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Fig.7.8 a Device structure and b f3qg, f;, and y/(27) vs. (I —I)!'/? for the 850-nm VCSELs
with a bandwidth of 21.5 GHz [45] (© 1997 OSA)

7.4.1 850-nm VCSELs

VCSELSs operating at 850-nm wavelength are probably the most mature VCSEL
technology to date, because 850 nm has several fiber-based standards for short-haul
datacom. Products using 850-nm VCSELSs for 10 Gigabit Ethernet have been com-
mercially available on the market for some time.

There are several active region choices for 850-nm emission including GaAs/
AlGaAs [37], InGaAs/AlGaAs [34], InAlGaAs/AlGaAs [57], and InGaAsP/InGaP
[58]. We will focus on the GaAs/AlGaAs and InGaAs/AlGaAs designs, which are
more common nowadays.

GaAs/AlGaAs 850-nm VCSELs

The unstrained GaAs/AlGaAs multiple quantum wells (MQW) is the most com-
mon active region choice for 850-nm VCSELSs, and many high-speed records were
achieved with it. For example, the first VCSEL to demonstrate a bandwidth in excess
of 20 GHz was achieved with this active region in 1997, and this is still the highest
reported bandwidth for 850-nm VCSELs [50]. Figure 7.8 shows a cross-sectional
schematic and f3gg, f;, and y/(27) vs. (I —I)'/? for the 4 x 4 pm? devices that
achieved a 21.5-GHz bandwidth.

One of the reasons that these devices achieved a high bandwidth was their low-
parasitic structure (see the first column of Table 7.1). The pad capacitance is only
42 {F using 5-pm-thick polyimide underneath the pad. The pad resistance is due
to the dielectric loss of the polyimide. The series resistance is reduced to 28.3 Q
using n-up configuration. Despite the junction resistance is 289 €2, high-dose proton
implantation brings Cy,, down to 44.3 fF so that current still flows through the intrinsic
laser. Since f;. = 36.4 GHz, the bandwidth is not parasitic-limited. Because the
relaxation resonance frequency and 3-dB frequency both saturate at about the same
current, the bandwidth is limited by the intrinsic laser response. The damping-limited
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Fig.7.9 a Structure and b frequency responses for 3-pm-diameter devices achieving 35-Gb/s
operation

reaches 11.2 GHz at a bias current of only 1 mA, and the maximum bandwidth is
16.3GHz at 4.5mA.

The highest data rate reported for 980-nm VCSELSs is 35 Gb/s using the structure
shown in Fig.7.9a [5]. Instead of the conventional quarter-wavelength-thick blunt
oxide aperture, a half-wavelength-thick tapered oxide aperture is used. The taper
length is carefully chosen to provide sufficient mode confinement while still main-
taining low optical scattering losses [55]. This enables the smaller 3-pm devices,
which typically suffer from high optical losses, to be used. The low pad capacitance
of 29 fF is realized by using BCB, selectively etching off the n-GaAs contact layer
underneath the signal pad, and shrinking the pad dimensions. Deep oxidation lay-
ers as well as the thick oxide aperture effectively reduce Cy, down to ~88 fF. The
devices have a threshold current of only 0.14 mA and a slope efficiency of 0.67 W/A
(DQE =0.54). The series resistance is approximately 250 €2.

Figure 7.9b plots the frequency responses of the devices at 20°C. Due to the small
size, a bandwidth of 15 GHz is achieved at a bias current of only 1 mA, corresponding
to a power dissipation of 1.3 mW. The temperature rise is estimated to be 4.3°C. It is
evident that small devices are more efficient and can achieve the bandwidth with lower
currents and temperature rise, even with a somewhat higher series resistance than
desired in this case. A bandwidth exceeding 20 GHz is also demonstrated for currents
larger than 2 mA. The bandwidth is limited by multimoding above 2 mA; simulations
illustrate that the maximum bandwidth would be ~25 GHz if single-mode operation
were maintained. The MCEF at low biases is 16.7 GHz/mA!/?. 35-Gb/s operation
was achieved with a bias current of only 4.4 mA. This corresponds to a very high
data-rate/power-dissipation ratio of 3.5 (Gb/s)/mW.

