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Reach extension of high capacity optical interconnects based on vertical-cavity surface-emitting lasers (VCSELSs)
and multimode fibers (MMFs), as needed for large-scale data centers, would benefit from high-speed GaAs-based
VCSELs at 1060 nm. At this wavelength, the chromatic dispersion and attenuation of the optical fiber are much
reduced in comparison with 850 nm. We present single and multimode 1060 nm VCSELs based on designs de-
rived partly from our high-speed 850 nm VCSEL designs. The single-mode VCSEL, with a modulation bandwidth

exceeding 22 GHz, supports back-to-back data rates up to 50 Gbps at 25 °C and 40 Gbps at 85 °C under binary
NRZ (OOK) modulation. Using mode-selective launch, we demonstrate error-free 25 Gbps transmission over
1000 m of 1060 nm optimized MMF. Higher data rates and/or longer distances will be possible with equaliza-
tion, forward-error-correction, and/or multilevel modulation.

1. Introduction

The short-reach optical interconnects used in data centers are
dominated by 850 nm vertical-cavity surface-emitting laser (VCSEL)
and multimode fiber (MMF) links with reach up to ~100 m at high data
rates (i.e. 25-28 Gbps OOK and 50-56 Gbps PAM-4) when employing
OM4 MMF [1,2]. The VCSEL-MMF technology is the most cost-efficient
due to low VCSEL manufacturing and packaging costs enabled by
wafer-scale testing and screening, the self-hermeticity of the VCSEL, the
large alignment tolerance to the MMF, and the use of plastic coupling
optics. VCSELs also offer the high energy efficiency and small footprint
needed for low power consumption and high bandwidth density.

With data centers growing in size, there is a need for optical in-
terconnects with a reach beyond 1 km. At 850 nm, the fiber chromatic
dispersion is as high as —85 ps/nm/km [3]. Therefore, the reach of
850 nm VCSEL-MMF links with multimode VCSELs and high modal
bandwidth OM4 fiber is limited by chromatic dispersion at high data
rates. It has been shown that the impact of chromatic dispersion can be
mitigated using MMF exhibiting modal-chromatic dispersion compen-
sation properties or single-mode VCSELs with a narrow spectral width.
The former has enabled 56 Gbps PAM-4 over 200 m OM4 fiber using
equalization and forward-error-correction (FEC) [4]. The latter has
enabled, for instance, 25 Gbps OOK over 1300 m OM4 fiber without
equalization or FEC [5], 54 Gbps OOK over 2200 m OM4 fiber with
equalization and FEC [6], 49 Gbps transmission over 2200 m OM4 fiber
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using DMT modulation and FEC [7], and 135 Gbps DMT over 550 m
OM4 fiber with equalization and FEC [8]. Single-mode VCSELSs reduce
not only the impact of chromatic dispersion but also the impact of
modal dispersion through selective launch into specific modes groups of
the MMF, but at the cost of a higher required alignment precision. More
limited reach extension at high data rates has been demonstrated with
multimode VCSELs by improving VCSEL parameters such as modula-
tion bandwidth, rise and fall times, and intensity noise, and using
techniques such as pre-emphasis, equalization, and advanced modula-
tion formats. This includes 60 Gbps OOK over 107 m OM3 fiber using
equalization (no FEC) [9], 64 Gbps PAM-4 over 2000 m OM4 fiber using
equalization and FEC [10], and 100 (70) Gbps duobinary PAM-4 over
300 (500) m OM4 fiber with equalization and FEC [11]. In addition,
shortwave wavelength division multiplexing with 4 channels (SWDM4)
has demonstrated 212 Gbps (4 x 53 Gbps PAM-4) and 400 Gbps
(4 x 100 Gbps PAM-4) over 300 and 105m of wideband-MMF, re-
spectively, both using equalization and FEC [12,13], and 176 Gbps
(4 X 44 Gbps OOK) over 100 m OM4 fiber using equalization but no
FEC [14]. In many of these links, heavy use of FEC and other forms of
digital signal processing (DSP) is needed to mitigate impairments
caused by the limited bandwidth and nonlinear response of the VCSEL,
and the fiber modal and chromatic dispersion. This leads to increased
complexity, latency, and power consumption. In addition, at 850 nm,
fiber attenuation exceeds 2dB/km [3], which is demanding for the
power budget when attempting to increase the reach beyond 1 km at
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Fig. 1. (a) Cross-sectional view to illustrate the mul-
tiple oxide apertures (2 primary and 4 secondary) used
for confinement and capacitance reduction. (b)
Positioning of oxide apertures relative the active re-
gion for designs D1 and D2. (c¢) Microscope top image
showing the emission aperture and the ground-signal-
ground contact pads.
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Table 1

