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ABSTRACT

Our recent work on high speed 850 nm VCSELs and VCSEL arrays is reviewed. With a modulation bandwidth
approaching 30 GHz, our VCSELSs have enabled transmitters and links operating at data rates in excess of 70 Gbps (at
IBM) and transmission over onboard polymer waveguides at 40 Gbps (at University of Cambridge). VCSELs with an
integrated mode filter for single mode emission have enabled transmission at 25 Gbps over > 1 km of multimode fiber
and a speed-distance product of 40 Gbps-km. Dense VCSEL arrays for multicore fiber interconnects have demonstrated
240 Gbps aggregate capacity with excellent uniformity and low crosstalk between the 40 Gbps channels.
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1. INTRODUCTION

Optical interconnects (Ols) are being deployed at large scale in datacenters, supercomputers and data storage systems to
meet requirements of higher interconnect capacity, bandwidth density and energy efficiency [1,2]. VCSEL-based Ols,
using multimode fibers (MMF) or polymer waveguides as the transmission medium, are attractive as they enable the cost
and power efficiency needed for short reach inter- and intra-rack [3] and onboard interconnectivity [4].

To reach an aggregate OI capacity in the multi-Tbps range and a higher bandwidth density, lane rates are expected to
increase from today’s 25-28 Gbps to 100 Gbps (e.g. for 1.6 Tbps Ethernet) [5]. At the same time, the interconnect energy
consumption (energy consumed in driver IC + VCSEL + photodiode + receiver IC) has to be reduced from today’s 10’s
of pJ/bit to the 1 pl/bit level, also at the very high lane rates [6]. Additionally, the OI transceivers have to be able to
operate at a high ambient temperature (85°C, at least) over an extended period of time. Finally, while most of today’s
VCSEL-based interconnect cables span distances from 1 to 300 m there is a need for both longer and shorter
interconnect distances as e.g. datacenters grow in size [1] and OIs migrate closer to the onboard ASICs (embedded
optics) [2].

A significant increase of the lane rate of VCSEL-based Ols is possible with the development of higher speed
optoelectronics (VCSELs and photodiodes) and electronics (transmitter and receiver ICs) and the use of electronic
compensation techniques (e.g. pre-distortion, equalization, forward error correction) [7] and higher order modulation
formats (e.g. PAM, DMT) [8,9]. This will enable 100 Gbps transmission over a single fiber with a single core on a single
wavelength. The use of multiple (parallel) fibers will bring the aggregate Ol capacity to the 1 Tbps level. A further
increase to the 10 Tbps level is enabled by more aggressive use of spatial division multiplexing (SDM) or wavelength
division multiplexing (WDM): multiple fibers with multiple cores and a single wavelength [10] or multiple fibers with a
single core and multiple wavelengths [11]. Combining these techniques (multiple fibers with multiple cores and multiple
wavelengths) will finally bring the aggregate OI capacity to the 100 Tbps level. This is all illustrated in Fig.1. Such a
scenario calls for the development of higher speed and more energy efficient VCSELs, dense arrays of high speed
VCSELs for multicore fibers (MCFs) and multi-wavelength arrays of high speed VCSELSs.

Here we present an overview of recent work at Chalmers University of Technology to develop high speed VCSELs and
VCSEL arrays for single- and multicore fiber interconnects. The VCSELs are all GaAs-based, oxide confined VCSELs
and emit at 850 nm, the standard wavelength in existing datacom and computercom standards.
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Figure 1. Evolution of VCSEL-based Ols towards 100 Tbps aggregate capacity through higher speed optoelectronics and
electronics and the use of electronic compensation techniques, higher order modulation formats and SDM/WDM.

