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Abstract—We report the use of a photonic crystal in a 1.3- m
vertical-cavity surface-emitting laser to achieve single fundamental-mode operation. A focused ion beam was used to mill the
photonic crystal into a top dielectric distributed Bragg reflector.
The laser operated continuous-wave at room temperature with
greater than 1 mW of single-mode output power observed with a
sidemode suppression ratio of more than 37 dB and little change
to the electrical properties of the device.
Index Terms—Photonic crystal, vertical-cavity surface-emitting
laser (VCSEL).

I. INTRODUCTION
ERTICAL-CAVITY surface-emitting lasers (VCSELs)
are attractive sources for optical data communication for
a variety of reasons including their suitability for low-cost, high
volume manufacture, compatibility for on-wafer testing, and
the ability to easily fabricate arrays. However, VCSELs have
historically suffered from poor performance at the standard
telecommunication wavelengths of 1.3 and 1.55 m due to the
challenges of epitaxial growth of suitable gain materials with
effective distributed Bragg reflectors (DBRs). The desire to use
VCSELs as sources for communication over longer distances
has motivated research in a variety of long-wavelength VCSEL
technologies [1]–[4].
Single fundamental-mode operation of VCSEL sources is
crucial to high-speed optical data communication applications
with low dispersion. However, because the transverse dimensions are much larger than the effective cavity length in the
longitudinal direction, standard VCSEL designs typically lead
to operation in multiple transverse modes. A variety of methods
have been explored for achieving fundamental-mode operation
of 850-nm VCSELs [5]–[11].
In this work, photonic crystal patterns are designed and fabricated in 1.3- m VCSELs containing InGaAsN quantum wells
and hybrid DBR designs. The resulting device characteristics
are compared to unetched control devices to determine the effectiveness of the photonic crystal to produce single transverse
mode operation.

V

II. EXPERIMENT
Previously fabricated 1.3- m VCSELs containing InGaAsN
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Fig. 1. Cross-sectional schematic for the photonic crystal VCSEL. (Color version available online at http://ieeexplore.ieee.org.)

ture, as illustrated in Fig. 1, consists of a bottom AlGaAs-based
DBR grown on a GaAs substrate with a highly strained InGaAsN quantum-well-based active region. Current confinement
is provided by an 8- m diameter oxide aperture, and ohmic ring
contacts are formed on both sides of the active region. The top
DBR is formed by alternating dielectric layers, and the VCSELs
are designed to operate at approximately 1.3 m.
Following the procedure originally outlined by Yokouchi
et al. in [8], a single defect photonic crystal is designed
for single-mode operation for this VCSEL structure. An
out-of-plane photonic band diagram is computed using the
plane-wave expansion method for a photonic crystal with a
.
hole diameter ( ) to lattice constant ( ) ratio,
Using this band diagram, the effective index of the photonic
crystal region
is computed under the assumption that the
holes are etched infinitely deep. Because the photonic crystal
is not etched completely through the structure, it is necessary
to correct the computed refractive index for the finite etch
depth. We use an etch depth dependence factor of
to
, which corresponds to an etch approximately 60% to 80%
the way through the top DBR [8]. The -parameter can be
calculated and used to evaluate the expected modal properties
of the device by
(1)
The wavelength of operation is , and the waveguide diameter
is a function of the photonic crystal and defect. For a single
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Fig. 2. Calculated V as a function of the photonic crystal normalized frequency (a=). The three pairs of curves correspond to three etch depths. The
calculation is performed for bulk SiO (solid) and bulk SiN (dashed), with the
VCSEL solution lying between the two. The laser reported herein operates at
a= = 2:9.

