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Abstract: We demonstrate an electrically pumped high contrast grating 
(HCG) VCSEL operating at 1550 nm incorporating a proton implant-
defined aperture. Output powers of >1 mW are obtained at room 
temperature under continuous wave operation. Devices operate continuous 
wave at temperatures exceeding 60° C. The novel device design, which is 
grown in a single epitaxy step, may enable lower cost long wavelength 
VCSELs. 
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1. Introduction 

Long wavelength VCSELs are promising as a low cost laser source for metro area access 
networks [1], high speed optical interconnects, and diode laser spectroscopy [2]. They have 
traditionally been more challenging to realize when compared to GaAs-based short 
wavelength VCSELs because of several additional technical challenges posed by the InP 
material system, the most difficult of which are the top mirror and current aperture. 

The InP system is challenging to form a current aperture in because there is no easily 
oxidizable material in the system, unlike GaAs in which an aluminum oxide current aperture 
can be easily formed. Traditionally this problem has been overcome by forming a buried 
tunnel junction in the VCSEL structure [3]. Other approaches to solving this problem have 
been shown using an oxide aperture formed after pseudomorphic growth of GaAs-based 
materials above the active region [4], or by etching away layers in the middle of the VCSEL 
structure [5]. These aperture approaches are technically challenging and add expense to mass 
manufacturing long wavelength VCSELs. 

In addition to the challenge of the current aperture, the p-side mirror on the VCSEL also 
poses problems. The index contrast available in the InGaAlAs/InGaAsP/InP material system 
is substantially smaller than other VCSEL material systems. This small index contrast means 
greater than 40 pairs of epitaxial DBR are required on both bottom and top of the VCSEL 
structure, an extremely challenging technological proposition from the standpoint of epitaxial 
growth. 

This necessitates an alternative approach to the p-side mirror of the VCSEL structure. 
Typically a short current spreading p-region followed by a tunnel junction with n-region and 
intra-cavity contacts is employed [3]. The top mirror is then formed by either evaporating a 
dielectric mirror [6], wafer fusing an epitaxially-grown DBR grown on another material 
system [7], using an Sb-based DBR [5], or a metamorphically grown GaAs/AlGaAs top DBR 
[4]. These options are technologically challenging from a growth and fabrication standpoint 
and relatively costly compared to using a monolithic structure already including a p-
GaAs/AlGaAs DBR as is used in a short wavelength VCSEL. 

Our group has reported that a high contrast grating [8], a grating subwavelength in period 
made of high index bars completely surrounded by a low index media such as oxide or air, 
can totally replace the top DBR in a VCSEL [9]. An HCG provides intrinsic polarization 
control to VCSELs [10], a highly sought feature. Previously subwavelength gratings have 
been shown to provide polarization differentiation in VCSELs [11, 12], but because they were 
not completely surrounded by a low index material, they do not provide enough reflectivity 
for a VCSEL to lase, so a mirror in addition to the subwavelength grating was still required. 
When integrated on a wavelength-tunable VCSEL, a much faster tuning speed can be 
achieved due to the small mass of the HCG compared to a conventional DBR [13, 14]. In 
addition, HCGs can be leveraged to make controllably-defined arrays of VCSELs operating at 
different wavelengths for use in applications such as wavelength division multiplexing [15]. 

Electrically-pumped HCG VCSELs have been demonstrated at wavelengths of 850 nm, 
980 nm and recently 1.32 µm [9,10,16,17]. Many potential applications for VCSELs in next 
generation access networks and passive optical networks (PONs) require the VCSELs to 
operate at 1.55 µm, and the InP material system is the widespread choice for a 1.55 µm active 
region. Here we report for the first time a 1.55 µm HCG VCSEL on an InP platform operating 
continuous wave at room temperature. Due to a great reduction in epitaxial layer thickness 
above the active region, we can use proton implantation to form a current aperture. This novel 
design, hence, enables only one epitaxy step and simple fabrication, a feature that is very 
promising to manufacture high yield, low cost, long wavelength VCSELs. 
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2. VCSEL design and fabrication 

A cross section of the device is shown schematically in Fig. 1. It consists of, starting from the 
substrate side, 45 pairs of n-DBR, an InP heat sink layer, an active region with 6 GaAlInAs 
quantum wells, and a thin layer of p-GaAlInAs, followed by a tunnel junction. Above the 
tunnel junction there are 2 pairs of n-DBR, followed by a ~1.8 µm air gap and a 195 nm thick 
InP high contrast grating. The grating is 12 X 12 µm

2
 wide in all cases described here. 