InAs QD 980-nm VCSELSs

Another active region choice for 980-nm VCSELs is submonolayer deposited
quantum dots, which provides higher differential gain and better temperature
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Fig.7.12 a Structure and b frequency responses for 1.1-wm, BTJ VCSELSs [67] (© 2008 OSA)

devices achieve a maximum bandwidth of 20 GHz at a bias of 7mA, as shown in
Fig.7.11. Transmission at 30 Gb/s back-to-back and over 100-m multi-mode fiber
have been done, and the power penalty is ~2 dB.

The main limiting factor in their oxide-confined devices is self-heating effect,
which causes the relaxation resonance frequency to saturate at high biases. To address
this limitation, a low-resistance type-1I1 BTJ is used so that the more resistive p-layer
can be replaced with a less resistive n-spacer. The devices use top-emitting, double-
intracavity structure shown in Fig.7.12a.

The electrical and optical confinement is achieved by selectively etching the tunnel
junction and regrowing the n-GaAs spacer layer. Oxygen ions are implanted around
the tunnel junction to reduce the mesa capacitance. The pad capacitance is similarly
reduced using polyimide. Dielectric Si/SiO, DBR is used for the top mirror.

Figure 7.12b plots the frequency responses for 5-pm-diameter devices. The max-
imum 3-dB frequency is 24 GHz at a bias current of 4mA, which is the highest
bandwidth reported for directly current-modulated VCSELSs to date. A data rate of
40 Gb/s, which is also the highest data rate for VCSELSs to date, is achieved using
6-pm devices at a bias current of SmA.
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Fig.7.13 Structure of coplanar RF contacts p-side contact
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and demonstrated reasonable DC characteristics as well as 3.125-Gb/s operation up
to 60°C [72]. The poor electrical and thermal conductivity of the quaternary DBRs
was addressed by using n-type intracavity InP contact layers, but these also added to
the cavity length, which increased the cavity volume, and thus, reduced the frequency
response.

Another approach is to use BTJ, pioneered by Amann et al. at Walter Schottky
Institute. Some of the best high-speed performance for LW-VCSELSs to date are
demonstrated based on this platform. Figure 7.13 shows the structure of their devices.
The lateral current and mode confinement is provided by the BTJ, which also enables
the regrown InP spacing layer to be n-type for lower loss and resistance. The back
mirror consists of several periods of CaF; /ZnS dielectric DBR and a gold termination
layer, which also works as a heat sink. The device is passivated with BCB for high-
speed operation.

Based on this structure, bandwidth exceeding 10 GHz has been demonstrated for
both 1.3- and 1.55-pwm wavelengths at room temperature [12, 51] and is limited by
parasitics and thermal effects. Transmission at 10 Gb/s for 22km and 12.5 Gb/s for
3 km have also been reported at 1.3- and 1.55-pm wavelengths, respectively.

Corning also reported LW-VCSELs with 10-Gb/s transmission for both 1.3- and
1.55-pum wavelengths up to 85°C [10]. Their devices, shown in Fig.7.14, are based
on similar BTJ technology with a dielectric top mirror. However, they use double-
intracavity contacts with top emission, which greatly simplifies the device structure
and can be mass manufactured more easily.

Wafer-Fused Long-Wavelength VCSELSs

Both InP-based active region and GaAs-based DBRs are preferable for LW-VCSELs.
Therefore, wafer fusion, pioneered by Bowers et al. at University of California,
Santa Barbara, has been used to combine these two material systems. Transmission
at 10 Gb/s over 10-km standard SMF has been reported [44]. The structure consists
of undoped top and bottom AlGaAs/GaAs DBRs, wafer fused with InAlGaAs/InP
cavity grown on an InP substrate. A tunnel junction is used for lateral confinement.
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Fig.7.15 Cross-sectional schematic of EAM-VCSEL [78]

modulation depth. Following the same procedure as we did for current modulation,
the transfer function for loss-modulated intrinsic laser can be written as [77]

m a)rzrp +jo
70 (0f — @? +joy)

Hi(w) = (7.13)

The main difference between loss modulation and current modulation is the decay rate
after the resonance: 1 /w (20 dB/decade) for loss modulation and 1/w? (40 dB/decade)
for current modulation. In addition, the resonance peak is also stronger for loss
modulation, which can be an issue for data transmission.

Two mechanisms have been used to achieve loss modulation in coupled-cavity
VCSELs. One is to modulate the internal loss «; using an electroabsorption modula-
tor, and the other is to modulate the mirror loss a;y, using an electrooptical modulator.

