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Abstract: We demonstrate post-growth wavelength setting of vertical-cavity
surface-emitting lasers (VCSELS) using high-contrast gratings (HCGs). By
fabricating HCGs with different duty-cycle and period, the HCG reflection
phase can be varied, in effect giving different optical cavity lengths for HCG-
VCSELs with different grating parameters. This enables fabrication of
monolithic multi-wavelength HCG-VCSEL arrays for wavelength-division
multiplexing (WDM). The GaAs HCG is suspended in air by selective
removal of an InGaP sacrificial layer. Electrically injected 980-nm HCG-
VCSELs with sub-mA threshold currents indicate high reflectivity from the
GaAs HCGs. Lasing over a wavelength span of 15 nm was achieved, enabling
a 4-channel WDM array with 5 nm channel spacing. Device design,
fabrication and experimental proof-of-concept are presented.
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1. Introduction

To meet requirements of higher interconnect capacity in datacenters and high performance
computing systems, optical interconnects (Ols) are evolving towards higher data rates on
several lanes using parallel optical fibers [1]. Even higher aggregate capacities and improved
bandwidth densities are enabled by multicore fibers [2]. Yet another technique for increasing
capacity and bandwidth density is wavelength division multiplexing (WDM) [3]. The use of
multiple wavelengths on multiple fibers with multiple cores, together with higher lane rates
enabled by higher speed optoelectronics and electronics, electronic compensation techniques,
and multilevel modulation, may eventually provide >100 Thit/s interconnect cable capacity.
The vertical-cavity surface-emitting laser (VCSEL) is a light source most suitable for
Ols [4]. VCSEL-based Ols have reached >70 Gbit/s lane rates [5], low power dissipation at
high bit rates [6], and VCSEL arrays together with multicore fibers have enabled 240 Ghit/s
aggregate capacity on a single fiber [7]. The use of VCSELSs for WDM-Ols would benefit from
the development of monolithic multi-wavelength VCSEL arrays. However, monolithic arrays
are intrinsically difficult to realize due to the fact that the resonance wavelength of the
conventional all-semiconductor VCSEL cavity, defined by the reflection phase of the top and
bottom distributed Bragg reflectors (DBRs) and the thickness of the active region separating
the DBRs, is set during epitaxial growth. Therefore, modified growth techniques such as
nonuniform growth by molecular beam epitaxy [8], growth on nonplanar substrates by metal-
organic chemical vapor deposition (MOCVD) [9], as well as assembly techniques such as
nonplanar wafer bonding [10] have been investigated to achieve a wavelength variation over
the wafer. However, these techniques are not suitable for small-footprint dense VCSEL arrays
with arbitrary layout. Various techniques for post-growth intra-cavity phase tuning have also
been investigated, including lateral-vertical oxidation [11] and deposition or thinning of an
intra-cavity phase tuning layer prior to the deposition of a dielectric top DBR [12, 13].
Another possibility is to replace the top DBR by a subwavelength high-contrast grating
(HCG) and make use of the dependence of the HCG reflection phase on the grating parameters.
Multi-wavelength emission can then be achieved by varying the HCG period and/or duty cycle



over the VCSEL array in a single lithography and etch step. This technique has been proposed
and analyzed theoretically in [14] and [15], and also experimentally demonstrated by optical
pumping experiments [16]. However, electrically injected multi-wavelength HCG-VCSEL
arrays have not yet been demonstrated. The main reason is that HCGs with exceptionally high
reflectivity are needed. In addition, accurate wavelength setting and control require the use of
precise nanofabrication techniques as dimensions are sub-wavelength and the HCG reflection
phase is strongly dependent on the grating parameters.

Here we report on the first experimental demonstration of post-growth wavelength control
of electrically injected VCSELSs using HCGs. The HCG-VCSELSs are GaAs-based and employ
a suspended GaAs HCG as the top mirror. A wavelength span of 15 nm, centered at 985 nm, is
covered by varying the HCG duty cycle from 54 to 69%, in good agreement with simulations.

