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ABSTRACT

Strain-engineered diffusion masks deposited via plasma-enhanced chemical vapor deposition are demonstrated to control the curvature of
the zinc diffusion front and, hence, disordering front, in disorder-defined vertical-cavity surface-emitting lasers (VCSELs) for enhanced
high-power single-mode operation. Tensilely strained silicon nitride diffusion masks are applied to limit the lateral undercut of the disorder-
ing front, thereby minimizing the interaction between the disordered region of the distributed Bragg reflector and the fundamental mode.
This results in higher threshold modal gain and absorption losses from the disordered region for higher-order modes while enabling greater
output powers for fundamental-mode operation in single-mode impurity-induced disordered VCSEL designs. Using this technique, 850 nm
AlGaAs VCSELs are shown to operate in a single fundamental mode with record optical output powers in excess of 10 mW and side-mode
suppression ratios greater than 35 dB. Electrical and optical performances of these devices are presented in addition to near-field images con-

firming single-fundamental-mode lasing.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0068713

With the advent of facile recognition in smartphones, vertical-
cavity surface-emitting lasers (VCSELs) have become ubiquitous. Due
to their circular beam shape, high modulation speeds, and energy effi-
cient operation, VCSELs continue to be used in optical transceivers,
laser printers, and position sensors in optical computer “mice.” Most
recently, VCSEL emission characteristics and the ease of forming 2D
arrays have enabled applications such as structured light emission for
3D facile recognition and Time-of-Flight (ToF) Light-Detection And
Ranging (LiDAR)" in consumer handheld devices. This has ushered in
a new era of applications referred to as optical 3D sensing. Because of
their short cavity length in the growth direction, VCSELs inherently
operate in a single longitudinal mode. However, the active device
diameter in the transverse direction typically spans several wave-
lengths, thus leading to lasing in multiple transverse modes. Since the
discovery of AlGaAs oxidation by Dallesasse and Holonyak™” and its
first application to VCSELs," the inclusion of an oxide aperture has
become standard for modern VCSEL designs.” As the oxide aperture
provides not only current confinement but also optical confinement,
VCSELs with oxide apertures smaller than about 3 um typically oper-
ate in a single fundamental mode. While this is a straight-forward

method of fabricating single-mode VCSELs, these devices have been
limited in maximum single-mode power, incapable of surpassing opti-
cal output powers greater than a few milliwatts.” Moreover, small
oxide-aperture VCSELs tend to have worse overall device reliability
and shorter mean time to failure as a consequence of the significant
self-heating from the narrow oxide aperture.” With the emergence of
Pulse Amplitude Modulation (PAM) as an important method of send-
ing data at rates beyond 25 gigabits per second, increasing the maxi-
mum single-mode power in VCSELs also provides an opportunity to
improve the signal-to-noise ratio (SNR) by increasing the separation
between power levels.”” Therefore, investigations into methods that
enable single-fundamental-mode operation in VCSELs while improv-
ing optical output powers have been of great interest. Methods such as
surface relief,’” holey structures,’’ high-contrast gratings,'” anti-
guided resonance waveguide structures (ARROW),"” and anti-phase
coatings'* achieve single-mode lasing by exploiting the spatial discrim-
ination between the fundamental and higher-order modes and
selectively raising/lowering optical mirror reflectivity loss'”'>'* or
anti-guiding properties' "' of specific optical modes. However, these
mode-control techniques have reported single-mode operation with
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limited output powers between 6 and 7 mW (Refs. 10, 11, and 13) for
5-12 um oxide-aperture devices and require precise etching of the
highly conductive cap layer'""'” or the requirement of regrowth struc-
tures,”” which can become difficult and expensive to scale.

