nominal depth
of 20 um or 23 um. Etching depth was measured using the
Bruker DektakXT stylus profiler. Diameter of the fabricated

microdisk lasers was ~ 84 and 80 um for etching to a depth
of 20um and 23 um, respectively, due to lateral etching.
Images of the produced structures made using a scanning
electron microscope (SEM) are shown in Figure 1. As
shown in Figure 1, ¢, slope of the cavity wall near the active
region of the heterostructure is almost vertical. However,
Figure 1,d shows that the heterostructure is underetched in
a region under the bridge due to a limited access for the
chemical etchant. As a result, a protrusion is formed in
the bridge region both on the outboard bonding pad side
and microlaser side; the larger the etching depth the smaller
the protrusion is. Such protrusion may reduce the Q-factor
(increase optical loss) of the laser cavity and, consequently,
affect its threshold and spectral properties.

For measurements, a wafer with the formed devices was
soldered with the n-contact downward to a copper heat
sink that also served as one of the electric contacts and
was placed on a solid holder that made it possible to
vary the heat sink temperature by means of a built-in two-
stage thermal cell and thermal sensor. Electric contact to
the outboard bonding pad of the studied microlaser was
made using a metallic microprobe. The microlasers were
energized by current pulses with a duration of 500 ns and a
repetition rate of 4kHz. Microlaser light was collected by
the Mitutoyo MPlan APO NIR 20x microlens and then sent
to the Yokogawa AQ6370D optical spectrum analyzer via a
multimode optical fiber.
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3. Findings

Figure 2,a shows electroluminescence spectra of a mi-
crodisk laser formed by etching to a depth of 23 um mea-
sured at room temperature for different pumping currents.
At low pumping currents, the electroluminescence spectrum
of the microlaser corresponds to spontaneous radiation of
the InGaAs/GaAs quantum dots [12]. Spectral position of
the spontaneous radiation intensity peak corresponds to the
basic non-equilibrium carrier junction at the dots and is at
~ 1077nm. As the pumping current increases, a series of
narrow lines corresponding to the whispering gallery modes
supported by the microcavity occurs in the long-wavelength
area of the spontaneous radiation band. A threshold form
of dependence of the integral laser luminescence intensity
on pumping current is also a sign of transition into the
lasing condition (Figure 2,b). Lasing threshold current I
for this microdisk laser is ~ 93mA, which corresponds to
the threshold current density ~ 1.8 kA/cm?. The microdisk
laser demonstrates multimode lasing throughout the studied
pumping current range.

Microlasers formed by etching to a smaller depth
(20 um) demonstrate much worse properties than micro-
lasers formed by etching to a depth of 23 um. As shown in
Figure 3, a, an increase in the etching depth from 20 um to
23 um reduces the threshold laser lasing current multifold.
This is most probably caused by a smaller protrusion formed
under the bridge contact and, consequently, by lower photon
loss due to light scattering for cavities with a larger etching
depth. A considerable threshold current growth was actually
observed in microring lasers, when a radial waveguide was
connected to them, and was associated with the growth of
photon loss due to significant light scattering in corners at
the interface between the microring cavity and radial optical
waveguide [13]. Moreover, microlasers made by large-depth
etching demonstrate lasing in a longer-wavelength portion
of spectrum notwithstanding that all them are formed from
the same epitaxial laser heterostructure. It is known that
the growth of loss in quantum-dot lasers leads to a short-
wavelength shift of laser generation wavelength [14], which
also indicates a lower level of loss in microlasers made by
etching to a depth of 23 um.

