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Optically controlled current confinement is an oxide- and regrowth-free method in verticalcavity surface-emitting lasers (VCSELs) to funnel carriers in very close vicinity to the
active layers to reach low lasing threshold currents. The essential component to steer the
current flow through the laser is a monolithically integrated phototransistor (PT) in the
cavity, operating as an optical switch. The PT layers become locally conductive where
the highest photon density is reached in the resonator and establish the current aperture.
Illuminating parts of the VCSEL by a focused external laser beam changes this spatial
photon distribution by introducing additional photons. We demonstrate the possibility of
manipulating the location of the current aperture as well as influencing the light–current
characteristics by varying the power and wavelength of the external laser.

1.

Introduction

Diverse novel fields of applications with the main scope of optical sensing and shortdistance data communications have continuously increased the importance of verticalcavity surface-emitting lasers in the past years [1]. However, not only the variety of
applications contributed to the success but also profound VCSEL research and development played an important part. This resulted in more efficient, faster, and inexpensive
lasers. Extending the device lifetime is a concern which is affected by several factors. One
of them is the buried insulating oxide ring which funnels the current flow through its centered opening — the current aperture [2]. This leads to a strong local increase of current
density and thus reduces the lasing threshold current. However, during the manufacture
of this current aperture via selective wet-thermal oxidation, the high aluminum content
AlGaAs layers of the top mirror reduce their volume when transformed to an oxide. Typically the current aperture is located close to the active zone. As a result, mechanical
strain is directly transferred to the active layers of the VCSEL, which might affect the
very-long-term reliability of the VCSEL [3]. Oxide-confined VCSELs are most popular for
commercial use, however, alternative current confinement techniques like mesa-etching [4],
proton implantation [5], or epitaxial regrowth [6, 7] still exist. Although the performance
of those devices may be equivalent to that of oxidized VCSELs, the manufacturing effort
is comparably high, in particular if regrowth is involved.
We have developed an optically controlled method for current confinement, where an
epitaxially integrated phototransistor — configured as an optical switch — defines the
current flow through the device [8]. The concept of this oxide- and regrowth-free approach
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Fig. 1: Schematic layer structure of an optically current-confined VCSEL with integrated PT,
which is configured as an optical switch. The PT opens where the highest lateral photon density
is reached, thus the location of the current aperture strongly depends on the quality factor of
the resonator and can be affected by etching the top mirror (i.e., under the top metal contact).

is discussed in detail in Sect. 2. The required photons for switching the PT conductive
can either originate directly from the active zone of the PT-VCSEL or be injected into the
resonator by an external laser beam. This new technique of defining and manipulating the
current aperture is introduced in Sect. 3, where also its influence on the turn-on behavior
of parallel-driven PT-VCSEL arrays will be investigated. Section 4 analyzes the impact of
varying the output power and wavelength of the external laser on the light output curves
of large-area VCSELs.

2.

Optically Controlled Current Confinement

Optically current-confined PT-VCSELs combine the advantages of a strain-free epitaxial
structure with a simple manufacturing process. Compared to existing methods, mentioned
in Sect. 1, no physical barriers must be post-processed in order to partially block the
current flow. Our approach epitaxially integrates a PT directly into the cavity where
also the active zone of the VCSEL is located (see Fig. 1). As in a standard pnp-bipolar
junction transistor configuration, the PT consists of p-emitter, n-base, and p-collector
layers, however, except for the external base terminal. The base current IB is generated
in a dedicated quantum well (α-QW) between the base and collector layer by absorbing
photons in the resonator. Actually, IB is a photocurrent which can be calculated as
IB = (1 − exp (−αd)) ·

qλ
· P,
hc

(1)

where α is the absorption coefficient and d is the width of the α-QW, q is the elementary
charge, h is Planck’s constant, and c the vacuum velocity of light with wavelength λ and
optical power P in the cavity.
Ramping up the drive current, initially the PT acts as an insulating barrier which only
allows leakage current to flow. However, this current already causes spontaneous emission,
generated in the InGaAs QWs of the active zone. These photons get partly absorbed in
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Fig. 2: Schematic layout of parallel-driven PT-VCSELs which are defined by four interconnected
surface metal contact rings. The external laser beam is focused at position A and introduces
additional photons in the resonator.

the α-QW and produce the base current (according to (1)). The GaAs-based PT-VCSEL
is designed to absorb exclusively in the 1040 nm range via an InGaAs α-QW. Once IB
exceeds a certain threshold value, which mainly depends on the current gain, the lateral
region of the PT with the highest photon density switches into a conductive state. The
drive current now funnels through this current aperture, generates more photons and keeps
this PT area open and stable in diameter. After reaching the threshold current density,
the PT-VCSEL starts lasing. The location of the current aperture strongly depends on
the spatial photon density during the turn-on of the device. It can either be influenced
by the quality factor of the resonator, determined by, e.g., the number of top mirror pairs
(see Fig. 1) or surface relief structures [9]. Alternatively, as will be explained in Sect. 3,
additional photons can be introduced into the cavity by a focused tunable laser beam.
Functional devices can be processed with a few cleanroom steps, not requiring the critical
wet-thermal oxidation. Thus, the problematic strain close to the active zone is eliminated,
which could extend the lifetime of the VCSELs. Moreover, the optimized spatial overlap
between the current and photon distribution could lead to more efficient lasers.