defect photonic crystal,
. The “core” index
is
given by the index of the unetched DBR in the defect, the “clad”
index is
, and
is the index of
refraction which is calculated from the band diagram. If
is
less than 2.4 and the corresponding index contrast is sufficient
to dominate over thermal instabilities (
), the
device is expected to operate in the single fundamental mode
[8], [9].
In general, this method assumes a negligible difference in the
index of refraction of the layers in the DBR (the index of refraction for all layers in the DBR is approximately given by ).
This is not the case in our current structure because of the larger
index contrast between each mirror layer of the dielectric DBR
stack. Therefore, we calculate
for both bulk SiO and bulk
SiN , with the solution for our VCSEL lying somewhere between the two constituent layers of the mirror. Fig. 2 illustrates
as a function of the normalized frequency
the calculated
for the photonic crystal. This shows the designed single-defect photonic crystal VCSEL with
should operate
single-mode, provided
.
The photonic crystal patterns were directly incorporated into
the top DBR using focused ion beam (FIB) milling [12]. Each
pattern was milled at an ion beam current of 3000 pA for approximately 4 min 15 s, resulting in an etch depth of approximately 2 m. The etch rate was calibrated by performing similar FIB milling and step profilometry analysis. This depth was
chosen such that the resulting index contrast was large enough
to dominate over thermal instabilities, but not so deep as to encroach on the semiconductor-dielectric interface or push
beyond the single-mode cutoff condition. Fig. 3 depicts an optical
microscope image of a completed photonic crystal VCSEL.
The fabricated 1.3- m photonic crystal VCSELs were
characterized using on-wafer probing at room temperature.
Continuous-wave light versus current ( – ) characteristics
were measured using a semiconductor parameter analyzer to
vary the input current and measure the output of a germanium
photodetector, and the output spectrum at maximum power was
measured using an optical spectrum analyzer.
III. RESULTS
The output spectrum at maximum power for an unpatterned,
but otherwise identical, control device is shown in Fig. 4(a). At

Fig. 3. Optical microscope image of a photonic crystal VCSEL. The hole diameter to lattice constant ratio b=a is 0.5 and the lattice spacing a is 3.7 m.
(Color version available online at http://ieeexplore.ieee.org.)

Fig. 4. Optical lasing spectrum taken at rollover for an (a) unetched control and
(b) etched photonic crystal VCSEL with dielectric DBR operating at 1.3 m.



this injection level, the control device is clearly operating multimode, with two transverse modes at 1285 and 1286 nm. Multimode operation was confirmed at a variety of injection current levels from threshold to rollover. Fig. 4(b) illustrates the
output spectrum at maximum power for the photonic crystal
VCSEL. Stable single-mode operation, defined as 30-dB sidemode suppression ratio (SMSR), was achieved over the entire
operating range of the VCSEL, as illustrated in Fig. 5(a). This
particular device had photonic crystal parameters
and
m. The estimated hole etch depth of 2 m corresponds
to
. From Fig. 2, we clearly see a large tolerance in the
actual depth of the holes for predictable single-mode operation,
and determine a nominal
, with corresponding index
. These values are consistent with the
contrast
observed stable single-mode operation of the VCSEL.
Fig. 5(b) shows the – characteristics for both the unpatterned control and photonic crystal VCSEL. The photonic
crystal VCSEL exhibits lower, albeit single-mode output power.
Increased scattering loss due to the presence of the etched holes
leads to an increase in threshold current. This increased loss
combined with an approximate 50% reduction in modal volume
produces the decrease in total output power. However, greater
than 1 mW of single-mode output power was still observed for
the photonic crystal VCSEL. Additionally, the rollover current
was slightly decreased due to the increase of threshold current
and a reduction in device heat dissipation which was introduced
by the etched holes. The current–voltage ( – ) characteristics
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more than 37 dB without much change to the electrical properties of the device. Because of the relatively large dimensions of
the photonic crystal, particularly at this longer wavelength, this
method of reliably designing and reproducing single-mode operation could be achieved using standard photolithography followed by reactive ion etching, making this method well-suited
to low-cost high-volume manufacture. Single-mode VCSELs
based on etched photonic crystal patterns may improve long
wavelength optical communication applications due to their increased fiber coupling efficiency, reduced chromatic dispersion,
and compatibility with existing telecommunication systems.
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Fig. 5. (a) SMSR versus injected current, (b) output power versus injected current, and (c) voltage versus injected current for the unetched control and etched
1.3-m photonic crystal VCSELs.
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