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Abstract—Planar index-guided proton-implanted photonic crystal vertical-cavity surface-emitting lasers are fabricated and characterized. Index guiding from the photonic crystal improves the
performance of the lasers by creating a stable light output versus
current response, reducing the threshold current, and enhancing
the differential quantum efficiency. Examination of the etch depth
dependence of laser efficiency reveals various mechanisms that affect the laser performance and modal properties such as optical
loss, Joule heating, and spectral gain-resonance alignment. Photonic crystal designs can be chosen which result in lasing operation
only in the fundamental transverse mode from threshold to maximum power, even for the condition of blue-shifted gain spectrum
relative to the cavity resonance. Suitable photonic crystal designs
are shown to be manufacturable due to the planar device topology,
the use of optical lithography in all processing steps, and compatibility with virtually any vertical-cavity surface-emitting laser
epitaxial designs.
Index Terms—Index guiding, photonic crystal, single transverse
mode, vertical-cavity surface-emitting lasers (VCSELs).

I. INTRODUCTION
ERTICAL-cavity surface-emitting lasers (VCSELs) have
emerged as an important light source for short-haul optical data communication, position sensing, biochemical sensing,
and imaging applications owing to several advantages such as
low-cost fabrication, on-wafer testing, circular beam output,
and low operating power. Lasing in multiple transverse modes
is a drawback for many applications, although such an emission
characteristic is natural due to the relatively large lasing aperture cross section of a VCSEL. Nevertheless, VCSELs operating in the fundamental mode are desired, as high beam quality
(i.e., low divergence Gaussian beam) and high spectral purity
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(single longitudinal and transverse mode) in addition to low
power consumption are advantageous in many of the applications mentioned previously.
Lateral selective oxidation and proton implantation have been
employed for transverse current confinement in commercially
manufactured VCSELs [1]. These two types of confinement
are also accompanied by optical waveguiding. Oxide-confined
monolithic VCSELs [2] have a stable (with respect to injection current) and relatively large index contrast between the
surrounding oxide and the central semiconductor waveguiding
region. On the other hand, index guiding in proton-implanted
VCSELs [3] relies on the effect of thermal lensing [4], where the
refractive index of the core region changes in proportion to the
current-induced temperature variation from Joule heating. Due
to the lack of stable index guiding in implanted VCSELs, they
tend to possess higher threshold current, unstable beam profile,
and a turn-on delay in response to pulsed excitation [5] when
compared to oxide-confined VCSELs. In terms of modal properties, oxide-confined VCSELs typically operate multimode
due to the high index contrast, whereas for proton-implanted
VCSELs, the fundamental mode dominates at low injection level
but higher order modes emerge as the bias current is increased
due to stronger thermal lensing and spatial hole burning [1].
Numerous efforts have been reported to obtain stable fundamental mode lasing in VCSELs. The approaches to promote
single-mode lasing include 1) creating a waveguide that only
supports the fundamental mode (e.g., having a small oxide or
implant aperture); 2) preferentially pumping the fundamental
mode by creating a gain area smaller than the optical aperture [6], [7]; and 3) introducing greater losses such as diffraction
loss [8], scattering loss [9], free carrier absorption [10], [11],
antiguiding [12], [13], and mirror loss [10], [11], [14]–[17] to
the higher order modes. Nevertheless, not all of these methods
produce high side-mode suppression ratio (SMSR) or maintain single-mode lasing throughout the whole operating current
range, and the majority require additional fabrication steps or
specialized epitaxial structure with feature sizes dependent on
the lasing wavelength, all of which complicates manufacturability. Using a small diameter oxide or implant aperture is known
to increase the series resistance leading to undesirable device
heating, as well as excessive current density which can degrade
VCSEL reliability [18].
In this study, the photonic crystal structure is employed to
achieve single-mode emission in VCSELs [19]–[27]. A periodic pattern of air holes etched into the output distributed Bragg
reflector (DBR) mirror with one central air hole removed to
form the lasing defect is a method for creating fundamental
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mode VCSEL operation that uses the concepts of single-mode
waveguide and loss selectivity [22], [27]. The etched photonic
crystal provides optical confinement with an engineered transverse step-index profile which is stable with respect to the injection current. The electrical confinement is created using ion
implantation; by separating the electrical and the optical apertures, a larger current aperture can be made, resulting in lower
series resistance and reduced current density for single-mode
VCSELs [24]. There is no requirement imposed on the epitaxial design to fabricate photonic crystal VCSELs, and the photonic crystal design parameters can be independent of the lasing
wavelength for a wide range of wavelength and etch depth [25].
Moreover, we will show that single-mode operation can be obtained for the condition of a spectrally blue-shifted gain peak
relative to the cavity resonance, a strategy that is commonly employed for high-temperature operation [28] but often results in
higher order lasing modes [29]. Using proton implantation for
current confinement, it was previously shown that the threshold current and the differential quantum efficiency can be improved in photonic crystal VCSELs, because the gain guiding
of proton-implanted VCSELs is overcome by introducing index
guiding from the etched photonic crystal [24]. Proton-implanted
VCSELs are known to be extremely reliable with superior lifetimes [30], and adding photonic crystal to the VCSELs should
not compromise the reliability based on the reports of Kasten
et al. [26].
The majority of prior photonic crystal VCSELs used oxideconfined apertures and electron beam lithography to define the
hole patterns [19]–[24]. The photonic crystal VCSELs reported
herein utilize both current and optical apertures defined by optical lithography. Consequently, the photonic crystal VCSELs
exhibit index-guiding performance, yet are planar, manufacturable, and should yield high reliability. In this paper, the design and fabrication of photonic crystal VCSELs are reported in
Section II. The performance of the lasers fabricated from commercial VCSEL epitaxial materials is discussed in Section III,
where the influence of index guiding is investigated by varying
the etch depth of the photonic crystal. We report relatively high
single-mode output power from photonic crystal VCSELs with
manufacturable designs, and conclude in Section IV.