7.5.2 VCSELs with an Electroabsorption Modulator

Figure 7.15 shows the cross-sectional schematic of VCSEL with an intracavity elec-
troabsorption modulator (EAM-VCSEL). It is basically a p—n—p configuration with a
tunnel junction below the active region to reverse the polarity of the bottom contact.
Reverse-biased MQW, placed at the standing-wave peak for maximal efficiency, is
used as the modulator. A 17-GHz modulation bandwidth with a distinct 20 dB reso-
nance peak has been reported [78]. The roll-off slope is ~45 dB/decade with para-
sitics (fop ~ 8 GHz), showing a slower decay rate compared with current-modulated
devices.

Recently, the same group demonstrated optically decoupled loss modulation in a
duo-cavity VCSELSs by carefully detuning the resonances of the cavities [79]. The
photon density in the active region remains unchanged under loss modulation, similar
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lossg; is increased [Eq(4)]. These two effects result in
a lower output power at a given biasing current, which
is a common disadvantage for multi-terminal VCSELSs.
(i) Lower differential gain and lower direct modulation
speed. Higher threshold current means lower differential
gain a [Eq. (5)]. Longer effective cavity length means
larger mode volumé&/p. Both of these effects reduce the
small signal modulation bandwidfhyg [Eq. (6)].

@

al Y, Jo . (5) Fic. 1. (Color online) RIE etch uniformity map of (a) stand-alone 3 in. GaAs
@ 4J_m' quarter wafer, normalized to 195 nm/min etch rate; (b) 3 in. GaAs quarter
Jin wafer surrounded by dummy GaAs pieces, normalized to 104 nm/min etch
rate.

p

fagB / a=Vp: (6)

) ) _ than the center. By surrounding the target wafer with dummy
It is possible to stop the etch on AlGaAs by ad_d|t7rrlg @pieces of the same material, the etching uniformity can be
small amount of Skto Chlorlde-basgd etch chemistry, signibcantly improved, with the trade-off of lower etch rate.
but the_gas has to be turned on just before the target However, even the uniformity variation can be lowered to
layer. Since a deep etch (3ba) would produce alarge g4 an intra-cavity GaAs contact layer will still need to be
nonuniformity (80 nm for 29), this technique would not 544y thick for a common Bm deep etch, which is about
work over large areas even with the assist of a Iaseﬂ.?Sk thick for a 980 nm VCSEL or Z thick for a 850 nm
monitor. VCSEL. To further reduce the required thickness of intra-

In this paper, a novel method will be proposed to makecavity_ contact Iay_ers while maintaining good yield, an etch-
thin intra-cavity contact layers through the incorporation of StOPpINg process Iis necessary.
an etch-stopping mechanism, which is essential to enhance
the performance of multi-terminal VCSELs and make themB. Oxidized AlGaAs as the etch-stop layer

feasible for mass production. The formation of robust, high-quality native oxide on sili-

con embarked the tremendous commercial success of Si inte-

grated circuit technology. On the other hand, a similarly

robust oxide for compound semiconductors was not found

A. RIE loading effect until 19902 when researchers discovered that the selective
To quantify the dry-etch nonuniformity in a RIE system, lateral wet thermal oxidation of high aluminum content

a 2 in. semi-insulating GaAs wafer was diced into quarterssemiconductors could form a mechanically stable aluminum

and then patterned with SPR220-7 photoresist. oxide, ALOs;. Over the years, this process has been
The etch tool was a home-built RIE system with purg ClI employed in the fabrication of various electronics and pho-

as the only reactant. The wafers were mounted by MUNG Iltonic devices, among which VCSELs have benebted the

a type of silicon based thermal vacuum grease, to a silicomost and achieved performance ledps.

backing wafer which was water cooled to regulate the tem- This aluminum oxide provides not only an insulating

perature. Before turning on the reactant gas, the etch chantayer to funnel the current into the active region, thus greatly

ber was pumped down to 110 ‘ Torr background pressure enhance the injection efbciency, but also provides a low-to-

range, to minimize background,@nd HO concentrations. high-to-low index contrast at the aperture, conbning the opti-

The intake of C} was regulated by a mass Bow controller cal mode in a similarly way as an optical lens does. In other

(MFC) to maintain a constant Bow rate of 7.2 sccm, with thewords, both electrical and optical conPnements can be

chamber pressure kept at 1.6 mTorr. Etching proceeded faxchieved with the same structure. Moreover, thigQillayer

