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Abstract: We measure the energy per bit (EPB) for the 25-Gb/s implanted holey VCSEL and 12-Gb/s
coupled-cavity VCSEL, and discuss the possibilities for the VCSEL to achieve a lower EPB for data center
and interconnect applications.
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The VCSEL is widely used in short-distance optical communication. For emerging applications such as
data centers and chip-level interconnects, however, the VCSEL can become a suitable laser source only if it
can operate with sufficiently low energy [1]. Although high modulation bandwidth of the VCSEL has been
achieved from different perspectives [2-5], the energy per bit (EPB) is not necessarily minimized. In this
work, we measure the EPB for the VCSELs and coupled-cavity VCSELs (or composite-resonator vertical-
cavity laser, i.e. CRVCL), and discuss their potential to become a future on-chip laser. Specifically, (1) we
measure the power consumption of a 25-Gb/s implanted holey VCSEL, and discuss the possibility to
reduce the EPB using a micro thermoelectric cooler (TEC); (2) we calculate the EPB for the CRVCL using
four different modulation approaches, showing the CRVCL can achieve a lower EPB by exploiting the
modulation format and the cavity detuning. An example of this is shown using a 12-Gb/s CRVCL.

A conventional implant-confined VCSEL can achieve high-speed operation and low current density
simultaneously by etching a holey structure into its top Bragg reflector [5]. Fig. 1 illustrates the measured
data rate versus power consumption for a 25 Gb/s implanted holey VCSEL. Note that at each data rate the
bit error ratio of <10®is attained. The lowest EPB achieved is

1.08 pl/bit (i.e. 27 mW at 25 Gb/s). The data rate can be related 351 ° pr——— P T b
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blue curve in Fig. 1). This agrees with the laser modulation 7 30| ~ precicaed )
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nevertheless the greatest challenge for the EPB scaling. £ 20k i
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challenge. One possibility found is that, when combining with a = 151 i
TEC, the same 25 Gb/s VCSEL can operate >30 Gb/s [7].

Although additional operation power must be spent on the TEC, 1q 5 2‘0 2'5 3‘0 3'5 20
the overall EPB can be reduced even with the operation power Power consumption (m\W)
scaling of the commercially available single-stage TECs [8]. To Fig. 1: Data rate vs. power consumption for a

qualitatively illustrate the energy scaling, Fig. 1 includes two  25-Gb/s VCSEL. Inset shows the measured
points calculated assuming a smaller size (i.e. 2.5%x2.5 mm®) of the ~ ©Y¢at25 Gb/s.

same TEC as in [7] is used. The TEC used in [7] has a size of

40x40 mm’, and the TEC power consumption is expected to decrease linearly with its size [8].

In addition to a conventional VCSEL, the CRVCL has also exhibited potential to achieve higher
modulation bandwidth owing to its flexibility to modulate laser using different approaches [9-10]. Fig. 2(a)
compares the laser frequency responses with four different modulation approaches. These responses are
obtained using the same photon density and the same static power. The direct modulation of the CRVCL is
assumed to have the same response as a conventional VCSEL [10]. Without spending additional energy,
the other three modulation approaches increase the -3 dB bandwidth from 20 GHz to 50 GHz, thus
reducing the EPB. In Fig. 2(b) the EPB is plotted versus the -3 dB bandwidth for these modulation
approaches, assuming the direct modulation consumes 1 pJ/bit; the measured EPB for the 25 Gb/s holey
VCSEL is also plotted as reference. For simplicity the -3 dB bandwidth is mapped to the maximum data
rate, e.g. 20 GHz bandwidth produces a 20-Gb/s operation. Note that other parameters such as the
extinction ratio and electrical parasitic effects should be also considered for more accurate EPB calculation.
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Similar to Fig. 2(a), the cavity detuning provides another knob to improve the laser modulation
bandwidth [10], and thus it can reduce the EPB. This concept is demonstrated using a 12-Gb/s CRVCL. Fig.
3(a) shows the -3 dB bandwidth of 12 GHz (6 GHz) is achieved, when only the top (bottom) cavity of this
CRVCL is directly modulated. We can estimate from the fitted curves that 80% (20%) of the optical field is
confined in the top (bottom) cavity. Assuming the cavity symmetry [10], a modulation response equivalent
to the red curve can be also obtained by only modulating the top cavity, when 20% (80%) of the optical
field is confined in the top (bottom) cavity. Therefore, if we were able to modify the cavity detuning (i.e.
optical field distribution) from the CRVCL epitaxy, we would achieve all the modulation responses
indicated by the calculated curves in Fig. 3(a) by only directly modulating the top cavity. Fig. 3(b)
illustrates the EPB decreases as we vary the cavity detuning to increase the optical field confined in the top
cavity. The minimum EPB measured for this CRVCL is 5.4 pJ/bit at 12 Gb/s, which is expected to decrease
further with device optimization.

10 T T T T T
o 12 I T C
) 25Qb/s.r10|§y VCSEL (b)
@ s 1 6Directfmodula;ion
c 1 H
g 3!; Electroabsdrption modulation
) '-.g 08 ... 9 O -
o o Electroabsorption + Direct
c o )
o el
e = = Push-pull .06 ? i
«© 20k Electroabsorption @ Push-p¢|| modulation
-g === E|ectroabsorption+Direct g 04 : ; @
o — Direct w
=
230 I I I

1 1 i i
0 10 20 30 40 50 60 0'%0 20 30 40 50 60
Frequency (GHz) Modulation bandwidth (GHz)

Fig. 2: Calculated (a) modulation responses and (b) energy per bit of the CRVCL using four different modulation approaches.
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Fig. 3: (a) Measured (colored line), fitted (solid line) and calculated (broken line) modulation responses, and (b) measured (solid circle)
and calculated (open circle) energy per bit for the 12 Gb/s CRVCL. Inset shows the measured eye at 12 Gb/s.

In summary, we measure the EPB for the 25-Gb/s implanted holey VCSEL and 12-Gb/s CRVCL, and
we discuss the potential of the VCSEL and CRVCL to reduce the EPB for future data center and
interconnect applications. Integrated with a TEC, the VCSEL may circumvent the inherent laser relation
governing the data rate and power consumption so as to achieve a lower EPB. The CRVCL can also reduce
the EPB by exploiting the modulation format and the cavity detuning.
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