3.

External Current Aperture Definition and Manipulation

To modify the location of the current aperture during the turn-on of the PT-VCSEL
means to influence the spatial photon distribution in the resonator. This can be done by
incrementing the number of photons via light injection. We employ an external tunable
laser with an optical output power of up to 35 mW and a wavelength range from 990 to
1075 nm. The wavelength of these photons must be chosen according to the resonance dip
in the reflection spectrum of the PT-VCSEL to ensure the best possible injection efficiency.
Owing to the red-shift of the spectrum caused by internal heating, the wavelength of the
external laser needs to be readjusted when changing the drive current.
To qualitatively investigate the influence of additional photons in the cavity of PTVCSELs, we have grown a test sample by molecular beam epitaxy on an n-doped GaAs
wafer. The resonator is formed by p- and n-doped AlGaAs/GaAs Bragg mirrors consisting of 29 and 26.5 layer pairs, respectively. The calculated threshold gain is 1522 cm−1 ,
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Fig. 3: CCD camera images of the bottom side of spontaneously emitting PT-VCSELs according
to Fig. 2. The top metal contact structure is highlighted in orange. “0” and “1” represent the
off-/on-state of each PT, respectively, and the turn-on currents where the individual PTs become
locally conductive are displayed at the bottom. As in Fig. 2 the needle contacts an outer ring
at position D. The turn-on order is C–B–D–A.

and the absorption coefficient of the α-QW is estimated to be ≈ 3500 cm−1 . To reach
strong current confinement, the current gain β is kept very low [10], namely β ≈ 2 in this
sample.
We have processed one-dimensional arrays of four parallel-driven PT-VCSELs (see Fig.
2). Ti/Pt/Au contact rings on the surface with 100 µm inner diameter define each device.
The rings are interconnected by 100 µm long metal lines with a width of 30 µm. 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. The sample holder has a dedicated opening for
transmission of the bottom-emitted light. A large-area n-contact is established between
the sample and the Au-coated vacuum holder. The current source is connected to the
sample holder and to a tungsten needle which contacts the top metalization of device D.
In addition to light versus current measurements, the setup allows to take CCD camera
images from the bottom side of the wafer and obtain new insights about the turn-on
process of the laser structure. Without external laser illumination, the turn-on order of
these samples always follows a consistent routine [11]. Figure 3 shows the camera images
taken from the back side of the structure during the turn-on process. Ramping up the
current, during dark-current operation (before 31 mA), there is an almost homogeneous
current flow over the whole width of the structure, which already generates faint spontaneous emission in the active zone. Finally, at 31 mA the PT with the highest leakage
current of the base–collector junction begins to open (here at position C). Subsequently,
while further increasing the drive current, spontaneous photons reach the adjacent regions
and successively turn these PTs on. At 67 mA, all four parallel-driven PT-VCSELs are
switched into a conductive state and show spontaneous emission. For still higher currents
the needle-contacted array begins to lase where owing to lateral ohmic losses the highest
current density is reached.
To manipulate the turn-on order from Fig. 3, we repeat the experiment while focusing
the external laser beam at different positions on the surface (see Fig. 2). The power
of the laser was set to 6.4 mW and the wavelength was chosen as 1038 nm according to
the reflection characteristics. Initially, the drive current was set to 25 mA to operate in
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Fig. 4: CCD camera images of the bottom side of the PT-VCSEL arrangement from Fig. 2 at a
constant current of 25 mA. The white “+” indicates the contact ring into which the external laser
beam is focused. The images (a)–(h) illustrate a sequential experiment in which the external
laser is switched on and off to open an additional PT. The stray light in the vicinity of the
position “+” in images (a), (c), (e), and (g) originates from external laser emission transmitted
through the complete device. The turn-on order of the one-dimensional array can be changed
in any arbitrary way (here: A–D–B–C).

the dark-current mode of the PT-VCSELs. After directing the external laser beam to
position A of the contact structure, the additional injected photons turned this PT into
a conductive state even after switching the laser off again. As proven by Fig. 4, the
turn-on order now exclusively depends on the position of the laser beam. Since the drive
current is kept constant during the entire experiment, the turn-on current of the PTs was
consequently decreased compared to the results in Fig. 3.

4.