Being recognized by Laidig and Holonyak et al,'” impurity-
induced disordering (IID) selectively modifies the index of refraction,
bandgap, optical reflectivity, and conductivity of Al,Ga, ,As superlat-
tice pairs.'”"” Since its discovery, IID has been exploited for improved
electrical and optical characteristics in high-performance laser diodes
designs.'” ** Through dielectric masking and low-temperature zinc
diffusion, the unmasked regions of the top distributed Bragg reflector
(DBR) in a VCSEL become selectively intermixed and disordered.
Disordering results in lower optical reflectivity'® and enhanced free-
carrier absorption”’ that is effective in suppressing higher-order modes
for single-mode operation in IID (also known as Zn-diffused)
VCSELs."” *"* In addition, the heavy p-type doping in the diffused
region significantly reduces series resistance through the p-DBR,”*”
which improves efficiency by reducing Joule heating in IID VCSELs
and simultaneously improving high-frequency modulation perfor-
mance compared to standard designs.'”** However, a main limitation
in current IID VCSEL designs, particularly for single-mode operation,
is the lateral encroachment of the disordering front onto the funda-
mental mode. This effect greatly reduces optical output power, **’
increases threshold currents,”’ and degrades thermal performance.'®

To mitigate the lateral encroachment of the disordering front, the
authors demonstrated the ability to tailor the diffusion front of the
disorder-defined aperture using strained silicon nitride (SiN,) diffu-
sion masks deposited via plasma-enhanced chemical vapor deposition
(PECVD).”" Through applying compressive- or tensile-strained films,
the vertical or lateral extent of the disordering front is suppressed,
respectively. The application of strain to modify interdiffusion rates in
superlattices is a known phenomenon in III-V* and SiGe/Si’® **
superlattices under high-temperature post-growth annealing
(700-800 °C). Similar to the use of strain in the diffusion mask,”* the
interdiffusion rates across strained sub-lattice boundaries were also
shown to be enhanced/suppressed through the application of biaxial
strain.”” ** However, these reports have only investigated strain-
enhanced interdiffusion from epitaxially grown lattice-mismatch
layers, not from strain originating from the diffusion mask itself. In
the work described here, the surface-deposited strained diffusion mask
induces strain-enhanced interdiffusion only locally near the top of the
DBR where the disordering process occurs. Furthermore, the strained
disordering mask is removed after disordering and, therefore, does not
impact the electrical or lasing characteristics of the device beyond
modifying the shape of the disorder-defined aperture. This work uses
the effect of strain-controlled interdiffusion to modify the curvature of
the disordering front in IID VCSELs to achieve record high-power sin-
gle-mode performance.

The epitaxial structure of the VCSELs fabricated in this work first
consists of a n-type GaAs substrate, GaAs buffer, 28 pairs of n-type
AlAs/Aly1,GaggsAs (silicon-doped, 3 x 10'® cm ), and four pairs of
n-type Alg1,GaggsAs/Algo9Gag10As (silicon-doped, 1.5 x 10" ecm™)
serving as the bottom DBR mirror. The active region consists of five
Iny 10GageoAs quantum wells, which are confined by Al ;,Gagg3As
barriers. The top DBR mirror consists of 20 pairs of p-type
Al 15Gag gsAs/Alg9oGag10As (carbon doped, 3 x 10 cm™) capped
with a highly conductive p-type GaAs layer (carbon doped,