Summary of basic static and dynamic performance parameters at low (25 °C) and high
(85 °C) temperature.

Design D1 D2

Aperture diameter (um) 7 4

Temperature (°C) 25 85 25 85
Threshold current (mA) 0.65 1.06 0.19 0.34
Slope efficiency (W/A) 0.48 0.41 0.44 0.36
Differential resistance (€2) 80 920 250 270
Modulation bandwidth (GHz) 19.9 15.0 22.3 15.6
D (GHz/mA'/?) 8.2 6.4 17.6 13.7
K (ns) 0.22 0.29 0.16 0.22
f, (GHz) 12.5 11.5 11.5 8.8

high data rates, especially for lower power single-mode VCSELs.

Clearly, extending reach would benefit from improved fiber per-
formance to enable system implementations with simple modulation
formats and a minimum of DSP. The fiber performance in terms of
chromatic dispersion and attenuation improves at longer wavelengths
[3]. The ideal wavelength is 1310 nm where chromatic dispersion is
near zero and attenuation of MMF is only ~ 0.4 dB/km. However, the
GaAs-based VCSEL technology, which is superior to the InP-based in
terms of speed, efficiency, manufacturability, and cost-efficiency, can
only be extended to ~1100nm using conventional compound semi-
conductors without compromising reliability [15]. This has created an
interest in GaAs-based VCSELs at wavelengths just below 1100 nm
where the fiber chromatic dispersion is —30 ps/nm/km and attenua-
tion is below 1 dB/km [3]. These are large improvements with respect
to 850 nm. For MMF, the refractive index profile must also be optimized
to minimize the differential mode delay for high modal bandwidth at
the operating wavelength. For instance, when moving from 850 to
1060 nm, the alpha-value of the graded index MMF has to be reduced
from ~2.10 to ~2.06 [3].

The first reports on near 1100 nm VCSELs came from NEC. Using
strained InGaAs/GaAs quantum wells (QWs) with doped barriers for
high differential gain and reduced gain compression, and implantation
to reduce capacitance, oxide-confined multimode VCSELs at 1090 nm

37

with a modulation bandwidth of 20 GHz and transmission capacity of
25 Gbps OOK were demonstrated in 2006 [16]. With strained InGaAs/
GaAsP QWs, the high temperature performance was improved and
25 Gbps OOK data transmission at 100 °C was demonstrated [15]. The
oxide aperture was also replaced by a buried-tunnel junction, which
allows for current injection through an intra-cavity n-GaAs layer for low
resistance [17]. With a bandwidth of 24 GHz, this VCSEL enabled data
transmission at 40 Gbps OOK [18]. Work on 1060 nm VCSELs has been
conducted at UC Santa Barbara. Using strained InGaAs/GaAs QWs with
doped barriers and multiple oxide apertures for low capacitance,
bottom-emitting VCSELs with a bandwidth of 18 GHz and operation at
25 Gbps OOK [19] were demonstrated. The data rate was extended to
30 Gbps using pre-emphasis and FEC [20]. However, most of the work
on 1060 nm VCSELs has been conducted by Furukawa [21]. Using
double intra-cavity contacts and a dielectric top distributed Bragg re-
flector (DBR), low-resistance high-efficiency oxide-confined VCSELs
with a modulation bandwidth of 20 GHz were demonstrated. This en-
abled transmission at 25 and 28 Gbps OOK over 1000 and 500 m of
1060 nm optimized MMF, respectively [22-24]. With VCSELs from
Furukawa, Georgia Tech demonstrated 50 Gbps PAM-4 transmission
over 310 m of wideband MMF using pre-emphasis and FEC [25]. Fi-
nally, Hewlett Packard Labs have demonstrated 990-1065nm oxide-
confined, bottom emitting, and lens-integrated VCSELs with strain-
compensated InGaAs/GaAsP QWs and transmission at 25 Gbps OOK
over 75m of OM3 fiber [26]. They also recently demonstrated 25 Gbps
OOK and 50 Gbps PAM-4 transmission over 2000 m of standard single-
mode fiber using a single-mode version of the 1065 nm VCSEL [27].