have greater spectral overlap with the gain than the fundamental
mode [29].
The hexagonal-lattice photonic crystal pattern has two lithographically determined parameters: hole diameter b and hole
pitch a. Nine photonic crystal designs are considered: b/a = 0.6,
a = 3, 3.5, 4, 4.5, and 5 μm; and b/a = 0.7, a = 3, 3.5, 4, and
4.5 μm. These designs yield single-mode lasing for a wide
range of etch depth in oxide-confined photonic crystal VCSELs
[25], and correspond to designs that are conducive to optical
lithography and inductively coupled plasma reactive-ion etching
(ICP-RIE). Furthermore, these photonic crystal designs produce
index-confined cavity diameters in the range of 4–7 μm, which
are relatively broad area. The lithographically defined current
aperture is designed to be 2b larger than the optical aperture.
For Sample A, the photonic crystal etch depth is through the top
DBR stopping at the optical cavity. For Sample B, several etch
depths are produced by varying the photonic crystal etch time
to study the etch depth dependence of differential quantum efficiency and threshold current of the photonic crystal VCSELs.
For both wafer samples for all device designs, gain-guided
VCSELs that only have the proton-implanted gain aperture are
also fabricated.
Fabrication begins with deposition of broad-area AuGe–Ni–
Au n-type metal contact on the substrate and Ti–Au p-type top
ring contacts on the top DBR. Next, the current apertures are
defined by photolithography by patterning of thick photoresist
masks to block high-energy (340 keV) proton implantation. The
VCSELs are isolated electrically in a second implantation step
using another resist mask for a multiple stack of ion implantations with different ion species, energy, and dose [1]. Optical
lithography is employed to create the photonic crystal patterns
in a deposited SiO2 layer, which is subsequently used as the
etch mask for ICP-RIE of the air holes. A cross-sectional sketch
and top-view scanning electron microscope image of a protonimplanted photonic crystal VCSEL in Fig. 1 shows the planar
VCSEL profile. Finally, wire bonding metal pads are added
on top of a dielectric layer (not shown in Fig. 1). The fabrication processes are identical to those used in commercial VCSEL
manufacture and all of the dimensions of the optical lithography
are insensitive to the laser wavelength of operation.

