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Abstract—New advances in high-efficiency, high-speed 980-nm
vertical-cavity surface-emitting lasers (VCSELSs) are presented.
The tapered oxide aperture was optimized to provide additional
mode confinement without sacrificing its static low-loss perfor-
mance. The pad capacitance was reduced by using benzocy-
clobutene, removing the n-contact layer, and shrinking the pad
dimension. The mesa capacitance was also lowered by using a
thicker oxide aperture and deep oxidation layers. With all these
improvements, our devices demonstrated >20 GHz bandwidth,
the highest for 980 nm VCSELs, and 35 Gb/s operation at only
10 mW power dissipation, corresponding to the highest reported
data rate/power dissipation ratio of 3.5 Gb/(s-mW).

Index Terms—Optical interconnects, optical modulation, oxida-
tion, semiconductor lasers, vertical-cavity surface-emitting lasers
(VCSELs).

I. INTRODUCTION

N THE PAST several years, vertical-cavity surface-emitting

lasers (VCSELs) have received renewed interest due to
their applications in optical interconnects, which are becoming
widely used, partially because of possible reductions in system
power dissipation. Due to the intensive worldwide research ef-
forts, the performance of VCSELSs, particularly in high-speed
aspect, has made tremendous progress in just the past few years.
In 2006, 25 Gb/s operation was first reported by Suzuki et al. [1].
In 2007, data rates of 30, 35, and 40 Gb/s were consecutively
demonstrated by Yashiki et al. [2], Chang et al. [3], and Anan
et al. [4], respectively. In 2007, data rate of VCSEL was pushed
from 25 to 40 Gb/s, a significant progress.

Table I summarizes the state-of-the-art high-speed VCSEL
structures and results in three different wavelengths: at 850 nm,
30 Gb/s was reported by Johnson in 2008 [5]; at 980 nm, we
reported 35 Gb/s; at 1.1 um, 40 Gb/s was reported by Anan.
By examining the structures of these record VCSELs, we can
see what the requirements to achieve high-speed operation are.
Thick low-dielectric-constant materials such as silicon oxide,
benzocyclobutene (BCB), and polymide have to be used for
reducing the pad capacitance. The mesa capacitance has to be
lowered by either ion implantation or deep oxidation layers. The

Manuscript received November 3, 2008; revised December 2, 2008. Current
version published June 5, 2009. This work was supported by the Defense Ad-
vanced Research Projects Agency (DARPA) via The U.S. Army Research Lab-
oratory (ARL).

The authors are with the Department of Electrical and Computer Engi-
neering, University of California, Santa Barbara, CA 93106 USA (e-mail:
yuchia@engineering.ucsb.edu; coldren@ece.ucsb.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JSTQE.2008.2010955

optical modes need to be confined by oxide aperture or buried
tunnel junction. On the other hand, there are unique features
for each device. For example, highly strained InGaAs/GaAs
quantum wells (QWSs) are used in Anan’s devices to achieve
high differential gain.

Compared with the other two devices that operate best at
~6 pm, our devices can be much smaller due to their lower
cavity losses associated with the lens-like tapered aperture [6].
Therefore, the threshold current of our devices is much lower
at 0.14 mA for a 3-pum-diameter device, and because the res-
onance frequency varies inversely with the square root of the
photon volume, our devices are fast at small biases, achieving
a 20 GHz bandwidth at just 2 mA. In addition, smaller devices
with low cavity losses are more power efficient, which is very
important for optical interconnect applications. A data rate of
35 Gb/s was demonstrated at 4.4 mA with only 10 mW power
dissipation, corresponding to a record data rate/power dissi-
pation ratio of 3.5 Gb/(s-mW). All these results are enabled
by carefully designing the tapered oxide aperture for low loss
and high confinement, optimizing the distributed Bragg reflec-
tor (DBR) mirror, incorporating the deep oxidation layers, and
reducing the pad capacitance.

The paper is organized as follows. Section II presents the
theoretical background for directly modulated VCSELs. The
device designs are covered in Section III. Section IV shows
the device fabrication. The results and discussion are given in
Section V. Finally, Section VI concludes the paper.

II. THEORETICAL BACKGROUND

For directly current-modulated VCSELs, the bandwidth is
determined by the intrinsic laser properties as well as the extrin-
sic parasitics. To make our discussion easier, we will consider
them separately using the cascaded two-port model [7], shown
in Fig. 1, to isolate the parasitics from the intrinsic laser. The in-
trinsic laser is defined as the active region approximately in the
apertured area where carriers and photons interact via absorp-
tion and emission. The parasitics, defined between the intrinsic
laser and driving circuit, are split into the pad parasitics and chip
parasitics at the metal contacts.