At the somewhat shorter wavelength of 980 nm, where the im-
provements of fiber chromatic dispersion and attenuation are not as
large, very small aperture oxide-confined VCSELs with a modulation
bandwidth exceeding 30 GHz were demonstrated recently [28]. With a
larger aperture size, data transmission at 50 Gbps up to 75°C was
achieved [29].

In the following, we present the design and performance of our
recently developed 1060 nm VCSELs, as well as results from pre-
liminary data transmission experiments using a prototype 1060 nm
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Fig. 2. Steady-state characteristics for a D1-VCSEL with a 7 um oxide aperture at 25 and
85 °C. (a) Output power and voltage vs. current. (b) Emission spectra.

optimized MMF designed and manufactured by Corning. The VCSEL
designs and fabrication are presented in Section 2 and their basic static
and dynamic performance characteristics are presented in Section 3.
Section 4 is devoted to the data transmission experiments and a sum-
mary and outlook is presented in Section 5.

2. VCSEL design and fabrication

The GaAs-based 1060 nm VCSEL designs are derived from our pre-
vious all-semiconductor 850 nm designs, which have enabled up to
30 GHz modulation bandwidth [30,31]. Two designs, referred to as D1
and D2, have been developed. They have the following in common with
the 850 nm designs. For high longitudinal optical confinement, we use a
short half-wavelength-thick cavity. For low resistance and low internal
optical loss, we use modulation doping and graded composition inter-
faces in the DBRs. Parabolic interface grading is used in the top p-DBR
while step-grading is used in the bottom n-DBR. In both DBRs, the
average doping level is reduced towards the center of the cavity to
minimize loss due to free-carrier absorption and minimize the re-
sistance-loss product [32]. The first 24 pairs in the bottom DBR are
made of AlAs/GaAs to reduce the thermal impedance. All other mirror
pairs are made of AlyoGag1As/GaAs. Multiple oxide apertures are
placed in the p-DBR just above the active region (Fig. 1). The two
primary oxide apertures provide transverse optical and current con-
finement, while the four secondary reduce the capacitance associated
with charge stored over the oxide layers.

With respect to the 850nm VCSEL designs, a number of
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Fig. 3. Steady-state characteristics for a D2-VCSEL with a 4 um oxide aperture at 25 and
85 °C. (a) Output power and voltage vs. current. (b) Emission spectra.

