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Small and large signal modulation measurements are carried out for 850 nm vertical cavity surface
emitting lasers �VCSELs�. The resonance frequency, damping factor, parasitic frequency, and
D-factor are extracted. Small signal modulation bandwidths larger than 20 GHz are measured. At
larger currents the frequency response becomes partially limited by the parasitics and damping. Our
results indicate that by increasing the parasitic frequency, the optical 3 dB bandwidth may be
extended to �25 GHz. A decrease in the damping should enable VCSEL bandwidths of 30 GHz
for current densities not exceeding �10 kA /cm2 and ultimately error-free optical links at up to 40
Gbit/s. © 2009 American Institute of Physics. �doi:10.1063/1.3231446�

The forecast for the serial transmission speeds used for
data bit communication links is a continued exponential in-
crease with time, directly in concert with silicon integrated
circuit scaling and in response to human society’s perpetual
hunger for massive increases in bandwidth. As a result, the
fundamental electromagnetic limitations of copper-wire-
based links at bit rates of �10 Gbit /s and at distances of
�1 m make fiber based optics for data communication
indispensable. Vertical cavity surface emitting lasers
�VCSELs� are key devices for very short reach applications
in fiber-optic networks and active optical cables.1 The 850
nm VCSELs are particularly important since they are already
used in local area and storage area networks applications and
are expected to play an increasingly important role in future
optical standards. In the past few years great progress in the
area of high-speed VCSELs at different wavelengths has
been achieved. Data transmission at bit rates of 32 Gbit/s
�850 nm�,2 35 Gbit/s �980 nm�,3 and 22 Gbit/s �1550 nm�4

has been demonstrated. Very recently 850 nm VCSELs ex-
hibiting error-free operation up to 20 Gbit/s5� and 40 Gbit/s6

were reported.
In order to understand better and further improve

VCSEL performance, it is very important to understand the
physical processes inside the devices and to analyze impor-
tant laser parameters such as damping factor, resonance fre-
quency, and parasitic cut-off frequency. For this purpose
small signal modulation response �S21� and microwave re-
flection �S11� measurements were carried out for two oxide-
confined 850 nm VCSELs6 with aperture diameters of 6 and
9 �m at room temperature.

The VCSEL structures were grown on a semi-insulated
�SI� GaAs substrate using metal-organic vapor-phase epitaxy.
They consist of 23/35.5 top/bottom GaAlAs doped distrib-
uted Bragg reflectors with linear compositional gradings, a
GaAlAs-based microcavity and multiple strained InGaAs in-
sertions as the active region. Selective wet oxidation of Al-

�Ga�As materials7 was applied to create lateral confinement
for the injected current and optical field. Planarization with
bisbenzocyclobutene was applied to reduce the parasitic ca-
pacitance of the ground-source-ground �GSG� contact pads
and for ease of on-wafer high-frequency probing. While
small mesa diameters and deep mesa etching are needed to
reduce electrical parasitics, from the thermal point of view
rather larger mesas and shallow etching are preferable.
Higher doping levels reduce resistance of the devices but
also increase absorption loss. Small oxide aperture diameters
reduce mode volume and threshold current, and this im-
proves the high-speed performance of the lasers but also in-
creases current density and decreases output power. Thus the
overall design incorporating a rather complex compromise
for several competing factors such as high modulation speed,
high thermal conductivity, large output power, and low cur-
rent density was applied.