scitation.org/journal/apl

2x10%cm ™). A single 25-nm thick AlyosGago,As layer is inserted
right above the active region for selective oxidation. The fabrication
process begins with the tensilely strained PECVD SiN, diffusion mask
being deposited and photolithographically patterned. The strained dif-
fusion mask is designed to reduce the lateral diffusion under the diffu-
sion mask while preserving the mask integrity at the disordering
temperatures (650 °C). The tensilely-strained PECVD SiN, diffusion
mask is deposited with 20 sccm SiHy, 45scem NHs, 1960 sccm N,
950 mT pressure, and 40 W of plasma power using a 13.56 MHz RF
plasma source at 380 °C table temperature. Using a Bruker Dektak XT
DXT-A stylus profilometer, the curvatures of 100 mm silicon calibra-
tion wafers are measured before and after the deposition of the films.
Through invoking Stoney’s equation, the film stress of the tensile-
strained SiNy film is calculated to be approximately +639 MPa. The
diffusion masks are patterned to diameters of 4.0, 4.6, 5.0, 5.1, and
5.7 um corresponding to oxide aperture designs of 9, 10, 11, 12, and
13 pum, respectively. The correlation between the optical transverse-
modes supported by a given oxide-aperture size and the corresponding
disorder-defined aperture size that is optimized for single-mode per-
formance utilized here is described in previous work.”” The masked
VCSELs are then sealed under vacuum (<5 x 10 ®Torr) in a quartz
ampoule along with high-purity solid zinc arsenide pieces. The
vacuum-sealed quartz ampoule is placed into an annealing furnace at
650 °C for 20 min to diffuse zinc and induce disordering. Afterward,
the strained diffusion masks are removed using SFs dry etching, and a
standard oxide-confined VCSEL fabrication process is carried out. In
this process, VCSEL mesas are first defined using chlorine-based ICP-
RIE etching with diameters of 25-29 um. In situ laser interferometry is
used to monitor and precisely terminate the etch after the active region
is isolated. The devices are then selectively oxidized at 430 °C to form
oxide apertures ranging from 9 to 13 um. The n-type contact (Au/Ge/
Ni/Au) is defined via e-beam evaporation and a liftoff photolithogra-
phy process and annealed at 380 °C in a N, ambient to form Ohmic
contacts. The devices are then planarized with benzocylobutene (Dow
Cyclotene 3022-46) in a vacuum oven at 250 °C. A freon-based RIE
etchback process is performed to expose the top of the mesas followed
by a patterned via etch to expose the n-contact. The p-contact (Ti/Pt/
Au) is deposited followed by the deposition of an interconnect metal
layer (Ti/Au) to form sizable probing pads for characterization. A
cross-sectional illustration of the fabricated device is shown in
Fig. 1(a). A magnified view of the disorder-defined aperture is shown
in Fig. 1(b), where the impurity-induced disordering depth is mea-
sured to be approximately 0.8 um with limited lateral disordering
from the tensile-strained diffusion mask. A focused ion beam scanning
electron microscopy (FIB-SEM) cross section of the 27 um aperture
single-mode IID VCSEL device demonstrated in this work can be seen
in Fig. 1(c). It is noted that top p-DBR layers of the device are suffi-
ciently disordered, such that the aluminum composition is too low to
facilitate any appreciable oxidation. In the first few p-DBR layers that
exhibit lateral oxidation, these layers are only partially disordered,
which results in slightly lowered aluminum composition of the high
aluminum content p-DBR layers. As the oxidation rate exponentially
decreases with aluminum composition, the visual effect of a sloped
tapering in these oxide layers is observed. In addition, the oxide layers
present in the n-DBR are due to partial etching past the active region
during the mesa etch process and are not expected to impact device
performance.
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FIG. 1. (a) FIB-SEM of the fabricated disorder-defined VCSEL device. (b) Expanded view of disorder-defined aperture. (c) Cross-sectional schematic of disorder-defined
VCSEL fabricated in this work.