modifications were implemented. In the active region, we use three
partially strain-compensated InGaAs/GaAsP quantum wells (QWs),
with net compressive strain, rather than the five InGaAs/GaAs QWs
used in the 850 nm designs. In design D1, both the Alg 9sGag g2As pri-
mary and the Alg 9¢Gag.04As secondary oxide layers are 30 nm thick, as
in the 850 nm designs. However, the Al-content in the AlGaAs layers
neighboring the primary oxide layers is reduced to reduce the rate of
vertical oxidation into these layers to form oxide apertures with long
tapers [33]. This, together with positioning the primary oxide apertures
at optical field nodes, reduces the strength of the transverse index
guiding. In design D2, we also reduced the thickness of the primary
oxide layers to 20 nm to further reduce guiding. The cold-cavity ef-
fective index difference between the oxidized and non-oxidized parts of
the cavity, calculated using an effective index model [34], is 0.00165
for D1 and only 0.000654 for D2. The weak guiding is used to reduce
the number of active transverse modes, thereby reducing the spectral
width and beam divergence. It also enables the fabrication of single-
mode VCSELs with relatively large oxide apertures. A drawback of the
thinner oxide layers is an increased oxide capacitance. Finally, designs
D1 and D2 differ in the positioning of the first primary oxide aperture
with respect to the active region (Fig. 1). In D1, it is at a relatively large
distance of 177 nm from the active region while in D2 it is much closer,
at a distance of only 19nm. This suppresses transverse current
spreading which improves the transverse confinement of carriers and
optical gain. This leads to the gain being more mode selective, which
favors the fundamental LP,y, mode.

A general difference between VCSELs at 850 and 1060 nm is the
higher internal optical loss at longer wavelengths due to the quadratic
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Fig. 4. Small signal modulation response at different bias currents for the multimode D1-
VCSEL (7 um oxide aperture) at (a) 25 °C and (b) 85 °C.

dependence of free-carrier absorption on wavelength [35]. With similar
designs, VCSELs at 1060 nm therefore have lower slope efficiency and
power efficiency. Since absorption generates heat, it also reduces the
thermal rollover current and the maximum output power.

The epitaxial structures were grown by metal-organic chemical
vapor deposition on an undoped GaAs substrate. Standard fabrication
techniques were used for mesa etching, deposition and etching of di-
electrics, deposition of contact and pad metals, and selective oxidation.
A thick layer of benzocyclobutene (BCB) was used under the p-bondpad
to reduce the pad capacitance. The diameter of the top mesa was varied
from 15 to 21 um to have VCSELs with different oxide aperture dia-
meter from a single oxidation. Since the thickness of the topmost layer
of the top DBR has a large impact on the cavity photon lifetime and
therefore the VCSEL dynamics, it was carefully adjusted by dry etching
for a damped high-bandwidth modulation response [36]. A microscope
image of a fabricated VCSEL is shown in Fig. 1.

3. VCSEL performance

For both designs, VCSELs with an aperture size in the range 3-7 um
were characterized. D2 is particularly useful for the fabrication of
single-mode VCSELs as it has the weakest transverse guiding and the
most strongly confined gain. In the following, we therefore present
results from measurements on one VCSEL from design D1: a 7 um
aperture multimode VCSEL, and one VCSEL from design D2: a 4 um
aperture single-mode VCSEL. For convenience, basic static and dynamic
performance parameters at 25 and 85 °C are summarized in Table 1.
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Fig. 5. Small signal modulation response at different bias currents for the single-mode
D2-VCSEL (4 um oxide aperture) at (a) 25 °C and (b) 85 °C.

For all VCSELs, the thickness of the topmost layer of the top DBR
was adjusted to set the cavity photon lifetime to ~4 ps at room tem-
perature. This should yield a high-bandwidth critically damped mod-
ulation response to suppress overshoot and ringing under large signal
modulation and reduce inter-symbol interference when transmitting
data [37]. From calculations of DBR transmission losses using a transfer
matrix model and the internal optical loss using the effective index
model, we estimate a slope efficiency of ~0.45W/A at 4 ps photon
lifetime and used this as a target performance parameters when ad-
justing the thickness of the top layer.

3.1. Steady-state characteristics

The measured output power and voltage vs. current and emission
spectra are shown in Figs. 2 and 3. When comparing VCSELs with the
same aperture size, the threshold currents for VCSELs from design D2
were consistently lower due to the stronger transverse current con-
finement and therefore less transverse current spreading and leakage.
The VCSELs have a room temperature slope efficiency close to the
target value of 0.45 W/A. The differential resistance, measured at half
the rollover current, is similar to that of our 850 nm VCSELs and scales
rapidly with aperture size for small apertures.