II. DEVICE DESIGNS AND FABRICATION

III. EXPERIMENTAL RESULTS

Proton-implanted photonic crystal VCSELs fabricated from
many different wafers with various epitaxial structures have
been studied; here, we present the characteristics of two samples.
Both VCSEL wafers contain a p-type top DBR mirror, a singlewavelength long optical cavity containing GaAs quantum wells,
and an n-type bottom DBR mirror grown on an n-type GaAs
substrate. Sample A has 21 linearly graded Al0.12 Ga0.88 As/
AlAs top DBR periods, whereas Sample B contains 20 top DBR
periods of linearly graded Al0.12 Ga0.88 As-Al0.9 Ga0.1 As layers;
hence, the output mirror of Sample A has higher refractive index
contrast and greater mirror reflectivity. Sample A also has a gain
peak that is significantly spectrally blue-shifted with respect
to the cavity resonance, which tends to promote multimode
and higher order mode lasing because the higher order modes

Gain-guided implanted VCSELs exhibit disadvantages compared to index-guided VCSELs due to their lack of stable index
confinement. These include variable beam steering during current injection, often also accompanied by instability in the light
output versus current (L–I) curve (e.g., dramatic fluctuations of
differential quantum efficiency) [5], as well as diffraction loss
at threshold leading to higher threshold under pulsed excitation as compared to continuous wave operation [4]. By contrast,
etching the air hole photonic crystal pattern into the top DBR
provides stable and symmetric index guiding, thereby stabilizing
the differential quantum efficiency and reducing the threshold
current. Fig 2(a) shows the L–I and Fig. 2(b) exhibits the lasing
spectra at the maximum output power for a photonic crystal
VCSEL (b/a = 0.6 and a = 3.5) and an implanted VCSEL with
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Fig. 1. (a) Cross-sectional sketch and (b) top-view scanning electron microscope image of a planar implant-confined photonic crystal VCSEL.

an identical gain aperture (implant diameter ≈ 9 μm) fabricated
from Sample A. Comparing the output curves in Fig. 2(a), the
L–I discontinuity of the proton-implanted VCSEL at 14 mA
is eliminated after the air holes are etched, but the current for
maximum power is reduced due to Joule heating effects that
arise from increased series resistance. The threshold current is
decreased from 3 to 2.1 mA with the addition of the photonic
crystal pattern due to its concomitant index confinement. From
Fig. 2(b), we see that fundamental mode operation dominates
the photonic crystal VCSEL over its entire operation range,
whereas the implanted VCSEL at maximum power has multiple transverse modes where a higher order mode is dominant.
In this paper, an SMSR ≥30 dB between the fundamental and
the higher order modes over the entire operating current range
(from threshold to maximum of output power) is the criterion
for single fundamental mode operation. The slope efficiency
and power reduction of the photonic crystal VCSEL compared
to the implanted VCSEL is expected due to the discrimination of the higher order modes; note that the implanted VCSEL
shows that a higher order mode is the dominant lasing mode,
which is suppressed by >30 dB after the photonic crystal etching. The photonic crystal VCSEL in Fig. 2(a) has a maximum
output power greater than 2.5 mW in the fundamental mode.
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Fig. 2. (a) Light output power versus current and (b) lasing spectra of a
proton-implanted VCSEL fabricated in Sample A before (dashed curves) and
after (solid curves) etching the photonic crystal pattern (b/a = 0.6 and a = 3.5)
showing single-mode operation; the spectra in (b) are measured at the maximum
output power of the VCSELs.

