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Abstract—We investigate the optical properties of protonimplanted photonic crystal (PhC) vertical-cavity surface-emitting
lasers (VCSELs) emitting in the visible spectrum. The fabricated
lasers have a threshold current of 1.3 mA and single-mode output
power greater than 1 mW at room temperature. The incorporation
of a PhC into the top facet of a proton-implanted VCSEL results in
a stable single-fundamental-mode operation with a side-mode suppression ratio larger than 30 dB and a constant beam divergence independent of injection current level or ambient temperature. Using
an index-step optical fiber model, we compare the effects of different hole etching depths to variations in output beam divergence. By
varying the design and etching depth of the hole pattern, the lasers
can either be optimized for low beam divergence or low threshold
currents. The controllable refractive index guidance effect from
the PhC allows for precise engineering of the optical properties of
these visible VCSELs for consumer and imaging applications.
Index Terms—High-quality beam properties, imaging applications, proton-implanted photonic crystal (PhC), single-mode
operation, vertical-cavity surface-emitting laser (VCSEL), visible
semiconductor lasers.

I. INTRODUCTION
ERTICAL-CAVITY surface-emitting lasers (VCSELs)
have advantages over other semiconductor lasers due to
their inherent characteristics of surface emission, circular optical output beam, low power operation, ease of integration
in 2-D arrays, and low-cost/high-volume manufacture. Consequently, VCSELs have been the light source of choice in a
variety of optoelectronic applications such as free-space optical interconnects [1], short haul data transmission [2], optical
data storage [3], and optical sensing [4], [5]. In particular, red
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VCSELs, with their high-speed modulation capabilities, are a
preferred light source for plastic optical fiber (POF) data transmission [6]–[8] due to the attenuation minimum of the POF in
the 650-nm range. Furthermore, VCSELs emitting in the visible spectrum are interesting candidates for various sensing and
display applications. Most of these applications demand a highquality single-mode output beam. A narrow and stable beam
divergence is beneficial for accurate position sensing, high fiber
coupling efficiency, homogeneous illumination of displays, and
projection of sharp images.
Despite many positive characteristics, conventional VCSELs
also have disadvantages, especially, in terms of singlefundamental-mode operation. Due to their large diameter or
large refractive index lateral confinement, generic VCSELs
typically operate in multiple transverse modes. Several transverse optical confinement approaches have been investigated to
achieve a single-fundamental-mode operation including small
oxide apertures [9], small implant apertures [10], hybrid oxide/implant structures [11], surface relief etched lasers [12],
[13], etched holy pattern [14], [15], and photonic crystal
(PhC) lasers [16]–[22]. All these approaches favor the singlefundamental-mode operation by either increasing the gain for
the fundamental mode, increasing the loss of higher order
modes, or by engineering the transverse index profile of the
VCSEL to support only the lowest order mode. In this paper, we
focus on an index-guided single-mode PhC VCSELs emitting
in the visible range of the optical spectrum.
Previous works have shown excellent performance for protonimplanted and oxide-confined InGaAlP-based VCSELs emitting in the 640–690-nm wavelength region [23]–[28]. Due to
the strong optical and electrical confinement provided by the
oxide layer, oxide-confined VCSELs typically show superior
device characteristics and demonstrate higher output powers,
lower threshold currents, and improved internal quantum efficiency compared to the proton-implanted counterpart [29]–[31].
However, it is the same strong index guiding effect of the
oxide layer that makes the single-fundamental-mode operation more difficult to achieve. As a result, conventional oxideconfined VCSELs require a small oxide aperture to operate
in a single fundamental mode [32]. This limits the maximum
achievable output power as well as reduces the device reliability due to high current densities in the oxide-confined
region.
In contrast, proton-implanted VCSELs inherently operate in
the single fundamental mode for low levels of current injection
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due to the weak index confinement provided by the thermal lens.
However, for higher levels of current injection or varying ambient temperatures, multimode operation, random beam steering,
and, consequently, an increase in far-field divergence are observed. The stability of the output beam of proton-implanted
VCSELs is especially problematic under pulsed operation due
to the lack of the thermal lens. A PhC with a single defect in
the center region etched into the top facet of a proton-implanted
VCSEL solves these problems and allows for a stable highquality single-fundamental-mode output beam for all levels of
current injection and varying ambient temperatures. In protonimplanted PhC VCSELs, the optical confinement is determined
by the PhC pattern whereas the electrical confinement is provided by the proton-implant aperture.This allows for precise
engineering of the index guidance effect of the PhC without
altering the electrical confinement of the VCSEL. The index
step of the PhC defect cavity can be engineered by carefully
designing the periodic hole pattern as well as by controlling the
etching depth of the air holes [33]. However, to simply achieve
single-fundamental-mode operation, PhC parameters such as
lattice constant, hole diameter, or etching depths of the air holes
do not need to be stringently controlled [20], [34]. The large
tolerances in the fabrication process make PhC VCSELs suitable for mass production and thus an excellent candidate for
low-cost/high-volume consumer applications.
In this paper, we investigate the optical properties of protonimplanted red PhC VCSELs and examine the dependence of the
output beam divergence on different etching depth of the PhC
air holes. The fabricated proton-implanted red PhC VCSELs
show a single-fundamental-mode output power greater than
1 mW at room temperature. The emission wavelength of the
PhC VCSELs at room temperature is 674 nm. As a result of
the weak step-index guidance profile introduced by the PhC, the
lasers possess a circular Gaussian-like far-field pattern with a
stable beam divergence angle that is independent of injection
current or ambient temperature. Red PhC VCSELs can either
be optimized for low beam divergence or low threshold currents
depending on the etching depth chosen for the PhC air holes.
II. PhC VCSEL DESIGN
The epitaxial structure used for the fabrication of the protonimplanted red PhC VCSELs is grown by metal-organic chemical
vapor deposition on an n-GaAs substrate. The diode laser structure is comprised of a top p-type distributed Bragg reflector
(DBR) mirror, an active region, and a bottom n-type DBR mirror. The DBR periods are composed of high-index Al0.5 Ga0.5 As
and low-index Al0.92 Ga0.08 As quarter-wave layers. The intrinsic 1–λ optical cavity contains InGaP quantum wells.
Fig. 1 shows a cross-sectional schematic of a fabricated
proton-implanted red PhC VCSEL. We start the fabrication process with the deposition of top p-type metal (Ti/Au) and bottom
n-type metal (AuGe/Ni/Au) contacts. Proton-implant apertures
with the diameters of 10 and 12 μm are defined by ion implantation to serve as current confinement. Next, PhC patterns are
transferred using optical lithography into the top facet of the
VCSELs and etched using inductively coupled plasma reactive