2. WDM HCG-VCSEL design

The phase of the reflection from the suspended HCG is strongly dependent on the grating
period, duty cycle, and thickness. Rigorous coupled wave analysis (RCWA) simulations, seen
in Fig. 1, show that the GaAs HCG can achieve high reflectivity (>99.8%) for HCGs with a
range of different period and duty cycle combinations. The HCGs are designed for transverse
magnetic (TM) polarization, meaning that the electric field is perpendicular to the gratings
beams. By changing duty cycle and/or period, a reflection phase span of >60° is achievable
(Fig. 1b). Therefore, HCG-VCSEL resonators with different HCG parameters will have
different phase shifts from the HCG reflection, leading to different resonance wavelengths, as
seen in Fig. 2b. To obtain the largest possible wavelength span for the array, the resonance
wavelength of the laser cavity must be highly sensitive to the HCG reflection phase. With few
exceptions [17], all demonstrated HCG-VCSELSs use a top mirror where the HCG reflectivity
is boosted by 2-4 DBR pairs [18]. This makes the resonance wavelength relatively insensitive
to the HCG reflection phase and a wavelength range of only ~2 nm is obtained by changing the
HCG parameters [18]. Even if the DBR pairs are removed, the obtainable wavelength span is
still strongly dependent on the configuration of the cavity, in particular the position of the intra-
cavity semiconductor-air interface with respect to the standing wave. It is well known from
tunable MEMS-VCSEL design that the best tuning efficiency is obtained if the semiconductor-
air interface is placed at a node of the standing wave [19]. This cavity configuration is known
as an air-coupled cavity. In our air-coupled cavity design (Fig. 3), the air gap below the HCG
is A/2 thick and the current spreading layer above the active region of 3)/4 thick. The resonance
wavelength and threshold material gain for HCG-VCSELs with different HCG parameters were
simulated using a 1-dimensional effective index model [20], with the HCG reflection amplitude
and phase from the RCWA simulations. As seen in Fig. 2a and b, a wide wavelength span of
40 nm can be obtained with threshold material gain <500 cm™, using HCGs with duty cycles of
45-75% and periods around 405 nm.
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Fig. 1. (a) HCG reflectivity and (b) reflection phase at 980 nm for different grating parameters,
simulated by RCWA for a grating thickness of 270 nm.
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Fig. 2. Simulated (a) material gain at threshold and (b) resonance wavelength for HCG-VCSELs
with different HCG parameters.

In the air-coupled cavity configuration the air gap acts as the optical cavity, strongly
confining the optical field to the air gap, and the current spreading layer and active region act
as the first part of the bottom DBR (see Fig. 3b). The result is a small longitudinal optical
confinement factor ' of around 0.6%. For HCG reflectivties of 99.7%, the numerically
calculated material gain at threshold is therefore as high as 1400 cm®. For an equivalent
structure with the semiconductor-air interface at an antinode of the standing wave, the same
HCG reflectivity yields a much lower threshold gain of 340 cm®. However, the achievable
wavelength span is then 5-10 times smaller.

A schematic figure of the HCG-VCSEL can be seen in Fig. 3a. The active region features
three 6 nm thick strained Ino1sGags2As quantum wells with GaAso.92Po.0s Strain compensating
barriers, with a photoluminescence (PL) wavelength of 970 nm. The bottom n-DBR has 37 pairs
of AlpgoGao10As/GaAs. Holes are injected through the 3A/4-thick p-GaAs current spreading
layer which is modulation doped for low resistance and low free-carrier absorption. Transverse
current and optical confinement is provided by an oxide aperture on each side of the active
region. The 270 nm thick GaAs HCG layer is grown lattice matched on top of the Ing.49Gags:P
sacrificial layer. InGaP was used instead of InAIP [17] or AlGaAs to avoid problems with
oxidation of the remaining sacrificial layer. After selective removal, the sacrificial layer forms
the A/2-thick air gap.
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Fig. 3. (a) Schematic figure of the HCG-VCSEL. (b) Refractive index profile and simulated
optical field intensity for a HCG-VCSEL with 99.72% HCG reflectivity. The air-coupled design,
with an optical field node at the semiconductor-air interface and the optical intensity confined to
the air gap, is shown.
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Fig. 4. (a) Microscope image of a finished HCG-VCSEL. The underetching in the (111)
directions is seen in the corners of the HCG. (b) Close-up SEM image of a HCG with a period
of 416 nm and duty-cycle of 64%. Note that the images have different crystal orientations.

