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Abstract— The composite resonator vertical cavity surface
laser can perform multiple digital functionalities at greater
than 10 GHz bandwidth, including: direct intensity modulation,
wavelength division multiplexing, multilevel pulse amplitude
modulation, and optical picosecond pulse generation. The unique
attributes of these microcavity lasers arise from the two strongly
coupled optical cavities which can be electrically injected
independently. Reconfiguration among multiple functionalities
is achieved by control of the three terminal signals input into
the laser and can be achieved using a high-speed digital circuit
whose logic can be adjusted to provide appropriate modulation
voltages to the optically coupled laser cavities. The novel optical
properties of composite resonators are reviewed with a focus
on several different digital functionalities possible from this
semiconductor laser.
Index Terms— High speed modulation, semiconductor lasers,
vertical cavity surface emitting lasers.

T

I. I NTRODUCTION

HE vertical-cavity surface-emitting laser (VCSEL) has
become a dominant source for short-haul optical communications, mainly because of its low-cost high-volume manufacture, very low power consumption, and high-speed digital
modulation. For emerging applications such as data center
interconnects, access networks, and radio-over-fiber transmission, additional optical functionalities will be demanded
from a VCSEL to further reduce the form factor and power
consumption of future optical systems, as well as to scale
up to 2-dimensional laser arrays. It will be beneficial if
multiple functionalities from a microcavity laser can be rapidly
reconfigured.
The integration of multiple functionality within an edgeemitting semiconductor laser structure, such as active and
passive components, can be achieved by selective area epitaxy
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[1], [2] or via impurity induced intermixing [3]. For vertical
cavity lasers, integration of functionality is limited by the
practical consideration of the thickness of the required epitaxial materials. However because high quality factor optical
cavities can be easily defined using semiconductor distributed
Bragg reflector mirrors, stringently controlled optical coupling
between two or more optical cavities can be achieved.
Recently composite resonator vertical cavity lasers
(CRVCLs), first introduced by Stanley, et al. [4], have
demonstrated a wide range of unique characteristics [5]–[21].
Leveraging these characteristics enables an equally diverse
range of digital functionality, which may prove valuable
for future optical interconnect sources. Reconfigurable
functionality is possible in CRVCLs due to their unique
ability to: (i) tailor the optical coupling between the
monolithic cavities; (ii) dynamically modify the cavity
interaction; and (iii) incorporate passive or active resonators.
The composite resonators can be utilized to influence the
spectral and temporal properties within a vertical microcavity
laser. Using independent carrier injection into the cavities
has facilitated demonstrations of several different analog and
digital functionalities for optical communications [12]–[20].
We review the unique properties of composite resonator
vertical cavity lasers as well as their multiple reconfigurable
functionality. After first describing the basic laser structure
and optical properties, we report the fabrication process which
produces a three-terminal microcavity laser source. Next we
present examples of the varied digital functionality that is
possible, using a variety of different epitaxial designs (differing middle mirror period) and device structures (differing
aperture sizes). We show 10 Gb/s large signal modulation
and dual wavelength division multiplexing. Additionally, the
CRVCL can be reconfigured to generate 10 Gb/s three- or
four-level pulse amplitude modulation (PAM) signaling, or
to produce an optical pulse train with a minimum pulse
width of 34 ps, by applying digital modulation to both
optical cavities simultaneously and adjusting the amplitude
and phase difference between two modulation signals. These
unique functionalities make the CRVCL attractive for future
optical systems, especially when combined with a digital
circuit whose logic can be reconfigured to apply appropriate
modulation voltages to both optical cavities.
II. L ASER S TRUCTURE AND FABRICATION
Fig. 1(a) shows a cross section sketch of the CRVCL and
Fig. 1(b) shows a transmission electron micrograph of the
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Fig. 1. Composite resonator VCSEL (a) side view sketch, (b) transmission
electron micrograph cross section, and (c) scanning electron micrograph of
fabricated laser with coplanar ground-signal-signal-ground high speed pads.