Fig. 1.
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Cross-sectional schematic of a proton-implanted PhC VCSEL.

Fig. 2. (a) Top view image of a fabricated PhC VCSEL and (b) PhC pattern
with parameters labeled.

ion etching. The PhC patterns consist of a periodic hexagonal
array of circular air holes. A center defect creates a transverse
index-confinement structure that serves as optical confinement.
Design parameters for the PhC patterns are: lattice constant
a, hole diameter b, resulting center defect diameter 2a−b, and
the etching depth of the PhC air holes. Scanning electron micrograph of a fabricated red PhC VCSEL and sketch of the
corresponding PhC pattern are depicted in Fig. 2. The defect
diameter, lattice constant, and hole diameter of the PhC patterns
studied here are 5.6, 4, and 2.4 μm for the 10-μm implant aperture VCSEL, and 5.85, 4.5, and 3.15 μm for the 12-μm implant
aperture VCSEL, respectively. The proton-implanted aperture,
serving as electrical confinement, is chosen to be larger than the
PhC defect region to guarantee that the index profile induced by
the thermal lens follows a uniform distribution across the PhC
defect region. The refractive index contrast of the thermal lens
arising under continuous wave operation is on the order of 5 ×
10−3 whereas the magnitude of the PhC step-index ranges from
5 × 10−4 to 5 × 10−3 for etching depths of 70–100% into the
top DBR, respectively. The combination of index guiding in the
center defect region and induced loss for higher order modes in
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the PhC region results in single-fundamental-mode operation.
The effects of loss on modal discrimination are discussed in
more detail elsewhere [35], [36].
III. PhC VCSEL MODELING
A step-index waveguide can be used to describe PhC VCSELs
with a single center defect, as described previously [17]–[20].
In this model, the center defect of the PhC is taken as the core
of the optical waveguide, and the surrounding PhC region with
its reduced refractive index is taken as a cladding region. This
approach has the advantage of being computationally less intensive than other more rigorous methods such as finite-difference
time domain, finite element, or 3-D calculations [37]–[39] and
serves the purpose of helping with the design of single-mode
PhC VCSELs. By using the plane-wave expansion method, the
real part of the effective refractive index of the cladding region
can be found by calculating the band diagram of the PhC in each
DBR layer that is penetrated by air holes. In this procedure, the
effective refractive index is determined by taking the inverse of
the slope of the out-of-plane propagation. This effective refractive index can then be used to replace the DBR layers penetrated
with PhC air holes by homogeneous effective index layers [18].
The effective index VCSEL structure can then be used to calculate the resonances of the core and the cladding region using a
1-D transmission matrix approach. The difference in resonance
wavelengths is directly proportional to the step-index difference
between the center core and the PhC cladding region and is
described by [40]
Δλo
Δneﬀ
≈
neﬀ
λo

