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Abstract—High-speed implant-confined photonic crystal
vertical-cavity surface-emitting laser (VCSEL) diodes are fab-
ricated and characterized. The maximum achievable �3-dB
bandwidth is a function of both the index confinement provided
by the etched pattern (which serves to reduce the diffraction
loss and provide for stabilized fundamental mode operation)
and the increased parasitic resistance caused by the removal
of doped material. In optimized designs, the reduction in net
loss provided by the etched pattern can more than offset the
increased parasitics, resulting in a higher �3-dB bandwidth than
possible in an unetched conventional implant VCSELs for both
single- and multitransverse mode operation. A maximum �3-dB
small-signal modulation bandwidth of 15 and 18 GHz is reported
for an optimized single transverse-mode and multimode VCSEL,
respectively.

Index Terms—Diode lasers, modulation, photonic crystal,
vertical-cavity surface-emitting laser (VCSEL).

I. INTRODUCTION

SINGLE-FUNDAMENTAL-MODE operation of ver-
tical-cavity surface-emitting laser (VCSEL) diodes is

important for applications such as high-speed optical data
communication. Current technology employing selectively ox-
idized AlGaAs to achieve electrical and optical confinement in
VCSELs requires small ( 3 m) aperture sizes for single-mode
emission [1], and high-speed operation is limited primarily by
the parasitic capacitance associated with the selectively oxi-
dized layer [2]. VCSELs based on proton implant confinement
do not suffer from this parasitic capacitance, but the lack of
cold-cavity transverse index confinement generally results in
less efficient laser, which is also detrimental to the maximum
achievable modulation bandwidth. Because etched photonic
crystals (and other holey structures) provide built-in transverse
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index confinement, high-speed implant-confined VCSELs may
benefit from their use.

To date, multimode modulation bandwidths have been re-
ported as high as 17 GHz for an oxide-confined VCSEL [3],
14.5 GHz for a proton implanted VCSEL [4], and 21.5 GHz for a
hybrid device with both an oxide aperture and implantation [2].
The modulation bandwidth in oxide VCSELs is limited due to
high capacitance in the oxide region [5] and in proton-implanted
VCSELs due to thermal lensing [6]. Single-mode small-signal
modulation bandwidth as high as 6 GHz for an oxide-confined
VCSEL [7], 9 GHz for a photonic crystal (oxide) VCSEL [8],
and 9.5 GHz for a surface-relief etch oxide-confined VCSEL [9]
has been previously reported.

In this work, photonic crystal patterns are designed and fabri-
cated in implant-confined 850-nm VCSELs. These devices are
planarized with a low-dielectric-constant polyimide to reduce
parasitic pad capacitance, and coplanar contacts are deposited
to facilitate on-wafer small-signal modulation measurements.
The high-speed characteristics are investigated and compared
to unetched control devices and significant improvement of the
maximum modulation bandwidth is obtained.

II. EXPERIMENT

Samples are fabricated from a wafer with epitaxial struc-
ture consisting of a bottom n-type (Si-doped) 34-period
distributed Bragg reflector (DBR) consisting of alternating
layers of Al Ga As and Al Ga As, an undoped
active region with two GaAs quantum wells, and a similar top
p-type (C-doped) 20-period DBR. These layers are grown by
metal–organic vapor phase epitaxy on 3-in-diameter n-type
GaAs substrates, and the VCSEL structures are designed for an
operating wavelength of 850 nm.

Top ohmic (Ti–Au) ring contacts are patterned using a
standard photolithography/liftoff technique. Implant apertures
with diameter varying from 8 to 14 m are masked using thick
photoresist and protons are implanted at 340 keV with a dose
of cm [10]. Some of the implant masks overlap
the electrical contact to reduce the series resistance [11]. SiO
is deposited by plasma-enhanced chemical vapor deposition
(PECVD) and mesa masks are lithographically patterned and
transferred to the oxide. The mesas are then formed using
SiCl –Ar inductively coupled plasma reactive ion etching
(ICP-RIE) through to the bottom n-type DBR, and bottom
ohmic (AuGe–Ni–Au) ring contacts are formed. Additional
SiO is deposited by PECVD, and the photonic crystal holes
are patterned in a thin layer of polymethyl methacrylate using
electron beam lithography and transferred to the oxide mask.
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Fig. 1. Small-signal modulation response at several current injection levels for
optimized implant-confined photonic crystal VCSELs. (a) Single-mode laser
with a maximum�3-dB modulation bandwidth of 15 GHz; and (b) multimode
laser with a maximum �3-dB bandwidth of 18 GHz.

For this parametric study on the high-speed modulation of our
devices, we designed 20 different photonic crystal patterns,
which in conjunction with different implant aperture sizes,
produced more than 1000 unique device structures. The three
particular photonic crystal patterns which showed the fastest
modulation with period a and hole diameter are considered
here: Design A ( and m), Design B
( and m), and Design C ( and

m). The hole patterns are etched using SiCl –Ar
ICP-RIE, and the remaining SiO is carefully removed. To
reduce device parasitics and to facilitate on-wafer small-signal
measurements, coplanar gold ground-signal-ground contacts
are deposited on a 6- m-thick layer of photodefinable poly-
imide.

The continuous-wave VCSEL light–current–voltage
( – – ) and spectral characteristics are measured using
on-wafer probing at room temperature. At maximum power,
each VCSEL is categorized as 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 sidemode suppression ratio over the entire
dynamic operating range of the VCSEL. The room-temperature
small-signal modulation response was measured using a vector
network analyzer. A cleaved fiber connected to a 25-GHz
photodetector is positioned over the top of the VCSEL to col-
lect light and carefully aligned to avoid feedback effects. The
frequency where the modulation response decreases by 3 dB
relative to its response at dc is measured for both single-mode
and multimode VCSELs, which indicates the 3-dB modula-
tion bandwidth or the optical bandwidth.