epitaxial coupled cavities. The CRVCL epitaxial structure consists of a monolithic bottom p-type distributed Bragg reflector
(DBR) with 35 periods, a middle n-type DBR with 5.5 to
15.5 periods, and an upper p-type DBR with 18 to 22 periods
of Al0.08 Ga0.92 As/Al0.92 Ga0.08 As layers. The middle DBR
mirror separates two optical cavities as apparent in Fig. 1(b),
each of which contains multiple GaAs quantum wells or
InGaAs quantum wells for emission at nominally 850 or
980 nm, respectively. Note that the n-type middle mirror will
function as the cathode of the two laser active regions. Both
the top and bottom optical cavities have independent electrical
contacts, which in Fig. 1(c) is accomplished with groundsignal-signal-ground coplanar contact pads [18]–[20].
The number of mirror periods of the middle DBR is
the primary epitaxial design parameter. Fig. 2(a) shows the
measured reflectance of a CRVCL structure with a 11.5 period
middle mirror [7]. The coupling between the two cavities can
be accurately controlled by changing the reflectance (number
of DBR periods) of the middle DBR mirror. The inset of
Fig. 2(a) shows the calculated cavity resonances as a function
of periods in the middle DBR. The optical coupling of the
cavity resonances is determined by the transmission of the
shared middle DBR. A reduced number of middle mirror
periods implies greater coupling between the cavities and thus
larger spectral splitting; a resonance splitting between the two
longitudinal modes as large as 30 nm is easily achievable.
The optical modes extend into both cavities; a sketch of the
intensity profile of one of the resonances is shown in Fig. 2(b).
While the optical modes are distributed into both cavities, the

Refractive index

(b)

15.0 kV × 250

4
2.5
3
2

2

1.5

1

1

0
1000 2000 3000 4000 5000 6000 7000 8000 9000

0

Field intensity (a.u.)

5

3

× 10−3

Longitudinal distance (nm)
(b)
Fig. 2. (a) CRVCL reflectance spectrum showing two longitudinal modes
(arrows), inset shows the resonance splitting versus middle mirror periods [7]
and (b) sketch of refractive index and normalized optical field intensity for
the short-wavelength longitudinal mode along the CRVCL growth direction.

carrier populations of the two cavities are relatively decoupled.
In Fig. 2(b), we assume perfectly symmetric cavities; if the
cavity lengths vary due to intentional (or unintentional) growth
variation or differing current injection, then the mode profile
will overlap one cavity more than the other [19].
The aperture sizes of the two optical cavities is the primary
CRVCL device structure design parameter. To laterally define
the CRVCL, we usually use a hybrid configuration. The top
cavity is defined using ion implantation while the bottom
cavity is defined using lateral oxidation. There have been a few
reports using oxide confinement for both the top and bottom
cavities [4], [12], [13], but our experience has found that this
leads to differing and uncontrollable oxide aperture sizes.
By using a top implant and bottom oxide aperture, a variety
aperture size combinations can be designed. For example
greater than 6 mW of single fundamental mode power has been
demonstrated using a small top implant aperture with larger
bottom oxide aperture [9]. Alternatively the highest direct
modulation speed results from large top aperture with smaller
bottom aperture [12], [20]. A disadvantage of this hybrid
structure is the differing series resistance into each cavity,
where the ion implanted cavity typically has higher resis-
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Fig. 3. (a) Light versus current into the top 8 × 8 µm2 implant cavity
with fixed current into the bottom 3 × 3 µm2 oxide cavity of a CRVCL with
22/12.5/35 top/middle/bottom periods and (b) light versus current into the
bottom 5 × 5 µm2 oxide cavity with fixed current (steps of 2 mA) into the
top 10 × 10 µm2 oxide cavity of a CRVCL with 19/11.5/35 top/middle/bottom
periods [13].

tance [22]. A concentric double mesa structure is fabricated as
depicted in Fig. 1(a), with the smaller top mesa extending into
the middle DBR, while the larger lower mesa extends into
the bottom DBR. Ring electrical contacts are defined for the
p-type contract on the top wafer surface, the n-type contact
in the middle DBR, and another p-type contact in the bottom
DBR or the substrate backside in order to have independent
electrical injection into both cavities. The double mesa
structure can be planarized using polyimide with top coplanar
contacts on the polyimide surface as shown in Fig. 2(c)
to reduce parasitic capacitance and facilitate high-speed
signaling to both cavities [18]–[20].
III. L ASER C HARACTERISTICS
Fig. 3 shows representative output light versus current
curves at room-temperature with fixed current in one cavity
while varying the current into the other for two different
CRVCL wafers and device structures. Generally we find that
the threshold current will decrease with increasing current
injected into the other cavity; with sufficient current injected
into one cavity, the apparent threshold can be reduced to
zero [10]. For the laser of Fig. 3(a), the emission initially is the
shorter wavelength longitudinal mode, and the kink observed
in the output characteristics corresponds to the onset of lasing
from the longer wavelength mode.
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Fig. 4.
Threshold current of the bottom cavity and dominant longitudinal mode for various biases on the top cavity of a CRVCL. For the
upper/middle/bottom points, the top cavity current is 0/3.5/4.5 mA. An asterisk
indicates that the short wavelength mode lases, and a diamond indicates that
the long wavelength mode lases [11].

