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High-Power Single-Mode Antiresonant Reflecting
Optical Waveguide-Type Vertical-Cavity

Surface-Emitting Lasers
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Abstract—Antiresonant reflecting optical waveguide (ARROW)
techniques are employed in vertical cavity surface emitting
lasers (VCSELs) to achieve high-power single-mode emission.
Using the effective-index method and fiber mode approximation,
the cold-cavity lateral modal behavior for the circular shaped
ARROW VCSEL demonstrates significant reduction of radiation
loss from that of a single antiguide, while maintaining strong
discrimination against high-order modes. The circular-waveguide
is created by selective chemical etching and two-step metal-organic
chemical vapor deposition growth, with proton implantation used
to confine the current injection to the low-index core region. A
single-mode CW power of 7.1 mW has been achieved from an 8

m diameter ARROW device (index step� = 0 05, emission
at 0 = 980 nm ) with a far-field FWHM of 10 . Larger aperture
(12 m) devices exhibit multimode operation at lower drive
currents with a maximum single-mode continuous-wave output
power of 4.3 mW.

Index Terms—Diode lasers, epitaxial growth, quantum-well
lasers, semiconductor growth, semiconductor lasers, ver-
tical-cavity surface-emitting lasers.

I. INTRODUCTION

T HE ABILITY to achieve high-power single-mode ver-
tical-cavity surface-emitting lasers (VCSELs) is of great

interest for many applications such as telecommunications,
optical storage, and laser printing, etc. While the conventional
small-aperture (diameter m) VCSEL’s maximum output
power (single-mode) is limited to about 5 mW [1], there are
increasing interests in investigating larger aperture, lower
resistance, lower current-density devices for higher contin-
uous-wave (CW) output powers. Due to the fact that a larger
waveguide generally supports multiple modes, the focus is
to effectively increase the modal discrimination in favor of
the fundamental mode. Recently, several approaches [2]–[5]
exhibited about 6-mW single-mode output from large-aperture
( 8 m) positive-index guided (oxide-confined) VCSELs. On
the other hand, negative-index waveguides (antiguides) with a
large built-in modal discrimination (higher order modes have
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significantly higher edge radiation losses) is a natural choice
for large spot-size single-mode operation. Although antiguided
VCSELs have been demonstrated to be capable of operating
single mode up to very high driving currents [6]–[9], output
powers were low, due to the high-edge radiation losses for the
fundamental mode.

In order to reduce the radiation loss in one-dimensional (1-D)
antiguided waveguide systems, a few pairs of lateral reflectors
has been introduced to reflect back the lateral leaky waves from
the antiguided core [10], [11]. When these reflectors meet the
antiresonant condition, similar to the VCSEL’s longitudinal dis-
tributed Bragg reflector (DBR) case, the antiguide’s radiation
loss will be minimized. These types of structures are generally
called antiresonant reflecting optical waveguide (ARROW) and
have been demonstrated successfully in edge-emitting lasers
with 0.3-W CW single-mode operation [12]. In addition, a large
index-step ( ) design provides sufficient mode sta-
bility against carrier- and thermally-induced index variations
[13]. Effectively, the ARROW reflectors can be viewed as a
truncated photonic lattice and the wider antiguided-core as ade-
fect of the lattice. The supported modes can be classified into
two types: 1) highly localized modes in the vicinity of the de-
fect with a very low loss and 2) nonlocalized modes traveling
through the lattice with high loss [14], [15]. Thus, traditional
ARROW laser structures can be considered a defect laser with
one pair of reflectors, and gain placed in the low- index core re-
gion to select the low-loss localized leaky mode. More simply,
we could surround the antiguided core with only one high-index
antiresonant layer (i.e., half-pair DBR). This type of device is re-
ferred to as the simplified antiresonant reflecting optical wave-
guide, or S-ARROW.

Previously, we have demonstrated single-mode operation
from large aperture (12 m diameter) traditional ARROW
and S-ARROW VCSELs [16], [17], although output powers
were relatively low (1–2 mW CW). Here, we present a design
analysis based on cold-cavity simulation using the effec-
tive-index approximation. Device results for 8-12-m diameter
circular-shaped ARROW VCSELs with ring-reflectors, demon-
strate CW single-mode output powers as high as 7.1 mW.