The emission spectra show that the 4 pm D2-VCSEL is strongly
single-mode with > 50 dB suppression of higher order modes at all
currents and temperatures. This is due to the weak guiding and strong
confinement which enables single-mode operation with a relatively
large aperture and therefore low resistance (~250 Q).
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Fig. 6. Large signal modulation response for the multimode D1-VCSEL (7 pm oxide
aperture) under OOK NRZ modulation at different bit rates and temperatures. (a) Eye
diagrams of the received signals. (b) BER vs. received optical power. The modulation
voltage is 800 mV. Bias currents are 11 mA at 25 °C and 9.5 mA at 85 °C.

3.2. Small-signal modulation

The small-signal modulation response (|S,;|) was measured using a
28 GHz photodetector (Picometrix DG32-xr) and a 67 GHz vector net-
work analyzer (Rohde & Schwartz ZVA) with the light from the VCSEL
coupled to a short OM4 fiber. The results are shown in Figs. 4 and 5. At
room temperature, the smaller size single-mode (D2) VCSEL reaches a
bandwidth of 22 GHz while the larger size multimode (D1) VCSEL has a
slightly lower bandwidth. At 85°C, the modulation bandwidths are
reduced by a few GHz. Both VCSELs reach maximum bandwidth at a
bias current approximately half the rollover current. At this current, the
modulation response is damped and relatively flat.

The conventional three-pole transfer function was fitted to the
measured modulation response to extract D- and K-factors and the
parasitic pole frequencies (f,) [31]. Numbers are listed in Table 1.
Compared to the 850 nm VCSELs, the 1060 nm VCSELs have a few GHz
lower bandwidth, which is due to the use of thinner oxide layers with
higher capacitance. This conclusion is supported by the extracted
parasitic pole frequencies being a few GHz lower.

3.3. Large-signal modulation

The large-signal modulation response was assessed by back-to-back
OOK data transmission over a short OM4 fiber. Data (NRZ PRBS-7 with
800-1000 mV peak-to-peak amplitude) was generated using a pattern
generator (SHF 12103A) and a 55 GHz amplifier (SHF 804 TL) to drive
the VCSEL. After a variable optical attenuator, the optical signal was
detected by a 30 GHz linear optical receiver (Picometrix PT-28B) and
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Fig. 7. Large signal modulation response for a single-mode D2-VCSEL (4 um oxide
aperture) under OOK NRZ modulation at different bit rates and temperatures. (a) Eye
diagrams of the received signals. (b) BER vs. received optical power. The modulation
voltage is 1000 mV. Bias currents are 2.5mA at 25 °C and 3.5 mA at 85 °C.

—<&— PRBS-15, 10 Gb/s
—— PRBS-15, 20 Gb/s
—&A— PRBS-15, 25 Gb/s
—#— PRBS-7, 25 Gb/s

ST

efa%e
e

Fig. 8. Results from data transmission over 1000 m of 1060 nm optimized MMF, showing
BER vs. received optical power for bit-rates of 10, 20, and 25 Gbps at PRBS-15 (25 Gbps is
also shown at PRBS-7). Eye-diagrams are shown to the right.
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analyzed using an error analyzer (SHF 1110B) to determine the bit-
error-ratio (BER). Eye diagrams of the received signals were recorded
using a 70GHz equivalent time sampling oscilloscope (Agilent
86100C). The results are shown in Figs. 6 and 7.

At room temperature, both VCSELs show the response of a close to
critically damped system, as revealed by the linear optical receiver. At
the higher temperature, there is a tendency for more overshoot and
ringing. This is due to the resonance frequency being reduced with
temperature, which results in a somewhat less damped modulation
response (Figs. 4 and 5).

