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Impurity-induced disordering (IID) in vertical-cavity
surface-emitting lasers (VCSELs) has been shown to
provide enhanced performance, such as achieving single
fundamental-mode operation with higher output powers
when compared to conventional VCSELs. This work
presents the performance of oxide-confined, A ~ 850 nm,
VCSELs fabricated with varying IID aperture sizes
which are characterized for maximum single-
fundamental-mode output power. The electrical and
optical performance of these devices are shown in
comparison to traditional oxide-confined VCSELs and
the optimal IID aperture size is experimentally validated.
Control of the lateral-to-vertical (L/V) IID aperture
profile is then demonstrated through engineering the
strain induced by the IID diffusion mask. This extensive
control over the IID aperture enables improved,
manufacturable, IID VCSEL designs.

INTRODUCTION

The vertical-cavity surface-emitting laser (VCSEL)
has become one of the most important semiconductor lasers
in the market owing to its small footprint, low power
consumption, and comparatively low manufacturing cost.
VCSELSs already play a significant role in data center optical
links, optical communication networks, laser printing, and
position sensors (optical computer mice). With the growing
interest in using VCSELs for applications such as light
detection and ranging (LIDAR) and 3D imaging, there is an
increasing demand for a scalable method to produce high-
performance VCSELs.

Impurity induced disordering (IID) was first
discovered by Laidig ef al. during the diffusion of Zn into an
AlAs-GaAs superlattice [1]. The significance of impurity-
induced disordering is found in its ability to intermix
discrete direct band-gap AlGaAs-GaAs superlattices into a
uniform alloy composition of bulk Al,Ga;xAs [2,3]. Since
its discovery, a tremendous amount of research has been
directed towards exploring the different superlattices and
applications through leveraging IID’s unique effects [2-4].
This maskable and planar technology became an attractive
technology for wafer-scale applications and has been shown
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Fig 1. Cross-sectional schematic of an oxide-confined
VCSEL with an IID aperture (top). A scanning electron
microscope (SEM) image of the resulting disordered top
DBR layer is shown (bottom).

to provide significant performance enhancement in various
optoelectronic devices [6-11]. In particular, disordering has
been utilized to improve the performance characteristics of
high-performance VCSELs. Enhancements such as higher
modulation speeds [7], lower energy-to-data ratios [8], and
greater output powers [9] than traditional VCSELs have
been reported and disordering has also been shown as a
method of mode suppression in VCSELs through shallow
[10] and deep [11] impurity diffusions. This work explores
the modal behavior of varying IID aperture sizes that are
smaller than the oxide-aperture in order to highlight the
effects of IID on the optical and electrical performance
characteristics of VCSELs. Furthermore, this work
introduces a novel method of controlling the IID aperture
profile through altering the strain induced by the diffusion
mask that enables improved aperture designs in IID
VCSELs.

DEVICE DESIGN AND FABRICATION

A cross-sectional schematic of the impurity-induced
disordered VCSEL presented in this work is illustrated in
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Fig 2. Light-current-voltage (LIV) characterizations of
VCSELs with labeled varying IID aperture sizes and a
fixed 3.0 pm oxide aperture [11].

Fig 1. The epitaxial structure consists of 37 n-type AlGaAs-
based DBR pairs, 3 undoped GaAs quantum wells serving as
the active region, and 20 p-type AlGaAs-based DBR pairs
which are all grown on a GaAs substrate. A single high-
aluminum content layer is grown directly above the active
region and is formed into an oxide-aperture for electrical and
optical confinement during fabrication [12,13]. It is noted
that a GaAs cap layer is grown on top of the p-type DBR to
improve current spreading. This cap layer is etched down to
100 nm to reduce phase-related mirror loss [14].