The input variables of the VCSEL are the drive voltage vq
and current 7. The voltage and current seen by the intrinsic
laser are v, and i,, respectively. The output variables are the
output power p and frequency shift Av. For short-distance op-
tical interconnects, dispersion is negligible and Av will not be
discussed. The currents entering the pad and chip parasitics are
ip and i, respectively.

1077-260X/$25.00 © 2009 IEEE
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TABLE I
STATE-OF-THE-ART HIGH-SPEED VCSELS

Wavelength (nm) Authors Features Achievements
e Thick silicon oxide e [4,=0.75 mA for 6 um devices
850 R. Johnson et al. [5] e Proton implantation e 19 GHz bandwidth
e Oxide aperture e 30 Gb/s operation at 8 mA
: gSeB oxidation lavers o [4,=0.14 mA for 3 um devices
980 Y.-C. Chang et al. [3] P . 4 e >20 GHz bandwidth
e [ow-loss high-confinement .
. e 35 Gb/s operation at 4.4 mA
tapered oxide aperture
: Fc?éyiﬁlqldlfmtation e [p<1 mA for 6 um devices
1100 T. Anan [4] mp n- o 24 GHz bandwidth
e Buried tunnel junction .
L h . e 40 Gb/s operation at 5 mA
e Optimized active region
Parasitics Intrinsic laser mode volume can be reduced using dielectric DBRs [2] in the
T N . . . .
o— 1 longitudinal direction and photonic crystals [12] in the lateral
. . 1 X ; . .
v, la le ! [Ic Va Ial p dlre.ctlon. . . .
| Av Since the relaxation resonance frequency increases with the
o— Pad I Chip bias current, a figure of merit to evaluate how efficient an intrin-
Probe tips Metal Active sic laser can be modulated is the D-factor [13]
or driver contacts region

Fig. 1. Cascaded two-port model of diode laser.

A. Intrinsic Laser Limitations

The dynamic behaviors of diode laser are commonly ana-
lyzed using small-signal frequency response. For diode laser,
the modulation response can be approximated as [8]

p(w) A

Hini(w) = in Wl — w2+ jwy M

where A is an amplitude factor, w is the angular modulation
frequency, w, = 2 f; is the relaxation resonance frequency, and
~ is the damping factor.

The relaxation resonance frequency is the natural oscillation
frequency between the carriers and photons in the laser cavity
and can be approximately expressed as

1/2 1/2
vgaN, Ve
w |: ™ ] [qun( th):| ()

where v, is the group velocity, a is the differential gain at
threshold, IV, is the photon density, 7, is the photon lifetime,
q is the electronic charge, V], is the mode volume, 7 is the
injection efficiency, I is the bias current, and Iy}, is the threshold
current.

The relaxation resonance frequency basically determines how
fast an intrinsic laser can be modulated, provided that the damp-
ing is not severe. To improve the high-speed performance, the
relaxation resonance frequency must be increased. As shown
in (2), higher differential gain and larger photon density in-
crease the relaxation resonance frequency. Several approaches
have been shown to increase the differential gain, such as using
quantum dots active region [9], adding strain in the QW [10],
and p-doping the active region [11]. The photon density can be
increased by increasing the current that contributes to the pho-
ton number 7; (I — Iy, ) and/or reducing the mode volume. The

D= fr ! [vga
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To evaluate the device’s overall high-speed performanace, mod-
ulation current efficiency factor (MCEF) is used

f3aB
(I — Iy,)/2

where f5 4p is the 3-dB frequency. If the parasitics and damping
are small, MCEF =~ 1.55D.
The damping factor + is given as

MCEF =

I'a 1 'R
= vgaN, |14+ —2| 4 — e 3
0% vgal[—i-a}-i-TAN-ﬁ-Np 3)
where T" is the confinement factor, a, = —0g/0N,, Tan is the

differential carrier lifetime, and R, is the spontaneous emission
rate into the modes. At high photon density, the first term on
the right-hand side dominates, and ~ increases proportional to
N,, and hence, f?. The proportionality between v and f? is
the K -factor, which determines the theoretical maximum 3-dB
frequency

22T

f3dB|max - K

B. Extrinsic Parasitic Limitations

When dealing with high-frequency devices, parasitics are al-
ways a concern. Parasitics divert the modulated current ¢4 from
entering the intrinsic laser due to ¢, and 7. In most cases, it is de-
sirable to minimize the parasitics so that the intrinsic bandwidth
can be achieved.

