Chapter 7
Design and Performance of High-Speed

VCSELs

Yu-Chia Chang and Larry A. Coldren

Abstract Over the past several years, high-speed vertical-cavity surface-emitting
lasers (VCSELs) have been the subject of intensive worldwide research due to their
applications in optical interconnects and optical data networks. The performance of
VCSELs, especially with respect to their high-speed characteristics, has made signif-
icant progress. In this chapter, we first present the basic theory for current-modulated
VCSELs using rate equations and small-signal analysis. Factors that affect the mod-
ulation bandwidth, including the intrinsic laser responses and extrinsic parasitics, are
identified. Once these limitations are known, we discuss various designs that have
been implemented in VCSELs to specifically address them, followed by a review
of the current high-speed VCSEL performance based on these designs at several
different wavelengths, including 850 nm, 980nm, 1.1 pm, and 1.3-1.6 pm. Finally,
we consider new modulation schemes based on loss modulation in coupled-cavity
VCSELs, which has the potential to reach even higher speeds.

7.1 Introduction

The rapid explosion of information has created ever increasing demands for data
bandwidth. Optical fiber communication now dominates long-haul and metropolitan
telecommunication networks, and it has made many in-roads into data-communica-
tion networks in campus and high-performance computing environments. However,
traditional electrical signaling is still used for many tele- and data-communication
links at the edge of these networks where data rates are still modest. But, even here
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Fig.7.1 Timeline of the first reported 20, 25, 30, 35, and 40Gb/s direct current modulation of
VCSELSs

optical techniques are beginning to look more attractive as the optical component
cost becomes more competitive and the bandwidth demands increase. Also as space
and power dissipation become important, some fundamental limitations come into
play [1]. Optics is progressively replacing many electrical links, from networks to
eventually even chip-to-chip and on-chip interconnects within computers. Low-cost,
power-efficient, high-speed optical sources are one of the main keys to enable this
transition.

Vertical-cavity surface-emitting lasers (VCSELSs) are inherently suitable for opti-
cal data transmission for various reasons. Their small volume fundamentally implies
that low power consumption and high-speed operation can be realized simulta-
neously. Due to surface emission, VCSELs can produce a more circular output
beam with less divergence, can easily be fabricated in arrays, and can support
on-wafer testing. All these lead to a significant reduction of the testing and packaging
costs.

Over the past several years, worldwide research efforts to improve the performance
of VCSELSs for optical data links have reached fruition, especially with respect to
their high-speed aspects. Figure 7.1 summarizes the timeline of the first reported
data rates of 20, 25, 30, 35, and 40 Gb/s for directly modulated VCSELs. In 2001,
20-Gb/s operation was reported by Kuchta et al. using oxide-confined 850-nm
VCSELs [2]. Not until 2006, 25-Gb/s operation was achieved by Suzuki et al.
in NEC using 1.1-pm-wavelength VCSELSs [3]. One year later, data rate was further
pushed to 30 Gb/s by the same group using buried tunnel junction (BTJ) VCSELs [4].
Just after six months, a data rate of 35 Gb/s was reported by Chang et al. using oxide-
confined 980-nm VCSELSs [5]. Three months later, the 40-Gb/s milestone was finally
hit by Anan et al., again by NEC, using BTJ VCSELSs [6]. So, in the year 2007, the
direct modulation speed of VCSELSs was pushed from 25 to 40 Gb/s, a tremendous
progress.

Of at least equal importance, many system-level optical links based on VCSELs
have been demonstrated in this period. For example, an aggregate data rate of
500 Gb/s has been reported using 48 channels of 10.42-Gb/s data transmitted over
a parallel 12-fiber ribbon with four wavelengths per fiber [7]. These links have
demonstrated that power consumption is equally important to speed, so a significant
emphasis on reducing overall power-consumption/data-rate ratio is also a goal for
both optical interconnects and optical data links. The total link power consump-
tion, including driver and receiver electronics, for 500 Gb/s is 3.3 W, correspond-
ing to a power-consumption/data-rate ratio of 6.6 mW/(Gb/s). For waveguide-based
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chip-to-chip optical links, an aggregate data rate of 160 Gb/s has been reported with
4 x 4 VCSEL and photodiode arrays, each operated at 10Gb/s [8]. The total link
power consumption is 2.5 W, corresponding to 15.6 mW/(Gb/s). More results will be
presented in Chaps. 15 and 16 of this book.

Long-wavelength VCSELs (LW-VCSELSs) have made significant progress as well.
Novel structures and new materials have been pursued to overcome the material
challenges faced by LW-VCSELSs. Based on different technologies, several groups
and companies have demonstrated data transmission at 10 Gb/s over single-mode
fibers (SMF) [9-13]. At this writing such components are beginning to be sam-
pled commercially by some companies. Although intense efforts on 1300-1550 nm
VCSELs are expected to continue, it is unlikely that such devices will reach the
modulation bandwidths ultimately available in the shorter 850—1100nm range due
to both material and cavity volume constraints that will be discussed in the next
section.

This chapter is organized as follows. Section7.2 presents the theoretical back-
ground for current-modulated VCSELSs. The device designs are covered in Sect. 7.3,
and Sect. 7.4 reviews some of the high-speed VCSEL results. Section 7.5 discusses
loss-modulated VCSELSs, and Sect. 7.6 concludes this chapter.