The devices were selectively disordered with Zn to form
the IID apertures. In this work, the IID apertures were
designed to be smaller than the oxide-confinement aperture.
This makes the IID aperture the dominant aperture of the
device due to a larger overlap with the optical modes as
compared to the oxide aperture. The devices are masked
with PECVD grown SiNy - using a high-frequency (13.56
MHz) plasma source - to serve as a diffusion mask. The
mask is lithographically patterned to open channels for
disordering. The samples are placed in a quartz tube with a
crystalline ZnAs; source and sealed-off under vacuum (< 5 x
10% Torr). Afterwards, the quartz ampoule is then loaded
into a dry furnace to induce impurity disordering at 600°C
for 80 minutes.

After the disordering process, the devices are then
fabricated following a traditional oxide-confined VCSEL
manufacturing process. Mesas are etched via Cl-based gases
in an ICP-RIE dry etch system. Following the etch process,
which is designed to expose the high-aluminum content
layer for selective oxidation, the devices are loaded into a
wet furnace at 405°C to form the oxide-confinement
apertures. The devices are then planarized with
benzocyclobutene (BCB) and then metallized with a top p-
electrode layer (Ti/Pt/Au) via electron-beam evaporation.
The GaAs substrate is then thinned down and planarized via
chemical mechanical polishing (CMP). Subsequently, the
bottom n-electrode layer (AuGe/Ni/Au) is deposited and
then alloyed at 405°C to form an Ohmic backside contact.
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Fig 3. Varying IID aperture sizes with their corresponding
maximum single-fundamental-mode output power [11].

DEVICE CHARACTERIZATION

Disordered and non-disordered VCSELs were
characterized for electrical and optical performance
comparisons. It was observed that introducing Zn during
disordering in the top DBR also significantly reduced the
series resistance of the device. The non-disordered VCSEL
was measured to have a contact resistance of 146 Q while
the IID VCSEL was measured at only 56 Q. This can be
explained by the heavy additional p-doping that is
introduced by diffusion of Zn into the top DBR layer,
leading to a significant reduction in series contact resistance
and the elimination of the low/high bandgap interfaces
which can impede electron flow. Light-current-voltage
(LIV) curves were then measured for varying IID aperture
sizes as shown in Fig 2. All of the devices were designed to
maintain an oxide aperture size of 3.0 um in diameter while
the IID aperture sizes were varied. Sweeping the IID
aperture sizes provides an experimental analysis of how
different IID aperture sizes affect the transverse optical
modes and their maximum fundamental mode output power
summarized in Fig 3. For a 1.0 um IID aperture device, the
threshold current was measured to be 332 pA, which was the
largest out of all the devices tested. This is expected since
this device contains the largest IID region that has been
shown to induce mirror loss and free-carrier absorption
effects [9-12]. This device operated with a single
fundamental mode throughout the entire current range.
However, due to the largest amount of overlap between the
IID region and the optical modes, the output power was also
the lowest (0.5 mW) among the devices. As the IID aperture
increased to 1.3 um, the overlap between the disordered
region and fundamental mode is reduced, which leads to a
decrease in threshold current (271 pA) and an increase in
fundamental mode power (0.8 mW). As the IID aperture
increased further to 1.6 um, the fundamental mode is no
longer the only mode that does not have any overlap with the
IID region and higher-order modes begin to lase as well.



This results in a decrease in fundamental mode output power
even though the total output power increases. At an IID
aperture size of 1.9 um, the observed optical output is multi-
modal with the lowest fundamental-mode output power. An
analysis of these devices experimentally demonstrates an
optimal IID aperture size of 1.3 pm. For this IID aperture
size, the tradeoff between losses induced by the disordering
region and its overlap with the higher-optical modes
becomes optimized and exhibits the maximum fundamental-
mode power (1.6 mW) of the devices studied. The LIV
measurements taken also indicate that the thermal rollover
current was larger for devices with smaller IID aperture
sizes. This can be attributed to the observation that smaller
IID aperture devices contain the largest impurity regions
amongst the devices fabricated. These impurities contribute
to increased free carrier absorption which heat the device.