Fig. 2 shows a cross-sectional schematic of an oxide-confined
VCSEL superimposed with its parasitic elements. The pad ca-
pacitance C;, represents all the capacitances between the signal
and ground from the probe tips/driver to the metal contacts.
The value of C}, varies from tens to hundreds of femtofarads,
depending on the pad layout and the materials between the
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Fig.2. Cross-sectional schematic of VCSEL superimposed with its parasitics.

pads. Typical high-speed VCSELs employ thick low-dielectric-
constant materials such as polymide or BCB underneath the
signal pad to reduce C),. The pad resistance 12, accounts for the
pad loss. Since it is usually relatively small, in the ohms range,
compared with the impedance of C;, at the frequency of interest,
it is sometimes omitted in the small-signal model.

The mirror resistance R,,; includes the resistances from
both the n- and p-DBRs. Rgpcct represents the sheet resistance
in the n-contact layer, and R, is the contact resistance for both
contacts. All these resistances, usually dominated by R, can
be grouped together into Ry, = Ryirr + Rsheet + Reont in the
small-signal model. The mesa capacitance Cl s, is the oxide
capacitance C,y in series with the capacitance associated with
the intrinsic region below the aperture Ci,¢. Cpesa depends on
the pillar size and the thicknesses of the oxide and intrinsic layer.

The capacitance C; represents the diode junction capacitance
in the apertured area where current flows. It is the sum of the
depletion capacitance and diffusion capacitance. Under normal
forward bias condition, Cj is dominated by the diffusion ca-
pacitance, which models the modulation of the carriers stored
in the intrinsic separate-confinement heterostructure (SCH) re-
gion [14]. It has been shown that the diffusion capacitance de-
pends not only on the carrier lifetime but also on the length/grade
of the intrinsic SCH region [15]. By decreasing the doping set-
back and grading the SCH, the diffusion capacitance can be
reduced. To simplify our model, Cy,eso and Cj are grouped
together into C,, = Clesa + Cj. Lastly, the intrinsic laser is
represented by the junction resistance R;.

Fig. 3 illustrates the small-signal model of VCSEL and the RF
driving source. Here, we have implicitly assumed that VCSEL
is driven by the instrument. The RF driving source consists of a
voltage source vg and a characteristic impedance of Z;;, which
is included to account for the power reflection due to impedance
mismatch.

The effects of the parasitics can be described by the transfer
function Heyt (w) [16]

current flowing into the intrinsic diode i, (w)

Hoy (w
ext(w) voltage from the voltage source Vs

Pad Chip
parasitics parasitics
PP v pastemsssnesnznnan,
ZO E E Rm
VW—° v 1 : le\IA :
v, e ipl?cp ] iclcm? : ial R
Probe Metal Active
tips contacts region
Fig. 3. Small-signal model with the driving source. The VCSEL is grayed.
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Fig. 4. Schematic cross section of our devices.

The frequency at which |Heyi (w)|?/|Hext (0)]? = 1/2 is de-
fined as the parasitic 3-dB frequency w;. This transfer function
can be approximated by a single-pole low-pass filter function

B B

1+ j(w)/(wo)
where B is a proportional constant and wy is the parasitic roll-off
frequency, which may be different from w..

The overall electrical modulation frequency response H (w)
is given as

Hext (w) “)

H(w) = PE:) _ ziw) Zi((«;)) | o () i ()
B? A2
B (1+(w/w0)2 (wf—w2)2+72w2> (5)

which gives the commonly used three-pole formula for fitting
the frequency response to extract w;, 7y, and wy.

III. DEVICE STRUCTURE

Our devices are n-intracavity, bottom-emitting, oxide-
confined VCSELSs emitting at 980 nm wavelength, as shown in
Fig. 4. For 980 nm emission, strained InGaAs/GaAs QW, which
has lower transparency and higher differential gain, can be used.
Bottom emission offers the possibility of backside microlenses,
which can collimate the output beams, and thus, improve the
alignment tolerance and reduce the packaging costs [17]. In ad-
dition, direct driver integration can be realized using flip-chip
bonding that eliminates the parasitics associated with the bond-
ing wires.



CHANG AND COLDREN: EFFICIENT, HIGH-DATA-RATE, TAPERED OXIDE-APERTURE VERTICAL-CAVITY SURFACE-EMITTING LASERS 707

5.0 1.0
4.5
________________ Z
N 4.0 H 0.8 2
® 35 : 3
£ ' )
o 3.0 ! 406 =
© ‘ 5
o 2.5 ] o
~ ' —
~ 20 ! 404 F
o ! @
£ 15F \r-tf------- e
8‘ T esseenee Ideal doping E
1.0 , 4022
(] -=---Designed doping o
] Field® 3
0.0 PR Y PR Y P Il PO SN Y 0.0
0 5 10 15 20 25 30

Number of periods into DBR

Fig. 5. Average doping profile for each DBR period.