2. HIGH SPEED VCSELS FOR SINGLE CORE FIBER INTERCONNECTS
2.1 High speed VCSEL design

The modulation speed of a VCSEL is limited by the damping of the resonant electron-photon interaction and by effects
of self-heating and electrical parasitics [12]. Guidelines for the design of high speed VCSELs can be derived from a
simple single mode rate equation analysis, which yields the following expressions for the resonance frequency (f;) and
the damping rate (y) of the intrinsic small signal modulation response [13]:
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A large modulation bandwidth is favored by a large D-factor which enables a rapid increase of the resonance frequency
with current (I). This calls for a VCSEL design with a high internal quantum efficiency (n;), large optical confinement
factor (I'), high differential gain in the quantum wells (6g/on), small active region volume (V,) and efficient transport and
capture of carriers in the active region (y). Also, for large bandwidth, the damping of the modulation response, quantified
by the K-factor, cannot be too high. This again calls for high differential gain and efficient transport and capture of
carriers, as well as small gain compression (¢) and a short cavity photon lifetime (1p). Note, however, that these
fundamental VCSEL parameters cannot be independently optimized which calls for tradeoffs in the design.

With the modulation speed of VCSELs being largely limited by parasitics and thermal effects it is also of utmost
importance to reduce the VCSEL resistance and capacitance (which largely stems from charge stored over the oxide
layers) and to minimize heat generation (Joule heating and internal optical loss) and thermal impedance.

Our first generation (Genl) VCSELSs [14] employed strained InGaAs/AlGaAs quantum wells (QWs) for high differential
gain [15], a graded composition confinement structure for fast transport and capture of carriers in the QWs, a 31/2
optical cavity, rather simple interface grading and modulation doping schemes in the distributed Bragg reflectors (DBRs)
for low resistance and low internal optical loss, a double oxide aperture for low capacitance and a binary low index
compound (AlAs) in most of the bottom DBR for low thermal impedance. This resulted in a modulation bandwidth of
20 GHz [16] which enabled transmission up to 32 Gbps [17].
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With the speed of the Genl VCSELSs largely limited by capacitance [18], we introduced an additional four (secondary)
oxide apertures, with an aperture diameter larger than that of the two primary oxide apertures used to confine the current
and the optical fields, in the second generation (Gen2) to further reduce the oxide capacitance [19]. Additionally, after
realizing the large impact of damping on the modulation response and the bandwidth we used fine-tuning of the photon
lifetime to maximize speed [20]. This enabled a 23 GHz modulation bandwidth [21] and transmission up to 40 Gbps
[22].

In our third generation (Gen3) VCSELs [23], we reduced the length of the optical cavity to A/2 to increase the optical
confinement factor and reduce the carrier transport and capture times, which led to the use of abrupt interfaces in the
carrier confinement structure. Additionally, we used more advanced interface grading and modulation doping schemes in
the DBRs for further reductions of resistance and optical loss. The Gen3 design is shown in Fig.2. The performance of
the Gen3 VCSELSs is presented in sections 2.2 and 2.3.
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Figure 2. Left: Cross-section of the Gen3 VCSEL showing the multiple oxide apertures. Right: Longitudinal variations of
the refractive index and the optical field intensity, with inset showing a microscope image of the VCSEL chip.

Fine-tuning of the photon lifetime is achieved by precise, post-growth thinning of the top layer of the top DBR by dry
etching. With the thickness of the top layer being A/4, the phase of the reflection at the surface is in-phase with the
reflections at the DBR interfaces and the top DBR reflectivity is high, yielding photon lifetimes of 4-6 ps (depending on
DBR design). With the entire top layer removed, there is an anti-phase reflection at the surface and the top DBR
reflectivity is reduced, yielding photon lifetimes of 0.5-1 ps. Thus, large variations of photon lifetime, and therefore
damping, is achieved by precise thinning of the top layer.