The magnitude of full photon loss inherent with the
studied microlasers formed with various etching depth may
be determined by comparing the generation wavelength at
the threshold in microdisks and stripe lasers with different
lengths made from the same epitaxial structure. In this case,
we also use the fact that the optical confinement factor
(both vertical and lateral) is the same for laser modes in
both cases. The obtained correlation between the threshold
gain and lasing wavelength for stripes with different lengths
is shown in Figure 3,b assuming that the reflectivity of
stripe laser mirrors is equal to 30%. The level of internal
loss of 2cm~! derived from the dependence of inverse
differential quantum efficiency on the cavity length of the
stripe-geometry laser was considered. Since microdisk and
stripe-geometry lasers are made from the same epitaxial
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Figure 2. Electroluminescence spectra (a) measured at different
pumping currents and dependence of the integral electrolumines-
cence intensity on the pumping current (b) for the microdisk laser
with a nominal etching depth of 23 um.

wafer, the similar wavelength at the generation threshold
is indicative of a similar level of loss in lasers. Then for
microdisks with an etching depth of 23 um, the total optical
loss amounts to approximately 20 cm™!, which is consistent
with previous reports for microdisks made using plasma-
enhanced chemical etching [15]. Microdisk etching to a
smaller depth (20um) results in significantly higher total
optical losses of approximately 55 cm™!.

The next stage addressed spectral and threshold proper-
ties The subsequent stage of the study focused on the
spectral and threshold characteristics of the microdisk laser
formed by etching to a depth of 23 um at different tempe-
ratures (20—90 °C). Growth of the lattice temperature leads
to the growth of threshold lasing current (Figure 4, a), that is
described by the characteristic temperature Tp = 45K in the
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Figure 3. Lasing threshold currents (blue symbols) and wavelength of dominant lasing mode, obtained at the threshold, (red symbols)
for the microdisks with etching to a depth of 23 um (boxes) and 20 um (dots) (a). Dependence of the threshold modal gain on the lasing
wavelength for stripe lasers made from the same epitaxial structure (b).
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Figure 4. Dependences of the threshold current (dots — experiment, solid line — approximation with the characteristic temperature To)
and dominating laser mode wavelength (boxes — experiment, dashed line — linear approximation) on temperature (a) and
electroluminescence spectra measured at different temperatures with the pumping current equal to 1.15 X Iy (b) for the microlaser

with an etching depth of 23 um.

temperature range from 20°C to 70°. Laser emission was
sustained up to a temperature of 90 °C. Temperature growth
of the nonradiative recombination contribution and growth
of thermal smearing of charge carrier distribution over the
quantum dot states (ground, excited) also increasing the
probability of carrier escape from the quantum dots from
quantum dots are supposed to be the main reasons of the
threshold current growth with temperature.

Temperature growth also leads to a red shift of laser
generation wavelength with a characteristic coefficient of
~ 0.5nm/K (Figure 4,a). A long-wavelength shift of the
laser line with temperature may be induced by several
main contributions. The first contribution is associated with
the variation of the refractive index of the active region of
laser with the temperature growth governed by a thermo-

optic coefficient of approximately 80 nm/K in microlasers
with similar active region [16,17]. The second contribution
is extremely weak and is associated with linear thermal
expansion of materials forming the microlaser. The third
contribution is associated with the long-wavelength shift
of the gain spectrum itself with the temperature growth
induced by the temperature variation of the band gap of
materials forming the active region of the microlaser. Actu-
ally, an evident shift of the spontaneous luminescence band
of microlasers (Figure 4,b) by ~ 0.45nm/K is observed as
the temperature grows. Therefore, the observed redshift
of the lasing wavelength with increasing temperature with
a coefficient of 0.5nm/K that is displayed in this case is
caused by a combination of all above-mentioned factors,
among which band gap narrowing is predominant.
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4. Conclusion

This work shows a new approach to creating quantum-
dot microdisk lasers based on wet chemical etching and an
externally positioned bonding pad. The proposed method
makes it possible to eliminate the need for electrical wire
bonding to the top surface of the microcavity and, thus,
offers the opportunity to make small-diameter injection
microlasers.  Electroluminescence spectra were obtained
to confirm the possibility of multi-mode lasing at various
pumping currents. Outboard contacts improve the electric
connection stability through the use of soldering or welding
for small-diameter lasers and, according to the performed
studies, maintain stable operation at elevated temperatures
making the proposed technique promising for integration
into photonic circuits and optoelectronic devices.
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