Note the slope efficiency can also vary, which is particularly
pronounced for the device of Fig. 3(b). The CRVCL used in
Fig. 3(b) has two square-shaped oxide apertures of 10 × 10
(5 × 5) µm2 size for the top (bottom) cavity. In Fig. 3(b),
with 20 mA into the larger top cavity, the slope is approximately 6.35 W/A, which is greater than 400% differential
quantum efficiency (at 850 nm) [13]. Above threshold, the
slope decreases as the bottom cavity current is increased. The
large slope efficiency and decrease in threshold current with
increased upper cavity current persists under pulsed operation,
and thus are not the result of thermal lensing effects, but rather
are from the modification of optical loss.
The emission of a CRVCL is dependent on the spectral
overlap between the resonances and the quantum well gain
[10], [11]. Similar to a conventional VCSEL, changing the
temperature causes the gain and cavity resonances to shift
to longer wavelength, but at different rates. Therefore, the
VCSEL threshold current will be approximately lowest at a
temperature where the cavity resonance nears spectral alignment with the peak of the gain curve [22]. For temperatures
higher and lower, the cavity resonance overlaps lower values of
gain for the same injection current, and thus increased injection
current (higher gain) is required to reach threshold, leading
to a parabolic dependence of threshold current variation with
temperature [23].
For the CRVCL, the threshold current temperature dependence (and emission spectrum) can be more complex. An
example “double parabolic” threshold current temperature
dependence (and threshold emission) for a CRVCL is shown
in Fig. 4 [11]. Recall from Fig. 2 that because of the optical
coupling between the cavities, there will be a long and short
wavelength resonance. How these two longitudinal resonances
spectrally overlap the quantum well gain will dictate not only
the threshold gain, but also which resonance(s) will lase.
For the CRVCL in Fig. 4, the short wavelength resonance
operates at threshold; as the top cavity current and/or the
ambient temperature increases, the long wavelength mode can
reach threshold first and thus is the dominant threshold mode.
Hence either the longer, shorter, or both resonances can lase
in a CRVCL, depending on its design and bias. Although
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Fig. 6. Eye diagram of the CRCVL at a data rate of (a) 5 Gb/s, (b) 10 Gb/s,
and (c) 12.5 Gb/s.

Unlike a conventional VCSEL, the photon population within
a CRVCL is coupled to the carrier populations in both cavities
simultaneously, but the carrier populations can be independently modified. The laser output of the CRVCL can be varied
by applying independent dc bias to each of the cavities, as
well as signal modulation to either or both of the coupled
cavities, while varying the amplitude, phase, and frequency
of the modulation signal(s) [12], [15]–[20]. In the following,
we review a variety of digital functionality that can be demonstrated using a CRVCL, and show that reconfiguration between
the functionalities can be relatively straightforward.

aperture. The maximum bandwidth achieved under direct
modulation is 23 GHz as shown in Fig. 5(a). From Fig. 5(b)
it is apparent that the bandwidth will depend the DC bias
of both cavities. The small signal behavior can be analyzed
using a rate equation model with two equations for each carrier
population and one photon equation [20], [21]. In this analysis,
the relative overlap of the mode with each cavity impacts the
modulation bandwidth. As seen in Fig. 5(b), the change of
the bottom cavity current leads to a more significant change
in the modulation bandwidth than does the top cavity current,
presumably due to its mode overlap with the bottom cavity.
Fig. 6 shows the large signal eye diagrams from a CRVCL
with an 8 × 8 µm2 implant and 4 × 4 µm2 oxide aperture
in the top and bottom cavities, respectively. The large signal
modulation is shown in Fig. 6 at three different data rates
for a back-to-back transmission, when direct modulation is
applied to the top cavity only, and the dc current in the top
and bottom cavity is 6 mA and 4 mA, respectively. A peakpeak modulation voltage of 2.5 V (the maximum voltage from
the pattern generator) is used to open up the eyes in Fig. 6,
due to the 760 ohm differential series resistance of the ion
implanted top cavity. The extinction ratio is 3.2 dB for both
the eyes at 5 Gb/s and 10 Gb/s. However, the degradation of
the eye diagram becomes apparent when the CRVCL operates
at 12.5 Gb/s. The largest −3 dB bandwidth is 8.5 GHz for this
device, limiting the maximum data rate this particular CRVCL
can support. Fig. 7 illustrates the bit error rate (BER) versus
the received optical power for a back-back transmission. The
lowest BER the CRVCL can achieve is 2.96×10−9 and 1.27 ×
10−7 for the 5 Gb/s and 10 Gb/s operation, respectively.

