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Abstract: Improved oxide-implanted VCSELs utilising the tapered oxide layer are presented.
The VCSELs exhibited similar static performance, but superior modulation bandwidth up to
13.2 GHz, compared with conventional blunt oxide VCSELs. The damping rate was reduced two
times in the tapered oxide VCSEL and therefore enhanced the maximal modulation bandwidth.
A very clean eye was demonstrated from the improved VCSEL with a rising time of 26 ps, falling
time of 40 ps and jitter of less than 20 ps, operating at 10Gbit/s with 6mA bias and 6 dB extinction
ratio. A comprehensive small signal measurement and analysis was conducted. Based on the
equivalent circuit model, the extrinsic bandwidth limitation of the tapered oxide VCSELs was
determined.

1 Introduction

850 nm oxide-confined vertical cavity surface emitting
lasers (VCSELs) have become a standard technology for
applications in local area networks (LANs) and storage area
networks (SANs). The main advantages of VCSELs are low
threshold current, low divergence angle, and circular beam,
leading to simpler packaging and low electrical power
consumption. The surface emission property of VCSELs
also simplifies the 2- dimensional arrays and enables wafer
level testing, thus low fabrication cost [1]. For optical
communication applications, high modulation bandwidth is
desirable. Principal factors affecting laser diode modulation
bandwidth are the relaxation oscillation frequency, optical
nonlinearities, and parasitic circuit effects. Spatial hole
burning (SHB) was known as one of the limitations on the
bandwidth of VCSELs by inhibiting high resonance
frequencies [2, 3]. Owing to the nonuniform optical
intensity, carriers at different locations in the quantum
well have different stimulated recombination rates, and
therefore exhibit different dynamic responses to small signal
modulation. This nonuniformity causes an overdamping of
the relaxation oscillation, and makes the intrinsic maximum
bandwidth of oxide VCSELs much smaller than predicted
by the conventional rate equation model, which assumes
uniform optical intensity.

Tapered oxide layer were first introduced to reduce low
scattering loss for small aperture VCSELs [4]. Recently,

tapered oxide was investigated theoretically to reduce the
nonlinear damping effect by making the electrical aperture
smaller than the optical aperture, and thereby improving the
modulation bandwidth [5]. Additionally, the tapered
aperture also has lower parasitic capacitance. When devices
are under modulation, the parasitic capacitance across a thin
oxide layer ð� 30 nmÞwill limit the high speed performance
[6]. A thicker oxide layer would help to reduce the
capacitance. Unfortunately, thick oxide layers incur excess
scattering losses. The tapered oxide can be thick at the
boundary of a mesa to provide a lower capacitance without
the expense of excess scattering losses.

We previously demonstrated a simple planar approach for
high-speed oxide-implanted VCSELs with good static
operation characteristics and reliability [7, 8]. In this paper,
we present the improved VCSELs utilising a tapered oxide
layer. The VCSELs exhibited similar static performance
compared with the previous devices, but superior high speed
performance. The improvementwas attributed to the reduced
damping rate in the tapered oxide VCSEL. The extrinsic
bandwidth limitation of the tapered oxide VCSELs was
determined based on the equivalent circuit model.

2 Experimental

The VCSEL epi-wafers were grown by Aixtron 2400 G3
metal-organic chemical vapor-phase deposition (MOCVD)
on an nþ-GaAs substrate, the structure of which consists of
three GaAs=Al0:3Ga0:7As ð80 �A=80 �AÞ quantum wells,
sandwiched by fully doped n- and p-DBR mirrors. Both
n- and p-DBRs are composed of interlaced 1=4l-thickAl0:15
Ga0:85As and Al0:9Ga0:1As layers, with periods of 39.5 and
22, respectively. The gain peak position ¼ 835 nm was
determined by photoluminescence while the FP-dip
wavelength ¼ 845 nm was determined by reflection
measurement. For blunt oxide VCSELs, a 30 nm-thick
Al0:98Ga0:02As layer was placed in node position. For
tapered oxide VCSELs, the tapered oxide layer was formed
by a 10 nm-thick Al0:99Ga0:01 layer adjacent to a 200 nm
thick Al0:98Ga0:02As layer, similar to [4]. The oxide-
confined VCSEL process procedure has been described
elsewhere [7, 8]. The mesa diameter of the fabricated device
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was 30 mm with a 5:5 mm oxide aperture. The diameter of
the oxide aperture was determined by dark-field microscopy
and the size of the spontaneous emission pattern. The device
surface was quasi-planar so that the annular p-contact metal
and the bond pad were at the same level. The p-contact was
created by directly depositing Ti=Pt=Au on the upper
heavily-doped pþ GaAs contact layer, and Au=Ge=Ni=Au
was deposited on the bottom side of the substrate following
thinning down. Multiple proton implantations with a dose