Impact of External Power and Wavelength

During the previous investigations, the optical power and wavelength of the external
laser beam were kept constant. However, since the amount of injected photons is crucial
for the turn-on of the PT-VCSEL, the output power of the external laser consequently
has a direct influence on the device behavior. The impact of the photon wavelength
depends strongly on the temperature-dependent emission spectrum of the PT-VCSEL.
For functional devices it is essential to design the resonator and the α-QW in the same
wavelength range. Since the diameter of the focused external laser beam is about 60 µm,
a large-diameter PT-VCSEL device with 230 µm metal contact opening was chosen for
the light–current (LI) measurements. This size is a compromise between small-diameter
and large-area devices. On the one hand, in small devices, the large laser spot size would

56

Annual Report 2017, Institute of Optoelectronics, Ulm University

30

30
Injected power P

ext

20

5.0

15

13.0

8.5

17.0

10
ext

5
0

0

= 1035 nm

20

40

60

Current (mA)

Wavelength

25

2.5
Output Power (µW)

Output Power (µW)

25

(mW)

80

100

ext

(nm)

1034.0

20

1034.4

15

1035.5

1035.0

1036.0

10
P

ext

5
0

0

= 16.5 mW

20

40

60

80

100

Current (mA)

Fig. 5: Measured LI curves of a bottom-emitting PT-VCSEL with a contact ring diameter of
230 µm while varying the injected optical power (left) and the wavelength of the external laser
source (right).

switch the whole mesa conductive, which would result in mesa current confinement. On
the other hand, oversized samples are problematic owing to the higher ohmic resistance of
the long lateral current paths between contact ring and current aperture. Figure 5 (left)
depicts the LI measurements for different optical input powers Pext from the external laser.
The wavelength is kept constant to λext = 1035 nm. It is obvious that the turn-on current
of the PT (determined by the step-like rise of output power) decreases while intensifying
the illumination, namely more photons per time are incorporated into the resonator,
which helps to reach the threshold base current at lower drive currents. Also, instead of a
step-like behavior, the LI curves show a more and more gradual onset of lasing operation.
The step results from a sudden transition from an insulating to a conductive state of
the PT. Simultaneously, the majority of carriers funnel through the newly established
optically defined current aperture, which increases abruptly the current density and leads
to a higher photon generation until finally stimulated emission is reached. This step is
also detectable in the current–voltage (IV) characteristics, indicated as a sharp negative
differential resistance region. By incorporating more external photons into the resonator,
at some point (here between 8.5 and 13.0 mW) the PT switches conductive before the
lasing threshold current density is reached. In this case the drive current must be further
increased to reach lasing, which results in a smooth continuous LI curve and a diode-like
IV characteristic. The decrease of the lasing threshold current with increasing input power
can be explained by the accumulation of carriers in the α-QW as a result of absorption
and the subsequent reduction of the absorption coefficient α from (1) (bleaching effect).
Lower internal losses in the resonator then raise the slope of the LI curve. Concurrently,
more external laser light can propagate through the device, which is detected by the
optical power meter on the bottom side.
The influence of changes of the external laser wavelength λext on the LI curve of the
PT-VCSEL is illustrated in Fig. 5 (right). The external laser power was kept constant
at 16.5 mW. The wavelength range for this investigation was chosen to be smaller than
1040 nm to ensure absorption of photons in the α-QW. Starting with 1034 nm (thus blue-
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shifted to Fig. 5 (left)) the already known step function in the LI graph appears again (it
disappeared at 13 mW already in the left figure part). Since λext is outside the resonance
dip of the laser at around 1035 nm, more photons of the external laser are reflected at the
top surface and do no affect the turn-on process at 84 mA. However, they partly enter the
resonator in the 0 . . . 30 mA drive current region and already create a current aperture.
This effect is noticeable in the local maximum of the output power at about 15 mA caused
by transmitted external laser light through the device, which is also responsible for finite
light detection at zero current. While further increasing the current (and therefore redshifting the spectrum), the influence of the external laser almost disappears again and
the internally (in the active layers) generated photons at these low drive currents still do
not suffice to keep the aperture open. This is the case only at 84 mA, as indicated by
the step in the LI curve. By slightly increasing λext , more external photons are injected
at higher VCSEL currents. At 1035 nm the resonance dip of the PT-VCSEL is at the
perfect position — leading to low turn-on currents — to support the establishment of the
current aperture and subsequently keeping it open only by internally generated photons,
even when the external amount of photons decreases while further increasing the current
(and red-shifting the spectrum). Raising the wavelength to 1036 nm, the external photons
cannot influence the turn-on process because they are able to enter the resonator only
at high drive currents after the turn-on of the PT already happened internally. These
measurements give valuable insight into the the turn-on behavior of PT-VCSELs and
demonstrate the difficulty to mutually adjust the injection wavelength, the power, and
the drive current to minimize the turn-on and lasing threshold currents.

5.

Conclusion and Outlook

We have discussed the concept of optically controlled current confinement in VCSELs
that contain a phototransistor in the cavity. We have presented detailed studies about
the optical manipulation of the current aperture in PT-VCSELs by using a tunable laser
beam. The possibility of externally defining the location of the current aperture in paralleldriven structures has been demonstrated. We have also investigated the impact of varying
the optical power and wavelength of the external laser on the turn-on behavior of the PTVCSELs and were capable to shift the turn-on current of the PT towards lower values
without changing the current gain of the PT. The new insights help to optimize the next
generation of PT-VCSELs regarding the turn-on characteristics as well as to motivate
future PT-integrated devices like light-emitting diodes which could possibly be controlled
by an external light source.
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