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850 nm Vertical-Cavity Surface-Emitting Laser
Arrays With Enhanced High-Speed Transmission
Performance Over a Standard Multimode Fiber
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Abstract—The functionality of novel parallel and series high-
speed vertical-cavity surface-emitting laser (VCSEL) arrays, which
can greatly relax the tradeoff between output power and modula-
tion speed, is demonstrated. Both types of array structure allow
improvement in the output power with no degradation in their
maximum modulation speed as compared to a single reference
unit. The observed invariant electrical–optical bandwidth shown
for these array structures is mainly due to the effective reduction of
the differential resistance and parasitic capacitance, arising from
the Zn-diffusion and oxide-relief apertures fabricated in the VC-
SEL unit. This in turn minimizes the degradation in the RC-limited
bandwidth with the VCSEL arrays. Furthermore, the dense pack-
ing of single VCSELs, with Zn-diffusion apertures for optical mode
control, minimizes the coupling loss between the output from the
array into a standard multimode fiber (MMF). Compared with the
single VCSEL unit, the parallel VCSEL array shows a significant
enhancement in transmission performance over a standard OM4
MMF, which includes a larger eye margin, a higher signal-to-noise
ratio, as well as a higher error-free data rate (48 versus 44 Gbit/sec).
The device modeling technique is used to perform device analysis.
From the results we can conclude that the improvement with the
parallel array is because the value of the internal impedance is
closer to the 50-Ω signal source, which minimizes the microwave
reflection induced timing jitter in the eye-patterns.

Index Terms—Optical interconnects, semiconductor lasers,
vertical cavity surface emitting lasers.

I. INTRODUCTION

V ERTICAL-CAVITY surface-emitting lasers (VCSELs)
with central wavelengths of 850 nm have become the most

Manuscript received September 3, 2016; revised December 2, 2016 and Jan-
uary 18, 2017; accepted March 5, 2017. Date of publication March 6, 2017; date
of current version June 24, 2017. This work was supported by the Ministry of
Science and Technology in Taiwan under Grants MOST 104-2218-E-008-004-
and MOST 103-2622-E-009-004-CC2.

J.-L. Yen is with the Department of Information Technology, Tak-
ming University of Science and Technology, Taipei 114, Taiwan (e-mail:
iamthats@gmail.com).

X.-N. Chen and K.-L. Chi are with the Department of Electrical Engineering,
National Central University, Taoyuan 320, Taiwan (e-mail: s30642@gmail.com;
porpoise5233@msn.com).

J. Chen is with the Department of Photonics, National Chiao-Tung University,
Hsinchu 300, Taiwan (e-mail: jchen@mail.nctu.edu.tw).

J.-W. Shi is with the Department of Electrical and Computer Engineering,
University of California Santa Barbara, Santa Barbara, CA 93106 USA, on leave
from the Department of Electrical Engineering, National Central University,
Taoyuan 320, Taiwan (e-mail: jwshi@ee.ncu.edu.tw).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JLT.2017.2679200

important light source in the booming market of short-reach
(< 300 meters) optical interconnects (OI) [1]–[5]. The target
for the next generation interconnect framework is a data rate
per channel of 56 Gbit/sec (CEI (Common Electrical Interface)-
56G) [1]–[5] with a total data rate of up to 400 Gbit/sec. Complex
modulation/de-modulation techniques, such as pulse-amplitude
modulation (PAM) [6], orthogonal frequency-division multi-
plexing (OFDM) [7], [8], and feed forward equalization (FFE)
[5], [9] have been demonstrated to alleviate the speed bottle-
neck for an 850 nm VCSEL under direct modulation. However,
the use of the afore-mentioned techniques to boost the data
rate makes the power budget in the linking channel even more
critical. The designing of VCSELs which simultaneously offer
high modulation-speeds, high slope-efficiency, and enough out-
put power, is thus very important to meet the requirements of
the next-generation OI. In addition, high-speed VCSELs usually
have a differential resistance of over 100 Ω [1], which is twice
that of the typical 50 Ω high-speed laser driver used for data
transmission. Such an impedance mismatch between the light
source and driving circuit can lead to even more serious degrada-
tion in the quality of the transmitted eye-patterns when the data
rate is further increased [10], [11]. The operation of several VC-
SELs in parallel as a high-power and high-speed VCSEL array
[12] is one of the most promising solutions to further increase
the total output power while reducing device resistance during
high-speed modulation. However, degradation in the modula-
tion speed of a parallel VCSEL structure as compared to that
of a single unit is usually observed, due to the increase in the
parasitic capacitance of the VCSEL array [12]. The creation
of several light-emitters in a series (cascade) using single or
individual optical resonators is an attractive solution to over-
come the afore-mentioned trade-off between speed and output
power. This approach has been successfully implemented us-
ing edge-emitting lasers [13], VCSELs, [14] and light-emitting
diode (LEDs) [15]. It is found that the differential quantum effi-
ciency (output power) is linearly proportional to the number of
light-emitters in the series without sacrifice of the modulation
speed as compared to that of a single reference device [15].