10 min with 40 W of RIE power. is impervious to GJ-based dry-tech, making it a good candi-
The brst sample was etched alone. The second sample weste for the etch-stop layer.

surrounded by dummy pieces of GaAs wafers when loading In Sec. Ill, we will propose a three-terminal VCSEL

into the etch chamber. Following the etch, both samples werdesigned and fabricated with an embeddedQA| layer,

then soaked in 1165 stripper to remove the photoresist. Steghich enables a compact cavity design and improved DC

heights were measured using a DekTek 6 probPlometer acrosharacteristics.

the whole wafer to determine etch rate and uniformity. The

results are shown in Fidl. For the 2 in. quarter GaAs t.hat . EXPERIMENTAL SETUP

was etched alone, an average etch rate of 195nm/min was _ )

observed at the center of the wafer, while the edge waé: Device design

etched around 20% faster than the center. For the other To demonstrate the etch-stopping process, a bottom-

quarter that was accompanied by dummy GaAs wafers, aamission, dual intra-cavity contacted 3-terminal VCSEL

average etch rate of 104 nm/min was observed at the centelesign was chosen. The schematic is shown in Eigihe

of the wafer, while the edge was etched around 10% fastdower p-contact layer is a 7/4-thick p-type GaAs withd-

IIl. OBSERVATION OF ETCHING UNIFORMITY
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TasLe |. Oxide design.

Category Layer design Thicknesg)(A Oxidation length (I m) vs timet (min) Oxide shape
Top DBR GaAs 546
Linear grading 160
Al Gay 1AS 654
Linear grading 160 1,¥,0.0567t 0.1866 RZ%40.9798) Blunt
Etch-stop layer GaAs 505
Parabolic grading 200
AlAs 96
Al oGap oAS 524
Parabolic grading 200 1,¥40.0085%p 0.2541t 0.2283 R?%:0.9999)  Tapered (taper length around 0n3)
Tapered oxide aperture p-AlAs 100 13¥40.0158%p 0.5358 1.0612 R?%40.9999)  Tapered (taper length around 1)
p-Alo.ofGan oAS 1367
Deep oxidation layer p-GaAs 563
p-parabolic grading 280
p-Alg.odGan oAS 458
p-parabolic grading 280 1,¥:0.0926 0.2388 RZ1:0.9996) Blunt

Note: Parabolic curve btting worked better for the etch-stop layer and the tapered oxide aperture.

