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Abstract—Photonic crystals with single- and seven-point defects
are used to achieve single-fundamental-mode operation of proton-
implanted vertical-cavity surface-emitting lasers. The holes are
etched at a variety of depths for various photonic crystal designs to
investigate the influence on single-mode emission. Because proton-
implantation provides weak transverse confinement in the form of
thermal lensing, selective loss is not required to suppress lasing
of extended photonic crystal modes. We show that etching the
photonic crystals to shallow depths provides the ability to scale
to large aperture sizes, while etching deeply allows single-mode
emission of small diameter devices. Optimized designs exhibit a net
reduction in loss relative to unetched control devices, as evidenced
by a reduction in device threshold current.

Index Terms—Distributed Bragg reflector lasers, photonic crys-
tals, semiconductor lasers, vertical-cavity surface-emitting lasers
(VCSELs).

I. INTRODUCTION

FUNDAMENTAL mode operation of vertical-cavity
surface-emitting lasers (VCSELs) is desired for numer-

ous applications including high-speed fiber optic data commu-
nication, sensing, computer mice, and compact atomic clocks.
VCSELs offer a number of potential benefits over Fabry–Perot
semiconductor lasers such as capability for on-wafer testing,
single longitudinal mode operation, high-speed operation, and
low-cost high-volume manufacturability. Unfortunately, all but
the smallest diameter oxide- and implant-confined VCSELs tend
to operate in multiple transverse modes. Increasing the aperture
size to achieve higher output powers while maintaining single-
mode operation has provided a unique set of challenges.

Recently, there has been considerable interest in achieving a
low-cost scalable method of designing single-mode VCSELs.
Methods such as the use of small diameter oxide [1], implant [2],
or hybrid oxide-implant apertures [3], and etched surface re-
liefs [4], [5] have shown success, but require stringent design
tolerances. There has also been considerable interest in the use
of etched structures such as photonic crystals [6]–[11] and non-
periodic holes (such as wedges) [12]–[14] to achieve scalable
single-mode results. The photonic crystal approach is unique in
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its “endlessly single-mode” property [15], which can provide
single-fundamental-mode emission with a specific structure in-
dependent of wavelength.

In recent years, manufacture of VCSELs has been shifting
from implant-confinement to oxide-confinement due to inher-
ent cold-cavity index confinement, which results in improved
device performance (such as lower threshold, higher efficiency,
and higher power) [16]. These enhancements in device perfor-
mance come at the cost of increased parasitic capacitance, which
limits high-speed operation. Because etched photonic crystals
(and other holey structures) provide built-in transverse index
confinement, implant-confined VCSELs may benefit from their
use. The use of implant confinement also offers two other dis-
tinct advantages. Implant-confined VCSELs tend to operate in
the fundamental mode at threshold, and lase in only a few higher
order modes at higher injection levels [2], [16]. In addition, be-
cause proton-implanted apertures provide no cold-cavity index
confinement [17], the electrical and optical confinement of an
implant-confined photonic crystal VCSEL can be separately
controlled. The use of etched photonic crystals [10] and other
holey structures [13], [14] in proton-implanted VCSELs has
only recently been reported.

To date, there has been no parametric study of photonic crystal
design and etch depth on single-mode performance of implant-
confined VCSELs. Such a study would be useful for optimiz-
ing the designs to enable improved performance. In this pa-
per, implant-confined photonic crystal VCSELs with varying
designs were designed, fabricated, and characterized to investi-
gate both the feasibility and scalability of the photonic crystal
approach for single-mode emission. The observed modal prop-
erties of these devices are presented, and the loss effects (in the
context of slope efficiency and threshold current) as a function
of photonic crystal design are discussed.

II. EXPERIMENT

The implant-confined photonic crystal VCSELs in this
paper were fabricated as follows. A bottom n-type (Si-doped)
34-period distributed Bragg reflector (DBR) consisting of al-
ternating layers of Al0.12Ga0.88As and Al0.90Ga0.10As, an un-
doped active region with two GaAs quantum wells, and a similar
top p-type (C-doped) 21-period DBR, were grown by metalor-
ganic vapor phase epitaxy for a designed operating wavelength
of 850 nm. Ohmic ring contacts (Ti/Au) for the top p-type DBR
were patterned using photolithography, deposited by electron-
beam evaporation, and formed using conventional liftoff. A
backside contact (AuGe/Ni/Au) was deposited to form an ohmic
contact to the n-type substrate. A thin protective layer of SiO2
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Fig. 1. Cross-sectional schematic of an implant-confined photonic crystal
VCSEL. The inset depicts a near-field optical microscopic image of a typical
device lasing in the fundamental mode.

