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Abstract— Vertical-cavity surface-emitting lasers (VCSELs) for 

200+ Gbit/s single fiber data transmission across OM5 multimode 
fiber with a heat to bit rate ratio (HBR) of only 240 fJ/bit based on 
coarse wavelength division multiplexing (CWDM) are presented. 
Tuning the cavity photon lifetime is demonstrated to lead to an 
increase of the data rate in concert with a reduction of the HBR. 
The VCSELs are emitting at 850 nm, 880 nm, 910 nm, and 940 nm, 
the present IEEE 802.3 coarse wavelength multiplexing standard. 

Index Terms—Energy efficiency, optical interconnects, 
wavelength division multiplexing, vertical cavity surface emitting 
laser, single mode emission.

I. INTRODUCTION

HE energy required to transmit information as encoded 
optical and electrical data bits within and between 

electronic and photonic integrated circuits, within and between 
computer servers, within and between data centers, and 
ultimately across the earth from one point to another  one 
clearly must be minimized. This energy spans from typically 
tens of picojoules-per-bit to well over tens of millijoules-per-bit 
for intercontinental distances. We seek to meet the exploding 
demand for information within the terrestrial resources 
available, but more importantly as a common-sense measure to 
reduce costs and to become stewards of a perpetual Green 
Internet. The concept of a Green Internet implies a collection of 
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highly energy-efficient, independent, and ubiquitous 
information systems operating with minimal impact on the 
environment via natural or sustainable energy sources. A key 
enabling optical component for the Green Internet is the 
vertical-cavity surface-emitting laser (VCSEL). We present our 
research on energy-efficient VCSELs, being sources for optical 
interconnects and optical fiber data communication, using four 
wavelengths CWDM between 850 nm and 940 nm according to 
the IEEE 802.3cd standard. In previous work presenting first 
results on CDWM no data on energy efficiency were presented 
[1]. We report here bit rates exceeding 50 Gbps with energy 
efficiencies of 240 fJ/bit approaching the magic number of 100 
fJ per-bit [2]. 

II. STRUCTURE AND DESIGN OF THE LASERS

A. Epitaxial design
Our VCSELs are grown by MOVPE on 0-degree off (001)-

oriented GaAs substrates and emit at 850 nm, 880 nm, 910 nm, 
and 940 nm at room temperature (RT). We use AlGaAs 
distributed Bragg reflector (DBR) mirrors with 
compositionally-graded interfaces and one 20-nm-thick oxide 
aperture layer above as well as underneath the active region. 
The quantum well active region consists of five compressively-
strained InGaAs quantum wells surrounded by either strain-
compensating GaAsP barrier layers or by unstrained AlGaAs 
barrier layers (depending on the desired emission wavelength), 
all in half-lambda-thick optical cavities.

B. Laser fabrication
The VCSELs are processed in a double mesa design to ensure 

a good heat conduction out of the active region. GSG (Ground-
Signal-Ground) contact pads enable the evaluation of a large 
number of devices in a short time. The use of BCB 
(benzocyclobutene) reduces the parasitics by reducing the pad-
capacitances [3]. A patented optimization step [4, 5], based on 
reflectance tuning of the out-coupling mirror by deposition of a 
dielectric, was used to increase the bitrate while reducing the 
energy consumption [6]. For optical and electrical confinement 
we employ oxide apertures fabricated by selective wet 
oxidation of Al0.98Ga0.02As layers [7]. An optical in situ-
controlled in-house designed and built steam oxidation furnace 
was used to form the apertures with a tolerance of 0.5 µm. Due 
to a large variation of upper mesa diameters provided by our 
mask set, 16 different aperture diameters are available with 
every process run [6].
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III.STATIC PROPERTIES

A. Demands of active cables
In the future, the requirements for optical links will not be 

satisfied only through high speed and low energy consumption 
laser sources. Integration of energy efficient driver circuits,  
optical waveguides, photodiodes and amplifiers is essential [8, 
9] (see Fig. 1). The electrical and optical properties of the laser 
must be matched to the other components.

