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Abstract—A novel VCSEL array for high-efficiency, high-speed,
and high-brightness performance is demonstrated. In contrast to
the traditional VCSEL arrays, which have several independent
VCSEL cavities in parallel, the novel array structure has additional
passive optical waveguides connecting each cavity. In addition,
Zn-diffusion and oxide-relief structures are adopted for each single
element of the array to obtain the high-brightness (single-mode;
SM) output and relax the RC-limited bandwidth. Comparison
is made to the traditional reference array. Although the values
of the oxide-relief apertures are close to each other, the novel
demonstrated arrays exhibit a higher wall plug efficiency, larger
maximum output power, and better eye-opening for high-speed
data transmission, when both of their output optical spectra are
quasi-(SM) with close narrow divergence angle values (FWHM:
∼6°). The superior performance of the demonstrated array for
(quasi-) SM operation can be attributed to the dilution of the
photon density in the SM output pattern from each VCSEL unit
through the connections of passive waveguide. Furthermore, it also
enhances the coherence between the neighboring VCSEL emitters,
minimizing their interference noise which occurs under large signal
modulation. This novel 940 nm VCSEL array has good potential
to serve as a light source in free-space optical communication.

Index Terms—Semiconductor lasers, semiconductor laser
arrays, vertical-cavity surface emitting lasers (VCSEL).

I. INTRODUCTION

R ECENTLY, high-speed and high-brightness vertical-
cavity surface-emitting laser (VCSEL) arrays, which can

serve as the light sources in advanced time-of-flight (ToF) lidar
sensing and free space optical (FSO) communications systems
[1]–[4], have attracted a lot of attention. An FSO SpaceComm
network for linking between different micro or nanosatellites
has been successfully established [5]–[7]. For such systems, a
linking distance of up to hundreds of kilometers with a data
transmission rate of around 20 Mbit/sec is necessary [5], [6],
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and a high-power (output of hundreds of mW under CW oper-
ation), high-brightness, high-speed light source plays a crucial
role. The output of high-brightness light sources with narrow
divergence angles can minimize the diffraction loss resulting
from optical beam propagation and enhance the optical power
received by a high-speed receiver (sensor) with a limited active
area. Compared with the edge-emitting lasers (EELs) for FSO
aerospace applications, VCSELs usually show better radiation
resistance [8], [9]. However, the commercially available high-
speed VCSELs usually have a wide divergence angle (1/e2:
∼25°) with small output power performance. Narrowing the
divergence angle of the far-field patterns (FFPs) in high-power
and high-speed VCSEL arrays is an effective way to attain the
desired output power level and brightness needed to meet the
demands of the afore-mentioned applications [10]–[12]. The
monolithic integration of an intra-cavity collimating lens into
the multi-mode (MM) VCSEL array has allowed the develop-
ment of 940 nm wavelength VCSEL arrays with high-power
and high-brightness output beams for lidar and 3-D sensing
applications [12]. However, the pitch size of a VCSEL unit
in the array is limited by the lens integrated into the substrate
side. One of the most effective ways to significantly narrow the
far-field divergence angle and enhance the brightness is to build
a VCSEL array of single-mode VCSEL units [10], [11]. Several
VCSEL structural designs for attaining high SM power have
been reported, including surface-relief [13], Zn-diffusion [14],
photonic crystal [15], and anti-guide (leaky) cavity structures
[16]. However, the spatial hole burning (SHB) effect, which orig-
inates from the high optical power density in the high brightness
output beam of these high-power SM VCSELs, usually leads
to a serious low-frequency roll-off in their electrical-optical
(E-O) frequency responses and degradation in the quality of
the eye-patterns for high-speed data transmission [17], [18].
Furthermore, degradation in the modulation speed of a parallel
VCSEL array as compared to that of a single unit is usually
observed, due to the increase in the parasitic capacitance [1], [3],
[4]. In this study, we demonstrate a novel 940 nm VCSEL array
structure for high-brightness, high-efficiency, and high-speed
performance fabricated using Zn-diffusion and oxide-relief tech-
niques [3], [19], [20], which can greatly relax the RC-limited
bandwidth of the array and enhance its brightness performance.
In contrast to the traditional VCSEL arrays, which have several
independent single VCSEL cavities arranged in parallel, the
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Fig. 1. Top view of the demonstrated 2 × 2 and 3 × 3 VCSEL (a) array A and (b) array B, respectively. (c) Conceptual cross-sectional view of the passive
waveguides and active mesas in array A. This figure is not drawn according to scale for clarity. (d) Layout of the Zn-diffusion patterns in the array. The yellow
areas represent the regions with Zn-diffusion patterns.