Our devices have a 14-period undoped GaAs/AlAs DBR, fol-
lowed by a five-quarter-wavelength-thick silicon-doped n-GaAs
contact layer, and a four-period n-type GaAs/Aly 9Gaj.1As
DBR. The highly doped n-contact layer is placed four peri-
ods away from the cavity in consideration of optical loss and
longitudinal mode confinement. The active region has three
InGaAs/GaAs QWs embedded in the SCH layer. On top of
the SCH is the oxide aperture, followed by a 30-period carbon-
doped p-mirror, which has 5 periods of GaAs/Aly.93Gag o7 As
DBR for the deep oxidation layers and 25 periods of
GaAs/Aly g5Gag.15As DBR. The top layer is a highly doped
p-contact layer.

In the remaining part of this section, we will discuss the
components of our VCSELs, namely the DBR mirror, oxide
aperture, deep oxidation layers, and cavity structure.

A. DBR Mirror

A major tradeoff in designing VCSELSs is the electrical re-
sistance and optical loss by the free carrier concentration, con-
trolled by the doping. Due to higher free carrier absorption loss
and lower mobility of holes, p-mirror usually employs more
sophisticated design scheme, and we will focus on its design
here.

First, the average doping concentration for each DBR period
is determined by maintaining a constant loss—resistance product
across the whole p-mirror. For the first-order approximation, the
ideal doping concentration p(z) should be [18]

p(z) ocip(z)"1/?

where 1(z) is the electric field square profile and can be de-
termined using 1-D transfer matrix calculation. Fig. 5 plots the
average doping concentration for each DBR period in our de-
vices. Three different doping levels were used to approximate
the calculated ideal doping profile. The doping is the lowest
near the active region, where the electric field is the highest, for
maintaining reasonable optical losses. As moving toward the
top contact layer, the doping increases to reduce the resistance.
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Fig. 6. (a) Grading and doping. (b) Normalized electric field square and sim-

ulated hole concentration in one DBR period.

Once the average doping concentration has been determined,
the doping profile within the period can be designed. Bandgap
engineering was used to eliminate the heterobarriers in the va-
lence band at the interfaces, and simultaneously maintain mini-
mal optical losses. Fig. 6 shows our low-doped DBR design. The
horizontal dash line in Fig. 6(a) is the average doping concen-
tration obtained from Fig. 5. The dopings in GaAs and AlGaAs
layers are slightly adjusted to compensate the difference in the
mobility.

We can also take advantages of the standing-wave effects in
VCSELs. At the standing-wave peaks, biparabolic grade and
modulation doping were used to flatten the valence band [19].
No excess holes are produced with this scheme so that the optical
loss is minimized. On the other hand, uniparabolic scheme was
used at the standing-wave nulls [20]. The abrupt change of the
slope of the composition at 150 nm creates an accumulation
of holes, which improves the resistance without adding extra
optical loss.

B. Oxide Aperture

Tapered oxide apertures, which have been demonstrated to
have low optical scattering losses [6], are used in our devices
for electrical and optical confinement. The thickness of the
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Fig. 7. (a) Round-trip optical scattering loss and (b) effective mode radius
versus taper length for different device sizes, ranging from 2 to 5 gm in diam-
eter. These curves were calculated assuming that the effective indexes in the
unoxidized and fully oxidized sections are 3.254 and 3.113, respectively. The
simulated results are superimposed for the original taper aperture, plotted as
circles (scattering loss) in (a) and diamonds (effective mode radius) in (b).

aperture was increased from the standard quarter-wavelength-
thick to half-wavelength-thick for lowering the chip parasitic
capacitance.

As discussed earlier, the mode volume has to be reduced to
efficiently achieve high-speed operation. However, there is a
tradeoff between the optical scattering loss and mode confine-
ment. Blunter taper provides better mode confinement and also
creates more loss. In order to find the optimal design, simula-
tions based on the model given in [6] were performed and the
results are plotted in Fig. 7 [21].

Fig. 7(a) shows the simulated round-trip optical scattering
loss for different taper lengths and the aperture diameters of
interest, ranging from 2 to 5 um. As expected, the optical scat-
tering loss increases rapidly as the taper length goes below the
critical length L., which is smaller for larger diameter devices.
Taper length of 4 m was conservatively chosen so that the scat-
tering losses for all the devices are still within the flat region.
The circles in the figure are the simulated results for our original
aperture, which has a quarter-wavelength thickness and 4.3 pm
taper length. The original aperture was optimized for low optical
scattering loss and has experimentally demonstrated negligible
optical scattering loss down to 1.5-pum-diameter devices. As can

!
e

Fig. 8. Tapered oxide aperture design in our devices.

be seen, the optical scattering loss does not increase consider-
ably from our original aperture design.