Electrical confinement is provided in the structure by a proton implantation at a depth near 
the tunnel junction. The size of the proton implant aperture is varied from 8 to 25 µm. 
Contacts are deposited on the backside of the wafer and topside on a contact layer above the 
HCG layer and surrounding the etched HCG. 

 

Fig. 1. Schematic of a 1550 nm VCSEL with a suspended TE-HCG in place of a typical top 
DBR. Current confinement is provided through the use of a proton-implant-defined aperture. 

The HCG in this structure is ~195 nm thick and has a period of ~1070 nm and 
semiconductor width of ~370 nm. The grating is designed to highly reflect light with electric 
field polarized parallel to the direction of the grating bars (TE), but not to the orthogonal 
polarization (TM). The grating is optimized so that it has a wide tolerance to the air gap 
dimension for ease of fabrication. Figure 2(a) shows the simulated reflectivity of HCG as a 
function of wavelength and light polarization (TE light (blue) has its electric field polarized 
along the bar direction while TM (red) is polarized perpendicular to the grating bar direction). 
The simulation is performed using rigorous coupled wave analysis (RCWA) [18]. Over 99% 
of TE-polarized light is reflected, while only ~50% of TM-polarized light is. Figure 2(b) 
shows the reflectivity of the TE light as a function of wavelength over a smaller reflectivity 
interval. The TE HCG is over 99% reflective over a 150 nm range. In this simulation, 
parameters are fixed at: a grating thickness of 195 nm, a period of 1075 nm, and a grating 
duty cycle of 35% (~370 nm InP/~700 nm air). The HCG material is InP with a refractive 
index of 3.17 in all cases. 
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Fig. 2. a) Reflectivity of the HCG as a function of wavelength and polarization. The grating is 
highly reflective for TE light (blue, light with electric field polarized along the direction of the 
grating), and much less so for TM light (red, light polarized perpendicular to the direction of 
the grating). b) Zoomed in reflectivity of the TE polarization. The grating is over 99% 
reflective over a bandwidth of 150 nm. 

Device fabrication was carried out as follows. A current aperture was formed by 
protecting the aperture area by a thick photoresist, followed by a H + ion implantation with a 

dosage between 10
14

 cm
−2

 to 10
15

 cm
−2

 and energy between 250keV to 400keV. A top annular 
n-contact subsequently was fabricated by lithography, metal evaporation and lift-off. A mesa 
was etched around the contact ring to the depth of the n-DBRs to electrically isolate the 
devices from each other. 

The HCG was defined by electron beam lithography and transferred by several steps of 
wet etching. In principle, the pattern could also be defined using a standard DUV lithography 
stepper. The HCG is then released by a selective etch of a sacrificial region below the HCG 
followed by critical point drying to prevent the structure from being damaged during the 
drying process. A scanning electron microscope (SEM) image of a completed HCG VCSEL 
is shown in Fig. 3(a). A zoomed in SEM image of the HCG is shown in Fig. 3(b). 

 

Fig. 3. SEM images of a (a) a completed 1550 nm HCG VCSEL (b) Zoomed in image of the 
high contrast grating, which is just 195 nm thick. 