However, regardless of whether for a series or a parallel VC-
SEL array [12], [14], [16], it is usually necessary to use a bundle
of MMFs or a multi-core MMF to combine the output power
from the array, which can significantly increase the cost of the
device package. In this study, we demonstrate novel densely
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Fig. 1. Top-view of the demonstrated VCSELs: (a) single-unit, (b) two-unit
series array, (c) three-unit series array, and (d) two-unit parallel array.

packed VCSEL array structures [17] with parallel and series
connections. This design can greatly relax the trade-off between
the modulation speed and maximum output power, and allow
a reasonable coupling efficiency with a single-core MMF. The
use of VCSEL units with Zn-diffusion and oxide-relief apertures
[5], [11] can significantly reduce the differential resistance and
parasitic capacitance, respectively. This in turn leads to the in-
variant high-speed performance of our demonstrated series and
parallel arrays compared to that of a single unit reference sam-
ple. Furthermore, thanks to the good mode controllability of
the Zn-diffusion apertures in our VCSEL units, the measured
far-field patterns of the array are close to those measured for the
single unit device, thereby avoiding any further increase in the
coupling loss between the output light and the multi-mode fiber
(MMF). Compared to the series array and the single device,
the parallel array shows the best high-speed data transmission
performance through an OM4 MMF. The measured microwave
scattering (S) parameters show that this is because the parallel
array has an impedance value closer to that of the 50 Ω sig-
nal source, which minimizes undesired microwave reflection
induced jitter/noise in the measured eye-patterns. In compari-
son with the reference VCSEL unit, the two-unit parallel array
shows a two-fold improvement in the maximum output power (8
vs. 4 mW), with the same 3-dB electrical-to-optical (E-O) band-
width (∼25 GHz), and enhancement of the maximum error-free
data rate (48 vs. 44 GHz) via 2 meter OM4 MMF transmission.

II. DESIGN OF DEVICE STRUCTURE AND FABRICATION

Fig. 1(a) to (d) show top-views of the demonstrated single ref-
erence VCSEL, two-unit and three-unit series VCSEL arrays,
and two-unit parallel VCSEL array, respectively. For a con-
ceptual cross-sectional view of the unit VCSEL please see our
previous work [5], [11]. In early work on 850 nm VCSELs, the
differential resistance was usually found to be limited by the p-
type distributed-Bragg-reflectors (DBRs). Both graded bandgap
layers (GBLs) [18] and Zn-diffusion [19] structures have been