was deposited, and thick (12 µm) photoresist pillars were pat-
terned in the center of each top ring contact. The exposed SiO2

was etched using CF4 reactive ion etching (RIE). These pil-
lars served to mask and define the apertures for the implant
process. Protons were implanted at 340 keV with a dose of
4 × 1014 cm−2, and the mask was subsequently removed. Elec-
tron beam lithography was used to define the photonic crystal
patterns in polymethyl-methacrylate resist, and CHF3 RIE was
used to transfer the pattern to an SiO2 mask. Large isolation
mesas were patterned with conventional lithography and simi-
larly transferred to the SiO2 mask. The sample was then cleaved
into smaller pieces. The isolation mesas and the photonic crys-
tal holes were simultaneously etched into the top DBR using
SiCl4/Ar inductively coupled plasma RIE. Each sample was
etched for a different time, resulting in variety of etch depths for
each photonic crystal design. The oxide mask was removed by
CF4 RIE, and the samples were subjected to 30 s of rapid ther-
mal annealing at 325 ◦C. Fig. 1 illustrates a schematic of a com-
pleted implant-confined photonic crystal VCSEL, with an inset
showing a completed device lasing in the fundamental mode.

Here, the ion implant aperture diameter was fixed at 20 µm.
The photonic crystal lattice spacing is given by a and the hole
diameter b. The photonic crystals were designed with b/a = 0.4,
0.5, 0.6, and 0.7, and a was varied from 2.0 to 12.5 µm (in steps
of 0.5 µm) for single-point defect designs, and from 1.0 to
6.0 µm (in steps of 0.5 µm) for seven-point defect designs. The
etch depth for the four samples (referred to as Samples A, B, C,
and D) was investigated as a function of photonic crystal hole
diameter (b), as shown in Fig. 2. The holes were inspected in a
scanning electron microscope at an angle of 35◦ off-normal, and
the etch depth was calculated by counting the number of DBR
periods etched and multiplying by the thickness of one period.
For a given etching time, the smaller diameter holes etched to a
shallower depth. This dependence is attributed to size-dependent
etch effects [18]. The etch-depth data was empirically fit with a
logarithmic function for the purpose of interpolating etch depths
for all devices in the paper.

The characteristics of each VCSEL were measured using on-
wafer probing at room temperature. For continuous-wave (CW)

Fig. 2. Etch depth as a function of hole diameter b for the four samples. For
each sample, the data is empirically fit with a logarithmic function.

light versus current (LI) and current versus voltage (IV) measure-
ments, the input current was varied, and both the device voltage
and the output from a silicon photodetector were measured using
a semiconductor parameter analyzer. The spectral characteristics
were measured using an optical spectrum analyzer with resolu-
tion bandwidth of 0.06 nm. At maximum power, each VCSEL
was categorized as either not lasing, multimode lasing, or single-
mode lasing, where single mode is defined as a single peak at
the fundamental (lowest energy) wavelength and greater than
30 dB side mode suppression ratio (SMSR) over the entire dy-
namic operating range of the VCSEL. Multimode lasing would
be a higher order defect-confined mode, rather than a photonic
crystal mode extended across the defect and photonic crystal.

III. RESULTS

The modal properties of a lossless cylindrical step-index
waveguide can be predicted using the V -parameter, which is
given by [19]

Veff =
πD

λo

√
n2

1 − n2
2. (1)

where the wavelength of operation is λo , and the waveguide
diameter D is the photonic crystal defect diameter 2 a − b.
The “core” index n1 is given by the effective index of the un-
etched DBR in the defect, and the “clad” index n2 is the overall
effective index of the etched photonic crystal. Because the pho-
tonic crystal is etched into the semiconductor DBR composed
of layers with periodically varying refractive index, an accurate
computation of Veff for a photonic crystal VCSEL, which takes
into account finite etching depth, requires a layer-by-layer cal-
culation of the out-of-plane photonic band diagram to obtain
the index contrast. The details of this procedure were originally
outlined in [8]. If Veff is less than 2.4, and the corresponding
index contrast is sufficient to dominate over thermal lensing
(n1 − n2 > 10−3), the device is expected to operate in the sin-
gle fundamental mode [8], [9].

Fig. 3(a) illustrates the spectrum of a typical single-mode
device in this study, taken at an injection level corresponding
to maximum output power (thermal rollover). This particular
data comes from a single-point defect device on Sample C with
photonic crystal parameters b/a = 0.6 and a = 5.0 µm (defect
diameter = 7µm), which corresponds to a calculated Veff = 2.1.
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Fig. 3. (a) Typical single-mode spectrum for an implant-confined photonic
crystal VCSEL at maximum power. (b) SMSR as a function of injection current
for the same laser. The values for an unetched control laser with the same
implant aperture size have been plotted for reference.