7.2 Theoretical Background

Before jumping to the design of high-speed VCSELs, it is important to understand
how the bandwidth of VCSELSs is determined. Once various factors that can limit the
bandwidth are known, the VCSEL structure can be specifically optimized to address
these restrictions. In this section, the necessarily theoretical background for directly
current modulating VCSELS is provided.

Just like other diode lasers, the bandwidth of VCSELSs is determined by the intrin-
sic laser response as well as the extrinsic parasitic response. To facilitate our discus-
sion, the cascaded two-port model for representing a diode laser, shown in Fig. 7.2,
is used to separate the intrinsic laser and the parasitics [14]. The intrinsic laser is the
active region where it is desirable to concentrate the current and optical modes to
maximize the carrier and photon densities, which are coupled via stimulated recom-
bination. The parasitics, defined between the intrinsic laser and the driving circuit,
are split into the pad parasitics and chip parasitics at the metal contacts. The input
variables in the model are the drive voltage vq and drive current ig. The currents
entering the pad and chip parasitics are i and i, respectively. The voltage and cur-
rent 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 optical data links,
dispersion is usually not a concern and Av will not be considered.
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7.2.1 Intrinsic Laser Response

Rate Equation Analysis

We start with the phenomenological rate equations, which describe the supply and
loss of the carriers and photons within the active region [15]:

dN I N

= =T v, (7.12)

dN, , Ny

7 = FVgng + FRsp — '(_ (71b)
p

where N is the carrier density, N, is the photon density, »; is the injection efficiency,
Iis the terminal current, g is the electronic charge, Vis the volume of the active region,
T is the carrier lifetime, vy is the group velocity, g is the gain, I is the confinement
factor, Rgp is the spontaneous recombination rate into the mode of interest, and t;, is
the photon lifetime.

The gain g can be well approximated by a four-parameter logarithmic formula
[15]

N + N,
GV, Ny = — 20 (S (7.2)
1+eN,  \Ng+ N,

where g is the gain coefficient, ¢ is the gain compression factor, Ny is the trans-
parency carrier density, and Ny is a shift to make g equal the unpumped absorption
at N=0.

Once we have the rate equations ready, small-signal frequency analysis can be
applied. Assume there is a small sinusoidal modulating current with an amplitude of
I superimposed on the steady-state bias current /p, we have

I(t) = Iy + I/ (7.3a)
N(t) = Ny + N/ (7.3b)

Np(t) = Npo + Npr&/! (7.3¢)
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where Ng and Ny are the steady-state carrier and photon densities, N1 and Vp are the
corresponding small-signal modulation amplitudes, and w is the angular frequency.
Substituting (7.3) into (7.1), neglecting the products of the small-signal terms, but
retaining other first-order deviations, we obtain the modulation transfer function

p() o]
Hip(w) = = Aj 7.4
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where A is the DC slope efficiency, w, =27 f; is the relaxation resonance frequency,
and y is the damping factor. This transfer function is in the form of a second-order
low-pass filter with a damped resonance peak.

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

Noo71/2 172
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where a = 0g/dN | is the differential gain at threshold, V), is the mode volume,
and Iy, is the threshold current. As clearly shown in (7.4), the relaxation resonance
frequency basically determines how fast an intrinsic diode laser can be modulated
when the damping is not severe. Therefore, it is important to increase the relaxation
resonance frequency for higher bandwidth. Examining (7.5) tells that higher differ-
ential gain a, larger photon density Ny, and smaller photon lifetime 7, can improve
the relaxation resonance frequency. (But, one must be careful not to think that adding
internal loss is good, because it always reduces Npo more than 7;,.)

The only parameter, to the first-order approximation, in (7.5) that depends on
the operating conditions is the photon density, which can be increased with higher
current. A figure of merit commonly used to evaluate how efficient an intrinsic laser
can be modulated is the D-factor [16]

p=_ S _ L [Mm]”.
I~ I~ 27 [qV;

To evaluate the device’s overall high-speed performance, the related factor, modula-
tion current efficiency factor (MCEF), is more commonly used [17]

f3dB

MCEF = —~2___
(I - In)'/2

where f34p is the 3-dB frequency, which is approximately equal to 1.55f; when the
parasitics and damping are relatively small.

The damping represents the rate of energy loss in the laser cavity, which effectively
reduces the strength of the resonance peak. The damping factor y is given as

Cap 1 TRy,
yzvgaNpo[1+7}+—+—

(7.6)
AN Npo
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where T4 is the differential carrier lifetime, and

dg
ap = ———
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24

=— (7.7)
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At normal high-speed operating conditions, spontaneous-emission-related damping
can be neglected, and y increases with Npo, which is proportional to frz. The pro-
portionality is the K-factor given as

— 42 Lap
K=4r"1, |1+ . (7.8)
a

Practically, K-factor is empirically determined by fitting y versus frz. As the photon
density keeps increasing to a point, the modulation response becomes overdamped
and the bandwidth decreases. The maximum theoretically damping-limited f34p is
given as

2
F3iBlmax = 2?” (v Jox = 2). (7.9)

Since K-factor increases with gain compression factor ¢ through ap, reducing gain
nonlinearity is also important to achieve high bandwidth.

Beyond the Rate Equations

The proceeding rate equation analysis is appealing due to its simplicity but still
providing intuitive insights. However, many effects were not included, and we sum-
marize some of them here.