demonstrated to overcome this problem. The addition of Zn-
diffusion apertures in the top p-type DBR layers of our VC-
SEL, allows us not only to reduce the differential resistance of
the device but can also manipulate the number of optical trans-
verse modes inside the VCSEL cavity [5], [11], [20]. Combining
these Zn-diffusion structures and an advanced GBL growth tech-
nique we produce 850 nm VCSELs with high single-mode (SM),
high-speed, and low differential resistance (∼50 Ω) performance
[20], close to the impedance of the driving circuit. However,
there is significant intra-cavity loss induced by the Zn-diffusion
apertures for SM performance, leading to an increase in the
threshold gain (current), and the 3-dB E-O bandwidth is usually
limited to around 12 GHz. To attain the ultimate high-speed per-
formance (∼27 GHz 3-dB E-O bandwidth) [1], [3], [5], [10] of
the VCSEL and to extend the maximum linking distance through
an OM4 fiber, miniaturized oxide-apertures (3-4 µm) offering
nearly SM performance are still necessary [1], [3], [10] which
would lead to a differential resistance as high as 200 Ω. However,
there is a significant impedance-mismatch between the VCSEL
and the 50 Ω driving signal source which produces undesired mi-
crowave reflections and degradation in the eye-patterns during
high-speed data transmission [10]. In contrast, our Zn-diffusion
VCSELs [5] demonstrate a close 3-dB bandwidth (∼27 GHz)
and the size of the oxide-apertures (∼3 µm) lead to smaller
values of differential resistance (<100 Ω vs. 200 Ω). Although
this value is still too high to match the 50 Ω driving source, the
parallel array structure can be used to overcome the problem (as
discussed below). An increase in total device capacitance and
degradation in the RC-limited bandwidth are common problems
with parallel arrays [12]. Here, the adoption of the oxide-relief
structure in our VCSEL greatly minimizes the parasitic capaci-
tance of the array [5], [11]. This is the key to sustaining an invari-
ant net E-O bandwidth in the parallel array, as compared to that
of the single reference unit. Details about dynamic measurement
will be discussed later. The diameters of the Zn-diffusion (WZ)
and oxide-relief apertures (Wo) and the Zn-diffusion depths (d)
of the measured devices are specified in the captions to the fig-
ures below. The epi-layer structure, purchased from LandMark1,
is grown on a semi-insulating GaAs substrate, which is
composed of three In0.1Ga0.9As/Al0.3Ga0.7As (40/80 Å)
MQWs sandwiched between 36-pair n-type and 26-
pair p-type Al0.9Ga0.1As/Al0.12Ga0.88As Distributed-Bragg-
Reflector (DBR) layers with an Al0.98Ga0.02As layer (50 nm
thick) above the MQWs for oxidation. Fabry-Perot (FP) dip
mapping of the whole VCSEL wafer shows that the cavity reso-
nant wavelength is located at around 860 nm and that detuning
between the gain peak (839 nm) and FP dip (∼860 nm) wave-
lengths can be as large as around 20 nm. Such strong detuning
will result in significant improvement in the 3-dB O-E band-
width of the VCSEL due to the device self-heating induced
red-shift of the gain peak under high bias currents [11].

To realize the series array, as shown in Fig. 1(b) and (c), each
unit device (with a ∼23 µm diameter active mesa) is etched
down to the semi-insulation GaAs substrate for electrical isola-
tion. Metal interconnects bridge the p- and n-contacts of neigh-
boring devices for series connection. The device units in the
parallel array share the same n-type metal contacts for parallel
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Fig. 2. (a) Measured L-I-V curves of the series arrays with different numbers
of unit devices and their free-space output power. (b) Coupled power from the
array into a single OM4 MMF. The inserted figure shows the tip of the fiber
used for the collection of light (Wz/Wo /d = 8/3.5/1 µm).

connections, as shown in Fig. 1(d). For collection of the output
light over an MMF with a 50 µm core diameter, the centers of
neighboring light-emission apertures in the array should be set
as close as possible, around 50 µm apart. The slot line pads are
integrated into the arrays or single reference unit for on-wafer
high-speed measurement. For details of the fabrication process
please refer to our previous work [11].