(1)

where neﬀ and Δneﬀ are the effective refractive index of the
core and the effective index difference between the core and the
cladding region, respectively, and λo and Δλo are the free-space
core resonance wavelength and the resonance wavelength difference between the core and the cladding region, respectively.
By using this approach, the finite etching depth of PhC air holes
in the top DBR is intrinsically accounted for. A field-weighted
average of the DBR center region is used to determine the core
refractive index ncore in the waveguide model. The waveguide
cladding index nclad is found by taking the difference between
the core index ncore and the effective refractive index difference
Δneﬀ . The mode cutoff for the single-mode emission of the
PhC VCSEL can be determined by the normalized frequency
parameter Veﬀ , which is defined by [41]

πD
n2core − n2clad
(2)
Veﬀ ≈
λo
where D is the PhC defect diameter, λo is the free-space lasing
wavelength, and ncore and nclad are the refractive indices in
the core and the cladding region, respectively. The single-mode
condition is found to be [41]
Veﬀ < 2.405.

Fig. 3. Procedure used to calculate the effective refractive index of the PhC
cladding region to design the step-index waveguide model.

(3)

Fig. 3 shows the procedure used to calculate the step-index
waveguide model. We can further compute the near-field mode
profile of the PhC VCSEL and by using its Fourier transform,

Fig. 4. Far-field beam divergence of a 680-nm PhC VCSEL. (a) Simulated
far-field profile for 100% etching depth into the top DBR. (b) Simulated and
measured far-field beam divergence for different etching depths. For shallow
etched PhC holes (etching depth < 70%), the optical loss becomes so large that
the PhC VCSELs do not lase.

we can calculate the far-field mode profile as a function of PhC
design and etching depth. Fig. 4(a) shows the far-field beam
divergence of a 680-nm PhC VCSEL with b/a = 0.7, a =
4.5 μm, and 90% etching depth into the top DBR. The experimental and theoretically calculated far-field beam divergences
for different etching depths are shown in Fig. 4(b). The experimental measurement of the contribution of scattering loss and
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Fig. 5. Light output and applied voltage with spectral characteristics for red
proton-implanted VCSELs. (a) A PhC VCSEL with b/a = 0.7, a = 4.5 μm,
and 90% etching depth into the top DBR. (b) Unetched control device.

thermally induced index changes in Fig. 4 proved elusive. From
our simulations, for shallow PhC etches, the scattering loss will
dominate [36], while for deeper etches, the thermally induced
index shift will become stronger due to the greater removal of
the semiconductor material. For etching depths deeper than 60%
into the top DBR, the index-confinement induced by the PhC
holes produces a significant confinement of the electrical nearfield, which results in an increase in far-field beam divergence.
The step-index waveguide model used here only considers confinement due to index contrast, whereas sources of confinement
such as optical scattering loss [35], [36] or thermally induced
index confinement are neglected. Thus, the simulated beamdivergence values are lower bounds for the experimentally observed data shown in Fig. 4.
IV. EXPERIMENTAL RESULTS
The light versus current and voltage characteristics with
corresponding optical spectra for the 12-μm implant aperture
VCSELs are depicted in Fig. 5. The PhC VCSEL operates in
a single fundamental mode from threshold through maximum
output power with a side-mode suppression ratio greater than
30 dB. The single-mode output power of the PhC VCSEL is
found to be greater than 1 mW at room temperature. Due to the
step-index optical confinement provided by the PhC, the lasing
threshold is 1.3 mA. In comparison, the control VCSEL without
a PhC has a multimode operation to a maximum output power
of greater than 2 mW, and a higher threshold current of 2.4 mA,