A. Direct Digital Modulation

B. Wavelength Division Multiplexing

For high speed characterization, small-signal modulation
characteristics of the CRVCL are measured using a network
analyzer; large-signal modulation characteristics are obtained
using a 25 GHz photodetector, a pattern generator and
an oscilloscope. A cleaved 62.5/125 µm graded-index multimode fiber and a high speed photodetector are used to collect
output light from the CRVCL under test. Fig. 5 shows small
signal 3 dB bandwidth under modulation injection into the
bottom cavity as a function of DC bias currents into the
top and bottom cavity [20]. This particular CRVCL has 18
top/5.5 middle/35 bottom DBR mirror periods with a top
11 × 11 µm2 implant aperture and bottom 5 × 5 µm2 oxide

As mentioned previously, the CRVCL can lase on the short
wavelength, long wavelength, or simultaneously both resonances by controlling the dc bias injected into the two optical
cavities. This unique spectral behavior arises due to the effect
of the spectral overlap between the resonances with the quantum well gain. As an example, Fig. 8 shows the CRVCL emission for four different combinations of input currents into the
top and bottom cavities. Independent control of the dual lasing
wavelengths provides the means to produce a two-channel
wavelength division multiplexing source using a single laser
which can be directly coupled to optical fiber. The four logic
states in a two channel system (00, 01, 10, and 11) are thus rep-
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Fig. 5. Measured CRVCL small signal 3 dB response for (a) fixed top and
varying bottom cavity current and (b) varying DC bias in both top and bottom
cavities [20].

dual emission lasing has applications as shown below, it is
usually advantageous to design the CRVCL to lase only on
one (typically the longer wavelength) resonance.
IV. D IGITAL L ASER F UNCTIONALITY
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resented by Fig. 8(a), (b), (c) and (d), respectively. These currents have been selected such that a square wave modulation
into both cavities, with one frequency twice the other, will produce all four spectral states shown in Fig. 8. This reduces the
complexity of the current source, and would allow for independent data streams on each of the modulating current sources.
Using early versions of lasers that lacked high speed coplanar
contacts, we demonstrated an aggregate modulation speed of
20 MB/s [17]. In principle more channels could be added
by increasing the number of coupled cavities, but would be
accompanied by epitaxial and device fabrication complexity.
C. Alternative Modulation Schemes
In addition to direct modulation using a single optical cavity,
the CRVCL has the unique ability to manipulate its light output
by modulating both optical cavities simultaneously [18]–[20].
Varying the phase and amplitude of dual modulation signals
into the cavities provides some advantage for increased digital
modulation rate, but at the cost of greater system complexity
(e.g. two modulation sources). One exception may be the
special case of injecting the same modulation signal, but
180° out of phase, into the top and bottom cavities. This
modulation approach, which we call “push/pull” modulation,
may enable high energy efficiency as well as significantly
greater modulation speed [19].
Another advanced modulation scheme directly enabled by
the CRVCL is pulse amplitude modulation (PAM). Injecting
signals into both cavities produces an overall modulation
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Fig. 9. 10 Gb/s PAM signaling when the modulation voltage in the top
cavity is (a) 2.5 V, (b) 2.0 V, and (c) 1.7 V.