2500nm silicon nitride (Sil) deposited on the GaAs/ the inner mesa etch, the PR was removed with 1165 stripper,
AlGaAs base structure with plasma-enhanced chemicdkeaving behind the unwanted coliseum wall structures result-
vapor deposition (PECVD), followed by 100nm Cr and ing from the top-DBR oxidation [Fig4(d)]. The AZ-400 K
900 nm SPR955CM-0.9 photoresist (PR) debPned by steppeleveloper, a combination of potassium hydroxide and
lithography. The Cr was etched in a Panasonic ICP etcher aurfactants, was used to remove the coliseum walls as well
15C substrate temperature using a low powey/@J based as the etch-stop oxide layers, revealing the thin intra-cavity
recipe with a PR-to-Cr selectivity of 1:1. The PR was contact layer [Fig.4(e)]. At this point, both intra-cavity
removed and the SiNmask was debned in the Panasoniccontact layers were exposed with no observable surface
ICP etcher with a CHO,-based recipe with SiNto-Cr se- damage.
lectivity of 30:1. After solvent cleaning, the sample was  Afterward, a bilayer photoresist was used to lift-off the 200/
etched in a parallel plate RIE etcher with pure,@bwn to  200/5000%A of Ti/Pt/Au Ohmic contact onp-layer. The p-
the lower p-type intra-cavity contact, with the assist of a GaAs layer was then partially removed with patterned wet-
laser monitor. etch to reduce to pad capacitance [Fig(f)]. 20004 of
After the outer mesa was formed [Fig(a)], the sample PECVD silicon nitride was used to cover the whole device,
was cleaned with solvent and pure ammonia hydroxide tdollowed by lithography and dry-etch to open vias to the ring
remove the natural oxides on the sidewall and then directlyn-contact layer and the top of the inner mesa [Hifg). This
transferred into a tube furnace for wet thermal oxidation.process is commonly used by heterojunction bipolar transistor
The oxidation conditions for a target oxide aperture length(HBT) researchers to create nsieself-aligned dielectric
of 81 m were 410 C for 1230°9Fig. 4(b)]. spacers? allowing contact metal to be put direct next to the
After the oxidation, the inner mesa pattern was dePned bynesa ankle. A 800/300/3000 Af AuGe/Ni/Au ring Ohmic
SPR220-7 photoresist. The Panasonic ICP etcher was usedntact and a 800/300/3000 &f AuGe/Ni/Au top contact
to etch these patterns on the remaining Sfitdrd mask. The  were then deposited, followed by a rapid thermal annealing
CF4/O, recipe for SiN etch had a superior SjNo-GaAs se-  step for contacts at 41@ for 2 min in forming gas [Fig4(h)].
lectivity of 90:1, so the amount of GaAs machined away by After annealing, a layer of Cyclotene 4022-25 photosensi-
the SiN, dry-etch was negligible. The SPR220-7 maskingtive benzocyclobutene (BCB) was spun on, lithographically
the SiN, layer was then stripped away, and a new layer ofdePned, and then cured in an oven. 2806/ PECVD SiN,
SPR220-7 was coated and then partially developed windowas deposited to form a adhesive layer, then both vias to the
to expose the semiconductor between the inner mesa and tihecontact metal ang-contact metal were opened by dry-
outer mesa circumferences [Fid(c). This PR layer was etch [Fig.4(i)], followed by the Pnal Ti/Au pad metallization
used to protect the bottom area from being attacked by thetep. The backside of the GaAs wafer was then polished and
second RIE etch. A small wafer cut from the original anti-reection (AR) coated [Fig4(j)] to allow emission
VCSEL epitaxial wafer was mounted next to the actual wa-through the substrate.
fer for laser-monitoring. The second RIE with pure, @las
performed to etch down to the etch-stop oxide, with extra
overetch time to ensure good etching uniformity. The selec!V: RESULTS AND DISCUSSION
tivity between AlGaAs and AlO; was measured to be The fabrication results were checked with a SEM to ver-
greater than 50:1 in such kind of etching chemistry. Afterify the details, with some of the intermediate results shown
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TasLEe Il. Device parameter and performance results. can also be applied to fabricate all the other GaAs-based
_ electronic and photonic devices, including HBTs, high

Device aperturel (m) 3 ! electron mobility transistors, DBR lasers, and distributed

Inner mesa diameter; (I m) 17 21 feedback lasers.

Outer mesa diameter; (I m) 24 28

Slope efbciency (mMW/mA) 0.68 0.69 ACKNOWLEDGMENTS

DQE 0.54 0.55 .

Threshold currenty, (| A) 293 648 The authors W|s_h to thank Donald Freeborn_ an_d Tony

Threshold voltageVi, (V) 153 154 Bosch for Pne tuning the RIE chamber and oxidation fur-

Series resistancej 208 156  hace. This work was supported by DARPA through a STTR

Maximum output power (mW) 411 9.00 Wwith Ziva Corporation and by NSF through a GOALI pro-

Peak wall-plug efbciency 0.28 0.26 gram. A portion of this work was done in the UCSB nano-

fabrication facility, part of the NSF funded NNIN network.

Note: DC measurements done at 20
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In conclusion, we present insights into high extinction ratio polarization switching in highly asymmetric
VCSELs. We also demonstrate ultrafast polarization modulation in multimode regime, which is attractive for
increasing the output power of the VCSEL while maintaining high speed polarization modulation.

Disclaimer: The views expressed are those of the authors and do not reflect the official policy or position of the
Department of Defense or the U.S. Government. Approved for Public Release, Distribution Unlimited

Figure 1: (a) Polarized L-I curve for an oxide
confined VCSEL with elliptical mesa for no RF
(solid line) and with 3GHz RF signal added to
the DC bias (dotted line).
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Figure 2: Contour plots of optical spectra as a function of bias for an elliptical device with major axis along Y direction
for (a) X polarization, (b) Y Polarization and (c) Optical spectrum at 2.0mA, (d) 2.4mA
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1. Introduction