On the other hand, the mode confinement does improve
greatly compared with the original aperture. Fig. 7(b) plots the
corresponding effective mode radius, which is defined as the
1/€? radius for an equivalent Gaussian mode with the same
total power and peak amplitude. The diamonds in the figure
are the results of our original aperture. Take 3 pm devices as
an example, the effective mode radius reduced from 2.64 to
2.01 pm. This corresponds to a 1.73 times mode volume reduc-
tion and a 31% increase in D-factor.

Fig. 8 shows our aperture design, which consists of a
10-nm pure AlAs layer and a 143.1-nm Al 3o Gag.15As layer.
This design gives a taper length of ~4 pm.

C. Deep Oxidation Layers

Due to the alternating layers in the DBRs, VCSELSs inherently
have higher series resistances, and if no precaution is taken, the
bandwidth is likely to be parasitic-limited. One approach to re-
lieve the parasitic limitation is to reduce the capacitance, specif-
ically Cpeso. However, the thicknesses of the oxide aperture
and the intrinsic semiconductor below the oxide are restricted
by the cavity design and cannot be increased easily. In order
to lower Cyyesa, additional thick nonconducting layers have to
be created inside the mesa, and this is commonly done using
proton implantation. For bottom-emitting VCSELSs with semi-
conductor top mirror, energy of several hundreds electronvolts
is needed for the protons to reach the active region. This, in turn,
requires fairly thick masking layers to block these high-energy
protons, which inevitably complicates the fabrication process
and increases the costs.

Another approach to form the nonconducting layers is to use
oxidation. One example is to use double oxide apertures [22],
which have different optical waveguiding than the single aper-
ture and need to be considered. We proposed the deep oxidation
layers [23], which can be formed simultaneously with the oxide
aperture. By increasing the Al fraction of the AlGaAs layers
for the first several DBR periods in the top mirror, these lay-
ers will penetrate further during oxidation, as shown in Fig. 9.
These deeply oxidized layers effectively increase the equivalent
capacitor thickness, and thus, reduce the capacitance.

There are several advantages with this approach. First, it is
simple and can be easily incorporated into any oxide-confined
VCSEL with a semiconductor top mirror. Second, no process
modification is required. Third, the index contrast in the unox-
idized region where optical modes exist also increases due to
these higher Al content layers, which improves the longitudinal
mode confinement. Fourth, compared with proton implantation,
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Fig.9. Cross-sectional SEM showing five deep oxidation layers and the oxide
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Fig. 10.  Cavity structure of our devices.

this approach requires thinner nonconducting layers to achieve
the same C),.s, due to the smaller dielectric constant of the
oxide than the semiconductor. This is favorable in consideration
of the resistance because of the distance that the current has to
funnel is reduced.

In order not to perturb the optical modes, the length of the
deep oxidation layers was conservatively chosen to be 5 um,
which can be achieved with Al 93Gag o7 As layers in our device
structure. Five deep oxidation layers were incorporated in our
devices.

D. Cavity

Fig. 10 shows the cavity design of our devices. The active
region is sandwiched by two Aly 3Gag 7As SCH layers. The
thickness of the bottom SCH is 111 nm, and the n-doping (~2 x
10'7 cm™3) is set back 50 nm to minimize the carrier transport
effects [24] and maintain a reasonable loss. The top SCH layer
has a thickness of 20 nm and is undoped to reduce the current
spreading underneath the oxide aperture [25]. However, the lay-
ers that form the oxide aperture are doped p-type at ~6 x 10'7
cm™? to reduce the resistance from the apertured area.

IV. DEVICE FABRICATION

The sample was grown on a semi-insulating GaAs (100)
substrate by molecular beam epitaxy. The fabrication flow is
shown in Fig. 11. The fabrication began by etching cylindri-
cal mesas ranging from 21 to 30 pm in diameter to expose the
n-GaAs contact layer using reactive ion etch. The oxide aper-
tures were then formed by wet oxidation, resulting in a
~9 pum oxide aperture with ~4 pm taper length. The deep
oxidation layers were also formed at the same time. Ti/Pt/Au
and AuGe/Ni/Au were evaporated for the p- and n-contacts,
respectively. The part of the n-GaAs contact layer (ground)
that lies beneath the p-pad (signal) is removed to reduce the
pad capacitance. BCB, sandwiched between silicon nitride, was
patterned and fully cured. Then, vias were opened to expose
the contacts, followed by depositing Ti/Au as pad metal. The
signal pad is only 40 x 70 um? for low capacitance. Finally,
antireflection coating was applied to reduce backside reflection.
Fig. 12 shows a top-view SEM of the fabricated device.