II. DEVICE DESIGN AND MODAL BEHAVIOR

For a single antiguide with a core index of and index step
of , the th-order leaky mode possess a radiating
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Fig. 1. Calculated allowed solution bands for a 1-D (infinite) photonic lattice as a function of high-index region width,s. The modal effective index locations
for various modes (a–f) of a finite (13-layer) defect incorporated lattice, is also shown. Modes a, b, c correspond to localized states formed within the forbidden
gaps of the infinite lattice. Modes d–f correspond to propagating solutions within the allowed solution bands of the infinite lattice (low indexn = 3:3, high index
n = 3:35).

field in the high-index ( ) cladding regions characterized
by a lateral wavelength that can be approximated by

(1)

and a lateral radiation loss

(2)

where is the vacuum wavelength and is the low-index
“core” width [18], [19]. From above equations, it’s clear that: 1)
different modes have different lateral wavelengths and 2) higher
order modes have much higher radiation losses than the funda-
mental mode. In order to reduce this lateral radiation loss, we
need to confine the propagation of the lateral traveling wave that
has a wavelength of 2in the low-index region (if m
and ) [18] and in the high-index region (

). Specifically, if each layer is designed to be antiresonant
(quarter-wave thickness) to the incident wave, such as forming
a lateral DBR, the reflection is a maximum and the loss is a min-
imum. Considering the fundamental mode, we can surround the
antiguide core with two layers that have indexes ofand
and width of and , respectively, whereand are
odd integer numbers in order to minimize its loss. Other modes
with different lateral wavelengths will not meet the antireso-
nant conditions in either one or both of the reflecting layers,
and therefore, their losses are not minimized.

An alternative way to view the ARROW concept is that of a
defect within a photonic lattice, which acts to confine the photon
propagation and therefore reduces the lateral radiation loss. For

aninfinite1-D periodic dielectric structure, Bloch function anal-
ysis can be used to determine the propagating Bloch-wave so-
lutions [20]. Bands of propagating solutions are separated by
forbidden gaps, corresponding to evanescently decaying solu-
tions. In active photonic lattice devices, great interest is focused
on how to control the modal behavior, e.g., single-lateral-mode
emission is usually desired. For this purpose, we calculate the
modal effective index (defined as , where is the
vacuum wave vector and is the propagation constant normal
to the lattice plane) of Bloch-wave solutions for the infinite
lattice as a function of the lattice geometry, such as varying
the high-index region width,, as shown in Fig. 1. The group
of allowed bands in which the modal effective index lies be-
tween and are referred to as the guided-mode bands.
The leaky-mode bands originate from the modes confined to
low-index regions (antiguides) of the lattice and have a modal
effective index lower than , also shown in the - band di-
agram of Fig. 1. The modes of the finite array can be shown
to lie within the allowed mode bands of the infinite lattice. In
an antiguided array structure, gain is selectively placed in the
low-index lattice sites of the array, allowing selection of modes
within the leaky-mode bands. Note that this is very different
from conventional photonic lattice structures, consisting of di-
electric material with air holes, where gain cannot be placed in
the low-index regions of the lattice.

The modes supported within the allowed leaky-mode bands
of a finite array suffer significant edge radiation losses. In-
creasing the lattice element number is one effective way to
reduce this loss. Another way is to utilize the fact that a defect
state, which lies inside the forbidden gap, is not allowed to
propagate through lattice, resulting in very low loss for the
finite lattice situation. One established way to produce the
forbidden gap mode is to introduce a defect into the photonic
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Fig. 2. 3-D cross-sectional view of a circular shaped ARROW VCSEL with a
1-pair lateral reflector. The high- and low-index ring reflectors are defined by
chemically etching a thin GaAs–GaInP spacer layer, followed by regrowth. The
resulting lateral index-step is also shown, where regions 1, 2, and 3 correspond
to areas where the spacer layers are removed.

lattice, just as the donor/acceptor cases in the electronic band-
structure. For a 1-D lattice, if one of the low-index lattice sites
is changed, e.g., becomes twice as wide, a localized leaky mode
will be formed inside this larger defect and exhibit relatively
low radiation loss.

Photonic-lattice-based microcavity laser structures localize
light to a defect mode, generally within a forbidden gap lying
between the guided-mode bands. This type of localized mode
can exhibit a high cavity Q and a small modal volume, making
the structure ideal for the waveguide of a microcavity laser. Vil-
leneuveet al.and Krausset al.[21]–[23] demonstrated the pos-
sibility of forming defect states in the forbidden gaps between
leaky-mode bands. Such photon states are less localized than the
guided-mode defect states and, due to radiation losses, exhibit
a lower cavity Q. Although the transmission characteristics of
photonic lattices with a leaky-mode defect were analyzed, ac-
tive devices have not been investigated.

