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Abstract— By combing Zn-diffusion and oxide-relief apertures (a)

with strong detuning (> 20 nm) in our demonstrated short-cavity
(A/2) 850nm vertical-cavity surface-emitting lasers (VCSELS),
wide electrical-to-optical bandwidth (29-24 GHz), low differential
resistance (~100 Q), and (quasi) single-mode (SM) with reasonable
output power (~1.4 mW) performances can be simultaneously
achieved. Error-free on-off keying transmission at 54 Ghit/sec
data rate through 1 km OM4 multi-mode fiber (MMF) can be
achieved by using highly SM device with forward error correction
and decision feedback equalization techniques. As compared to the
reference device with a larger oxide-relief aperture and multi-
mode performance, the SM device exhibits lower bit-error-rate
(1 x 1075 vs. 1 x 1072) at 54 Gbit/sec. This result indicates that
modal dispersion plays more important role in transmission than
that of output power does. We benchmark these results to an
industrial 50 Gbit/sec SM VCSEL. It shows a higher bit-error-rate
value ~3.5x 1073 vs. ~1.4 x 10™* under the same received
optical power.
Keywords: Semiconductor lasers, Vertical cavity surface emitting lasers

l. INTRODUCTION

Vertical-cavity surface-emitting lasers (VCSELs) with
central wavelength at 850 nm has become the most important
light source in the booming market of short-reach (< 300 meters)
optical interconnect (OI) [1]. The next generation interconnect
framework has been targeted at data rate per channel as high as
56 Gbit/sec (CEI (Common Electrical Interface)-56G) [2] with
the total data rate up to 400 Gbit/sec. To further boost the
modulation speed and reduce the energy consumption of the
high-reliable VCSELSs has thus become a major challenge for
such application. Recently, by using highly strained active
layer with short-cavity (A/2) design, 850 nm VCSEL with state-
of-the-art 3-dB modulation bandwidth up to 30 GHz for 50
Gbit/sec data transmission over 4 meter OM4 multi-mode fiber
(MMF) has been demonstrated [3]. By combing the advanced
feed-forward equalization (FFE) techniques with this kind of
high-speed VCSEL in the transmitter side, data rate for error-
free transmission can be further boosted to 71 Gbit/sec [4] (over
7 meter OM3 MMF). Nevertheless, modal dispersion in MMF
would become an issue, which seriously limits the maximum
linking distance under such high transmission data rate.
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Figure 1. (a) Conceptual cross-sectional views of demonstrated VCSELS. (b)
Top-view of fabricated VCSEL chip. PMGI: polymethylglutarimide. (c)
Measured 3-dB E-O bandwidths of VCSELs with two different oxide-relief
apertures (black: ~3 um; red: ~5 um aperture sizes) under RT (solid symbols)
and 85 °C (open symbols) operations.

The reported linking distance through OM4 MMF for >50
Gbit/sec data transmission by use of multi-mode (MM) VCSEL
and FFE technique is usually less than 60 meter [2-5]. Such
number usually can’t satisfy the requirement of modern
datacenters, where over 50 meter to 1~2 km linking distance is
necessary due to the tremendously increase in the size of data
center [6].

Using high-speed and (quasi) single-mode (SM) VCSEL [7-
10] and FFE [2-5,11] (also decision feedback equalization
(DFE) techniques [11]) are all promising solutions to further
extend the transmission distance through MMF. However, SM
performance in VCSEL usually induces a low-frequency roll-
off in its electrical-to-optical (E-O) frequency response, which
limits its maximum 3-dB bandwidth and significantly degrade
the quality of eye-patterns [7]. In addition, the FFE/DFE
techniques would definitely increase the cost and power
consumption of Ol system. Fortunately, these two factors may
go down by 40% with each new IC generation [12]. Having
linking distance up to km at very-high data rate (~50 Gbit/sec)
based on 850 nm VCSEL allows to use the installed MMF
infrastructure in data center without wavelength conversion to
1.3~1.55 um for long-reach single-mode fiber (SMF)
transmission. Such wavelength conversion would result in the
additional  electronic/optoelectronic  costs and energy
consumptions. Furthermore, making seamless 850nm MMF
network additionally reduces latency as no wavelength
conversion stage is needed.