The light-current-voltage characteristics of the two in-
vestigated VCSELs are shown in Fig. 1. The threshold cur-
rents are 330 and 590 �A for the 6 and 9 �m VCSELs,
respectively. The maximum differential efficiency for both
devices is �60%. The maximum output power is larger than
5 mW for the 6 �m VCSEL and larger than 9 mW for the
9 �m VCSEL. The differential resistance of the 6 �m
VCSEL is �110 � at 5 mA and for the 9 �m VCSEL is
�90 � at 9 mA.
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FIG. 1. �Color online� Light-current-voltage characteristics of the VCSELs
with 6 and 9 �m aperture diameters. The inset shows a visible-light micro-
scope image of an example processed VCSEL in the GSG configuration.
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The small signal modulation response and scattering pa-
rameters were measured using a network analyzer and a cali-
brated photodetector in the range from 50 MHz to 30 GHz.
The extraction procedure of the physical parameters was
similar to that described in8 and was as follows. At the be-
ginning, the measured optical small signal modulation re-
sponse �S21� was corrected for the response of the photode-
tector. Then, using the equivalent circuit model described
in,9 the parasitic resistances and capacitances inside of the
VCSEL were extracted by fitting the circuit model to the
measured microwave reflection curves �S11�. After that, using
the values for the parasitic elements and the equivalent cir-
cuit model, the parasitic low pass curve for the electrical
microwave transmission was calculated and subtracted from
the calibrated measured optical data. Finally the resonance
frequency fR and damping factor � were extracted using the
first part of the theoretical rate Eq. �1� without the parasitic
low pass. This method of data extraction has several advan-
tages as compared to methods that fit only the S21 curve data
to Eq. �1�. First the use of more experimental information
�here the measured S21 and S11 curves� minimizes the error of
the extracted parameters. The second advantage is that one is
not limited by the first order low pass response of the form
found in the second part of the Eq. �1� with the parasitic
cut-off frequency fP. Instead the calculated form of the para-
sitic low pass response based on the parameters extracted
from the measured S11 data is used, and this makes the fits
more exact,

H�f� = fR
2 /� fR

2 − f2 + j f
�

2�
��1 + j

f

fP
� . �1�

The measured small signal modulation response curves with
corresponding fits for different currents at room temperature
are shown in Fig. 2 for 6 and 9 �m VCSELs, respectively.
All fits show excellent agreement with the measured data.
The maximum 3 dB frequency for both devices is larger than
20 GHz at 5 and 10 mA for the 6 and 9 �m VCSELs,
respectively. The S21 curves slightly differ for both cases.
While in the case of the 6 �m VCSEL, the modulation re-
sponse curve at 5 mA is damped; the 9 �m VCSEL shows a
resonance of �1 dB at 10 mA. This result indicates that the
high-speed performance of the 6 �m VCSEL is at least par-

tially limited by damping. Small signal modulation band-
widths of 21 and 24 GHz has been demonstrated in the past
for VCSELs with oxide-confined apertures of 4 �m diam-
eter and emitting at 850 nm10 and 1100 nm, where the latter
device is based on a buried tunnel junction.11 The band-
widths measured here are only slightly lower than these
record values.

Figure 3 shows the parasitic cut-off frequencies fP, reso-
nance frequencies fR, and the 3 dB frequencies f3 dB ex-
tracted from the S21 and S11 measurements for both devices.
For both VCSELs the parasitic cut-off frequencies are, as
expected, larger than the 3 dB frequencies. The parasitic fP
are not limiting the speed of the VCSELs at low currents,
and the 3 dB frequencies significantly exceed the resonance
frequency. We note that the dependence of the cut-off fre-
quency of the electrical parasitics at low currents is due to
the current dependence of the resistances and capacitances
inside the device. Parasitic cut-off frequencies larger than 27
GHz for the 6 �m VCSEL and 23 GHz for the 9 �m
VCSEL are extracted and indicate a noticeable impact of the
parasitics on the high-speed performance at large currents.
The resonance frequency for the 6 �m oxide-diameter
VCSEL at currents larger than 5 mA is higher than the 3 dB
frequency, showing that the device is mainly limited by
damping, as one is able to conclude from the data in Fig. 2.
In the case of the 9 �m oxide-diameter, VCSEL the reso-
nance frequency is smaller than the 3 dB frequency, showing
here a stronger impact of thermal roll-over. We note that 3
dB bandwidths close to �20 GHz are realized at current
densities of only �7–8 kA /cm2. This result is particularly
striking for the 6 �m oxide aperture VCSEL, as the reliabil-
ity of small aperture oxide-confined VCSELs is typically
much better compared than that of their large aperture coun-
terparts for equal current densities.12 It was previously be-

FIG. 2. �Color online� Magnitude of the small signal modulation response
S21 for different applied bias currents and the corresponding fits for the
VCSELs with 6 �m �a� and 9 �m �b� oxide aperture diameters.