For simplicity, we consider here a 13-layer 1-D lattice, with
the center low-index lattice-site width doubled (defect). The re-
sulting modal profiles (selected modes) are plotted in Fig. 1, and
the locations on the band diagram are also labeled. Among them,
modes a, b, c, are expected to have the lowest losses because
their modal effective index liesinside the gap. Other modes,
such as modes d, e, f, have a modal effective index lying in the
allowed bands; therefore, the losses are relatively high. It is ev-
ident that (see Fig. 4) the ARROW-type device can be viewed
as such a defect-incorporated active (truncated) photonic lattice,
allowing selection of the leaky fundamental mode because of its
low radiation loss. Proper design of the ARROW laser structure,
as discussed below, allows only the lowest-order defect mode
(mode a of Fig. 1) to reach laser threshold, since higher order
gap modes and modes within the allowed bands suffer signifi-
cantly higher edge radiation losses.

Here, we only consider the circular-shaped device with
one pair of ring reflectors for ARROW VCSEL, of which the
cross-sectional view is shown in Fig. 2. Other than the layers

Fig. 3. Effective index model and fiber-mode approximation of
circular-shaped ARROW VCSEL: core diameter isd; high-index reflector
width is s; index step�n = n � n .

labeled as “spacer layers” that are needed to form the lateral
core and reflectors, the structure is the same as a conventional
980-nm-emitting VCSEL with n-DBR of AlAs–GaAs, cavity
of InGaAs–GaAs–AlGaAs and p-DBR of AlAs–AlGaAs.

Shifting the cavity resonant wavelength of a VCSEL is
equivalent to a change of its effective-index with the ap-
proximate relation [24]

(3)

Therefore, by selectively removing the spacer layers in the de-
sired low-index regions of Fig. 2 (region 1, 2, and 3) to blue-shift
the resonance wavelength compared to their neighboring re-
gions with the spacer layers, circular-shaped ARROW VCSELs
are created. In our structure, the lateral index stepis de-
signed to be in the range of 0.025–0.1, corresponding to a spacer
layer thickness of about 12-45 nm [assuming an average index
of 3.3 in (3)], which is a sufficiently large value to insure mode
stability. For this work, the width of the outer low-index re-
flector is fixed to be one-quarter wavelength, namely . In
order to study the modal behavior of such 2-D ARROW-type
VCSELs and find the antiresonance position, we vary the width
of the high-index reflectors. Experimentally, we have targeted
its width to be for ease of fabrication, which in turn
can be deduced from the 1-D equation in (1), provided that the
effective index step is known. We expect the above approxima-
tion of using the 1-D design rule for a 2-D structure to be quan-
titatively correct since the radial field profile of the supported
modes of a 2-D antiguided large aperture cylindrical waveguide
have the form of first- and second-kind Bessel functions, which
can be approximated as cosine and sine waves.

We use a 2-D effective-index model and fiber-mode approx-
imation to simulate the 3-D ARROW-type VCSEL structures
[16], [17]. In this approximation, the antiguided core and re-
flector regions are simply represented by the effective indices
and respectively, calculated from the 1-D transverse layered
structure in each region. The 3-D structure is then transferred
into a 2-D “ARROW fiber,” shown in Fig. 3. In the following
calculations, the parameters are chosen as: m, ,
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Fig. 4. Computed 2-D transverse mode profiles of the ARROW VCSEL with
the associated 1-D scan underneath. (a)–(e) Correspond to modes 4, 5, 6, 7, and
8, respectively. (f)LP mode.

Fig. 5. Computed modal radiation losses for the ARROW VCSEL with an 8
�m-diameter core and an index step of�n = 0:05. The lowest loss modes
from Fig. 4, are included as a function of high-index reflector spacing.

, ( ), and m. From (1), the lat-
eral wavelength in the high-index region is m.

The computed 2-D scalar modes, shown in Fig. 4, include
the fundamental mode (localized, mode 4) and several low-loss
higher order modes (traveling, modes 5, 6, 7). Other higher order
localized modes are found to have relatively large loss and not to
be discussed here. The mode number is defined by counting the
standing wave nulls of its 1-D counterpart, as shown in Fig. 4. In
Fig. 5, the corresponding modal radiation losses are calculated
as the function of the high-index reflector width, while the
low-index reflector is set at 4m ( ). As expected, the fun-
damental mode’s radiation loss is significantly reduced (min-
imum value 1 cm ) compared with that of a single antiguide
( 22 cm ) with the same diameter (8m) and index step

(a) (b)

(c) (d)

Fig. 6. Fabrication process flow diagram of the ARROW VCSEL. (a) First
MOCVD growth of the n-DBR, cavity, one pair p-DBR and index layers.
(b) Selective wet chemical etch to form the ARROW VCSEL reflector and core
regions. (c) MOCVD regrowth of the remaining part of the p-DBR. (d) p-side
metallization and liftoff, H ion implantation and n side metallization.