The electro-optical performance of the IID VCSELs is character-
ized through light-current-voltage (L-I-V) measurements, whereas
the single mode operating range of the devices is determined through
measurements of the optical spectrum. Single-mode operation is
defined by a side-mode suppression ratio greater than 30 dB in align-
ment with other published work.'”'**" All measurements taken here
are under room-temperature, continuous-wave (CW) operation on
unmounted VCSELs via wafer probing. I-V characteristics are mea-
sured using an Agilent HP4155C semiconductor parameter analyzer,
and the optical output powers (L) are collected using a calibrated
(NIST traceable) broad-area silicon photodetector (Newport 818-UV, 2
200-1100 nm) with an OD3 attenuator to prevent the detector from
saturating. Additionally, an anti-reflective coated plano-convex lens
(Thorlabs LA1951-AB) is used to collimate the beam for improved . . . |_13|F““
light collection efficiency into the detector. For optical spectra mea- 0 5 10 15 20 25 30
surements, a ball-lensed multimode fiber is used to couple the light
into a fiber patch cable that is connected to the multimode input of an
HP70951B optical spectrum analyzer with high spectral resolution FIG. 2. IV (left) and LI (right) characteristics of the disorder-defined VCSEL devi-
(0.08 nm) to resolve the modal characteristics. As shown in Fig. 2, the ces fabricated and single-mode spectra of the 13 um aperture size device taken at
L-I-V of the IID VCSELs ranging from 9 to 13 um in oxide-aperture the maximum output power (inset).
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size emits record single-mode output powers (8.52, 9.57, 10.20, 10.57,
and 10.95 mW, respectively) with SMSRs from the fundamental mode
of 34.5, 34.4, 34.3, 33.4, and 35.6 dB, respectively, as shown in Fig. 3.
This not only confirms the capabilities of strain-modified disordering
apertures in suppressing the higher-order modes of large oxide-
aperture VCSEL devices, but also verifies significantly enhanced
single-mode power. The devices exhibit low differential resistances
(92, 82,79, 64, and 58 Q, respectively) that are significantly lower than
standard oxide-confined VCSELs with similar aperture sizes
(>100Q)."”” The greatly reduced differential series resistance is
advantageous for reducing power loss due to Joule heating and for
improving impedance matching for high-speed operation. To the
authors’ knowledge, this is the highest single-fundamental-mode
power from any impurity-induced disordered VCSEL reported to
date'” and any monolithic VCSEL design with a similar oxide aperture
size.'' Moreover, these disordered VCSEL devices all exhibit single-
fundamental-mode operation throughout their entire operating range.
As shown in Fig. 4, the spectral characteristics for the 13 um oxide-
aperture ITD VCSEL device show single-mode operation even up to
30 mA, where thermal rollover begins to occur. As these devices are
unmounted and uncooled, the results shown here are expected to be
the lower performance limit of these devices. The use of die bonding
to a heatsink or temperature-controlled stage is expected to enable
even greater single-mode powers. As there were no indications of
SMSR reduction from even the largest oxide-aperture size (13 um),
this technique is expected to be applicable for larger oxide-aperture
devices with the use of appropriately sized disorder-defined apertures.
To examine the optical emission profile, near-field imaging is taken
for all of the devices using a CMOS image-sensor under 50 x magnifi-
cation. An OD? filter is placed directly in front of the image sensor to
prevent pixels from saturating. The horizontal cut of the near-field
beam profile for each device is plotted in Fig. 5, where the near-field
pattern from the 13 um oxide-aperture device is shown in the inset.
The near-field images were captured at the maximum output power of
each device. As shown in Fig. 5, a Gaussian-like optical beam profile is

T
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180 F B
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120 F e

o2}
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FIG. 3. Optical spectra taken at various current injection levels corresponding to
the maximum optical output power of the fabricated devices exhibiting single-mode
(SMSR > 30 dB) spectra for all devices.
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FIG. 4. Optical spectra characteristics of the 13 um oxide-aperture for the full cur-
rent range of the device in 5 mA increments.

observed, verifying single-fundamental-mode operation even at the
highest optical output power, which is consistent with the optical spec-
tra shown in Fig. 4.

It is noted that while other work has shown difficulty in suppress-
ing higher-order modes with increasing optical output power and has
shown devices even becoming few-moded at their highest optical out-
put powers, ' **" the SMSR is seen here to increase with increasing
optical output power. The SMSRs of the 13 um oxide-aperture device
for current injection levels of 10-30 mA in 5mA steps are 33.3, 34.1,
35.1, 34.6, and 35.5dB, respectively, showing greater higher-order
mode suppression at higher current levels. Possible explanations
include thermal lensing where the fundamental mode is focused
through the disorder-defined aperture under high current injection;”’

Normalized Intensity

-9.6 -4.8 0.0 4.8 9.6
Beam Width

FIG. 5. Optical beam width profile from near-field images captured for each IID
VCSEL device at the maximum optical output powers.
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however, further investigation is needed to confirm the specific reason
for the SMSR improvement with power.

In conclusion, the use of strain-controlled disorder-defined aper-
tures in VCSELSs is shown to be a promising method for realizing sta-
ble high-power single-fundamental-mode operation. The single-mode
disorder-defined VCSELs in this work demonstrate single mode out-
put powers greater than 10 mW and show excellent high-order mode
suppression throughout their entire operating range. The findings of
this work can be applied to other high-performance IID VCSEL
designs and can be used to further improve high-speed modulation or
beam-shaping characteristics for emerging VCSEL-based systems.
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