All VCSELs employ a thick layer of BCB under the p-bond pad to reduce the pad capacitance.
2.2 Basic performance and impact of photon lifetime

Representative performance characteristics of the Gen3 VCSELs are shown in Fig.3 and 4 [24]. Fig.3 shows light-
current-voltage characteristics for 4 and 7 pm primary oxide aperture VCSELs. The VCSELSs are characterized by high
output power, high slope efficiency (0.75 W/A) and differential resistances of 160 and 80 Q, respectively.
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Figure 3. Output power and voltage vs. current at 25 and 85°C for Gen3 VCSELs with primary oxide aperture diameters of
4 um (left) and 7 pm (right).
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Fig.4 shows the small signal modulation response of the Gen3 VCSELs in Fig.3 [24]. The smaller aperture VCSEL
reaches a record modulation bandwidth of 28 GHz while the larger aperture VCSEL has a maximum modulation
bandwidth of 26 GHz. At a higher temperature of 85°C, the bandwidth still exceeds 20 GHz for both VCSELs.
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Figure 4. Small signal modulation response at different bias currents and at 25 and 85°C for Gen3 VCSELs with primary
oxide aperture diameters of 4 um (left) and 7 pm (right).

The photon lifetime has large impact on both static and dynamic VCSEL characteristics. Fig.5 shows the results from a
study of the dependence of the light-current characteristics and the small signal modulation response on photon lifetime
for a series of Gen2 VCSELs with photon lifetimes from 1.2 to 6.4 ps and corresponding K-factors from 0.14 to 0.35 ns
[20]. The increase of slope efficiency with reduced photon lifetime is beneficial for large signal modulation as the optical
modulation amplitude is increased at a given modulation current. The modulation response reveals a rapid increase of the
modulation bandwidth from 15 to 23 GHz as the photon lifetime is reduced from 6.4 to 3.3 ps. A further reduction of
photon lifetime results in a reduction of the bandwidth. This is a result of a tradeoff between resonance frequency and
damping rate.
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Figure 5. Output power vs. current (upper) and small signal modulation response at different bias currents (lower) for Gen2
VCSELs with different photon lifetimes.

While there is a certain, design dependent photon lifetime that maximizes the modulation bandwidth, it is not clear
whether this photon lifetime is the optimum for large signal modulation and data transmission as a less damped VCSEL
not only exhibits faster rise and fall times but also stronger relaxation oscillations. The dependence of large signal NRZ
modulation on damping is illustrated in Fig.6 for another set of Gen2 VCSELs with K-factors from 0.1 to 0.4 ns [25].
Large damping (K = 0.4 ns) results in vertical eye closure due to lower slope efficiency and increased intersymbol
interference due to slower rise and fall times while small damping (K = 0.1 ns) results in horizontal eye closure due to
excessive data dependent timing jitter caused by the relaxation oscillations. The optimum damping, and thus the
optimum photon lifetime, therefore depends on the bit rate, with more damping affordable at low bit rates and less
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damping needed at high bit rates. This was confirmed by measurements of the receiver sensitivity required for error-free
transmission at different bit rates for VCSELs with different K-factors [25].

K=0.4ns

G sap e Gl e 5h e uo,

10 Gbit/s

40 Gbit/s

A

[

K=0.3ns K=0.2ns K=0.1ns

L gw o s low e 3 mamonn) | H b oo ap e b e s semeosl | e G ap e Gl s bp  memonn |

!m:‘..,,._” S| YU | | P GO 9 T | QB 9T TSR | | St 90 . " xrin | e Gpe |

oy gea e e G Mo sb wesesa | F0b Do Sap waue Gla Mo sb  mimene | 3 b s |

'mm,. BN P TS | IOV B | 00 T o | S RIE) DASE | MO SO | 00 BT | UM 9T TAER, | o) S

Figure 6. Eye diagrams recorded at 10 and 40 Gbps for Gen2 VCSELs with K-factors from 0.1 to 0.4 ns.