FIG. 3. �Color online� Parasitic cut-off �black�, resonance �red�, and 3 dB
�green� frequencies for the VCSELs 6 �m �a� and 9 �m �b� apertures.
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lieved however that much higher current densities are needed
for these devices to reach even 10 Gb/s bit rates since the
data transfer rate increases roughly with the square root of
current density.

Resonant frequencies of up to 22 GHz are recorded
�Fig. 3�. At lower currents the impact of parasitics and
damping is small, and the 3 dB bandwidth exceeds the reso-
nance frequency by a factor of �1.4. At current densities of
�7 kA /cm2, the optical 3 dB bandwidth approaches 18
GHz, while the frequency response becomes partially af-
fected by the parasitic bandwidth of 23 and 27 GHz for the
larger and smaller oxide-aperture devices, respectively. The
resonant feature in the frequency response curve of the
6 �m VCSEL becomes severely damped. With a further
increase in the parasitic frequency and a decrease in the
damping, assuming that the 1.4 ratio is maintained, the opti-
cal 3 dB bandwidths are expected to reach 30 GHz for oth-
erwise similar device parameters and current densities of
�10 kA /cm2.

By fitting a linear function to the extracted squared reso-
nance frequencies as a function of the current, one can ex-
tract the important D-factor, which yields internal laser pa-
rameters such as differential gain and mode volume.9,13 The
extracted D-factors for the 6 and 9 �m VCSELs are 9.8 and
6.5 GHz /�mA, respectively. As one would expect from
theory, the D-factor should decrease with increasing mode
volume and due to the square root dependence is inversely
proportional to the diameter of the active region. In fact di-
viding the D-factor of 9.8 GHz/�mA for the 6 �m VCSEL
by the D-factor of 6.5 GHz/�mA for the 9 �m VCSEL gives
1.51, identical to the aperture diameter ratio of 9 :6=1.5.
Clearly our analysis is consistent not only for one particular
device but also for the entire set of devices.

To extract the K-factor yielding the damping limit of the
speed, one must fit the damping as a function of the squared
resonance frequency.9,13 Here the damping shows a weak
superlinear behavior because of heating. A similar observa-
tion in 850 nm VCSELs was recently reported,13 and this
observed behavior makes extraction of the exact value of the
K-factor difficult. Values between 0.23 and 0.38 ns can be
extracted for both devices depending on the fitting proce-
dure. Nevertheless one can compare the damping factor val-
ues � of the two lasers, and in this study these terms are
essentially equal.

Large signal modulation experiments were carried out
for the 6 �m VCSEL using a nonreturn to zero �NRZ� data
pattern with a �27−1� pseudorandom bit sequence �PRBS� in
the back-to-back configuration �BTB, �3 m fiber�. In Fig. 4
the optical eye diagrams for different bit rates and currents
with corresponding signal-to-noise ratios �SNR� are shown.
All eyes are clearly open. For the top two eye diagrams at
20 Gbit/s and at different currents of 3 and 5 mA, the SNRs
are 5.8 and 7.1 as shown. The current of 3 mA corresponds
for 6 �m aperture diameter VCSEL to a current density of
�10.6 kA /cm2, i.e., a value sufficiently low to ensure reli-
able operation. The eye at 25 Gbit/s has a SNR of 6.7, and
at 30 Gbit/s we observe a SNR of 5.3. The deconvoluted
VCSEL rise time is found to be �10 ps and remains tem-
perature insensitive up to 100 °C.6

To conclude we have carried out a comparative small
signal modulation analysis at room temperature for two oth-
erwise identical VCSELs with different oxide-confined aper-

ture diameters of 6 and 9 �m. The results show that a fur-
ther reduction in parasitics and damping improves the optical
3 dB bandwidth up to and beyond �30 GHz. Although eye
diagrams with SNRs above five at up to 30 Gbit/s were dem-
onstrated, the SNRs remain limited by our present test setup.
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FIG. 4. �Color online� Eye diagrams for the VCSEL with 6 �m aperture at
different bit rates and currents in a BTB configuration with �27−1� PRBS
NRZ.
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