In this letter, we demonstrated a novel (quasi-)SM 850 nm
VCSEL structure to further enhance the transmission
performance of 54 Gbit/sec data. By combing A/2 short-cavity,
Zn-diffusion and oxide-relief apertures with strong detuning (>
20 nm) between Fabry-Perot (FP) cavity mode and gain peak
wavelengths of multiple quantum wells (MQWSs) [13], our
demonstrated 850 nm VCSELSs cannot only achieve (quasi)-SM
performance but also sustain very-high speed performance (~28
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GHz 3-dB E-O bandwidth) with a reasonable output power (1.4
mW at 6 mA bias). By use of these (quasi-)SM high-speed
VCSELs, 54 Gbhit/sec error-free transmission through 1 km
OM4 MMF with use of DFE and forward error correction (FEC)
(with a 7% overhead) techniques have been successfully
achieved. We benchmark these results to the data obtained for
industrial quasi-SM VCSELs from VI-Systems GmbH? (V50-
850M), which is designed for 50 Gbit/sec data transmission
[10], and our demonstrated SM device shows a lower bit-error-
rate (BER) (1.3 x 10~*vs. 3.5 x 1073) under the same setup
and received optical power (-8 dBm).

Il.  DEVICE STRUCTURE

Figures 1 (a) and (b) show conceptual cross-sectional and
top views of the studied device, respectively. With additional
Zn-diffusion apertures in the top p-type DBR layers, we can not
only manipulate the number of optical transverse modes inside
VCSEL cavity but also reduce the differential resistance
[7,9,13]. In addition, the oxide layer for current confinement is
removed from our oxide-relief structure by using selective wet
chemical etching [7,9,13] to reduce its parasitic capacitance [9].
The diameters of the Zn-diffusion (Wz) and oxide-relief
apertures (W,) of the measured devices are specified in the
figures below. In this work, devices with SM performance have
values of Wz, W, and Zn-diffusion depths (d) of 7, 3,and 1 um,
respectively. On the other hand, the MM reference devices have
the same W; and d but with a larger oxide-relief diameter Wy as
5 um. The fabricated device has a ~23 um diameter active mesa,
which is integrated with the slot line pads for on-wafer high-
speed measurement, as shown in Figure 1(b). The detail
fabrication process can be referred to our previous work [9,13].
The epi-layer structure, purchased from LandMark?, is grown
on a semi-insulating GaAs substrate, which is composed of
three Ino1GaooAs/Alo3Gao-7As (40/80A) MQWs sandwiched
between a 36-pair n-type and 26-pair p-type AlgeGao1As/
Alo.12GaggsAs Distributed-Bragg-Reflector (DBR) layers with
an Alg.gsGao.02As layer (50 nm thickness) above the MQWs for
oxidation. Compared with previous work [7,9], the thickness
of the cavity layer has been further downscaled from 1.5 to 0.5
A, which shortens the internal carrier transit time [13]. Here, A
is the operating wavelength inside the VCSEL cavity. Due to
the increase in the transit-time limited bandwidth, the low-
frequency roll-off [7], which is usually the major bandwidth
limiting factor of a single-mode VVCSEL, can be minimized [13].
The Fabry-Perot (FP) dip mapping of the whole VCSEL wafer
shows that the cavity resonant wavelength locates at around 860
nm and the detuning between the gain peak (839 nm) and FP
dip (~860 nm) wavelengths is as large as around 20 nm. Such
strong detuning would result in significant improvement in 3-
dB O-E bandwidth of VCSEL due to the device self-heating
induced red-shift of gain peak under high bias current [13].
Figure 1 (c) shows the collections of measured 3-dB E-O
bandwidths of several (quasi-) SM (W,=3 pm) and MM (W,=5
um) devices measured at room-temperature (RT) and 85°C
operations, which will be discussed in detail latter.

"I MEASUREMENT RESULTS
The light output and bias voltages versus current (L-1 and V-I)

v Systems GmbH, Hardenbergstr. 7, Berlin 10623,
Germany. Name of Product: V50-850M
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characteristics of VCSELSs with quasi-SM (W,=3 um) and MM
(Wo=5 um) performances are shown in Figures 2 (a) and (b),
respectively. Both devices share the same geometric size (W5,
and d) except for W,. Although it is doable to achieve highly
SM performance in our device structure by choosing the size of
W, larger than W, which can induce significant intra-cavity
loss and strongly suppress the higher order-modes [7].
However, this approach would degrade the maximum 3-dB E-
O bandwidth of SM VCSEL [7,14]. Furthermore, the strong
optical feedback of highly SM device would usually result in
the degradation of eye-patterns during data transmission [7].
Three typical measured traces (devices A to C and D to F) are
shown in each figure. Thanks to our Zn-diffusion process, the
measured differential resistance of devices A to C, even with
such a small oxide-relief aperture, can be as low as 70~100
Q. This is much smaller than the values typically reported
(>150 Q) for high-speed VCSELSs at 850 nm with a similar size
of current-confined aperture [1].
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Figure 2. Measured L-I-V curves of VCSELSs with oxide-relief apertures of (a)

3um (devices A to C), (b) 5 um (devices D to F). The range of the measured

differential resistance is specified on 1-V curves. Solid and open symbols in L-

I curves represent the measured power at RT and 85°C, respectively.