On this Sample A wafer, we obtain numerous single-mode photonic crystal VCSELs with threshold current less than 2 mA and
exhibiting ≥2 mW output power.
The photonic crystal VCSEL in Fig. 2 has an optical aperture diameter of 2a−b = 4.9 μm, whereas the nominal implant
aperture diameter is about 9 μm. Consequently, we expect reduced differential quantum efficiency and output power due to
the smaller mode size relative to current aperture size [31], [32]
which creates a carrier shunt path around the lasing spot. Therefore, larger current aperture enables lower current density and
series resistance but also results in reduced efficiency.
It should be noted that this wafer has a significant spectral blue
shift of the gain relative to the cavity resonance (>20 nm); as a
result, higher order modes enjoy greater modal gain, which is evident by the dominance of higher order modes in the spectrum
of the implanted VCSELs. Nevertheless, the photonic crystal
patterns introduced into these devices as shown in Fig. 2 maintain single fundamental mode operation. For VCSELs fabricated
from Sample A, we observe an increase in differential quantum
efficiency with increasing current in single-mode photonic crystal VCSELs [see the arrow in Fig. 2(a)]. This is not the same
behavior often found in multimode VCSELs in which kinks in
the light output curve appear due to the onset of higher order
modes, or in proton-implanted VCSELs that lack index guiding
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[e.g., the discontinuity of the dashed curve in Fig. 2(a)]. Instead, for single-mode VCSELs, this phenomenon arises from
the gain peak shifting into spectral alignment with the lasing
mode at higher temperature, causing the differential quantum
efficiency to increase with current.
In addition to the photonic crystal parameters, the hole etch
depth is the remaining fabrication variable. Fig. 3 shows the
variation of the differential quantum efficiency and threshold
current as a function of etch depth (normalized to the top DBR
thickness) for proton-implanted control and photonic crystal
VCSELs (b/a = 0.7, a = 4 and 4.5 μm) fabricated in Sample B.
Note that due to the range of etch depths, not all the VCSELs
shown in Fig. 3 operate in the single fundamental mode. The
gain-guided (proton-implanted only, 0% etch depth) VCSELs
with the same implant aperture show a wide range of differential quantum efficiency and threshold current in Fig. 3, and
this variation is randomly distributed across the sample, which
indicates that such statistical distribution is not due to a systematic variation of epitaxial layer thickness [33]. It is apparent
in Fig. 3 that with deeper photonic crystal air holes, the distributions of differential quantum efficiency and threshold current
(standard deviation shown by the dashed lines) are reduced, indicating stronger index guiding introduced by the photonic crystal
and diminishing influence of thermal lensing as etch depth increases. Note that in Fig. 3, there are more photonic crystal
VCSELs with 100% etch depth than implanted (0% etch depth)
VCSELs, and yet the distributions of differential quantum efficiency and threshold current of the photonic crystal VCSELs
are considerably narrower.
The photonic crystal structure introduces a step-like transverse index profile which can be modeled as an optical fiber
where the core is the unetched semiconductor and the cladding
is the photonic crystal region [21], [27]. The index contrast between the core and the cladding Δn can be calculated using the
effective index method [34] which accounts for the finite air hole
etch depth during the transfer matrix calculation of the cladding
index [27]. In Fig. 4, we plot the index contrast as a function
of the hole depth (normalized to the top DBR thickness) for
photonic crystal VCSELs fabricated from Sample B. The calculated index contrast between the core and the cladding in Fig. 4
monotonically increases with photonic crystal etch depth, but
requires hole depths of greater than 60% of the DBR for an
appreciable value. This calculation is slightly different from the
previous work in which an etch depth dependence parameter γ
proportional to the longitudinal standing wave intensity is used
to calculate the cladding index [21]. Nevertheless, Fig. 4 closely
resembles the results determined using the etch depth dependence parameter (see Fig. 9 of [21]), indicating the equivalence
of both methods. In fact, Δn calculated using the effective index
method is just the index contrast obtained assuming infinite etch
depth multiplied by γ
Δn = ncore − nclad = ncore − ((1 − γ)ncore + γncore,holes )
= γ(ncore − ncore,holes )
= γΔneﬀ

(1)

Fig. 3. (a) Differential quantum efficiency and (b) threshold current versus etch
depth (normalized to top DBR mirror thickness) for photonic crystal VCSELs
with b/a = 0.7, a = 4.5 um. (c) Differential quantum efficiency versus etch
depth for photonic crystal VCSELs with b/a = 0.7, a = 4.0 um. The data
points at each etch depth correspond to different devices with the same design
from Sample A. The solid line indicates the average, whereas the dashed lines
coincide with the standard deviation of the measurements.

where ncore is the effective index of the core, nclad is the effective index of the cladding obtained from the effective index
method, ncore,holes is the effective cladding index assuming infinite etch depth, and Δneﬀ is the index contrast assuming infinite
etch depth.
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Fig. 4. Index contrast (Δn) as a function of etch depth. Diamonds represent
a = 4.0 μm and squares represent a = 4.5 μm. For a = 4.5 μm, Δn increases
slower with respect to etch depth and Δn is in general lower than photonic
crystal VCSELs with a = 4.0 μm for the same etch depth.