V. DEVICE RESULTS
A. L-I-V-P Curves

Fig. 13 plots the voltage, output power, and power dissipa-
tion against current (L—I-V—P) curves for the 3-um-diameter
device. The device has a slope efficiency of 0.67 W/A, corre-
sponding to a differential quantum efficiency (DQE) of 54%.
The threshold current is only 0.144 mA, comparatively low for
typical high-speed VCSELs, which have diameters from 5 to
8 pm. The low threshold current along with high slope effi-
ciency indicates that the internal loss in our devices is low. This
means that our tapered oxide aperture does not introduce excess
optical scattering losses even down to 3-pm-diameter devices.

The threshold voltage, a good measure of the excess volt-
age drop from the heterobarriers of the DBRs, is 1.47 V. It is
very low for such a small device, only 220 meV larger than the
photon energy. This low threshold voltage is the consequence
of our optimized p-doping scheme as well as the low thresh-
old current. The series resistance is approximately 250 2 at
4.4 mA. The series resistance is relatively high due to the deep
oxidation layers that restrict the current conducting area. The
thermal impedance is 3.3 °C/mW. At a bias current of 4.4 mA,
the power dissipation and temperature rise are 10 mW and
33 °C, respectively. This device has a peak wall-plug efficiency
of 31% at 1 mA and a maximum output power of 3.1 mW at a
bias current of 7 mA.

Fig. 14 plots the threshold current and DQE versus the stage
temperature for another 3 um device that has a slightly lower
DQE at 20 °C. Even though the gain-cavity offset in our devices
was not optimized for high-temperature operation [26], they
perform relatively well at elevated temperatures. The thresh-
old current increases from 0.13 mA at 20 °C to 0.34 mA at
110 °C, corresponding to a 2.6 times increase. The DQE de-
creases from 50% at 20 °C to 38% at 110 °C, corresponding to
a 25% reduction.
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B. Spectrum

Fig. 15(a) shows the spectra for the 3-um device at different
bias currents. The device lases multimode, side-mode suppres-
sion ratio (SMSR) <30 dB, except for the lowest bias current
at 1 mA. To see how the distribution of power between modes
evolves as the current increases, Fig. 15(b) plots the intensities
of the fundamental and second-order modes as a function of the
bias current. The intensity of the fundamental mode increases
quickly for the current smaller than 0.5 mA and then slowly
saturates. On the other hand, the second-order mode increases
rapidly as the current increases from 1.4 to 2 mA. Single-mode
operation is maintained only below 1.4 mA, and the device
practically operates with two modes in the bias condition of
interest. Consequently, the photon density of the fundamental
mode does not scale with current after 1.5 mA, when the second-
order mode begins to consume a significant fraction of the ad-
ditional current. This results in a reduction in the obtainable
relaxation resonance frequency, as will be discussed in the next
section.
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C. Small-Signal Modulation Bandwidth

Fig. 16(a) plots the small-signal modulation responses for the
3 pum device at different bias currents. To ensure that the device
was actually operated with small-signal modulation, the input
RF power was chosen to be —40 dBm.

As shown in the figure, bandwidth of 15 GHz, which should
enable 20 Gb/s operation, is achieved with a bias current of
1 mA. The corresponding power consumption and dissipation
are only 1.87 and 1.29 mW, respectively. The estimated tem-
perature rise at this bias current is less than 5 °C and should
have negligible thermal impacts on the device performance.
Bandwidth exceeding 20 GHz has also been demonstrated for
currents larger than 2 mA. Although this is the record bandwidth
for 980 nm VCSELSs to date, the high-current data clearly show
a saturation effect that accompanies the buildup of power in
higher order modes as the total photon density spreads from the
fundamental mode to these higher order modes. Simple small-
signal modeling fitted only to the lower current data indicates
bandwidths in excess of 25 GHz if the higher order modes are
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not allowed. The ripples in the Fig. 16(a) higher current data
are believed to be due to multimode effects, because they were
not significant at lower currents, but it is also possible that some
optical reflections still remain in the test system.

Fig. 16(b) plots the relaxation resonance frequency and 3-dB
frequency versus the square root of the current above thresh-
old. The extracted D-factor is 10.5 GHz/mA/2, higher than
typical high-speed VCSELs. This is because our tapered oxide
aperture effectively confines the mode laterally. The MCEF is
16.7 GHz/mA!/2, which is very close to the highest reported
value of 16.8 GHz/mA!/2 for QW-based VCSELs [27]. The
ratio of the slopes of f34p to f; is 1.59, close to the theoreti-
cal value of 1.55, indicating that the damping is not severe in
our devices at low bias currents. This has also been revealed in
Fig. 16(a), as the resonance peaks are quite strong.

Since our devices were not optimized for high-temperature
operation, the threshold current increases, and the injection ef-
ficiency and differential gain decrease at elevated temperatures.
However, according to the static performance shown in Fig. 14,
we expect that our devices would not degrade significantly up
to the commonly specified 85 °C.