III. MEASUREMENT RESULTS

The free-space light output power and bias voltages versus
current (L-I and V-I) characteristics of the single unit reference
device, and two-unit, and three-unit series arrays are shown in
Fig. 2(a). As can be seen, the differential quantum efficiency,
turn-on voltage, differential resistance, and maximum output
power are all linearly proportional to the number of cascaded
units in the array. Thanks to the Zn-diffusion apertures in these
arrays, the differential resistances of the single, two- and three-
unit arrays under the same 5 mA bias current can be as low as
78, 167, and 278 Ω, respectively. These resistance values are
much smaller than those reported for a single high-speedbrk
850 nm VCSEL whose Wo is close in value to ours at ∼3 µm
[1]. Fig. 2(b) shows the power coupling characteristics into an
MMF versus current for the single unit reference device, and the
two-, and three-unit arrays. The inset shows a photograph of the
tip of the MMF used for light collection. The size and shape of
the ball-lens on the tip of the MMF were optimized to collect as
much of the output light from the array as possible. The coupling
efficiencies of the single unit and three-unit arrays are around 35
and 30% that of the free-space measurement result, respectively.
The closeness in the values of the coupling efficiency suggest
that the far-field patterns of the single unit and three-unit series
array will be very similar, which will be discussed later.

Fig. 3(a) shows the measured free-space light output power
and bias voltages versus current (L-I and V-I) characteris-
tics of our single unit device and the two-unit parallel array.
The diameter of the current confined aperture (Wo) is around
4.5 µm. We can clearly see that the free-space maximum output
power (8 vs. 4 mW) and threshold current (1.6 vs. 1 mA) of the
two-unit array are both about twice that of the single unit ref-
erence. Furthermore, the measured differential resistance of the
parallel array is around half that of the single unit device (38 vs.
57 Ω at 15 and 8 mA, respectively.). These L-I-V measure-
ment results suggest a nearly uniform current distribution in our

Fig. 3. (a) Measured L-I-V curves of parallel arrays with different numbers
of unit devices inside and the free-space output power. (b) Coupled power from
the array into a single OM4 MMF (Wz/Wo /d = 8/4.5/1 µm).

Fig. 4. Measured output optical spectra under different bias currents for the
(a) single VCSEL and (b) 3-unit series array (Wz/Wo /d = 8/3.5/1 µm).

Fig. 5. Measured 1-D far-field patterns (X- and Y- directions) of the sin-
gle VCSEL, and 2-unit, and 3-unit series arrays under different bias currents
(Wz/Wo /d = 8/3.5/1 µm).

two-unit parallel array. Fig. 3(b) shows the coupled power vs.
bias current from our single unit device and 2-unit parallel array
into a single MMF tip. The lower coupling efficiency (∼30 vs.
∼15%) of the parallel array as compared to that of the series
array is mainly due to the larger divergence angle of the far-field
patterns. This is because the parallel array has a larger size of
Wo than that of the series array (4.5 vs. 3.5 µm), which induces
more optical modes in its output spectrum and broadens the
far-field patterns.

Fig. 4(a) and (b) show the measured output optical spectra
of the single device and the three-unit series array. Thanks to
the Zn-diffusion process, which can stabilize the output opti-
cal spectra, the quasi single-mode output performance of both
devices is similar.

Authorized licensed use limited to: National Central University. Downloaded on May 19,2022 at 05:58:32 UTC from IEEE Xplore.  Restrictions apply. 



YEN et al.: 850 NM VERTICAL-CAVITY SURFACE-EMITTING LASER ARRAYS WITH ENHANCED HIGH-SPEED TRANSMISSION 3245

Fig. 6. Measured 2-D far-field patterns of the single VCSEL, and the 2 and 3-
unit series arrays under different bias currents (Wz/Wo /d = 8/3.5/1 µm).

Fig. 7. Measured E-O frequency responses of the (a) single device and (b) 3-
units series array under different bias currents (Wz/Wo /d = 8/3.5/1 µm).

Figs. 5 and 6 show the corresponding 1-dimensional (1-D)
and 2-D far-field patterns of the single unit, two-unit, and three-
unit series arrays under different bias currents. The x- and y-
directions are defined in Fig. 1. It can be clearly seen that the
far-field divergence angle (∼12°) and circular patterns of all
three devices are very similar under the same bias current. This
measurement result confirms that the coupling efficiency (from
the device to MMF) of both the single unit and three series
arrays are in reality very close in value (35 vs. 30%) as shown in
Fig. 2(b). In contrast to the series array, the parallel array shows
an MM behavior due to the larger sized oxide-relief apertures
(3.5 vs. 4.5 µm). Nevertheless, the measured output optical
spectra and far-field divergence angles of our single and two-
unit parallel arrays are still very similar. The far-field divergence
angles (∼17°) under bias currents of 3 mA (single unit) and
6 mA (two-unit) are very close. The broad divergence angle of
the parallel array (12 vs. 17°) results in a higher coupling loss
than that of the series array, as can be seen in Figs. 2 and 3.