Referring to Fig. 3(a), for a = 4.5 μm, the differential quantum efficiency gradually increases with etch depth until reaching the active region, because of reduced diffraction, scattering, and mirror loss arising from the increased index contrast
with increased etch depth. From Fig. 4, we see that for a pitch
of a = 4.5 μm, the index contrast increases slower with respect to etch depth and Δn is lower than for photonic crystal
VCSELs with a = 4.0 μm for the same etch depth. As a result, the transverse modes of photonic crystal VCSELs with
a = 4.5 μm have greater spatial overlap with the photonic crystal cladding; hence, these photonic crystal VCSELs are more
susceptible to optical loss introduced by the photonic crystal cladding especially for shallow etch depths. For a pitch
of a = 4.0 μm shown in Fig. 3(c), the increase of differential
quantum efficiency with etch depth is not as obvious, at least
partially due to more tightly confined transverse mode profile.
For all photonic crystal designs, the differential quantum efficiency decreases when the holes perforate the quantum-well active region, presumably due to nonradiative recombination [35]
creating increased heating and carrier leakage [36].
The threshold current of the photonic crystal VCSELs monotonically decreases with deeper etch depth as evident in Fig. 3(b),
due to the reduced optical loss from the increased index contrast. However, when the air holes are etched through the active
region, the photonic crystal VCSELs have increased threshold
current due to nonradiative recombination. From the results of
Figs. 3 and 4, we conclude that etching the photonic crystal
through the top DBR to the top of the active region yields the
best VCSEL performance in terms of high differential quantum efficiency and low threshold current. Note that defining a
smaller proton-implanted gain aperture than the optical cavity
could prevent carrier diffusion to the exposed quantum well
edges, but at the expense of increasing the current density.
The performance of photonic crystal VCSELs with hole etch
depth is similar to that found for etched air-post VCSELs [35].
A shallow etch depth results in diffraction, whereas etching
through the active region creates nonradiative recombination.
The transverse index profile can be designed by the etch depth
for both photonic crystal and air-post VCSELs, but the higher

Fig. 5.
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Threshold current as a function of optical aperture diameter.

resulting index step of the air-post VCSEL demands smaller
device diameter to enable single-mode operation [37].
In Fig. 5, the threshold current versus the optical aperture
diameter of VCSELs fabricated from Sample A is shown. The
photonic crystal VCSELs in this plot employ the optimum design of etching the holes through the top DBR. The optical
aperture diameter is taken from the photonic crystal design;
for the proton-implanted VCSELs, we use the implant diameter. For the photonic crystal VCSELs, we indicate in Fig. 5
which VCSELs operate single fundamental mode, and which
exhibit multimode operation. Threshold current in general decreases after the photonic crystal is introduced except for devices
with the smallest implant apertures (compare single-mode photonic crystal VCSELs with aperture of 3.9 μm and implanted
VCSELs with aperture of 8.1 μm). The VCSELs with the smallest implant aperture experience greater heating than larger diameter VCSELs, and hence, the index confinement arising from
the photonic crystal has minimal effect on reducing diffraction
loss and threshold current. A photonic crystal optical aperture
of 5.2 μm and less tends to yield single-mode lasing, even for
the condition of blue-shifted gain peak. In general, output power
scales with optical aperture diameter, so larger aperture (∼ 5 μm)
is preferred if higher single-mode optical power is desired.
IV. CONCLUSION
Planar index-guided proton-implanted photonic crystal
VCSELs are fabricated and characterized. We use photonic
crystal designs that are accessible to standard fabrication processes and lead to fundamental mode operation with ≥30-dB
SMSR from threshold to maximum power. The photonic crystal
VCSELs are thus shown to be manufacturable due to their planar
topology, the use of optical lithography in all processing steps,
and compatibility with virtually any VCSEL epitaxial designs.
They are also superior in performance compared to gain-guided
VCSELs due to their stable output characteristics, increased
differential quantum efficiency, reduced threshold current, and
single-mode operation even for the condition of blue-shifted
gain peak relative to the cavity resonance. With proper photonic
crystal and aperture size design, single-mode output power of
>2.5 mW can be obtained. Photonic crystal VCSELs with less
blue-shifted gain would be expected to have lower threshold
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current, higher output power, and operate in single mode even
with larger optical aperture for reduced beam divergence. Finally, the increased gain diameter provided by the proton implantation leads to low current density operation, from which
excellent reliability can be expected.
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