III. RESULTS

Fig. 1 shows the small-signal modulation response of a
single-mode and multimode implant-confined photonic crystal
VCSEL at a variety of injection levels. For the single-mode
device, the maximum modulation bandwidth of 15 GHz is

Fig. 2. L–I–V characteristics of implant-confined photonic crystal VCSEL
(Design B). The inset shows the single-mode lasing spectrum taken at maximum
power.

Fig. 3. (a) Maximum �3-dB modulation bandwidth as a function of implant
diameter for three single-mode photonic crystal designs (see text for details).
The maximum bandwidth of unetched control devices is plotted for compar-
ison, with the open circles/dashed lines corresponding to control devices which
operate multimode. (b) Maximum�3-dB modulation bandwidth as function of
implant diameter for VCSELs with overlapping contacts. All unetched control
devices lased multimode.

achieved at 8 mA in Fig. 1(a), from photonic crystal Design B
with an 11- m implant diameter. The maximum modulation
bandwidth of a multimode implanted photonic crystal device is
18 GHz as shown in Fig. 1(b). This multimode photonic crystal
VCSEL has an implant diameter of 12 m, and its photonic
crystal design parameters are and m. The
continuous-wave – – characteristics for the single-mode
device that has achieved 15-GHz modulation bandwidth are
shown in Fig. 2. This laser has a threshold current of 1.35 mA,
a slope efficiency of 0.26 W/A, a series resistance of 137 ,
and maintains stable fundamental mode operation through
rollover. The inset of Fig. 2 illustrates the optical spectrum of
this optimized implant-confined photonic crystal VCSEL at
maximum power.

Fig. 3(a) illustrates the maximum 3-dB modulation band-
width for the three different single-mode photonic crystal de-
signs which are etched into VCSELs with varying implant diam-
eter size. For all photonic crystal VCSELs, the defect diameter
(defined by the holes) is smaller than the implant diameter. The
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Fig. 4. The �3-dB bandwidth versus the square root of the injection current
minus the drive current for the optimized photonic crystal implant VCSEL and
an unetched control implant VCSEL (open circles represent multimode lasing).

maximum bandwidth for a series of unetched conventional im-
plant VCSELs is also plotted in Fig. 3(a). VCSELs with implant
diameters larger than 10- m lase multimode. The etching of the
holes increases the series resistance of the VCSEL [12]. Hence,
the difference in maximum modulation bandwidth for the three
photonic crystal designs in Fig. 3(a) is due to the differences
in both the differential series resistance and device efficiency
caused by the etched holes. For example, the photonic crystal
VCSEL with Design A has smaller hole diameter as compared
to Designs B and C, and thus the resultant shallower etched
holes and lower differential series resistance leads to higher
modulation bandwidth in Fig. 3(a). The photonic crystal devices
exhibit higher modulation bandwidths than the unetched control
devices due to a reduction in diffraction loss which resulted in
improved efficiency and decreased threshold [12].

To further reduce parasitic resistance and optimize
high-speed performance, some devices are fabricated with
the implant aperture overlapping the contact metal [11]. This
overlap reduces the series resistance by increasing the conduc-
tive path through unimplanted (undamaged) semiconductor.
The maximum 3-dB modulation bandwidth for these op-
timized devices is shown in Fig. 3(b). All unetched implant
VCSELs with overlapping contacts lase multimode.

Fig. 4 plots the 3-dB bandwidth versus the square root of
the injection current above threshold for the optimized pho-
tonic crystal implant VCSEL and an unetched control implant
VCSEL with the same size implant aperture diameter. The con-
trol implant VCSEL begins lasing multimode for

mA . Neglecting the effects of parasitics, the relaxation
oscillation frequency scales with the 3-dB frequency. Since
the photon density is proportional to the output power (which
is proportional to injection current above threshold), Fig. 4 is
expected to exhibit linear behavior. The slope of the linear fit
gives the modulation current efficiency factor (MCEF) [5]. The
measured MCEF for the optimized implant-confined photonic
crystal VCSEL is 6.4 GHz/mA , which is greater than what
has been observed for an implant VCSEL. The improvement in
MCEF for the etched photonic crystal implant VCSEL relative
to the unetched implant VCSEL indicates that the reduction in
loss due to the index confinement more than compensates for
the increased parasitic series resistance.

IV. CONCLUSION

High-speed single-mode implant-confined photonic crystal
VCSELs are fabricated and characterized. The maximum
achievable 3-dB bandwidth is a function of both the index

confinement provided by the etched pattern (which serves to re-
duce the diffraction loss) and the increased parasitic resistance
caused by the removal of doped material. In optimized designs,
the reduction in net loss provided by the etched pattern can
more than offset the increased parasitics, resulting in a higher
MCEF and 3-dB bandwidth than possible in an unetched
conventional implant VCSEL. A maximum 15- and 18-GHz
small-signal modulation bandwidth is reported for single-mode
and multimode VCSELs, respectively. These results are
achieved with an electrical aperture diameter of 11 and 12 m,
respectively, which are larger than the oxide diameter generally
reported for high-speed multimode oxide-confined VCSELs,
and significantly larger than that required for single-mode op-
eration in oxide-confined VCSELs. Because device reliability
depends strongly on current density [13], it is expected that
implant-confined photonic crystal VCSELs are potentially
more reliable than single-mode VCSELs fabricated utilizing
small oxide apertures.
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