Fig. 7. Measured 3-D views of the far-field patterns for the ARROW VCSELs
measured under CW conditions nearI and 5�I . Two devices are shown,
with high-index reflector widths,s = 1:2 ands = 2:4 �m.

( ). Although higher order modes also experience re-
duced losses, the effect is not as strong as that of the fundamental
mode. In fact, the ratio of the losses between the next lowest loss,
higher order mode (mode 7) and the fundamental mode is in-
creased to 5, while in the single-antiguide, the ratio is2.5.
From our analysis, the antiresonant position for the fundamental
mode corresponds to its lowest loss region, which occurs at

m ( ) in Fig. 5, indicating good agreement
with the 1-D calculation, using (1). In addition, a relatively large
region exists around the antiresonance where strong high-order
mode discrimination occurs, with low loss for the fundamental
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Fig. 8. CWP-I curve and spectra of an unoptimized ARROW VCSEL with core width,d = 12�m, and�n = 0:05 and high-index reflector width,s = 2:4�m.
The device remains single-mode up to thermal rollover at 1-mW output power. The center of the spectral scan is 938 nm and the span is 10 nm, with a vertical
scale of 5 dB/division.

mode. Away from antiresonance, improved modal discrimina-
tion is achieved at the expense of higher fundamental mode loss.
Similar behavior occurs for different index-step structures (i.e.,

or 0.025), although the losses decrease with the in-
crease of the index step. While polarization is not included in
this simplified model, previous full-wave FDTD studies of the
modal behavior of the S-ARROW VCSEL indicates that polar-
ization-dependent losses can occur [25].

While the strong mode dependent losses provide the primary
mechanism to discriminate against higher order modes, other
factors such as gain spatial hole burning effects and carrier- and
thermally-induced index variations need to be considered above
laser threshold. While such a comprehensive analysis has not
been performed for the 3-D ARROW-type VCSEL structure,
previous studies [13] on 1-D ARROW structures have indicated
that tight current confinement to the low-index core region is de-
sirable to maintain fundamental mode stability to drive currents
high above laser threshold. Gain redistribution and index varia-
tions above threshold, which leads to focusing or defocusing of
high-order modes, promotes multimode behavior.

III. D EVICE FABRICATION AND EXPERIMENTAL RESULTS

The ARROW VCSEL fabrication sequence is shown
schematically in Fig. 6. After the first MOCVD growth in-
cluding n-type DBR, one wave cavity, two pairs of p-type
DBRs, and index layers GaInP(12 nm) and GaAs(20 nm), we
use photolithography to pattern the wafer and wet chemical
etch (HCl:H O for the GaInP layer and HPO :H O :H O for
the GaAs layer) to selectively remove the thin spacer layers,
forming the index step and circular ARROW structure. The
second growth involves the regrowth of the remaining top
p-type DBR and GaAs contact layer. Following the p-metal

(Ti:Pt:Au) liftoff to open the output window in the top contact
region, H proton implantation is used to confine the current
into the central low-index core region.

Initially, we designed and fabricated large aperture ARROW
VCSEL devices [17] with a core diameter m and

. The modal behavior was studied by varying the
reflector width, , although they were not optimized devices.
For some device geometries, such as m, the devices
were found to operate multimode as the current increases well
beyond the threshold. Other devices with different reflector
width, such as m, however, remained single mode
through the whole operating range until thermal rollover. The
measured 3-D CW far-field, CW power–current (P-I) curve,
and spectrum are shown in Figs. 7 and 8, respectively. They
confirm a CW 1-mW single fundamental mode emission at
936–940 nm, with a side-lobe suppression ratio of over 30 dB.
Because the lateral wave m, 1.2 m corresponds to
approximately 3/4 , while 2.4 m is close to 3/2 . However,
uncertainty in the actual built-in index step makes it difficult
to determine the lateral wavelength, and hence the antiresonant
point can shift relative to that calculated in Fig. 5. The threshold
currents (3–5 mA) for devices with different values ofare
very similar, since the loss for the fundamental mode loss does
not have much variation (one reason is that the outer low-index
reflector is always antiresonant to the fundamental mode).
In addition, there are some other factors that may affect the
device thresholds and output power, such as the unoptimized
number of DBR pairs (23) and cap layer thickness (3/4 wave).
In addition, the misalignment (in the wrong direction) between
the optical mode and gain peak wavelength is believed to be a
major limitation. Therefore, as the device operates under CW
operation, the efficiency and maximum output powers are low.