in the range of 1013 � 1015 cm�2 and four different proton
energy ranges between 200 to 420 keV were adapted
according to simulation results of the stopping and range
of ions in matter (SRIM). The implantation region was kept
away from the mesa to prevent damage to the active region
and consequent voiding of triggering reliability issues.

3 Results and discussion

The DC characteristics of completed VCSELs were
measured with a probe station, an Agilent 4145A semi-
conductor parameter analyser and an NIST traceable
integration sphere with a photodiode. Figure 1 plots curves
of light output and voltage against current (LIV) of typical
VCSELs for both tapered oxide VCSELs and blunt oxide
VCSELs with 5:5 mm aperture. The threshold current is
� 1mA (0.9mA) for tapered (blunt) type VCSELs with the
same slope efficiency of � 0:35mW=mA. The similar static
performance is not surprising since the oxide apertures here
have the same size of 5 � 6 mm; and the blunt oxide does
not incur excess scattering except at very small oxide size
ð< 3 mmÞ: The maximal output power exceeds 3mW at
room temperature and output power rollover occurs as the
current increases above 12mA.
The small signal response of the VCSELs was measured

using a calibrated vector network analyser (Agilent
8720ES) with wafer probing and a 9 mm optical fibre
connected to a New Focus 40 GHz photodetector.
The emission of the VCSEL was collimated and then
focused to a diffraction-limited spot by a 10� =20�
objective pair ðNA ¼ 0:25=0:4Þ: The overall coupling
efficiency is around 20 � 30%: Figures 2a and b show the
modulation response of the VCSELs with the bias current
for both tapered oxide VCSELs and blunt oxide VCSELs.
At low bias currents, the bandwidth increased in proportion
to the square root of the current above threshold, as expected
from the rate equation analysis. For blunt oxide VCSELs,
low frequency rollover was observed and the modulation
response became gradually overdamped as the bias current

increased. In contrast, no rollover was observed at low
frequency for tapered oxide VCSELs and the 3 dB
bandwidth reached a maximum value of 13GHz before
being fully overdamped. The observations coincide with the
simulation results for blunt oxide VCSEL in which a

Fig. 1 L-I-V curves of the tapered oxide and the blunt oxide
VCSELs

Inset: Top view image of the VCSEL

Fig. 2 Small signal modulation responses

a Tapered oxide VCSEL
b Blunt oxide VCSEL

Fig. 3 3 dB frequency of oxide-implanted VCSELs against root
square of bias current above threshold
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significant overdamping was reported in the relaxation
oscillation owing to the nonuniformity of the transverse
mode and significantly reduced the modulation bandwidth.
[2, 5].

In Fig. 3, the 3 dB bandwidth is plotted with the root
square of the bias current above threshold. The bandwidths
are similar at low bias current for both tapered oxide
VCSELs and blunt oxide VCSELs and saturated at the bias
current higher than 8mA. The maximal bandwidth for the
blunt oxide VCSELs was 9.5GHz and was enhanced to
13.2 GHz for the tapered oxide VCSELs. The modulation
current efficiency factor was� 6:5GHz=ðmAÞ1=2:As shown
previously in Fig. 2, the peak height of modulation response
was higher in the tapered oxide VCSEL than that of the
blunt oxide VCSEL. The higher modulation amplitude in
tapered oxide VCSELs implies a lower damping rate, which
was known to be approximately proportional to the ratio
between resonant frequency and peak modulation amplitude
[9]. In depth, the damping rate, resonant frequency, and
parasitic roll-off frequency can be obtained by fitting
the experimental data to a three-pole approximation of
the modulation response equation [9]. The K factor can be
found from the slope of damping rate plotted against
the square of resonant frequency, shown in Fig. 4. It was
shown that the damping rate is indeed about two times
higher than that in blunt oxide VCSELs and the K factors

were 0.15 ns and 0.4 ns respectively. The comparison of the
damping rate is also coincident with the theoretical
prediction [2, 5]. If parasitic and other heating effects
are ignored, the theoretical damping-limited 3 dB band-
width may be over 59GHz for a tapered oxide VCSEL
and 22GHz for a blunt oxide VCSEL, from the ratio of
2pð2Þ1=2=K [9].