Fig. 1: Sketch of an optical link containing a driver circuit, a VCSEL, an optical 
waveguide, a photodiode, and an amplifier. Driver circuit and laser form the 
transmitter optical sub-assembly TOSA, amplifier and photodiode form the 
receiver optical sub-assembly ROSA.

B. Large optical power output at low bias current

Fig. 2: L-I characteristics of 16 different aperture diameter VCSELs ranging 
between ~1 µm to ~14 µm emitting at 850 nm from the same wafer. A top mesa 
size variation of our mask set leads to this spread. All lasers show a slope 
efficiency larger than 1 W/A and a large linearity up to 95% of thermal roll-
over of their L-I-characteristics.

A reduction of the VCSELs aperture size to reduce the input 
power consumption can only be done if the optical output 
power does not significantly decrease. Our approach here is 
based on increasing the slope efficiency by employing the 
photon lifetime optimization step, leading to an increase of 
optical power for relatively small aperture diameter VCSELs at 
low currents. Fig. 2 shows the L-I characteristics of 16 different 
aperture diameter VCSELs ranging between ~1 µm to ~14 µm 
provided by a top mesa size variation of our mask set. This 
variation allows the selection of lasers that satisfy the optical 

power demand of the photodiode at the lowest possible bias I 
and threshold current Ith. All lasers at all wavelengths have a 
very large slope efficiency of 1 W/A with a very linear L-I-
curve up to 95% of thermal roll-over.

C. Large optical modulation amplitude due to large slope 
efficiency 
Downsizing our lasers has the additional advantage of 

reducing the bias current and therefore decreasing the energy 
demand of the drive electronics. Since the power consumption 
of drivers is presently a magnitude larger than the power 
consumption of the lasers [10] the total power consumption of 
the optical link will be reduced dramatically.

A decrease of the aperture diameter results in a larger 
differential resistance. CMOS based drive electronics create 
typically a voltage swing ~1 Vpp [11-13]. A large slope 
efficiency results in a large optical modulation range and 
optical modulation amplitude. Fig. 3 shows the linear part of 
the L-V characteristics for the lasers shown in Fig. 2. Optical 
output power is plotted versus modulation voltage of maximum 
1.2 Vpp around a bias voltage Vbias centered in the middle of the 
linear part of the L-I curve of Fig. 2. Fig. 3 also shows that the 
large slope efficiency enabled by our optimization leads to a 
large optical modulation range of nearly 3 mW, even for lasers 
with large differential resistance Showing single mode emission 
spectra (see Fig. 4) and small aperture diameter.

Fig. 3: Optical power output caused by a modulation voltage of 1 Vpp around 
the bias voltage Vbias for the lasers shown in Fig. 2. The bias voltage is set at the 
center of the linear part of the L-I curves. The color code distinguishes single 
mode lasers (red) defined by a side mode suppression ratio SMSR larger than 
30 dB for small aperture diameter lasers and multimode lasers (blue). 

D. Emission spectra
The distance a signal can be transmitted across an optical 

fiber depends on the amount of incurred optical losses and 
dispersion. The losses depend on the wavelength, and increase 
with the fiber length, Longer fibers require an increased optical 
launch power. Our single mode emission lasers show large 
optical power compared to previous single mode VCSEL 
approaches [14, 15] and are well suited for high-speed data 
transmission across both single mode and multi mode fiber for 



1077-260X (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSTQE.2019.2950771, IEEE Journal
of Selected Topics in Quantum Electronics

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 3

distances of a few hundred meters.
To increase data rates across single multimode fibers coarse 

wavelength division multiplexing (CWDM) according to the 
existing IEEE802.3 standard. We have fabricated VCSELs 
with emission wavelengths of 850 nm, 880 nm, 910 nm, and 
940 nm which will be used in such a CWDM system. For all 
four wavelengths, almost identical L-I-V properties are 
observed, as shown typically in Fig. 2 and Fig. 3. Their 
emission spectra shown in Fig. 4 are also similar to each other. 
At all wavelengths, single mode emission with large optical 
output power was achieved for aperture diameters of 3 µm and 
below. The thermal wavelength shift is 0.069 nm/K.