2.3 Data transmission

With the VCSEL bandwidth approaching 30 GHz, optical link performance is to a large extent also limited by the
performance of the optical receiver and the electronics used to drive the VCSEL and receive the signal from the
photodiode. The dependence on optical receiver performance and design is illustrated by the transmission experiments in
Fig.7 and 8 where 7-8 um aperture Gen3 VCSELs were used. In Fig.7, a limiting optical receiver with a bandwidth of
30 GHz is used to achieve error-free transmission at 40 Gbps up to 85°C and at 47 Gbps at 25°C [26]. In Fig.8, a linear
optical receiver with a bandwidth of only 22 GHz is used to achieve transmission up to 57 Gbps at 25°C [27].
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Figure 7. Results from high bit rate MMF transmission using a 30 GHz limiting optical receiver. Left: BER vs. received
optical power at 40 and 47 Gbps. Right: Corresponding received eyes at BER = 10712,
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Figure 8. Results from high bit rate MMF transmission using a 22 GHz linear optical receiver. Left: BER vs. received
optical power at 50, 55 and 57 Gbps. Right: Corresponding received eyes at BER = 10712,
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A significant increase of the lane rate can also be achieved through the use of driver and receiver electronics designed to
mitigate bandwidth limitations imposed by the optoelectronics (VCSEL and photodiode) and the optical fiber [7]. Recent
work at IBM, using a 5 pm aperture Gen3 VCSEL, a 30+ GHz photodiode and 130 nm SiGe BiCMOS drivers and
receiver amplifiers with two-tap linear feed forward equalization, has demonstrated error-free transmission over 7 m of
MMF fiber at bit rates up 71 Gbps [28]. This is the highest bit rate of any optical link using a directly NRZ modulated
semiconductor laser. IBM also demonstrated transmission at bit rates up to 50 Gbps with the transmitter held at a
temperature of 90°C [29].

Polymer waveguides are promising for use in board-level interconnections as they can be directly integrated onto printed
circuit boards [4]. Recent work at University of Cambridge, using a 9 pm aperture Gen3 VCSEL, has demonstrated
error-free transmission over a 1 m long multimode polymer waveguide at a bit rate of 40 Gbps [30]. This represents a
record speed-distance product of 40 Gbps-m for an onboard optical interconnect and is enabled by the high optical power
and high slope efficiency of the high speed VCSEL as the power budget, rather than the link bandwidth, limits
performance due to the relatively large waveguide loss (0.04 dB/cm) and the long, backplane compatible waveguide.

2.4 High speed VCSELSs for extended reach

The transmission distance for an optical link with a multimode VCSEL and a high modal bandwidth MMF (e.g. OM4) is
limited by chromatic dispersion in the optical fiber. Therefore, extended reach can be achieved by reducing the spectral
width of the VCSEL, i.e. using single or quasi-single mode VCSELs [31].

By reducing the diameter of the primary oxide apertures of a Gen2 VCSEL to 3 um, we have previously demonstrated
transmission over 1100 m of MMF at 20 Gbps and over 500 m at 25 Gbps [32]. This VCSEL is quasi-single mode with a
spectral rms width of 0.3 nm. However, the small oxide aperture leads to high current density and high differential
resistance, and therefore a high internal temperature, which may compromise the long term reliability. We have therefore
developed a new design where single mode emission is achieved with a larger oxide aperture (6 um) by the integration
of a 3 um diameter transverse mode filter (Fig.9) [33]. The mode selective loss provided by the mode filter results in
>30 dB suppression of higher order modes and a spectral rms width of 0.25 nm. This VCSEL has enabled transmission
over 1300 m of MMF at 25 Gbps and over 2000 m at 20 Gbps. The latter represents a record speed-distance product for
VCSEL-MMF links of 40 Gbps-km [34].
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Figure 9. Left: High speed VCSEL with an integrated transverse mode filter for single mode emission. Middle and right:
BER vs. received optical power at 20 and 25 Gbps at different MMF transmission distances. The insets show the received
eyes.