D. Impedance

To understand how the parasitics affect the high-speed per-
formance of our devices, the values of the parasitic elements
need to be determined. This is commonly done by curve-fitting
the measured S7; data to the small-signal model, as shown in
Fig. 3. It should be noted that to reduce the number of the fit-
ting parameters, this model was simplified by assuming that the
resistances between the oxide aperture layer and the deep oxi-
dation layers are relatively small compared with R; so that all
the capacitances in the mesa can be grouped together into C};,.

In the small-signal model, C;, and Ry, are assumed to be bias-
independent, which neglects the heating effects, and C,,, and R;
are assumed to be bias-dependent. The following procedure was
used to do the fitting. First, all the parasitic elements are allowed
to vary for each bias current, and the estimated ranges of Cj,
and R,, can be obtained. Then, C}, and R,, are determined so
that they give the best overall fitting for all the currents. Finally,
Ch and Rj can be obtained using the fitted C}, and R,,.

For the 3-pum device, the fitted C}, and R,, are 29 fF and
103 €, respectively. Table II lists the extracted C), and R;
and the calculated parasitic 3-dB frequency f,. for different
bias currents. (', increases with current due to the increased
diffusion capacitance and R; decreases as current increases. Due
to the small size of our device, R; and R, are inherently larger
than typical high-speed VCSELSs that have larger device sizes.
To compensate this, the capacitive elements in our devices were
minimized so that most of the modulation current can enter the
intrinsic laser. By removing the n-contact layer, inserting BCB,
and reducing the pad dimension, C}, was greatly reduced. With
the incorporation of the deep oxidation layers and thicker oxide
aperture, Cy, is also relatively small.

To understand how these two features reduce C\,, a simple
calculation based on the schematic shown in Fig. 17 was per-
formed. Assume that the dielectric constants of the oxide and

TABLE II
EXTRACTED Cy, AND R;j AND CALCULATED PARASITIC 3-dB Frequency
fre for 3 pm Device at Different Bias Currents

Current (mA) 1.0 2.0 3.0 4.5 6.0
R; () 2744 1927 1682 1465 126.7
Ch (fF) 57.1 66.7 75.4 87.9  100.0
fre (GHz) 27.0 259 24.6 22.8 21.8
A
10.5 |
Cmesa | i
; ' . 55
Cioctm | e |
j i i | T0.06
CmI i ak=Conl ¢ [0+ a 0.14
i o i Ecintz? : ! ! | 0.13
G Ce Unit: ym
Fig. 17. Various components for C', 5, in our devices. The lengths are labeled

for 3-pim-diameter devices.

semiconductor are 4 and 12.2 [28], respectively. For the region
of 10.5 > r > 5.5 um, the capacitance C is Cyox (from the deep
oxidation layers), Cx1, and Cj, 1 connected in series. Using the
parallel-plate capacitance approximation, Cgox, Cox1, and Ciyty
are calculated to be 29.7, 63.5, and 208.7 {F, respectively. For
the region of 5.5 > r > 1.5 um, the capacitance C is calculated
to be 46.4 fF.

By increasing the aperture thickness from quarter-wavelength
to half-wavelength with the same taper length, we were able to
reduce Clesq from 118.3 to 76.8 fF. Assuming that everything
else remains unchanged, this corresponds to an increase of f;.
from 12.9 to 17.3 GHz, a 34% increase. The inclusion of the
deep oxidation layers further lowers Ci, 5, from 76.8 to 46.4 {F,
corresponding to an increase of f;. from 17.3 to 22.8 GHz. By
implementing a thicker oxide aperture as well as the deep oxi-
dation layers, we were able to greatly reduce the chip parasitic
capacitance. However, our devices are still partially limited by
the parasitics as f;. is in the range of 22-27 GHz.

In order to further reduce the chip parasitic capacitance, C;
has to be lowered. For typical edge emitters that are usually
operated at tens of milliamperes, R; is very small and Cj is
negligible. However, for VCSELs that require less current to
operate, C; cannot be neglected. Fig. 18 plots the extracted
C', as a function of the bias current. All the data fit in a line.
Similar trend has also been found in the literature [29] and can
be explained using the following simple argument:

_dQ  diAt il
AV dv di(Vr /L)

X Thias (6)

where di and dv are the small-signal modulation current and
voltage, respectively, and Vr is the thermal voltage ~26 meV at
room temperature. Here, we have assumed ideal diode equation
for the relation between di and dv.
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Fig. 18. Extracted C}, versus the bias current for 3 xm device.

For the bias current of 4.5 mA, which is close to the condi-
tion for the large-signal modulation experiments, a considerable
portion of Cy, comes from Cj. Therefore, carefully designing
the SCH region is needed to lower the parasitics.