Firstdiscovered in 1991, carrier transport in the separate-confinement heterostruc-
ture (SCH) region actually plays an important role in the dynamics of quantum-well
(QW) lasers [18]. To reduce the carrier transport effects, it is necessary to minimize
the time for carriers to reach and fall into QWs and maximize the time for carriers
to escape back from QWs to SCH region. This can be treated with a modified set of
rate equations that incorporates a second carrier reservoir [15], but we shall not go
into that complexity here.

We also have implicitly assumed that the carrier and photon densities are uniform
across the active region in (7.1a) and (7.1b). In reality, the photon density varies
spatially as the square of the optical mode field due to the waveguiding of the cavity,
which causes the stimulated emission rate to vary accordingly. This spatial non-
uniformity of the stimulated emission rate results in an overdamping of the relaxation
resonance frequency, which reduces the bandwidth [19]. In addition, carriers are
depleted faster where the optical intensity is higher, a phenomenon referred to spatial
hole burning, and the carrier gradient drives diffusion [20]. It has been shown that
the lateral carrier diffusion does not significantly reduce the bandwidth but increases
the damping [21].

In (7.2), the nonlinearity of gain was included through the gain compression
factor €. This saturation of gain at high photon density is attributed to the spectral



7 Design and Performance of High-Speed VCSELs 239

hole burning and carrier heating effects [22]. It is important to minimize the gain
nonlinearity so that damping can be reduced.

Many parameters in the rate equations are actually temperature dependent. Exces-
sively high junction temperature degrades the differential gain, reduces the injection
efficiency, increases the threshold current, affects the transverse modes, and red-
shifts the cavity mode and gain peak. All these lead to a reduction of the bandwidth.
Therefore, thermal management is a main issue for high-speed VCSELs.

Many of the limitations on modulation bandwidth are more acute in the longer
wavelength VCSELSs, especially the thermal effects due to the relative importance of
Auger recombination. Thermal management is even more important, but quaternary
materials tend to have very poor thermal conductivities, so additional ‘engineering
fixes’ are required. Gain materials at longer wavelengths also usually have lower
inherent differential gain, and the cavity volume tends to be larger because of lower
inherent index contrast for lattice-matched alloys, which either directly results in a
longer mirror, or requires an intracavity contact.

7.2.2 Extrinsic Parasitic Response

When dealing with high-frequency devices, parasitics are always a concern. Parasitics
divert the modulated current ig from entering the intrinsic laser due to #, and i.. In
most cases, it is desirable to minimize the parasitics so that the intrinsic bandwidth
can be achieved.

The parasitics vary depending on the device structure. Here a typical oxide-
confined VCSEL, whose cross-sectional schematic and parasitic elements are shown
in Fig.7.3,is used as an example. The pad capacitance C, represents the capacitance
between the signal and ground from the probe tips/driver to the metal contacts. The
value of C,, varies from tens to hundreds of femto-farads, depending on the pad layout
and the materials between the pads. The pad resistance R, accounts for the pad loss.
Since it is usually relatively small, in the ohm range, compared with the impedance
of C, at the frequency of interest, it is sometimes omitted in the small-signal model.

The mirror resistance Ry includes the resistances from both DBRs. It includes
the net differential impedances of the mirror heterobarriers at the bias point. Rgheet
represents the sheet resistance in the n-contact layer, and Ry, is the contact resistance
for both contacts. All these resistances, usually dominated by Ry, can be grouped
together into Ry = Rmirr + Rsheet + Reont in the small-signal model. The mesa
capacitance Cpeg, 18 the oxide capacitance in series with the capacitance associated
with the intrinsic region below the aperture. Cpesa depends on the diameters of the
mesa and aperture and the thicknesses of the oxide and intrinsic semiconductor layer.

The capacitance Cj represents the diode junction capacitance in the apertured area
where current flows. Under normal forward bias condition, Cj is usually dominated
by the diffusion capacitance, which models the modulation of the minority carriers
stored in the intrinsic SCH [23]. It has been shown that the diffusion capacitance not
only depends on the carrier lifetime but also depends on the design of the SCH [24].
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For simplicity, Cpesa and Cj are grouped together into Cpy = Ciyesa + C;. Lastly, the
intrinsic laser is represented by the junction resistance R;.

Figure 7.4 plots the small-signal model of VCSEL and the RF driving source. The
VCSEL is represented by four elements, including Cp,, Rm, Cn, and R;. The RF
driving source consists of a voltage source vg and a characteristic impedance of Zj.
Here we have assumed that the device is driven by 50-Q-terminated instruments, and
Zy is included to account for the RF power reflection due to impedance mismatch.

The effects of the parasitics can be described by a transfer function, Hex (@) [25]:

How (@) current flowing into the intrinsic diode iy (w)
w) = = .
ext voltage from the voltage source Vg

The frequency at which | Hex (@) |2 /| Hext (0) 12=1 /2 is defined as the parasitic 3-dB
frequency wy.. This transfer function can be approximated by a single-pole low-pass
filter function:

Ae

Hey () = m (7.10)
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where A, is a proportional constant and wy is the parasitic roll-off frequency, which
may be different from wy.
The overall electrical modulation frequency response H () is given as:

p@ ] a@ pw)F o
H(w) = ' Ve ’ = Ve : i (@) = |Hext(®) - Hint(w)| .
1 a);1 710
04 5 5 .
I+ (@/w0)” (0 — 0?)” + y2e?