3. HIGH SPEED VCSEL ARRAYS FOR MULTICORE FIBER INTERCONNECTS

A promising solution for higher aggregate OI capacity and bandwidth density is the use of MCFs [10]. For this purpose
we have designed and fabricated dense 6-channel VCSEL arrays, matching the outer six cores of a seven-core MCF with
26 um diameter graded index multimode cores and a 39 um core-to-core spacing [10]. Our VCSEL array design aims at
a channel speed of 40 Gbps for an aggregate capacity of 240 Gbps with sufficiently low levels of inter-channel RF,
optical and thermal crosstalk.
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3.1 VCSEL array design and fabrication

Microscope images of the VCSEL array are shown in Fig.10. The six VCSELs are uniformly distributed on a circle with
a radius of 39 um, yielding a VCSEL center-to-center distance of 39 pm to match the outer cores of the MCF. The Gen3
epitaxial VCSEL material was used for array fabrication. Fabrication starts with etching of top mesas and selective
oxidation to form 8 um diameter apertures in the primary oxide layers of each VCSEL. A common cathode is created by
etching a large bottom mesa to the n-contact layer. The array is planarized with BCB and contacts, transmission lines and
bond pads are finally deposited. Each VCSEL in the array has a ground-signal-ground contact for high frequency
probing.

As a post-fabrication step, the top layer of the top DBR was thinned to adjust the photon lifetime [20], and therefore the
damping, for a flat and high bandwidth modulation response suitable for high speed data transmission.
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Figure 10. Left: Microscope image of the 6-channel VCSEL array (chip size: 720 x 420 um?). Right: Close-up of the central
region of the array showing the six VCSELs and the common bottom mesa (cathode) configuration.

3.2 Performance and array uniformity

Fig.11 shows the light-current-voltage characteristics for the individual VCSELs in the array and the variations of
threshold current and differential resistance (at 6 mA, the bias current used for data transmission) among the VCSELs
[35]. The performance is uniform over the array with high slope efficiency (0.7 W/A at 25°C) and a power variation
<0.5 dB over the entire current range, regardless of temperature.

Thermal crosstalk was measured by monitoring the temperature of an individual VCSEL (through spectral
measurements) while increasing the current of all other VCSELs to 6 mA. The increase of temperature was less than 5°C
and, therefore, the thermal crosstalk is relatively small.

10 : ! . 10 1.6
—~Ch1 14| d
1 85°C @------ 123 E cl 8 a
—Ch2 — 12} ]
| <
8 R |
_£ 08l 25°Co o ———o o ]
s 6 = 0.6¢ 1
E @ 0.4 . . . . . .
5 = Ch1 Ch2 Ch3 Ch4 Ch5 Che6
2 = 90 ! ! ! ! : :
S 4 L —
o g 85} g
25°C
T g0l \e—/\ i
12 e °
© 75} 85°CE-——__ 8 e a_ i
© ol . = e :
S/ o
O‘// il L 1 1 1 1 1 1 1 8 65 \ | | L L 1
0 2 4 6 8 10 12 14 16 18 2 Ch1 Ch2 Ch3 Ch4 Ch5 Ché6
Current (mA) Channel #

Figure 11. Left: Output power and voltage vs. current at 25 and 85°C for all six VCSELSs in the array. Right: Uniformity of
threshold current (upper) and differential resistance (lower) over the array.
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Fig.12 shows the small signal modulation response at 25°C for the channel 1 VCSEL at different bias currents [35]. The
maximum 3 dB bandwidth for all VCSELs at 25 and 85°C is shown in the inset. Again, the performance is uniform
across the array with a bandwidth >21 GHz at 25°C and >19 GHz at 85°C.
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Figure 12. Small signal modulation response at different bias currents for the channel 1 VCSEL at 25°C (upper) and 85°C
(lower). The insets shows the uniformity of the maximum modulation bandwidth over the array.