Fig. 4: Emission spectra of single mode emitting laser with optical power of 
~3 mW at the wavelengths 850 nm, 880 nm, 910 nm, and 940 nm.

IV.DYNAMIC PROPERTIES

A. Laser physics and laser performance
The most important application of the lasers presented here 

is large data transmission across optical fibers. The most 
important parameters defining their performance are the 
maximum error-free bit rate BR,

           (1)𝐵𝑅 = number of transmitted bits/time

the energy to data ratio EDR

                             , (2)𝐸𝐷𝑅 = 𝑉 ∙ 𝐴/𝐵𝑅

with V bias voltage and A bias current as well as the most 
frequently used heat to bitrate ratio HBR

                      , (3)𝐻𝐵𝑅 = (𝑉 ∙ 𝐴 ― 𝑃𝑜𝑝𝑡.)/𝐵𝑅

with the optical power Popt [16].
We use standard single mode rate equations to describe the 

laser diode physics. Their solution yields the transfer function

                   (4)𝐻(𝑓) =
𝑓2

𝑅
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𝑅 ― 𝑓2 + 𝑗( 𝑓
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with the relaxation resonance frequency (fR), damping (𝛾), and 
parasitic cut off frequency (fp). The value of H(f) decreases with 
increasing frequency (f) [17]. The frequency where H(f) is 
reduced by 3 dB as compared to the starting value defines the 
bandwidth f3dB. According to the Shannon-Hartley Theorem 
laser performance and laser physics are connected by the 
spectral efficiency  [18], where

                               . (5)𝐵𝑅 = 𝑀 ∙ 𝑓3𝑑𝐵

To increase the bitrate BR, the bandwidth  needs to be 𝑓3𝑑𝐵
increased. Using highly strained multiple quantum wells in the 
active region increases the gain. Reducing the cavity length to 
𝜆/2 and shrinking the aperture diameter reduces the active 
volume [19]. Both lead to an increase of the relaxation 
resonance frequency even at low bias currents. An additionally 
important increase of bandwidth can be achieved by a cavity 
photon lifetime tuning. Adding a dielectric layer to the top 
mirror surface or thinning the last layer of the outcoupling 
mirror are present approaches [20, 21]. Dielectric layers can be 
also used to repair etch damages [22]. Patterned dielectric 
layers lead to suppression of higher order modes [23].

We have deposited a SixNy with a thickness that maximizes 
the f3dB/fR -ratio and the bandwidth with that at maximum 
relaxation resonance frequencies. 

Assuming a reasonable spectral efficiency of M = 2 bit/Hz 
[24] bitrates larger than 50 Gbit/s, are feasible. Exceeding 50 
Gbit/s presently a drop of M occurs in our experiments due to 
limitation of our equipment. 

The maximum possible data rates which can be achieved 
depend equally on the properties of the passive fiber and the 
receiver. Receivers that are more sensitive than the presently 
commercially available ones enable larger distances and/or 
lower energy consumption per bit. Larger receiver cut-off 
frequencies would enable additionally larger data rates. Despite 
these limitations, we observed error-free data transmission rates 
of 52 Gbit/s for NRZ measurements for all the lasers shown in 
Fig. 4. By tuning the photon lifetime, the energy consumption 
at 50 Gbit/s has been decreased by 25% [6]. We assume, that 
all these values do not present the true limits of our devices. A 
significant drop of spectral efficiency at bit rates larger than 50 
Gbit indicates the limit of our present measurement setup.

Presently the IEEE 802.3 standard asks for lasers emitting at 
the four wavelengths of 850 nm, 880 nm, 910 nm, and 940 nm, 
enabling a quadrupling of the data rate across the same optical 
fiber by using lasers with similar properties. Fig. 5 shows the 
bandwidth and the side mode suppression ratio versus bias 
current typical for all of our ~3 µm aperture diameter VCSELs. 
[25] Showing a bandwidth close to 30 GHz and side-mode 
suppression ratios of 35 dB from close to threshold till thermal 
rollover these lasers have the potential for further increasing the 
transmission distance beyond 100 m, and/or the bitrate beyond 
50 Gbit/s.
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Fig. 5: Small signal bandwidth and side-mode suppression ratio of a typical ~3 
µm VCSEL being is the same for all wavelengths.