This gives the commonly used three-pole equation, which is squared when consider-
ing electrical-to-electrical links, for fitting the frequency response to extract oy, y,
and wy.

7.3 Design of High-Speed VCSELSs

In Sect.7.2, we have discussed various factors that can affect the bandwidth of
VCSELs based on small-signal analysis. Now we will review different designs to
specifically address these limitations for better high-speed performance.

7.3.1 Active Region

The choice of active region is mainly determined by the wavelength and the substrate.
However, some designs are better than the others in terms of high-speed performance.
Most of them are related to the improvement in differential gain. Differential gain
depends on the sensitivity of the quasi-Fermi levels (and thus gain) to small changes
in carrier density [15]. To have higher differential gain, the density of states (DOS)
needs to be more peaked near the band edges, and the quasi-Fermi levels, where the
slopes of the Fermi functions are at their maximum, need to be aligned to the band
edges.

In order to improve differential gain, a number of refinements to the active region
have been explored. Originally, quantum dots (QDs) were proposed as a superior
gain region because of their inherent delta-function-like DOS, which should have a
huge differential gain [26], but all experimental QDs have a very broad DOS due
to variable dot size and the associated inhomogenous broadening. Adding strain in
the QWs reduces the anisotropy between the DOS of electron and hole as well as
pushes the hole quasi-Fermi level towards the valence band edge, which improves
differential gain [15, 27]. In addition, strain advantageously reduces the transparency
carrier density [15]. However, gain nonlinearity and damping increase with strain due
to the increased valance-band curvature [22]. P-doping the active region increases the
carrier-carrier scattering rate and thus decreases the intraband relaxation times, which
reduces the gain nonlinearity induced by spectral hole burning [27]. P-doping also
moves the quasi-Fermi levels down to a more symmetrical position and can increase
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the differential gain [15]. However, the experimentally observed improvement in
differential gain due to p-doping is more pronounced in unstrained systems than in
strained systems [28]. In short, strained QW's perform better than unstrained QWs due
to higher differential gain, and p-doped strained QWs perform better than undoped
strained QWs due to reduced gain nonlinearity.

Within the strain limit, increasing the number of QWs is generally preferable
for high-speed operation due to the differential gain enhancement [29]. However,
the gain enhancement factor from the standing-wave effect, unique for VCSELs,
decreases with increased number of QWs and must be considered [15]. Deeper wells
are also favorable for high-speed and high-temperature operation because carriers
have less chance to escape from the QWs, which reduces the carrier transport effects
and carrier leakage.

7.3.2 Lateral Mode Confinement and Single Modeness

Since the relaxation resonance frequency increases with the square root of the pho-
ton density, it is desirable to increase the photon density for high-speed operation.
This can be done by (1) increasing the current above threshold that contributes to the
number of photon, i.e., n; (/-1 ), (2) reducing the mode volume, and (3) maintaining
single-mode operation to insure that the photon density must increase as the current
increases. For given device dimensions and bias current, single-mode devices have
higher photon density because photons do not spread among the mutually orthogonal
modes. Maintaining single-mode operation is also necessary for some applications
which use SMF or require better beam quality. However, some past applications
have desired multimode VCSELSs to match multimode fibers or waveguides. Unfor-
tunately, these are not well suited for high datarate applications. Here we will mention
some approaches to achieve single-mode operation, and more details can be found
in Chap. 5 of this book.

For gain-guided VCSELs without any deliberate index guiding, the lateral mode
confinement is mainly provided through thermal lensing effects, which can be unsta-
ble under dynamic operation due to time-dependent temperature variation [30].
Although gain-guided VCSELs have demonstrated 14.5 GHz modulation bandwidth
[31], index guiding is more common nowadays for high-speed VCSELs, both to
insure single mode operation, as well as reduce the mode volume.

The most common approach to implement lateral index guiding, at least for
GaAs-based VCSELs, is to use a dielectric aperture. The discovery of wet ther-
mal oxidation of high aluminum content semiconductors provides an easy way
to form thermally stable aluminum oxide inside a VCSEL cavity. Oxide-confined
VCSELs have shown superior performance in many aspects due to reduced inter-
nal losses, and simultaneously providing good electrical and optical confinement.
Various aperture designs have been incorporated in high-speed VCSELSs, including
standard quarter-wavelength-thick blunt aperture [32], double apertures [33, 34], thin
aperture (~30nm) [35], and tapered oxide aperture [36, 37].
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Fig.7.5 Two approaches to achieve single-mode VCSELs. a Illustration of the inverted surface
relief structure on the top surface of a VCSEL. Reflectivity R; is lower due to an extra thickness
of d, and the center is etched down to restore the high reflectivity R for the fundamental mode.
b Illustration of Zn diffusion from the top surface to create a higher-order mode absorber

There are several advantages of using a tapered oxide aperture. First, it can achieve
lower optical scattering losses if designed properly [38, 39]. This is because a tapered
oxide aperture, if placed at the standing-wave node, can produce a nearly ideal par-
abolic lens that eliminates the optical scattering loss. Second, the nonlinear damping
effects can be reduced for higher bandwidth by confining the current smaller than the
optical mode [19, 40]. Third, the parasitic capacitance from the oxide can be lower
due to the increased oxide thickness at high radii where the area is large. Fourth, the
eigenmodes are Hermite—Gaussian modes, which diffract less and have no sidelobes,
so that external coupling and focusing can be done more ideally. On the other hand,
a tapered oxide aperture also reduces the losses that differentiate the fundamental
and higher-order modes, and the devices tend to be multi-mode unless some mode-
dependent loss is added. Fortunately, the higher-order modes have significantly larger
diameters, so this can also be done more easily than in other cases.