Fig. 7. Bit error rate versus received optical power at 5 Gb/s and 10 Gb/s
for a back-to-back transmission.
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Fig. 10. Measured optical signal when digital modulation is applied to the
(a) bottom cavity, (b) top cavity, and (c) both cavities. Simulated optical signal
when digital modulation is applied to the (d) bottom cavity, (e) top cavity,
and (f) both cavities.

response which is the summation of the modulation response
from each individual cavity. This enables PAM-4 signaling
by combining two binary signaling in the coupled cavities
[18]. Using the same CRVCL device which exhibited the
10 Gb/s eyes (see Fig. 6), PAM signaling in shown in Fig. 9.
This figure illustrates that the CRVCL generates two different
patterns of PAM-4 signaling at 10 Gb/s, by only decreasing
the modulation voltage in the top cavity from 2.5 V to 1.7 V,
while maintaining the 2.5 V peak-to-peak modulation in the
bottom cavity. Fig. 9(a) exhibits 4 amplitude levels, while
in Fig. 5(b), two intermediate amplitude levels (i.e. level 10
and 01) coincide, producing the three-level PAM signaling.
Note that the same dc biases are used in Fig. 9 as in Fig. 6.
D. Optical Pulse Generation
Finally, the CRVCL under simultaneous digital modulation leads to a new approach to generate optical pulses.
A conventional approach to produce optical pulses from a
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VCSEL is to apply a sinusoidal current modulation near the
laser threshold [24], [25]. With the CRVCL, we find that
the same digital circuit for the PAM signaling can be also
used for generating optical pulses. Fig. 10 illustrates the pulse
generation mechanism with the same CRVCL used in Figs. 6
and 9. When direct modulation is applied to the bottom cavity
only, an extraordinarily large relaxation oscillation (RO) peak
appears on the rising edge (see Fig. 10(a)). This large RO peak
is related to the enhanced (or under-damped) modulation
response at the RO frequency for small photon density in
the laser cavity under low current injection [26], and may be
also due to the cavity lifetime modulation associated with the
current modulation [15]. In Fig. 10, the top and bottom cavity
current for the CRVCL is 6 mA and 2 mA, respectively. Note
that the bottom cavity is biased with a small dc current as
compared to that in the PAM signaling case (Fig. 9), so that
the large RO peak on the rising edge can be induced.
In order to form the optical pulse shown in Fig. 10(c),
the large RO peak is extracted by simultaneously applying
a nearly 180° out-of-phase modulation to the top cavity of the
CRVCL, such that the optical signal following the RO peak is
suppressed. In Fig. 10(c), the minimum pulse width and the
repetition rate are 34 ps and 1.5 GHz, respectively. The pulse
width becomes 28.7 ps after deconvolution.
The pulse generation can be modeled using a large signal
CRVCL model in which the rate-equations are solved numerically in the time domain [19]. The cavity lifetime modulation
can also be included in this calculation, and it would increase
the amplitude of the generated pulses as expected [15], [20].
In Fig. 10(d)–(f) we illustrate the simulated pulse generation
process, which is consistent with our experimental measurements. Fig. 11 shows the measured pulse width with different
top cavity currents, while the bottom cavity current is fixed
at 2 mA. The pulse width is inversely proportional to the
dc current and thus the photon density, since the RO frequency
is proportional to the square root of the photon density. The
minimum pulse width of 34 ps is limited by the photon density
in the CRVCL. The RF spectrum of the optical pulse is also
measured, and is approximated by a Gaussian function.
V. C ONCLUSION
Future optical interconnect systems will demand additional
new functionality from microcavity lasers, while maintaining

the same high performance and low power operation that is
expected from conventional VCSELs. We have reviewed the
composite resonator vertical cavity laser which contains two
optically coupled, but electrically independent cavities. The
additional epitaxial and device structure complexity provides
unique optical characteristics, which can be exploited for
digital applications. We have shown that CRVCL can exhibit a
small signal bandwidth greater than 20 GHz. The two optical
resonances of the CRVCL can be utilized for dual wavelength
division multiplexing into a single optical fiber. Finally, we
have demonstrated that with the same digital circuit (e.g. the
pattern generator in this work), the CRVCL can be configured
to perform novel functionalities at several GHz. In particular,
10 Gb/s direct digital modulation, the generation of PAM-4
signaling, or short optical pulses are all demonstrated from
the same device using the same digital circuit. The unique
characteristics of CRVCL which enable multiple functionality
makes the CRVCL a promising laser source for future optical
systems where rapid reconfiguration among multiple optical
functionalities is desired.
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