As previously shown in Fig. 2a, the 3 dB bandwidth
reached a maximum value of � 13GHz before being fully
overdamped. We therefore investigate the extrinsic
bandwidth limitation on the tapered oxide VCSELs.
An equivalent circuit for the VCSEL impedance is useful
for analysis of electrical bandwidth limitations. The inset of
Fig. 5 shows the equivalent circuit model used to extract the
circuit components. The resistance Rm represents the mirror
loss while Ra accounts for active region resistance.
Ca represents a combination of capacitance of the active
area and oxide layer. A shunt resistance Rp is also included
to account for pad loss and the pad capacitance is
represented by Cp. Using this equivalent circuit, we can
investigate also the extrinsic limitations on the modulation
speed and determine the influence of parasitic capacitance
and mirror resistance on the modulation bandwidth.
To extract the capacitance of the VCSELs, the measured
amplitude and the phase of S11 data were fitted from
100MHz to 20GHz. Figure 5 illustrates measured and fitted
S11 results for the tapered oxide VCSEL at 6 mA.
Convergence of the fitting values to physically reasonable
values was obtained using the following procedure. First,
Cp; Rp; rmRrmm; and rmCrma were extracted using zero bias
S11 data (where Ra is very large and can be neglected).
Second, Ra and Ca values were extracted by fitting the S11
data for different bias currents. Finally, all the circuit
parameters were allowed to vary about these values in order
to minimise the squared error. The resulting Cp; Rp; and Rm

were 160 fF, 5O and 51O respectively and the extracted Ra

and Ca values for different bias currents are listed in Table 1.
Based on these extracted values, the electrical bandwidth
can be determined from 23 dB of the S21 of the equivalent
circuit shown in the inset of Fig. 5. In consequence, an
electrical bandwidth of � 12:5GHz was obtained and
showed weak dependence on bias current. The calculated
electrical bandwidth is coincident with the maximal
measured modulation bandwidth and confirms the
parasitic effects as the main limitation on the tapered
oxide VCSELs.

Finally, the eye diagram of a tapered oxide VCSEL was
demonstrated. Microwave and lightwave probes were used
in conjunction with a 10Gbit=s pattern generator (MP1763
Anritsu) with a pseudorandom bit sequence of 231 � 1 and a
12.5GHz photoreceiver. Eye diagrams were obtained for
back-to-back (BTB) transmission on VCSELs via a multi-
mode fibre. Figure 6 shows the room temperature eye
diagram of the tapered oxide VCSEL with compliance
OC-192 mask. The eye diagram was measured at 6mA with
an extinction ratio of 6 dB. The clear open eye pattern
indicates good performance of these VCSELs with the
rising time ðTrÞ of 26 ps, the falling time ðTfÞ of 40 ps, and
jitter ðp� pÞ< 20 ps:

Table 1: Extracted circuit values at different bias currents
for tapered oxide VCSELs

Bias ðmAÞ 0 1 2.5 4 6 8 10

RaðOÞ 1 200 162 136 113 96 87

CaðfF Þ 185 191 197 202 210 221 240

Fig. 4 Damping rate against resonance frequency squared for
VCSELs

Fig. 5 Real and imaginary parts of S11 parameter against
frequency from model and measured data

Inset: Equivalent circuit model of VCSELs
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4 Conclusion

Planarised oxide-implanted VCSELs were fabricated
utilising tapered oxide layer. The VCSELs exhibited
similar static performance, but superior modulation
bandwidth up to 13 GHz, compared with VCSELs
utilising a conventional blunt oxide layer. A very clean
eye diagram was demonstrated with rising time of 26 ps,
falling time of 40 ps and jitter of less than 20 ps operating
at 10Gbit=s with 6mA bias and 6 dB extinction ratio. The
devices are fabricated using a simple, reliable planarised
process and can be suitable for mass production. The high
bandwidth and good eye characteristics make these
devices very promising in future 10Gbit=s or even higher
modulation applications.
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