Current (mA)

The L-I curves with solid and open symbols represent the
measurement results at RT and 85°C operation, respectively.
We can clearly see that devices under 85°C operation exhibit
smaller threshold current than those of devices under RT
operation. This can be attributed to the strong wavelength
detuning in our VCSEL structure as discussed before. The inset
in Figure 3 (a) shows the measured L-I-V curves of reference
50 Gbit/sec VCSEL with quasi-SM performance provided by
VIS Company (V50-850 M) under room temperature operation.
We can clearly see that both quasi-SM devices have a very close
L-1 curve, which includes the same maximum saturation bias
current (~5mA) and output power (~1.5 mW), but reference
device has a smaller threshold current (0.2 vs. 0.5 mA). This
might be attributed to the smaller detuning wavelengths
between gain peak and FP dip (15 vs. 20 nm) in reference. In
addition, thanks to the Zn-diffusion process, a significant
reduction in the measured differential resistance (~200 vs.
70~100 Q) of home-made devices with additional Zn-diffusion
apertures can be observed.

The high-speed E-O performance of the fabricated devices
was measured by a lightwave component analyzer (LCA),
which was composed of a network analyzer (Anritsu 37397C)
and a calibrated 25GHz photoreceiver module (New focus
1481-S). Figures 4 and 5 show the measured typical bias
dependent E-O frequency responses and output optical spectra
of devices A (quasi-SM) and D (MM), respectively under RT
operation. We can clearly see that devices A and D shows a
very close maximum 3-dB E-O bandwidth value at around 28
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and 27 GHz, respectively. Furthermore, device A exhibits
quasi-SM behavior with around 8 dB side-mode suppression
ratio (SMSR) under 6 mA bias current. Here, the SMSR value
of each trace of quasi-SM device is specified. Such value in
SM VCSEL has determinant effect on the transmission
performance through MMF [7,8]. On the other hand, for the
case of MM VCSEL (devices D), the root mean square (RMS)
optical spectral width in each trace is specified. As opposite to
that SMSR is applicable to SM VCSEL, when MM VCSEL has
many modes of comparable intensity, which would all have
significant contribution to transmission, the RMS spectral
width value is a much more physical parameter than that of
SMSR. As shown in Figure 1 (c), the measured E-O
bandwidths under RT operations of quasi-SM and MM devices
range from 29-24 and 27-23 GHz, respectively. In addition,
when the ambient temperature reaches 85°C, both devices have
3-dB bandwidths at around 16~18 GHz. Such distribution in
device’s speed performance is mainly due to the process
variation in oxide-apertures during mesa wet etching and
oxidation.  In addition, for the VCSEL structure we
demonstrated here, there is a trade-off between SMSR and
speed performance [14]. Our devices can have a perfect SM
characteristic (SMSR> 30 dB) under the full range of bias
current at the expense of a smaller 3-dB E-O bandwidth (~24
GHz), which will be discussed latter.
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Figure 3. (a) Measured bias dependent output optical spectra and (b) measured
E-O frequency responses under different bias currents of reference device (VIS:
V50-850M). The inset to (a) shows the measured L-1-V curves of such device
measured at RT.
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Figure 4. (a) E-O frequency responses of device A (quasi-SM) measured under
different bias currents and RT operation. (b) The corresponding bias dependent
output optical spectra.
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Figure 5. (a) E-O frequency responses of device D (MM) measured under
different bias currents and RT operation. (b) The corresponding bias dependent
output optical spectra.
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Figure 3 (@) and (b) shows the measured typical bias
dependent output optical spectra and E-O frequency responses
of reference V50-850M, respectively. We can clearly see that
compared with that of our home-made (MM and quasi-SM)
VCSELs, its measured 3-dB E-O bandwidth is smaller (~24 vs.
~27 GHz) but it has a higher SMSR under maximum bias
current (10 vs. 8 dB). According to these above-mentioned
static measurement results, the extracted thermal resistances of
such three kinds of VCSELSs are almost the same as around 3.1
K/mW. Figure 6 (a) shows the measured received light output
power vs. BER (after DFE process) of home-made SM
(NCU_SM), MM (NCU_MM), and reference V50-850M
(VIS_SM) devices measured at 54 Ghit/sec under back-to-back
(BTB) and through 1 km OM4 fiber data transmission. Here,
home-made device (NCU_SM) with a perfect SM performance
but a slightly degraded 3-dB E-O bandwidth (~24 GHz) is
chosen for this transmission experiment and it’s measured bias
dependent output optical spectra with L-1-V curve is given in
Figure 6 (b). We can clearly see that under full range of bias
current, highly SM characteristic (SMSR>30 dB) can be
sustained, which is superior to that of VIS reference device, as
discussed in Figure 3 (a).