Fig. 6. Light output current characteristics for various ambient temperatures.
(a) A red PhC VCSEL with b/a = 0.7, a = 4.5 μm, and 90% etching depth into
the top DBR. (b) Unetched control device.

due to the thermally induced optical confinement needed for lasing. The electrical characteristics of the PhC VCSEL remains
virtually unchanged compared to the unetched control device.
Previous studies have shown that there is no negative impact on
the reliability of PhC VCSELs due to the etched air holes into
the top facet [34].
We also investigate the thermal characteristics of the fabricated VCSELs. Fig. 6 shows the LI curves of a 680-nm PhC
VCSEL (b/a = 0.7, a = 4.5 μm, 90% etching depth into top
DBR, and implant aperture = 12 μm) and unetched control laser
for different ambient temperatures. The PhC VCSEL shows lasing action for temperatures up to 55 ◦ C. As one would expect,
the maximum output power decreases with increasing surrounding temperatures. The maximum continuous wave (CW) lasing
temperature of 55 ◦ C is a typical value for red VCSELs emitting
at wavelengths around 680 nm since high temperature performance is limited by the relatively small conduction band offset
of the InGaP active material system leading to high leakage
current.
The far-field dependence of red PhC VCSELs is investigated
in more detail by comparing a PhC VCSEL (b/a = 0.7, a =
4.5 μm, 90% etching depth into top DBR, and implant aperture = 12 μm) with a corresponding control device. Fig. 7(a)
shows the full-width half-maximum (FWHM) far-field beam
divergence of the PhC VCSEL and the corresponding unetched
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Fig. 7. Far-field dependence of a PhC VCSEL and proton-implanted control
laser. (a) Top-view intensity profile at maximum injection current. (b) FWHM
of far-field divergence angle for varying injection current.

control VCSEL for various levels of current injection. Due to
the step-index induced by the PhC, stable optical confinement
for all levels of current injection is observed. As a result, the
far-field beam divergence of the PhC VCSEL does not change
significantly with injection current. The far-field beam divergence is inversely proportional to the near-field mode size that
is determined by the PhC defect diameter and etching depth of
the PhC air holes. This is in contrast to the far-field beam divergence of the proton-implanted control VCSEL that shows a
strong dependence on current injection, as can be seen in Fig. 7.
For low levels of current near threshold, the control VCSEL has
a divergence angle similar to the PhC VCSEL. With increasing
current, the control device operates single mode with a small
divergence angle due to the influence of the thermal lens. The
narrow divergence arises from the fact that the thermal lens extends over the entire implant aperture that is larger than the PhC
defect. For higher levels of current injection, the control implant
VCSEL becomes multimode and the far-field beam divergence
increases. In addition to the fluctuations in beam divergence, it
is observed that the far-field beam profile of the control device
does not resemble a Gaussian mode shape. Moreover, random
beam steering of the intensity maxima due to local fluctuations
of the thermal lens can also be observed. The index-step provided by the PhC can be engineered to be similar in magnitude
to the thermally induced index profile, but remains constant to
avoid beam fluctuations.
We also investigate the dependence of the far-field beam divergence for varying ambient temperatures by comparing the
red PhC VCSEL (b/a = 0.6, a = 4 μm, 80% etching depth into
top DBR, and implant aperture = 10 μm) with a corresponding
control device. In Fig. 8(a), the level of current injection is held

Fig. 8. Far-field divergence angle of a PhC VCSEL and corresponding control
laser for varying ambient temperatures. (a) Injection current level at 1.1 × Ith .
(b) Injection current level at maximum output power.