Fig. 3(b) shows the SMSR as a function of drive current for the
photonic crystal device. The behavior for an unetched control
(20 µm implant diameter) device is plotted on the same graph
for comparison. Single-mode implanted VCSELs would be ex-
pected for implant diameters smaller than 5 µm.

Fig. 4(a) shows the CW LI for the same device. This device
exhibits a threshold current of 1.7 mA, a slope efficiency of
0.28 W/A, and a maximum single-mode output of 1.5 mW.
The CW LI for an unetched control having the same implant
diameter is also plotted in the same figure for comparison. The
reduction in threshold current and increase in efficiency in the
photonic crystal device is due to a decrease in diffraction loss
resulting from the index confinement provided by the photonic
crystal. The CW IV curves for the photonic crystal and unetched
control VCSELs are shown in Fig. 4(b). The increased series
resistance in the photonic crystal VCSEL is due to the removal
of conductive material.

The dependence of threshold current and slope efficiency on
photonic crystal design for the single-mode single-point defect
devices on Sample C is shown in Fig. 5(a) and (b), respec-
tively. The observed increase in slope efficiency and decrease
in threshold current for increasing defect diameters is a direct
consequence of decreasing diffraction loss. For a given b/a, the
defect diameter increases by increasing the hole diameter b. This
increased hole diameter results in a deeper etch depth, and con-
sequently, larger effective index contrast, which is responsible
for the decreased diffraction loss.

Fig. 4. (a) Output power and (b) voltage versus injection current for the same
VCSEL described in Fig. 3, and an unetched control laser with the same implant
aperture size.

The modal properties for all devices (single- and seven-point
defects) in the paper were collected and compiled in Fig. 6.
For each device, Veff was calculated and the measured modal
property was determined versus the defect aperture size. Single-
mode results were obtained for defect diameters between 4 and
9 µm. Devices with defect diameters smaller than 4 µm did not
generally lase. These devices had the smallest photonic crystal
hole sizes with relatively shallow etch depths, and thus, they
were insufficiently etched to provide enough index confinement
to achieve threshold (too much diffraction loss). Devices with
defect diameters larger than 9 µm lased multimode due to ther-
mal instabilities in the defect aperture. A number of devices with
calculated Veff values above 2.4 operated single mode due to loss
introduced by the holes, which is not included in the computa-
tion of Veff . These results are comparable to those obtained for
the oxide-confined photonic crystal VCSELs in [11], indicat-
ing that the use of photonic crystals for single-mode emission
in VCSELs is compatible with a variety of current injection
schemes.

Fig. 7 illustrates the inherent tradeoff between aperture diam-
eter and etch depth (index contrast) for single-mode emission of
single-point defect devices, which is a direct result of (1). Single-
mode results for shallow etch depths are obtained for larger de-
fect diameters relative to the single-mode results for deeper etch
depths. The use of shallow etch depths should allow scaling
of the single-mode single-point defect diameters greater than
10 µm. The ability to scale to shallow etch depths is unique to
implant-confined photonic crystal VCSELs. In contrast, oxide-
confined photonic crystal VCSELs require a minimum hole etch
depth to provide sufficient loss in order to inhibit lasing of the
strongly guided oxide modes [11]. Fig. 7 also shows that deeply
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Fig. 5. (a) Threshold current and (b) slope efficiency as a function of the
photonic crystal defect aperture size for single-mode single-point defect devices
on Sample C. The dotted lines indicate the average values for an unetched control
device with the same implant aperture size.

Fig. 6. Observed modal properties as a function of photonic crystal defect
diameter for implant-confined photonic crystal VCSELs.

Fig. 7. Observed modal properties as a function of defect diameter and etch
depth (index contrast) for implant-confined photonic crystal VCSELs.

etched holes will enable small diameter lasers, although the high
aspect ratio etching required (small diameter and deep depth)
may prove challenging. A hybrid mirror design [20] would be
advantageous for small diameter photonic crystal VCSELs.

IV. CONCLUSION

Implant-confined photonic crystal VCSELs were designed,
fabricated, and characterized to parametrically study the effects
of photonic crystal design and etch depth on single-mode op-
eration. Because proton-implantation provides weak transverse
confinement in the form of thermal lensing, selective loss is not
required to suppress the lasing of extended modes. We show
that etching the photonic crystals to shallow depths provides
the ability to scale to large aperture sizes. Optimized designs
exhibit a net reduction in loss relative to unetched control de-
vices, as evidenced by a reduction in device threshold current
and improved efficiency. Future work will focus on reducing
the implant aperture size to form a more optimum overlap of
the electrical and implant apertures in an effort to improve the
device efficiency, as well as reducing the photonic crystal etch
depth in an effort to scale to larger optical aperture sizes for
high-power operation.
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