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 25 GHz photoreceiver module (New Focus 1481-S).
Figs. 7 and 8 show the typical measured bias dependent E-O
frequency responses for the series and parallel arrays, respec-
tively. We can clearly see that, regardless of the kind of array,
there is no degradation in the measured E-O bandwidth with an
increase in the number of device units included. There is even
a slight increase in the maximum 3-dB O-E bandwidth for the
three-unit array, from 21 to 23 GHz, as compared to that of the
single reference unit. Fig. 9(a) and (b) summarize the 3-dB O-E

Fig. 8. Measured E-O frequency responses of the (a) single unit
device and (b) 2-unit parallel array under different bias currents
(Wz/Wo /d = 8/4.5/1 µm).

Fig. 9. Measured E-O 3-dB bandwidths of the (a) se-
ries array (Wz/Wo /d = 8/3.5/1 µm) and (b) parallel array
(Wz/Wo /d = 8/4.5/1 µm) with different numbers of unit device
inside at RT and under 85 °C operation.

bandwidths (at RT and 85 °C) for the parallel and series arrays,
respectively. The measurement results for several devices are
specified in each figure. The distribution in the speed perfor-
mance between devices is mainly due to variation in the pro-
cess of mesa wet etching and oxidation of the oxide-apertures.
As can be seen, the parallel array shows less degradation in
speed compared to that of the series array (∼24-16 GHz vs.
∼22-12 GHz) when the ambient temperature reaches 85 °C.
This can be attributed to the much smaller differential resistance
of the parallel array than that of the series array; see Figs. 2 and
3 [11].

In most cases, there is significant degradation in the band-
widths of the parallel and series arrays compared to that of a
single device, due to the increase in parasitic capacitance and
differential resistance. However, this is not the case with our
dynamic measurement results as discussed above. The device
modeling technique is performed in order to investigate the
invariant high-speed performance of our arrays and find their
RC-limited bandwidth [21]. Fig. 10 shows the measured bias
dependent microwave reflection coefficients (S11) of the se-
ries/parallel arrays and the single reference unit. Compared to
the single unit reference device, the measured S11 trace of the
series array moves closer to the open circuit point on the Smith
Chart. This is because the differential resistance (impedance) of
the series array increases with the number of units in the array.

This high value of the device impedance will induce signif-
icant microwave reflections between the device and the 50 Ω
driving circuits, leading to degradation of the eye-patterns dur-
ing high-speed data transmission. This will be discussed later. In
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Fig. 10. Measured microwave reflection scattering (S11 ) parameters plotted
on a Smith Chart for the single unit device, and 2-unit and 3-unit series arrays
under different bias currents (Wz/Wo /d = 8/3.5/1 µm).

Fig. 11. Measured microwave reflection scattering (S11 ) parameters plotted
on a Smith Chart of the single unit device and 2-unit parallel array under different
bias currents (Wz/Wo /d = 8/4.5/1 µm).

Fig. 12. (a) Conceptual cross-sectional and corresponding equivalent circuit
model of a series VCSEL array. (b) Schematic representation of the equivalent
circuit model.

contrast to the series array and the single unit reference device,
the measured S11 trace of the parallel arrays moves closer to
the center of the Smith chart, which represents the 50 Ω inter-
nal impedance of the device. The impedance-mismatch induced
microwave reflections of the single device and the series array
can thus be minimized. From the measured S11 parameters and
using the equivalent-circuit modeling technique, we further ex-
tract the RC-limited bandwidths of our arrays and the single unit
device [21].