3. Characteristics 

3.1 Light-current-voltage characteristics 

A series of VCSELs were fabricated with an identical HCG size of 12 X 12 µm
2
 and various 

implant aperture sizes, ranging from 5 to 20 µm. The fabricated devices show excellent 
electrical and optical characteristics. Figure 4(a) shows the light-current (solid) and voltage-
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curent (dashed) characteristics of a VCSEL with a 13 µm proton implant aperture at various 
heat sink temperatures. The VCSELs have a threshold current of ~3 mA at room temperature 
(RT) and lase continuous wave (CW) at temperatures exceeding 60° C. The RT peak output 
power is ~1.1 mW with slope efficiencies >0.25 mW/mA. Other devices with slightly higher 
thresholds showed up to 1.4 mW peak output powers at room temperature. The devices show 
a differential resistance of 60-100 Ω depending on aperture size. 

 

Fig. 4. a) Light-current (solid lines) and voltage-current (dashed lines) characteristics of a 
HCG VCSEL with a 13 µm proton implant aperture at various heat sink temperatures. Devices 
show over 1.1 mW output power at room temperature and operate continuous wave to >60° C. 
b) Spectrum of the same device under various heat sink temperatures. A wavelength shift of 
0.12 nm/K is extracted. 

Figure 4 (b) shows its optical spectrum at a constant bias current of 8 mA at various heat 
sink temperatures. A wavelength shift of 0.12 nm/K is observed. A thermal resistance of 1.55 
K/mW is also obtained, indicating good heat transfer away from the active region. At all 
biases the VCSELs emit in a single transverse mode with a side mode suppression ratio > 45 
dB. Single mode emission was seen in VCSELs with proton implant aperture sizes up to 20 
µm. It should be noted though that the HCG is only 12 X 12 µm

2
, so the finite HCG size is 

also providing some transverse mode discrimination. 

3.2 Optical mode characteristics 

Favorable optical mode characteristics for optical communications applications are also 
obtained due to the use of the HCG and a proton implant aperture. An important characteristic 
for VCSELs for mid- and long-reach optical communications links is polarization stability, as 
any polarization instability can have deleterious effects on an optical link. HCG VCSELs are 
polarization stable due to the high differentiation between the reflectivity in the orthogonal 
electric field polarizations as is shown in Fig. 2(a). Figure 5(a) shows the polarization-
resolved light-current characteristics of a device with a 15 µm proton implant aperture and 12 
X 12 µm

2
 HCG. The orthogonal polarization is suppressed by >20 dB (limited by the 

polarizer in the experimental setup). 
Since proton implant defined apertures provide little optical index guiding, it is possible to 

achieve larger size apertures while maintaining a single transverse mode emission profile. 
This makes the devices ideal for high coupling efficiency to a single mode fiber. The near- 
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Fig. 5. a) Polarization-resolved light-current characteristics of a 1550 nm HCG VCSEL. A 
polarization suppression ratio of >20 dB is achieved, with the measurement limited by the 
polarizer. b) Near field intensity profile of the device at 2.5 X Ith. A FWHM of ~6.5 µm is 
obtained with a VCSEL with a proton implant aperture size of 15 µm. 

field intensity profile of a device with a 15 µm proton implant aperture and 12 X 12 µm
2
 

HCG is shown in Fig. 5(b). This device emits in a single fundamental transverse mode with a 
full width half maximum (FWHM) of ~6.5 µm. Generally, the devices have FWHMs of 40-
50% of their lithographically defined aperture size. VCSELs with >20 µm proton-implant-
defined apertures show no significant higher order transverse mode, since the finite area of 
HCG reflectivity (12X12 µm

2
) contributes to the suppression of the higher order transverse 

modes in the largest aperture devices. 

4. Conclusion 

We present a 1550 nm VCSEL utilizing an HCG as a top mirror and proton implantation to 
form an electrical aperture. These devices can be simply fabricated using a monolithic 
epitaxial growth without the need for additional regrowth or dielectric mirror deposition. 
These devices have >1 mW output power at room temperature and operate continuous wave 
to greater than 60° C. Single mode operation is achieved with large apertures and no 
degenerate polarization modes. This simple VCSEL structure is promising for 
manufacturable, low-cost, long wavelength VCSEL for optical communications applications. 
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