Approaches have been proposed to achieve single-mode operation for larger-
diameter devices, which can also be implemented for tapered-oxide-apertured
devices. Many of them involve creating some mode-dependent losses, usually in
the perimeter of the top mirror, to favor the more centered fundamental mode. For
example, a surface relief structure, as illustrated in Fig. 7.5a, increases the mirror loss
[41], or Zn diffusion, shown in Fig.7.5b, increases the internal loss for the higher-
order modes [42]. High-speed, single-mode VCSELs have been demonstrated with
these two approaches [13, 43].

Aperturing using an etched tunnel junction and then performing a regrowth over
it to form a BTJ, which is common for InP-based LW-VCSELSs, can also provide
mode confinement as well as current confinement. This is due to the larger optical
cavity length, where the unetched tunnel junction material remains in the center of
the cavity. Single-mode operation can be achieved with BTJ for diameters up to 7
and 9 pm at 1.3- and 1.55-pm wavelengths, respectively [44].

7.3.3 Chip Parasitics

Parasitics are one of the main limiting factors for high-speed VCSELs. As can be
seen in Table 7.1, most devices have relatively close f34p and f., indicating they are
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Table7.1 Parasitic elements for different high-speed VCSELS from the literature

Authors Lear AL-Omari Chang Lin Suzaki Yashik
Reference [45] [32] [46] [47] [3] [4]

A (um) 0.85 0.85 0.98 0.98 1.1 1.1
Size (um?) 4 x 4 3.5%7 1.5%7 32r 3.5%7 2.5%1
Iy (mA) N/A 4.5 4.5 6.0 7.0 4.0
G, (fF) 41.7 62 29 22 56 33

Ry (2) 15.9 17 0 0 0 0

Ry (2) 28.3 45 103 34.1 63.3 38
Cn (fF) 443 151 87.9 152 133 130
R;i(R) 288.7 64.4 146.5 92.0 71.6 134
frc (GHz) 36.4 21.8 22.8 22.5 23.6 21.0
f3aB (GHz) 21.5 17 >20 17 20 242

4 Obtained from 5-pum-diameter devices

partially parasitic-limited. In the following, we will discuss approaches to reduce the
parasitics.

Chip Parasitic Resistance

Due to the alternating layers in the DBR mirrors, VCSELs inherently have much
higher series resistance, ranging from tens to hundreds of ohms, compared with edge
emitters. This excess resistance can limit the modulation bandwidth due to RC lim-
itations and heating. Various bandgap-engineering schemes at the DBR interfaces,
mostly for the p-mirror, have been proposed to simultaneously achieve low resis-
tance and loss [48, 49]. Since n-type materials are less lossy and resistive, p-down
configuration has also been pursued for top-emitting VCSELSs [32, 50].

To eliminate the resistances and losses from the doped semiconductor DBR mir-
rors, one or both intracavity contacts with (partially) undoped semiconductor mir-
ror/abrupt interfaces, mostly for oxide-confined VCSELSs [35, 36], or dielectric DBR
mirror, mostly for BTJ VCSELSs with a regrown n-spacer for lower loss [6, 51], have
been used. For dielectric DBR, several periods usually provide sufficient reflectivity
due to large index contrast, which helps to compress the optical modes in the longitu-
dinal direction. However, the uniformity of current injection, lateral sheet resistance,
and optical loss from the highly-doped contact layers near the active region can be
issues for intracavity contacts and must be considered in the device design [39].

Chip Parasitic Capacitance

Another source of the parasitics is the shunt mesa capacitance surrounding the active
region. Figure 7.6 illustrates the sources of the mesa capacitance for oxide-confined
and BTJ VCSELs. For oxide-confined VCSELs, the shunt mesa capacitance is the
oxide capacitance Cyx in series with the capacitance from the intrinsic active region
below the oxide aperture Ciy.. For BTJ VCSELS, the oxide capacitance is replaced
by the depletion capacitance Cgep from the reverse-biased p—n junction.
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Fig.7.6 Schematics illustrating parasitic mesa capacitance for a oxide-confined VCSEL and b BTJ
VCSEL

Since all these layers are relatively thin, the mesa capacitance can be quite large.
Combined with high series resistance, parasitics can greatly reduce the achievable
bandwidth. To reduce the mesa capacitance, it is necessary to create additional (thick)
nonconducting layers inside the mesa above or below these high-capacitance current
blocking junctions, and this is commonly done using implantation [6, 37, 50]. For
oxide-confined VCSELSs with semiconductor mirrors, the nonconducting layers can
also be formed by oxidizing additional one (double aperture) [34] or several higher
aluminum layers (deep oxidation layers) [36]. This can be performed simultaneously
with the oxide aperture to eliminate one fabrication step. Since the dielectric constant
for the aluminum oxide is much smaller than that of the semiconductor, the total
thickness of the nonconducting layers can be smaller. This reduces the funneled
distance, usually at the lowest-doped layers, that current has to conduct, which is
beneficial for resistance.