Fig. 12 (a) and (b) show conceptual cross-sectional views
of the series array and its equivalent-circuit model. Here,
Rc is the contact resistance of the array; Co is the parasitic

Fig. 13. Measured and fitted S11 parameters for the single unit (at 5 mA),
3-unit series (Wz/Wo /d = 8/3.5/1 µm; at 5 mA), and 2-unit parallel array
(Wz/Wo /d = 8/4.5/1 µm; at 12 mA) plotted on a Smith Chart.

TABLE I
VALUES OF THE CIRCUIT ELEMENTS USED FOR THE FITTING PORCESSES

(Wz/Wo /d = 8/4.5/1 µm)

Fig. 14. (a) Extracted RC-limited frequency responses of the (a)
series array (Wz/Wo /d = 8/3.5/1 µm) and (b) parallel array
(Wz/Wo /d = 8/4.5/1 µm).

capacitance of the oxide-relief aperture in each single device; Ra
is the diffusion resistance across the active layers of each single
device; Cp (total) , Rpad (total) , and Lp (total) are the total parasitic
capacitance, resistance, and inductance induced by the intercon-
nected metal lines in the array, respectively. By using similar
approaches, we can also build an equivalent circuit model for the
parallel array. Fig. 13 shows the measured/fitted S11 parameters
plotted on a Smith Chart for the parallel and series arrays and the
single reference device. Clearly, there is a good match between
the measured and fitted S11 traces, from near dc to 30 GHz.
The values of the circuit elements used for the fitting process
are specified in Table I. The RC-limited frequency response of
the single unit reference device, and the two-unit and three-unit
parallel and series array structures are extracted using the estab-
lished equivalent-circuit-model and modeling results. Fig. 14(a)
and (b) show the results for the series and parallel arrays. We
can clearly see an RC-limited bandwidth for our VCSEL struc-
tures fabricated with Zn-diffusion and oxide-relief structures
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Fig. 15. Measured 32 Gbit/sec transmission results through 2 (BTB) and 100
meter OM4 MMF using the single unit reference device and series VCSEL array
under different bias currents (Wz/Wo /d = 8/3.5/1 µm).

Fig. 16. Measured 32 Gbit/sec transmission results through 2 (BTB) and 100
meter OM4 MMFs using the single unit reference device and parallel VCSEL
array under different bias currents (Wz/Wo /d = 8/4.5/1 µm).

(to reduce the differential resistance and parasitic capacitance,
respectively), the RC-limited bandwidth (fRC) in excess of
60 GHz, much larger than the measured E-O 3-dB bandwidth
(∼25 GHz), as shown in Figs. 7 and 8. This indicates that the
major factor limiting the bandwidth in our VCSEL unit is the
internal response time rather than the external fRC . The degrada-
tion in the RC and net E-O bandwidths for a parallel/series array
structure based on this VCSEL unit can thus be minimized. As
can be clearly seen in Fig. 14(b), the RC-limited bandwidth for
even a 2-VCSEL parallel array can be as high as 50 GHz, which
is still far above the net E-O bandwidth (∼25 GHz). This result
indicates that the unique Zn-diffusion/oxide-relief apertures can
greatly relax the trade-off between the speed (RC-limited band-
width) and output power performance in high-power VCSEL
arrays [12]. Such devices should have important applications in
optical wireless communications and infrared light projectors
for high-speed sensing [22].

Figs. 15 and 16 show the 32 Gbit/sec transmission results for
the series and parallel arrays, respectively. In each figure, the re-
sults for transmission through back-to-back (BTB; 2 meter OM4
fibers) and 100 meter OM4 fiber for the single unit reference and
the arrays are given for comparison. During the transmission ex-
periment, a high-speed 40 Gbit/sec photoreceiver module (R40-
850; VI-system)1, comprised of a p-i-n photodiode and limiting

Fig. 17. Measured 32 Gbit/sec eye-patterns through the 100 meter OM4
MMF for the single unit reference device (Wz/Wo /d = 8/4.5/1 µm),
parallel (Wz/Wo /d = 8/4.5/1 µm), and series VCSEL arrays
(Wz/Wo /d = 8/3.5/1 µm) under the same optical power at the
receiving-end (around 0.4 mW).