After we optimized our VCSEL design, by adjusting the spec-
tral gain peak to be shorter than the cavity resonance, improved
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Fig. 9. Measured CWP–I curve of an optimized 12-�m-diametercore
ARROW VCSEL with �n = 0:05 and high-index reflector width,
s = 2:4 �m. Single-mode output power is measured up to approximately 4
mW.

Fig. 10. Measured CW spectra characteristics of the 12�m diameter ARROW
VCSEL, as described for Fig. 9, indicating CW single-mode output up to 4 mW.
The center of the spectral scan is 960 nm, with a span of 20 nm and a vertical
scale of 10 dB/division.

performance is achieved. Devices were fabricated with two dif-
ferent core sizes of 12- and 8-m diameters and with high-index
reflector width of m. ARROW VCSELs with 12-m
-diameter core width begin to lase at a threshold current of
10–12 mA, but then turn multimode at about 2threshold, with
a maximum single mode output power in the range of 4–5 mW.
Even for such a device with a large injection area (20-m diam-
eter) defined by the implantation, the device still emits4 mW
CW single fundamental-mode power, as shown in Fig. 9 (P–I
curve) and Fig. 10 (spectrum).

For 8- m-diameter core ARROW VCSELs, the CW spec-
trum in Fig. 11 shows single-mode emission up to 23 mA,
with over 20-dB side mode suppression ratio, corresponding to
7.1-mW CW single-mode output power, as indicated in theP–I
curve of Fig. 12. Furthermore, under pulsed operation (200-ns
pulses at 50 kHz), single-mode emission is observed up to

Fig. 11. Measured spectrum for an 8-�m-diameter ARROW VCSEL with
�n = 0:05 under CW operation. Single-mode operation is observed up to
approximately 7-mW CW (withSMSR = 20 dB).

Fig. 12. Measured CW P -I curve for the 8-�m-diameter ARROW VCSEL, as
described in Fig. 11.

significantly higher drive currents ( 37 mA), indicating that
the thermal effects play an important role in the multimode
onset, as expected. Presumably, the next lowest loss, higher
order mode (i.e., mode 7 from Fig. 5) reaches threshold at
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(a) (b) (c)

Fig. 13. 1-D slice of the far-field radiation pattern for the 8-�m-diameter
ARROW VCSEL with�n = 0:05. (a), (b) Measured under CW operation. (c)
Calculated.

high drive currents, due to thermal self-focussing and gain-spa-
tial-hole-burning. However, a detailed above-threshold analysis
is required to study the mode competition at high drive currents
above the threshold of the fundamental mode (i.e., mode 4
from Figs. 4 and 5). The CW far-field profile, shown in Fig. 13,
indicates that the ARROW VCSEL is lasing in a single-funda-
mental mode (mode 4) with a FWHM angle of about 10, which
agrees well with the calculated value. Further improvements
can be obtained, such as varying the device index step and ef-
fectively removing excessive heating utilizing a junction-down
geometry. Although the apparent threshold current is relatively
large, at 16 mA, we believe that this is not the true threshold,
but a “snap-on” phenomenon, after comparing threshold values
to previous fabrication runs (discussed above). This artificial
“threshold” can be caused by some unintentional (saturable)
absorbing defects during the tight processing procedures, such
as misalignment between the device and the implantation mask.
Once the defect absorption gets saturated, the VCSEL starts
to “lase” and results in a “snap-on” effect of theP–I curve,
with an apparent high threshold and efficiency. Optimization
of the proton-implantation processing procedure is required to
eliminate this undesirable effect.

IV. CONCLUSIONS

In conclusion, we have demonstrated the ARROW VCSELs
for high-power single-mode operation. Theoretical studies in-
dicate that the low-loss leaky fundamental mode could be se-
lected over other high-order, higher radiation loss, modes over
a broad range of device parameters for ARROW VCSEL struc-
tures. The simple 1-D calculation can be used to determine the
ARROW-type VCSEL’s antiresonance and agrees well with a
2-D effective index model and fiber mode approximation. A
maximum CW single-mode power of 7.1 mW at a wavelength
of 980 nm was obtained from an 8-m-diameter device with
a built-in index of . By optimizing the device de-
sign such as aperture diameter, reflector geometry and dimen-
sion, built-in lateral index step, and DBR parameters, higher
single-mode power over 10 mW is expected to be achieved in
the future.
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