E. Bit Error Rate and Eye Diagram

Fig. 19 shows the test setup for large-signal modulation exper-
iments. The nonreturn-to-zero (NRZ) signal with 27 — 1 word
length from the pattern generator (SHF 12100A) was amplified
using a 38-GHz SHF 806E amplifier with 26 dB gain, and then
attenuated 6 dB using a fixed attenuator to reduce the voltage
swing to ~0.84 V,,_,. The RF signal was combined with the
dc bias through a 65-GHz Anritsu V255 bias tee and fed to the
device using a 67-GHz ground-signal-ground RF probe. The
output power was collected into a 1-m standard 9/125 fiber at-
tached with a dual-lens focuser. Standard telecom 9/125 fiber
was used for equipment compatibility. The eye diagram was
measured using an Agilent 86109A oscilloscope with an inter-
nal 30 GHz photodiode. To measure the bit error rate (BER), the
optical signal was attenuated using a variable optical attenuator
(VOA) and then fed to a 25-GHz New Focus 1414 photodiode
coupled with a 40-GHz SHF 810 amplifier and finally sent to
the error analyzer (SHF 11100A). The coupling efficiency un-
der the BER testing was approximately 27%, estimated by the
photocurrent from the photodiode and the L—I curve.

Fig. 20 shows the BER curve at 35 Gb/s for the 3 um device.
The bias current was 4.4 mA. The inset of the figure shows the
optical eye diagram at 35 Gb/s and the eye is clearly open with
an extinction ratio of 5.4 dB. In the BER curve, all the data
points except the lowest one were taken with a VOA. Due to the
~3 dB insertion loss of the VOA, the BER in the range of 101
and 10~7 could not be measured. Thus, the lowest data point at
areceived power of —4.7 dBm was taken without the VOA. At a
bias current of 4.4 mA, the power consumption and dissipation,
excluding the RF driver circuitry, are only 12.5 and 10 mW,
respectively. This corresponds to a data rate/power dissipation
ratio of 3.5 Gb/(s-mW).

DC BIAS PG: Pattern Generator

AMP: RF Amplifer

ATT: RF Attenuator

SCOPE: Oscilloscope

VOA: Variable Optical Attenuator
PD: Photodiode

EA: Error Analyzer

Focuser
p—1 SCOPE
’
1y
mﬁﬁ—#—{>—EA
VOA 'PD" AMP
Fig. 19. Experiment setup for BER and eye diagram.
35 Gb/s
1E31 3um @ 20°C
o B4 lype = 4-4 MA
£ sl V, ~084V
|
g 1E-6
‘8 1E-7}F
m 1E-8| [N
1E-9 i “
1E-10 .
1E-11F
-1 -10 -9 -8 -7 -6 -5 -4
Received power (dBm)
Fig. 20. Biterror curve at 35 Gb/s for 3-pum-diameter device. The device was

biased at 4.4 mA and a RF voltage swing of 0.84 V,,., was used. The inset
shows the corresponding optical eye diagram with an extinction ratio of 5.4 dB.

One concern with small devices is the high current density that
can cause reliability problems. At4.4 mA where the BER testing
was performed, the current density, J = I /area, is indeed quite
high at over 60 kA/cm?. The rationale to, or trying to, go with
small devices is that ideally, the relaxation resonance frequency
should be independent of the size of the device. This can be seen
if we rewrite (2) as

T'v.a
_ g

‘ lvga

qL,

where A is the apertured area, L, is the total thickness of the
QWs, and Jy, = I;y, /A. Here, we have assumed that the con-
finement factor I is size-independent. Moreover, small devices
require less power to operate. As shown earlier, our 3 pm de-
vices can achieve a 15-GHz bandwidth at 1 mA, correspond-
ing to a current density of 14 kA/cm?. Further optimization of
the devices and testing setup may bring the current density of
60 kA/cm? down to a more reasonable value.

Wr

AU—L@TN:{ mu—ﬁmym

VI. CONCLUSION

High-efficiency, high-speed, oxide-confined 980 nm VCSELs
are demonstrated. We first considered the factors that determine
the bandwidth and tried to address them in our device design. To
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improve the intrinsic laser response, an optimized tapered ox-
ide aperture was used for better mode confinement and higher
photon density. The parasitic limitations were lowered by using
the deep oxidation layers, thicker oxide apertures, and reducing
the pad capacitance. These designs enabled us to use smaller
3 pum devices, which have a threshold current of 0.14 mA. In
addition, our devices achieved >20 GHz bandwidth for current
>2 mA and 35 Gb/s operation at only 10 mW power dissi-
pation, corresponding to a data rate/power dissipation ratio of
3.5 Gb/(s-mW). By analyzing the results, we also pointed out
some potential improvements such as single modeness and the
reduction of the junction capacitance.
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