B. Small signal measurements
We measured the scattering parameters with a Hewlett-

Packard 8722C vector network analyzer with a constant 
modulation amplitude of -25 dBm and a New Focus 1434-50 
photoreceiver with a bandwidth of 26.1 GHz. Considering the 
response of the receiver we fitted the S21 data to the standard 
laser diode transfer function (4) to extract the relaxation 
resonance frequency fR, the -3 dB bandwidth (BW) f3dB, the 
damping , and the parasitic frequency fp.

C. Data transmission experiments
The purpose of data transmission experiments is to 

demonstrate the performance of a device under test in a data 
link like environment. 

The signal, a pseudorandom binary sequence with a word 
length of 2^7−1, was generated by a SHF 12100B bit pattern 
generator (BPG). The electrical signal provided by that bit 
pattern generator was evaluated by a SHF 11100B error 
analyzer showing that an error free signal can be generated up 
to 52 Gbit/s.

The BPG was followed by a +8 dB amplifier (SHF 801 P) 
driving the VCSEL through a bias-tee. The VCSELs are 
mounted on a temperature-controlled probe station. The 
VCSEL emission is butt-coupled to the cleaved end of a 2 m-
long novel OM5 multimode fiber (MMF), to ensure M(f,P) is 
independent of the emission wavelength.
To characterize the single mode VCSELs at 850 nm, 880 nm, 
910 nm and 940 nm without changing the receiver we used a 33 
GHz optical probe (Tektronix DPO7OE1) with large sensitivity 
and low noise in a wide band from 750 nm to 1650 nm. The 
optical probe perfectly matches the Tektronix 70 GHz real time 
oscilloscope (DPS77004SX). To compensate the disadvantage 
of the linear amplifier in the optical probe by receiving non-
return to zero (NRZ) bit patterns we have used software filtering 
provided by the oscilloscope. 

Fig. 6 shows the result of a non-return to zero data 
transmission experiment across the 2 m OM5 MMF which has 
been used at all wavelengths. Fig. 6 has been taken with the 
Tektronix 70 GHz real time oscilloscope and the 33 GHz 
optical probe. Since the lasers at all wavelengths show very 

similar bandwidths and output power, the data transmission 
results are the same. The eye diagram and bit error ratio BER 
of an 850 nm laser shown here is representative for all such 
lasers. By multiplexing the wavelengths, a transmission rate 
exceeding 200 Gbit/s can be achieved on a single multimode 
fiber.
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Fig. 6: The eye diagram (left) and bit error ratio (right) bath tub curve for a 
back-to-back data rate of 50 Gbit/s for an ~3 µm oxide aperture diameter 
VCSEL emitting at 850 nm, which is representative of all our devices.

Fig. 7 shows the measured bit error for all four wavelengths. 
For this experiment we used a wide band Thorlabs 
photodetector (DXM30BF), that covers the emission 
wavelengths of all of our lasers, combined with an +8 dB linear 
amplifier (SHF 801 P). The slight disadvantage of this 
configuration is larger noise due to the wide sensitivity band of 
the detector. 

We have additionally compared bit error measurements for 
the present standard bit rate of 25Gbit/s in a back-to-back 
configuration and across 100 m of a novel OM5 multimode 
fiber from Corning Incorporated. The power penalty for the 
longer distance is observed to be nearly wavelength 
independent.

Fig. 7: Bit error measurement at 25 Gbit/s back-to-back (black) and across 
100 m of OM5 multimode fiber by using lasers with the emission wavelength 
850 nm, 880 nm, 910 nm, and 940 nm.

V. CONCLUSION

VCSELs for 200+ Gbit/s data transmission via multiplexing 
850 nm, 880 nm, 910 nm, 940 nm emitting VCSELs are 
presented. The large linearity of the L-I-characteristics will 
easily allow still larger data rates via, for example PAM 4. The 
HBR is as low as 240 fJ/bit. Due to the large optical power for 
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single mode emission our VCSELs are well suited for long 
distance OM5 optical fiber transmission, up to 100 m or 
beyond. 
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