The frequency dependent RF crosstalk between pairs of VCSELs in the array was investigated using S-parameter
measurements. The crosstalk was found to be largest between nearest neighbor VCSELs and was measured to be
<-35 dB at 20 GHz and < -33 dB at 40 GHz. This level of crosstalk should have no impact on the signal quality.

The performance of individual channels and the uniformity over the array under large signal modulation were
investigated using a standard single core MMF (50 um core) to connect the VCSELs one by one to a 22 GHz linear
optical receiver [35]. Measurements were conducted at 25 and 40 Gbps and 25 and 85°C. The bias currents were 6 mA,
except at 40 Gbps and 85°C where they were set to 8 mA. Fig.13 shows eye diagrams of the received signal captured at
both bit rates and temperatures. Open eyes and excellent uniformity over the arrays are observed under all conditions.
Fig.13 also shows the measured bit-error-rate (BER) vs. optical modulation amplitude (OMA) for all channels at both
data rates and temperatures. The performance is again uniform among the channels with an OMA penalty of 0.5 dB and
2-3 dB when increasing the temperature from 25 to 85°C at 25 and 40 Gbps, respectively.
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Figure 13. Data transmission on individual channels using a standard SCF. Left: Received eyes at BER = 107! for all six
channels at 25 and 40 Gbps and 25 and 85°C. Right: Corresponding measurements of BER vs. OMA for all channels.
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3.3 Multicore fiber transmission and crosstalk

Optical crosstalk was studied by butt-coupling and aligning a MCF to the VCSEL array. With one of the VCSELs biased
at 6 mA, the optical power was measured in the other cores of the MCF. The crosstalk was found to be < -20 dB, which
is also not expected to have an impact on the signal quality.

Transmission experiments were also conducted with the MCF butt-coupled and aligned to the VCSEL array to study the
effects of crosstalk between channels. While transmitting data on one of the channels, asynchronous data was
simultaneously transmitted on the two nearest neighbor channels (aggressors). Fig.14 shows the measured BER vs. OMA
at bit rates of 25 and 40 Gbps, with and without aggressors. No crosstalk penalty is observed, as expected from the low
levels of measured optical and RF crosstalk.
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Figure 14. Data transmission over the MCF. Left: BER vs. OMA for channel 2 at 25°C at 25 and 40 Gbps with (red) and
without (blue) aggressors on the neighboring channels 1 and 3. Right: Corresponding received eyes at BER = 10712,

4. SUMMARY

Oxide confined 850 nm VCSELs operating at high speed have been realized using optimized active region and cavity
designs, as well as techniques for reducing capacitance and thermal impedance. Investigations of the impact of damping
on the small and large signal VCSEL dynamics show that damping has a major impact on the modulation response.
While a reduction of damping allows for a small signal modulation bandwidth approaching 30 GHz, it is found that the
optimum damping under large signal modulation and data transmission is bit rate dependent. Transmission at data rates
up to 47 and 57 Gbps was achieved with limiting and linear optical receivers, respectively. Our VCSELs have also
enabled the assembly of equalized transmitters and links operating at 71 Gbps (at IBM) and transmission over onboard
polymer waveguides at 40 Gbps (at University of Cambridge).

To enable transmission over long distances of MMF we use an integrated mode filter for single mode emission, thereby
mitigating the effects of chromatic dispersion in the fiber. Such VCSELs have enabled transmission at 25 Gbps over
1300 m of MMF and at 20 Gbps over 2000 m. The latter represents a record bandwidth-distance product of 40 Gbps-km.

To enable high bandwidth density interconnects using MCFs, we have developed dense 6-channel VCSEL arrays with
each VCSEL operating up to a bit rate of 40 Gbps. The arrays have an aggregate capacity of 240 Gbps and show
excellent uniformity. An investigation of RF, optical and thermal crosstalk between the channels revealed very low
levels of crosstalk.
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