For edge emitters, which typically work at relatively high currents, the junction
resistance is practically negligible. Therefore, the diffusion capacitance, which is
in parallel with the junction resistance, can be neglected. However, this is not the
case for VCSELs due to their small currents. The junction resistance and diffusion
capacitance have to be considered. A graded SCH layer can potentially reduce the
diffusion capacitance [23] and has been employed in high-speed VCSELSs [33].

7.3.4 Pad Parasitics

Since the pad parasitics are in parallel with the current path of the intrinsic laser, it
is important for these to have a high impedance, i.e., smaller pad capacitance and
higher pad shunt resistance, to prevent current flowing through them.

Reasonable size pads are necessary to drive VCSELs, especially for bonding.
However, the associated pad parasitics can greatly reduce the modulation bandwidth
if precautions are not taken. For example, the pad capacitance for a 100 x 100 jLm?
pad on a 200-nm-thick nitride is ~3.3 pF, which is very large (see Table 7.1). To
overcome this limitation, some thick low-dielectric-constant resin can be used under-
neath the signal pad. The two most common choices are polyimide [32, 50] and
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benzocyclobutene (BCB) [34, 36], although silicon dioxide has also been used [37].
Just as a comparison, the same 100 x 100 wm? pad on a 5-pum-thick BCB gives a
pad capacitance of ~47 fF, a 70 times reduction.

VCSELs grown on semi-insulating substrates can also have lower pad parasitics
through co-planar transmission lines with lower microwave loss due to the removal
of the resistive substrate. Similarly, removing the part of the contact layer that is
underneath the signal pad also reduces the pad capacitance by enabling a higher
impedance co-planar interconnecting line [5].

7.3.5 Thermal Management

Thermal management is always an important issue for high-speed devices. For
VCSELs, most of the heat generated in the diode junction and DBRs is dissipated
through the substrate. To more efficiently remove the heat, we can either integrate
the devices on a substrate with higher thermal conductivity [52], e.g., copper which
has ~9 times of the thermal conductivity of GaAs, or provide additional heat sinking
from the top surface and sidewalls using gold [53] or copper plating [54]. Compared
with gold, copper is inexpensive and has high thermal conductivity, which makes it
really attractive.

Figure 7.7 shows SEMs and schematic cross-section of copper-plated VCSELs
[54]. The 4-pm-overlapped devices show considerably better thermal properties
compared with the non-overlapped devices. This is because heat first flows laterally
to the sidewalls and can eventually dissipate in the substrate through the copper,
bypassing the more thermally-resistive bottom DBR. However, this relies on good
thermal contact between the overlapped copper and substrate and would result a high
parasitic capacitance if a thin dielectric is used. This trade-off can be addressed using
flip-chip bonding so that heat can be dissipated through the bonded interface instead
of the substrate, which relieves the restriction of the thickness of the dielectric layer
[45].

In addition to improve heat dissipation, reducing the amount of heat generated
is another way to prevent thermal degradation. Ideally, the relaxation resonance
frequency should increase as the square root of the current density Jo = Iy/Area.
For a given current density, the temperature rise should be lower for smaller devices
because power dissipation is roughly proportional to the area and thermal impedance
is inversely proportional to the diameter [15]. However, smaller devices typically
suffer from higher losses. If the size-dependent losses can be minimized, scaling
the devices down should yield better performance. Size-dependent losses have been
reduced by incorporating tapered apertures and this has allowed much smaller devices
to be created with high bandwidths [55]. Perhaps more importantly, these smaller
devices have lower currents for a given bandwidth, and a data-rate/power dissipation
of 35 Gbps/10mW has been reported [5].

Once the operating temperature is determined by the ambient temperature, heat
generation and dissipation, the devices have to be optimized at that temperature.
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Fig.7.7 a SEMs of copper-plated VCSELSs. Left: heat sink from the top surface. Right: heat sink
from both the top surface and sidewalls with 4-pum overlap with the substrate. b Cross-sectional
schematic of the device [54] (© 2006 IEEE)

As the temperature increases, both the cavity mode and gain peak red-shift, but at
different rates. Take 980-nm VCSELs with InGaAs QWs as an example, cavity-
mode and gain peak shift at approximate 0.07 and 0.3 nm/°C, respectively [39].
By deliberately detuning the cavity-gain offset at room temperature, better high-
temperature performance has been realized [56].

7.4 Performance of High-Speed VCSELSs

This section reviews some of the high-speed VCSEL results at several different
wavelengths. High-speed VCSELs operated at the datacom wavelengths, ranging
from0.83to 1.1 wm, are exclusively GaAs-based and mainly for optical interconnects
and short-distance optical links. Typical wavelengths include 850 nm, 980 nm, and
1.1 wm. LW-VCSELSs operated at 1.3 and 1.55 pwm are attractive as alternative light
sources for optical links transmitting longer distances over SMF due to the low loss
and dispersion of fibers at these wavelengths; both GaAs- and InP-based devices
exist at the longer wavelengths.
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Fig.7.8 a Device structure and b figp, fi, and y/(2m) vs. (I —Iy,)'/? for the 850-nm VCSELSs
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7.4.1 850-nm VCSELs

VCSELs 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 VCSELs 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 VCSELs, and many high-speed records were
achieved with it. For example, the first VCSEL to demonstrate a bandwidth in excess
of 20GHz 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 f3ag, f;, and y/(2m) vs. (I —Iy)'/? for the 4 x 4 pum? 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
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 fi. = 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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bandwidth, extracted from K-factor, is 58 GHz. Therefore, the devices are limited
by thermal effects.