The 54 Gbit/sec data rate adapted 50 Gbit/sec payload and
7% forward error correction (FEC) overhead. 54 Gbit/s non-
return-to-zero (NRZ) electrical signal with pseudo-random
binary sequence (PRBS) length of 215-1 is generated through
SHF 12100B Bit Pattern Generator.  All the devices are tested
under the same peak-to-peak driving voltage (0.45 V) and the
optimized bias current for lowest BER values of MM, SM, and
V50-850 M is 6, 3, and 2 mA, respectively. The VCSELs under
test are connected to an OM4 MMF with 1 km length. A photo-
receiver module (New Focus; 1484-A-50) with a 22 GHz
bandwidth and 80 V/W conversion gain is adopted in our
receiving side. The output signal from receiver was captured in
the Tektronix DPO 73304D real time oscilloscope for further
offline signal processing. The offline processing involves
signal resampling at twice the bit rate, synchronization and
decision feedback equalization (DFE) with 40 T/2 forward taps
and 10 feedback taps. The equalizer is trained with recursive
least squares (RLS) algorithm using a training sequence
consisting of 3900 first bits of the PRBS. Q-parameter is used
for the calculation of BER. Such approach is well accepted in
the BER calculation of 850 nm VCSEL based transmission
through MMF [15].
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Figure 6. (a) Received optical power vs. BER for MM and (quasi-)SM VCELs
devices for BTB and over 1 km OM4 fiber transmission at 54 Gbit/sec. (b) The
measured bias dependent output optical spectra of home-made highly-SM
device chosen for transmission experiment. The inset shows its L-1-V curve.

As shown in Figure 6 (a), we can clearly see that even for the
cases for BTB transmission, DFE processing is still necessary
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to get (nearly) error-free (BER< 1 x 10~12) performance. This
is because that the bandwidths of our VCESLs and receiver
modules are marginal to have 54 Gbit/sec error-free
transmission without using any signal processing techniques.
For the case of 1 km transmission, BER values obtained for MM
and two kinds of (quasi)-SM devices are all below FEC
threshold (BER=3.8 x 1073), therefore error-free 1 km
transmission can be achieved once FEC and DFE are used.
However, compared with the case of BTB transmission, there
is a more serious power penalty in MM devices for error-free
performance. This result indicates that modal dispersion
instead of output power of VCSELSs plays a more important role
in determining the maximum possible transmission distance for
such high data rate (54 Gbit/sec) [9]. Additionally, we can
clearly see that the performance in BER value (under the same
received power as -8 dBm) after 1 km transmission is improved
(1.4 x 10™* vs. 3.5 x 1072) in the newly demonstrated oxide-
relief/Zn-diffusion VCSELs as compared to that of reference
SM (V50-850M). Such improvement can be attributed to its
superior single-mode performance as discussed in Figure 6 (b).
Figure 7 (a) and (b) shows the corresponding eye diagrams of
SM, MM VCESLs, and reference device (V50-850M) for the
case of BTB and 1 km OM4 fiber transmission, respectively.
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Figure 7. Measured 54 Gbit/s eye diagrams (after DFE processing) of (quasi-)
SM and MM VCSELs for (a) BTB and (b) through 1km OM4 fiber.

IV. CONCLUSION

By performing Zn-diffusion, oxide-relief, and strong detuning
techniques onto our demonstrated 850 nm VCSEL, high-speed
(29-24 GHz) and (quasi-)SM performances with reasonable
output power (1.4 mW at around 6 mA) can be achieved
simultaneously. Compared with MM and quasi-SM references,
which have close 3-dB O-E bandwidths but higher output
power, our highly SM device exhibits a smallest BER value
through 1 km MMF under 54 Gbit/sec OOK modulation. This
indicates that modal dispersion instead of output power plays a
more important role in determining the maximum possible
transmission distance for such high data rate (54 Gbit/sec).
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