3. HCG-VCSEL fabrication

The epitaxial structure was grown by MOCVD on an n-doped (100) GaAs wafer, with a 10°
off-cut towards (111) in order to suppress ordering of the InGaP layer. The multi-wavelength
HCG-VCSEL arrays were subsequently fabricated using standard VCSEL processing
techniques. First, Ti/Pt/Au top p-contacts and Ni/Ge/Au backside n-contacts were deposited.
Mesas with a diameter of 40-50 um were then etched in a three-step etch process. Initially, the
top GaAs layer was removed using SiCls/Ar-based inductively coupled plasma (ICP) reactive
ion etching (RIE). Since the InGaP of the sacrificial layer etches poorly in this chemistry, it was
removed by wet etching using concentrated HCI in a second step. Finally, the ICP-RIE dry etch
was used to etch partly into the n-DBR to expose the two 30 nm thick Alg.gsGao.o2As layers used
for the formation of current apertures in the following selective wet oxidation step.
Benzocyclobutene (BCB) was used to planarize the structure and p-bondpads were deposited.
The HCGs were defined by electron-beam lithography in 400 nm thick ZEP520A resist. After
dry etching into the sacrificial layer using a highly anisotropic SiCls RIE dry etch, the sacrificial
InGaP layer was selectively removed using concentrated HCI. As the HCI does not etch GaAs,
except for the ~1 nm thick native oxide, InGaP may be etched with a selectivity to GaAs
approaching infinity. However, the etch rate depends on the crystal orientation and the InGaP
will underetch in the (111) directions, but not in the (110) directions [21]. The gratings lines
were therefore oriented along (111), at a 45° angle to the {110} cleavage planes. Throughout
most of the fabrication, the top surface was protected by a layer of sputtered silicon nitride in
order to avoid contamination or unintentional etching. Each resist removal was performed using
a combination of standard solvents, O»-ashing, and ozone cleaning. Especially ozone cleaning
was found to be of vital importance for successful removal of the InGaP sacrificial layer. After
selective removal, drying was accomplished using critical point drying to avoid stiction.
Microscope and close-up SEM images of an HCG-VCSEL with a suspended GaAs HCG are
shown in Fig. 4. No buckled grating beams were observed for any fabricated gratings, with
diameters up to 22 pm, indicating low stress in the GaAs HCG layer.

4. Measurements

HCG-VCSELs with oxide apertures of 5 um and different HCG period/duty cycle combinations
were characterized by output power and spectral measurements. As seen in Fig. 5a, lasing was
observed for a range of different HCG parameters with sub-mA thresholds for several VCSELSs.
The low threshold currents, despite the air-coupled cavity configuration, indicate very high
HCG reflectivity, comparable to, or even better than, that of the top DBRs used in our standard
VCSELs. Owing to the angular selectivity of HCGs [22], highly single-mode emission with a



side-mode suppression of 30-40 dB was observed (Fig. 5b). With small variations of the HCG
period, and duty cycles from 54 to 69%, lasing over a span of 15 nm was realized, enabling
multi-wavelength VCSEL arrays with a channel spacing of 5 nm centered at 985 nm. The
observed resonance wavelengths agree well with the 1-D simulations, with a change in the
resonance wavelength of 1 nm/duty cycle percentage point, see Fig. 5c.
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Fig. 5. Characteristics for VCSELs with different HCG period and duty cycle. (a) Output power
vs. current. (b) Optical spectra measured at 2 mA (3 mA for the longest-wavelength spectrum).
(c) Comparison of measured resonance wavelengths with numerical simulations. The HCG

period/duty cycle, from short to long wavelength, is: 405 nm/54%, 405 nm/59%, 400 nm/64%,
and 410 nm/69%.

5. Summary and conclusions

The dependence of the HCG reflection phase on the grating parameters was used to demonstrate
post-growth wavelength setting of electrically injected HCG-VCSELSs. An air-coupled cavity
configuration was used to increase the sensitivity of the resonance wavelength to a variation of
the grating parameters, thus enabling a large wavelength span. In spite of the low optical
confinement factor for this cavity configuration, VCSELs with low threshold currents were
demonstrated, indicating very high HCG reflectivities. Lasing was observed over a wavelength
span of 15 nm, in excellent agreement with numerical simulations. This has enabled a 4-channel
monolithic multi-wavelength VCSEL array with a channel spacing of 5 nm. In addition, this is
the first report on suspended GaAs HCGs using an InGaP sacrificial layer, which may be
selectively etched with high selectivity.
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