The highest data rate reported for 850-nm VCSELs with GaAs QWs is 30 Gb/s at
a bias current of 8 mA using 6-pum-diameter devices [37]. The maximum bandwidth
is 19 GHz at that bias.

InGaAs/AlGaAs 850-nm VCSELSs

One of the issues with unstrained GaAs/AlGaAs QWs is that it has lower differential
gain compared with strained QWs. It has been shown that adding some indium,
typically 10% or less, in the wells can double the achievable gain and differential gain
[59]. In addition, the presence of indium has been shown to suppress the propagation
of dark-line defects, which prevents sudden failure of the devices [60]. Data rates of
32 Gb/s [61] and 39 Gb/s [62] have been demonstrated using 850-nm VCSELs with
InGaAs QWs.

The 9-pm devices which achieved 32-Gb/s operation at 25°C have a threshold
current of 0.6 mA, fairly low for this size, and a slope efficiency of 0.8 W/A, which
corresponds to a differential quantum efficiency (DQE) of ~55%. The parasitics are
reduced using BCB, an undoped substrate, double oxide apertures, and bandgap-
engineered DBRs. The series resistance is approximately 90 2. They also reported
25-Gb/s operation up to 85°C.

The devices that achieved a 39-Gb/s data rate have a diameter of ~6 pwm, confined
by an oxide aperture. BCB is used for reducing the pad parasitics, and a relatively
large lower mesa for the bottom DBR is used for better heat dissipation, lower
resistance, and easier manufacturing. The bias current for large-signal modulation is
9mA, corresponding to a fairly low current density of ~10 kA /cm?. Eye diagram
at 40Gb/s is also shown. The signal-to-noise ratio reduces from above 6.3 to 3.6,
preventing error-free operation at 40 Gb/s.

7.4.2 980-nm VCSELs

Another common wavelength for high-speed VCSELSs is 980nm, which typically
employs strained InGaAs/GaAs QWs. This aluminum-free active region offers high
differential gain, low transparent carrier density, and superior reliability. Due to the
transparency of GaAs substrates at 980 nm, bottom-emitting structure is commonly
used.

InGaAs/GaAs 980-nm VCSELSs

The highest MCEF for any QW-based VCSELs to date is 16.8 GHz/mA!/? using
InGaAs/GaAs VCSELs at 970 nm [33]. One of the keys to achieve such high MCEF is
the small mode volume. The dimensions of the devices are 3 x 3 wm?, confined with
double oxide apertures. Pad capacitance is estimated to be 40 fF for a 75 x 120 pm?
bond pad. The threshold current is 0.37mA and the DQE is 45%. The bandwidth
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operation

reaches 11.2GHz 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 C, 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!/2. 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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insensitivity [63]. Their 1-pm single-mode devices show the highest MCEF of
19 GHz/mA!/? for any VCSELs to date. For their 6-pm multimode devices, the
threshold currents at 25°C and 85°C are 0.29 and 0.16 mA, respectively, due to
better cavity—gain alignment at elevated temperatures.

Figure 7.10 shows f3gp Vs. (I—I[h)l/2 and eye diagrams for 6-puwm devices at
25°C and 85°C. The MCEF drops from 5.6 to 4.6 GHz/mA!/? for the temperature
increased from 25°C to 85°C. The maximum bandwidth at 25°C and 85°C are 15
and 13 GHz, respectively. These bandwidths still can support 20-Gb/s operation as
shown in the eye diagrams. The eye is slightly degraded at 85°C. Recently, they
demonstrated 20-Gb/s operation up to 120°C using 2-pm single-mode devices [64].

7.4.3 1.1-pum VCSELs

High-speed VCSELSs operating in the 1.1-pwm-wavelength range have resulted from
engineering the MQW InGaAs/GaAs active region to have the maximum allow-
able strain as well as p-type modulation doping [65]. The active region consists of
three thin highly-strained Ing 3Gag 7As/GaAs (5/10nm) QWs. The GaAs barriers are
modulation doped p-type at 2 x 10'® cm™3 to reduce gain nonlinearity. Two types
of device structures have been reported: oxide-confined VCSELs and BTJ VCSELSs.

Figure 7.11a shows their oxide-confined VCSEL structure. The 6.9-pum-diameter
devices have a threshold current of 0.4 mA and a series resistance of 135 2. Because
the mesa is relatively large at 33 wm in diameter, proton implantation is used to
reduce the mesa capacitance. The pad capacitance is lowered using polyimide. The
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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-1I 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-pum devices at a bias current of SmA.
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All these results were achieved at room temperature. To improve the
high-temperature performance, they have also developed a new active region with
strain-compensated Ing3Gag7As/GaAsggPp2 QWs [68]. By increasing the
conduction-band offset, electrons are better confined at the elevated temperature.
A data rate of 25 Gb/s is achieved using oxide-confined structure.

7.4.4 Long-Wavelength VCSELs

Several technologies exist for LW-VCSELSs, and they will be covered in more detail
in Chaps. 11 and 12 of this book. The main application of high-speed LW-VCSELs
is to use for optical networks, which currently require transmission up to 10Gb/s
over SMF. Here we summarize some current high-speed results for LW-VCSELSs.