With the larger size multimode D1-VCSEL, we could transmit data
error-free (BER < 10~ '2) up to 40 Gbps at 25 °C and 35 Gbps at 85 °C.
With the strongly single-mode D2-VCSEL, we could transmit data up to
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bit-rates as high as 50 Gbps at 25 °C and 40 Gbps at 85 °C. These are the
highest data rates reported for 1060 nm VCSELs. The D2 single-mode
VCSEL is also energy efficient, with energy dissipation of only 100 fJ/
bit at 50 Gbps and only 2.5mA of bias current, which is on par with
state-of-the-art at 850 nm [38]. At this low energy dissipation, the
power consumption of the interconnect will be dominated by the power
consumption of the electronics [9].

4. Long-reach VCSEL-MMF links
4.1. 1060 nm optimized multimode fiber

For the transmission experiments, we used a prototype MMF fabri-
cated at Corning. The graded-index fiber has a 50 um diameter core
with an alpha-value of ~2.06 to minimize the differential mode delay
and maximize the modal bandwidth at 1060 nm. The modal bandwidth,
measured using an encircled flux launch [39], is > 5 GHz'km at this
wavelength. Chromatic dispersion and attenuation are about —-33 ps/
nm/km and 0.95 dB/km, respectively.

4.2. Data transmission

In the first preliminary transmission experiment, we used the single-
mode VCSEL, which reduces the impact of chromatic dispersion by its
narrow spectral width and the impact of modal dispersion by mode-
selective launch. To launch into the lowest order mode group of the
fiber, the VCSEL near-field was projected on the center of the fiber end-
face using an anti-reflection coated lens system with a magnification to
produce an illumination spot with a size similar to the size of the fun-
damental mode of the MMF. The fiber was also held at a slight angle to
eliminate optical feedback to the VCSEL. No optical isolator was used.
Otherwise, the equipment was the same as used for the back-to-back
large-signal modulation experiments (Section 3.3).

Fig. 8 shows the results from binary NRZ (OOK) transmission over
1000 m of MMF without equalization or FEC. The VCSEL was biased at
4mA and we used both PRBS-7 and PRBS-15 to investigate penalties
associated with the pattern length. The highest data rate is 25 Gbps
where error-free transmission is achieved with —4 dBm of average
power (PRBS-15). A penalty of 1.5dB was observed when increasing
the pattern length from PRBS-7 to PRBS-15. Measurements were also
performed with PRBS-31, with no further penalty observed. We expect
significantly higher data rates and/or longer transmission distances
with equalization, FEC, and/or multilevel modulation.

Finally, a preliminary investigation of the impact of VCSEL-to-MMF
misalignment has indicated an approximate + 5um tolerance to
achieve 25 Gbps error-free transmission over 1000 m MMF. The results
from a more extensive investigation will be presented elsewhere.

5. Summary and outlook

We have demonstrated a new generation of high-speed oxide-con-
fined 1060nm single and multimode VCSELs for extended reach
VCSEL-MMF optical interconnects. Two different designs were pre-
sented, where one promotes single-mode emission with a relatively
large oxide aperture through weak transverse optical guiding and
strong transverse confinement of optical gain. A single-mode VCSEL
from this design was shown to support data rates up to 50 Gbps while a
multimode VCSEL from the other design supports data rates up to
40 Gbps. Using mode-selective launch, we demonstrated error-free
25 Gbps transmission over 1000 m of 1060 nm optimized MMF with the
single-mode VCSEL.

Further work, aiming at increasing both the data rate and the
transmission distance, involves not only the development of VCSEL
designs for higher modulation bandwidth but also investigations of the
impact of launch conditions with both single and multimode VCSELs.
The associated alignment tolerances should be quantified. Higher-order
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modulation formats, pre-emphasis, pulse shaping, equalization, FEC,
etc. are also techniques that should be implemented to reach high data
rates (e.g. 50 Gbps) over 2km MMF as needed in mega-data centers
[40].
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