amplifier with a 30 GHz 3-dB optical-to-electrical bandwidth
for the whole module, is used. A 32 Gbit/s non-return-to-zero
(NRZ) electrical signal with a pseudo-random binary sequence
(PRBS) length of 215-1 is generated through a pattern genera-
tor. All devices are tested under the same peak-to-peak driving
voltage (0.45 V) and the optimized bias current to evaluate
the quality of the eye patterns. The values of timing jitter in
each eye pattern, which have clear eye-opening performance,
are specified. As can be seen in Fig. 15, although the series
array has a higher slope efficiency, larger output power at the
receiving-end, and faster modulation speed than does the single
unit reference device, they have larger values of timing jitter
in their BTB eye-patterns. Furthermore, this phenomenon will
become more serious as the number of units in the series array in-
creases, which would make error-free 32 Gbit/sec transmission
through a 100 meter OM4 fiber with our series array infeasible.
Such serious jitter can be attributed to the significant microwave
reflections between the 50 Ω signal source and high internal
impedance (>200 Ω) of the series array itself, as illustrated in
Figs. 2 and 10.

On the other hand, as shown in Fig. 16, with a bias current
around twice that of the single reference device, the two-unit
parallel array not only has a larger signal-to-noise (S/N) ratio
but also less timing jitter with 32 Gbit/sec eye patterns for both
BTB and 100 meter OM4 transmission. There are two possi-
ble reasons for the superior transmission performance of the
parallel array compared to the single unit device. One is the
higher output power and the other is the lower impedance mis-
match (between the device and the signal source) induced by
microwave reflections and timing jitter, as noted in Fig. 11. In
order to figure out which of these is the dominant factor, we
installed an additional optical attenuator along the fiber chan-
nel to control the optical power at the receiving-end for a fair
comparison of the transmission performance.

Fig. 17 shows the transmission results through the 100 meter
OM4 fiber for the single unit reference device, two-unit parallel
device, and two-unit and three-unit series devices. The optical
power at the receiving-end of each measurement is fixed at
0.38 mW. We can clearly see that the two-unit parallel device
exhibits the best 32 Gbit/sec transmission performance. Fig. 18
shows the transmission results of the single unit device and two-
unit parallel arrays through a 2 meter OM4 fiber (BTB) at the
maximum data rate for error-free performance. A higher data
rate for transmission (48 vs. 44 Gbit/sec) with less timing jitter
is obtained for the two-unit parallel array than for the single unit
device. These measurement results clearly indicate the good
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Fig. 18. Measured eye patterns with maximum error-free data rates through a
2 meter OM4 MMF (BTB) for the (a) single unit reference device (44 Gbit/sec)
and (b) two-unit parallel array (48 Gbit/sec) (Wz/Wo /d = 8/4.5/1 µm)

impedance match between the VCSEL and the driving circuit
which can greatly improve the frequency response of the total
MMF channel and maximum transmission data rate.

IV. CONCLUSION

In conclusion, the trade-off between the RC-limited band-
width and output power performance can be greatly relaxed
through the use of Zn-diffusion and oxide-relief apertures in
series or parallel VCSEL arrays. For example in the three-
unit series, a three-fold improvement in the maximum output
power is obtained without sacrificing the 3-dB O-E bandwidth
(∼25 GHz) as compared to that of the single unit reference
device. In addition, the Zn-diffusion apertures can manipulate
the optical far-field patterns of the array and minimize the cou-
pling loss with a standard OM4 MMF. Although the series array
exhibits superior static and dynamic performance to the single
reference unit, its measured BTB eye-patterns show larger val-
ues of timing jitter. On the other hand, the two-unit parallel array
exhibits the best high-speed transmission performance, which
includes a smaller timing jitter, a larger S/N ratio of eye-pattern,
and the highest maximum data rate (48 Gbit/sec) through an
OM4 MMF, among the proposed series array structures and
the single VCSEL. This is because the parallel array provides
a device impedance close to the 50 Ω signal source and thus
minimizes the timing jitter induced by microwave reflections.
Overall, our proposed VCSEL array structure has good potential
for applications in high-speed (50 Gbit/sec) MMF and optical
wireless linking.
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