constant at 1.1 × Ith , whereas the surrounding temperature is
varied from 15 to 55 ◦ C in steps of 5 ◦ C. Fig. 8(b) shows that
the far-field beam divergence for varying temperatures at injection current levels at maximum output power. The PhC VCSEL
shows a stable far-field beam divergence under both conditions
of low and high levels of current injection, over the entire temperature range. This is in contrast to large changes in far-field
beam divergence observed for the unetched control laser. The
control implant VCSEL has a low and stable beam divergence
for elevated temperatures when operated close to maximum
output power due to the fact that the higher order modes of the
control device apparently do not overcome lasing threshold at
higher temperatures.
V. ANALYSIS AND DISCUSSION
The incorporation of a PhC into the top facet of a protonimplanted VCSEL stabilizes the optical output beam. A stable
optical beam profile for different levels of injection current and
various ambient temperatures is desirable for VCSELs emitting
in the visible spectrum due to many applications that demand
high-quality optical beam properties. The beam properties of
PhC VCSELs can be controlled by the design of the PhC pattern as well as by the etching depth of the PhC air holes. Previous
works have shown that the requirements on the hole pattern for
single-mode operation in PhC VCSELs are not stringent [20],
[34]. However, there is a strong dependence of electrical and
optical characteristics on the etching depth of the PhC air holes.
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etching depth) in Fig. 9(b) shows a wide variation of divergence angle with varying injection current. The change in the
far-field divergence angle for the control VCSEL was found
to be more than 4.5◦ (full angle). As described previously, the
PhC helps to stabilize the output beam so that changes in farfield beam divergence for different levels of current injection
are minimal, as can be seen in Fig. 9(b). With the increasing
etching depth, the beam divergence discrepancy between the
high and the low levels of current injection becomes smaller.
Furthermore, it can be observed that the beam divergence of
the red PhC VCSEL increases with increasing etching depth.
This is due to the fact that deeper PhC etches result in a larger
index step and therefore provide higher optical confinement
for the near-field, resulting in an increase in the far-field divergence angle. This phenomenon has previously been reported for
850-nm oxide PhC VCSELs [42].
VI. SUMMARY

Fig. 9. Etching depth dependence of a red PhC VCSEL. (a) Threshold current.
(b) Far-field beam divergence.

The impact of etching depth on PhC VCSEL characteristics such
as threshold current and far-field beam divergence is shown in
Fig. 9 for a red PhC VCSEL with the hole to lattice spacing ratio
b/a = 0.7, lattice spacing a = 4.5 μm, and implant aperture =
12 μm. Fig. 9(a) displays the threshold current dependence on
different PhC etching depths ranging from 0% to 100% into
the top DBR. An etching depth of 100% corresponds to PhC
holes etched all the way through the top DBR into the active
region. A minimum in threshold current is observed for etching
depths close to but not through the active region. High threshold
currents are observed for shallow PhC etches as a result of high
scattering loss as well as for holes etched through the active
region. The nonradiative recombination of electron–hole pairs
on the PhC hole sidewalls in the quantum wells results in an
increase in loss and increase in threshold current. The optimal
etching depth for the PhC holes, in terms of threshold current,
is close to but not into the active region, as can be seen from
Fig. 9(a). The etching depth of the PhC holes can also influence
the beam properties of PhC VCSELs as shown in Fig. 9(b). The
round data points show the divergence angle when operated at
maximum output power and the square data points show the
divergence when operated at 1.1 × Ith . It is noteworthy that
the beam of the PhC VCSEL is constant for changes in injection current. By contrast, the unetched control VCSEL (0%

In summary, we have fabricated and characterized the electrical and optical properties of proton-implanted PhC VCSELs
emitting in the visible spectrum. The PhC VCSELs, emitting at
a wavelength of 674 nm, demonstrate stable-single-mode beam
properties. The PhC air holes etched in the top facet of the
VCSELs serve as a weakly index-guided structure and allow
for a stable low-divergence output beam with an FWHM as low
as 6◦ . A single-fundamental-mode operation with a side-mode
suppression ratio larger than 30 dB and a stable Gaussian-like
far-field profile for all levels of current injection and various ambient temperatures have been observed. The maximum achievable CW lasing temperature of the PhC VCSELs is found to
be 55 ◦ C. By varying the design and etching depth of the PhC
pattern, the PhC VCSELs can either be optimized for low beam
divergence or low threshold current. In order to optimize the
electrical characteristics of PhC VCSELs, deeper PhC etches
close to the active region are desirable. For a narrow optical
output beam, shallower etches resulting in a low index step and,
therefore, low far-field beam divergence can be achieved.
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