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We present vertical-cavity surface-emitting lasers (VCSELs) with integrated phototran-
sistor (PT) layers, arranged as four parallel-driven mesas in one row connected by thin
ridges. Detailed studies about the turn-on process of the device are shown, as well as a
direct visualization of the optically controlled current confinement. Light—current—voltage
(L1V) operation curves with hysteresis loops were measured and simultaneous camera im-
ages were taken from the back side of the structure to record the turn-on/-off order of this
device.

1. Introduction

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

2. Device Structure

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

3. Experimental

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

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

4. Conclusion

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