Polarization properties of VCSELs are extremely interesting and yet, poorly understood. It is
well known [1] that VCSELs generally exhibit abrupt polarization switching as a function of
bias current, from higher to lower frequency mode (type-I switching) or vice-versa (type-II
switching), depending on the detuning between the polarization modes and their relative
position with respect to the gain spectrum [2]. It has also been found that the VCSEL
polarization can be affected by the temperature [2], magnitude and directionality of current
injection [3—6], stress [7] and with polarized optical injection. Theoretical modeling based on
'Spin-Flip Model' [8,9] has been successfully used to predict certain static [10, 11] and
dynamic [12—14] polarization properties of VCSELs. However, the exact nature the complex
dynamics accompanied by the polarization switching, especially in multimode VCSELs in
presence of current modulation at GHz frequency scale are largely unknown. In this paper we
report on experimental observations of extremely rich polarization resolved frequency
response of current modulated asymmetric multimode VCSELSs, showing that, even though at
low frequencies VCSEL exhibits only one type of polarization, it still exhibits polarization
mode competition at higher frequencies. Furthermore, we can use this frequency dependence
to modulate the polarization output of the VCSEL, at GHz rate, by simply varying the RF
frequency or power. High resolution optical spectral measurements reveal the details on the
polarization mode-competition for multi-transverse mode, asymmetric VCSEL.

Although the polarization modulation up to 50 MHz has been previously demonstrated
[15,16], the thermal nature of this effects limits high speed operation [17]. High-speed
polarization modulation has been demonstrated with optical injection [18,19], but it requires
complex optical injection locking and polarization controllable master laser source, thus, is
not scalable. Polarization self-modulation at much higher frequencies has also been reported
[20,21]. We have previously demonstrated high-speed polarization modulation by modulating
the electrical RF power applied to a single mode VCSEL [22,23]. In this paper, we report on a
new scheme for polarization modulation by rapidly switching the frequency of RF signal
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response at bias current of 4.4 mA, corresponding to the multimode regime, showing that the
polarization contrast ratio in excess of 30 dB can be obtained by this technique. These
measurements are extremely repeatable, proving that the frequencies of polarization switch
are not determined by spontaneous emission noise. Similar behavior of rapidly switching
polarization direction was also observed in single mode regime. In both the regimes, there is
strong frequency dependence to the modulation amplitude, with sharp peaks in one type of
polarization corresponding to dips in other polarization. Due to relatively small modulation
depth and high bias current operation, period doubling nonlinear dynamics were not observed.
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Fig. 1. (a) Measured L-I characteristics of an elliptical, oxide confined VCSEL showing high
polarization contrast ratio even in multimode regime (b)-(c) high resolution optical spectral
measurements as a function of current, for X and Y polarization.

(c)
o

Frequency (GHz)

Modulation Response (dB)

Frequency (GHz)

Fig. 2. Contour plots of modulation responses at different bias currents, for (a) X-polarization,
(b) Y-polarization and (c) Difference between X and Y, showing the mode stability plot for the
VCSEL (d) Modulation response 4.4mA, showing abrupt switching between X and Y modes as
a function of frequency.

Using this strong frequency dependence, it is possible to modulate the polarization state of
the VCSEL. For this, it is necessary to switch the frequency of the current modulation of the
VCSEL at a rapid rate. This was achieved with a setup schematically shown in Fig. 3. Two
RF source of equal amplitude are passed through double-balanced mixers, with direct and
inverted signal from a square-wave generator, respectively. At the output of each mixer, the
corresponding RF signal is switched on and off, exactly out-of-phase with each other. The
output was then combined in a resistive splitter, which produces a RF signal of constant
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Fig. 4. Polarization modulation of the VCSEL, subjected to varying RF signal with frequency
modulated at (a) 200 MHz (b) 300 MHz and (c) 500 MHz.
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Fig. 5. Polarization modulation response for the VCSEL subjected to a fixed RF frequency and
the RF power modulated at 1.5 GHz.

4. Conclusions

In conclusion, we report on the observations of rich and complex frequency response of a
VCSEL subjected to RF current modulation. It has been observed that near the polarization
switching point, VCSEL can be controllably switched between the two linear polarization
modes as a function of the frequency of current modulation. We demonstrate that, using this
effect, it is possible to modulate the polarization of the VCSEL at high speeds, either by
modulating the frequency of RF signal, or the power of RF signal applied to the VCSEL.
Polarization modulation of 300 MHz and 1.5 GHz has been demonstrated with these two
techniques, respectively, in the multimode regime of the VCSEL.
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