GaAs-Based Long-Wavelength VCSELs

GaAs-based LW-VCSELS are attractive due to the well-established technologies of
short-wavelength VCSELSs such as oxide apertures and bandgap-engineered, high-
index-contrast DBRs. The main challenge is the choice of the gain media that can be
pseudomorphically grown on GaAs substrates to reach longer emission wavelengths.
Currently, GaAs-based LW-VCSELSs are mainly operated below 1.3-pm wavelength,
and there are three active region candidates [69]: highly strained InGaAs QWs,
GalnNAs QWs, and InAs QDs.

The structure of GaAs-based LW-VCSELs is usually pretty similar to short-
wavelength VCSELs except with a different gain media. Transmission at 10 Gb/s
over 9-km SMF from 25°C to 85°C has been reported using highly strained InGaAs
QWs emitting at 1.28 pm [13]. The indium content of the QWs is increased to 42%
to push the gain peak to 1220 nm, and the cavity mode is detuned at 1275 nm, giv-
ing a large gain-cavity offset for better high-temperature stability [70]. An inverted
surface relief is patterned on the top mirror for single-mode operation. However, the
threshold current seems fairly high and reduces at higher temperature due to better
cavity—gain alignment. The bandwidth is mostly limited by parasitics.

LW-VCSELs based on a GalnNAs active region emitting at 1.28 wm have also
demonstrated 10-Gb/s transmission over 20-km SMF [11]. These devices show good
reliability and have been placed into production [11, 71].

InP-Based Long-Wavelength VCSELs

For InP-based LW-VCSELSs, the mature high-reliability InAlGaAs or InGaAsP active
region can be used. The main issues are (a) the lack of DBR materials which provide
high reflectivity and thermal conductivity, (b) the more extreme sensitivity to elevated
temperatures, and (c) the realization of lateral mode confinement.

The first of these issues was addressed with an all-epitaxial approach using lattice-
matched AlGaAsSb DBRs, which offer relatively high reflectivity, and an air-gap
aperture formed by selectively etching tunnel junction. These have been explored
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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
3km have also been reported at 1.3- and 1.55-pwm wavelengths, respectively.

Corning also reported LW-VCSELs with 10-Gb/s transmission for both 1.3- and
1.55-pm 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-VCSELSs.
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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7.5 Loss-Modulated High-Speed VCSELSs

Due to inherent damping limitations, it would be very challenging for directly current-
modulated VCSELSs to reach bandwidth beyond 40 GHz, even after the parasitic and
thermal limitations have been removed. The highest modulation bandwidth to date is
still limited below 25 GHz [6]. Alternative approaches have to be pursued to extend
the bandwidth, e.g., optical injection locking and loss modulation. Optically injection
locked VCSELSs have demonstrated an impressive modulation bandwidth of 66 GHz
based on a cascaded configuration [75]. However, a separated master laser is required.
Therefore, we only consider coupled-cavity loss-modulated VCSELs here.

7.5.1 Principle of Operation

All the devices that have been discussed so far are based on current modulation,
which is an indirect way to modulate the photon density. Alternatively, the photon
density can be modulated by varying the cavity loss, which has been theoretically
predicted to have higher modulation bandwidth [76].

In the rate equations discussed in Sect.7.2, the losses are included through the
photon lifetime Ty 1= Vg (@j+om), where o and oy, are the internal loss and mirror
loss, respectively. Here, we apply the small-signal analysis for loss modulation,

similar to (7.3a), by assuming
1 4 1 _
— = velao + 1) = — (1 + me/”") (7.12)
™ Tpo

where « is the steady-state total loss, o1 is the small-signal loss modulation ampli-
tude, tp0 = (vgozo)_l is the steady-state photon lifetime, and m = a1 /o is the loss
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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]

2 .
m Wy Tp +Jjw

Hy(w) = (7.13)

70 (@2 — @ + joy)

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/ ?* (40dB/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 oy, using an electrooptical modulator.

7.5.2 VCSELs with an Electroabsorption Modulator

Figure7.15 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 (fo ~ 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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to the case of using an external modulator with a continuous-wave laser. Relatively
flat frequency responses up to 20 GHz have been shown.

7.5.3 VCSELs with an Electrooptical Modulator

Another possible way of achieving loss modulation is to integrate an electroopti-
cal modulator in the VCSEL structure (EOM-VCSEL). The refractive index of the
electrooptical modulator (MQW) can be tuned by an applied voltage. If properly
designed, the cavity mode of the modulator cavity can be tuned in and out of the
resonance of the VCSEL cavity, which effectively modulates the mirror reflectivity,
i.e., the mirror loss oy, . Small-signal modulation bandwidth up to 35 GHz, limited
by the photodiode, has been reported with EOM-VCSELSs [80].

7.6 Conclusion

The chapter provides an overview of the current status for high-speed VCSELSs. We
discussed the basic theory for current modulation of VCSELS, various high-speed
designs, and device performance. Novel structures and new material systems have
been pursued to overcome many of the bandwidth limitations to achieve higher
performance. For short-wavelength VCSELSs, bandwidth up to 24 GHz and a data
rate of 40 Gb/s have been successfully demonstrated. For LW-VCSELSs, single-mode,
10-Gb/s transmission over a wide temperature range has also been reported by several
groups. We also considered loss-modulated VCSELSs which are still under develop-
ment and have the potential to reach even higher bandwidth. As these technologies
become more mature and the supporting components such as high-speed photode-
tectors are ready, VCSELs will be used as low-cost, power-efficient, high-speed light
sources for most optical data communications.
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