CONTROL OF IID APERTURE SIZE

The benefits and properties induced by IID carry
design tradeoffs dependent upon the varying lateral and
vertical diffusion dimensions of the aperture. For instance, a
deep impurity diffusion requires an increase in diffusion
time. This consequently results in a wider lateral diffusion
and can cause undesired overlap with the optical modes. It is
apparent that the capability to form geometrically tailored
diffusion fronts using this method is not feasible and limits
the possibilities of IID aperture designs. This work
introduces the ability to control the IID aperture profile
through altering the strain induced by the diffusion mask.
Utilizing a commercially available plasma-enhanced
chemical vapor deposition (PECVD) tool that is equipped
with a high-frequency (13.56 MHz) and low-frequency (680
KHz) plasma source, mixed compositions of high-frequency
and low-frequency sourced SiNy can be grown. Using a
GaAs witness sample, it was measured that the high-
frequency sourced SiNy film induced a tensile strain of 347
MPa and the low-frequency sourced SiNy film induced a
compressive strain of -797 MPa. The significant difference
in strain correspondingly results in distinctly geometrically
different diffusion fronts as shown in Fig 4. In order to
quantify the curvature of these diffusion fronts, the lateral-
to-vertical (L/V) ratios of the diffusion front were measured
using SEM images shown in Fig 4. Prior to imaging, the
cleaved samples were stained with K3Fe(CN)e-KOH to
enhance the contrast between the IID region and the non-
disordered DBR [15].

Through periodically alternating the high-frequency
and low-frequency source times, the strain of the diffusion
mask can be engineered to any value in between the two
limits. These masks will be designated as mixed-frequency
films in this work. The two sources are periodically
alternated until a total film thickness of 50 nm is reached
with a time period of 20 seconds. The film stress of various
mixed-frequency films was measured and fitted as shown in
Fig 5. Mixed-frequency sourced diffusion masks that have a
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Fig 4. SEM images of stained IID apertures in DBR
strained by a high-frequency sourced (top) and low-
frequency sourced (bottom) PECVD grown SiNy diffusion
mask.
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Fig 5. The change in IID aperture profile as a result of
different strains induced by the diffusion mask.

high-frequency time ratio of 0.70 and 0.90 were then
employed for disordering under the same conditions for the
IID VCSELs fabricated in this work. As the diffusion mask
moves towards a higher-frequency time ratio, the curvature
of the IID aperture begins to approach the purely high-
frequency case in a nearly-exponential trend. This suggests
that the strain induced on the surface of the top DBR largely
affects the geometrical structure and correspondingly the



diffusion front of the IID aperture. Furthermore, the
exponential-like behavior in varying diffusion mask strain as
a dependence of high-frequency time ratio is reflected in the
L/V ratio of the resulting IID aperture. This method of
controlling IID apertures enables the possibility of an array
of IID aperture designs that can be used to optimize the
performance enhancement effects of disordering in single-
mode high-performance VCSELs.

CONCLUSION

The modal behavior of varying IID aperture sizes in
oxide-confined VCSELs with their corresponding maximum
single-mode output power is presented. The performance
enhancement brought about by IID in VCSELs is
experimentally demonstrated and an analysis of these effects
are shown in this work. To leverage these effects, a
manufacturable wafer-scale process of controlling the
geometric structure of the IID aperture is presented. Through
altering the strain induced by the diffusion mask, the
geometric shape of the IID aperture can be extensively
controlled. These results can be used to implement improved
future IID aperture designs for enhanced high-power single-
mode performance that are capable of being integrated into a
large-scale manufacturing process.
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ACRONYMS

DBR: Distributed Bragg Reflector

IID: Impurity Induced Disordering

L/V: Lateral-to-Vertical

LIV: Light-Current-Voltage

SEM: Scanning Electron Microscope

VCSEL: Vertical-Cavity Surface-Emitting Laser