new design demonstrated here has additional passive optical
waveguides connecting each VCSEL cavity. Compared to the
traditional reference array with close values of Zn-diffusion
and oxide-relief apertures for SM operation, the demonstrated
array shows a significant improvement in the wall plug effi-
ciency (WPE), eliminating the low-frequency roll-off in the
E-O responses, which greatly enhances the quality of the eye-
patterns for high-speed data transmission, while maintaining
the same narrow divergence angle (full-width half-maximum:
∼6°). These superior performance characteristics of the demon-
strated array can be attributed to the fact that the high photon
density in the SM output pattern from each VCSEL unit is
diluted through the connected passive waveguides between the
different apertures. The reduction in photon density for SM
operation can thus release the SHB effect. Furthermore, the
waveguide connection also enhances the coherence between the
neighboring VCSEL emitters, minimizing the interference noise
and cross-talk which occurs between them under large signal
modulation. In modern nanosatellites, two kinds of laser sources,
at wavelengths of around 970 and 1550 nm, are used for beacon
and data communication, respectively [5]. The demonstrated
high-speed and high-brightness 940 nm VCSEL array has the
potential to simultaneously satisfy the requirements for both of
these applications (beacon and communication) while greatly
simplifying the design and reducing the size of the optics system
in the newly deployed FSO network.

II. DEVICE STRUCTURE DESIGN AND FABRICATION

Figs. 1(a) and (b) show top-views of the demonstrated 2 × 2
and 3 × 3 arrays. Two kinds of structures for each size of array
were fabricated for comparison: one with optical waveguides to
connect each VCSEL unit (array A) The other is the traditional

array structure (array B) having the same mesa sizes but without
the waveguides. The waveguide length and width in array A
is 29 and 6 μm, respectively. Three different oxide aperture
(Wo) diameters as 9, 12, and 15 μm in both array (A and B)
structures are studied. The corresponding mesa diameter for
each Wo (9, 12, and 15 μm) is adjusted to 28, 31, and 34 μm,
respectively, to meet the desired values of Wo. For the case of
Wo as 12 μm, the mask defined mesa diameter is 35 μm, but
it becomes 31 μm after the wet etching process with a depth
of 4 μm and 2 μm lateral etching. The optical waveguides
which connect the different active VCSEL units are specified
in these two photos. Fig. 1(c) shows conceptual cross-sectional
views of the active light-emitting mesa and passive waveguides
in array A. As can be seen, the Zn-diffusion and oxide-relief
processes have been performed on each unit’s active VCSEL in
order to manipulate the optical transverse modes and relax the
RC-limited bandwidth of the array [3]. The passive waveguides
between the different active mesas are composed of the same
epi-layer structure as the VCSEL cavity [21]. The p- and n-type
distributed Bragg reflectors (DBRs) serve as the waveguide
claddings and the active layers serve as the waveguide core.
The passive waveguide regions are sealed by a dielectric film to
isolate them from the external current injection. Zn-diffusion
apertures are also applied to the passive waveguide regions
in order to enhance the optical confinement in the transverse
direction. The detailed geometry and size of the diffusion depths
and widths are specified in Fig. 1(c) and Fig. 2(a). In our cavity
design, the photoluminescence (PL) peak wavelength of our
MQW active region is at around 924 nm at RT. Based on the
measured Bragg wavelength (∼937 nm) in our VCSEL cavity,
the corresponding cavity-to-PL detuning wavelength is around
13 nm. Such a design can not only improve the high-temperature
performance of the VCSEL [22], [23] but also ensure that our
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Fig. 2. (a) Conceptual cross-sectional view of the passive waveguides used for optical simulation. The refractive indexes of each layer are specified. (b) Simulated
total optical power versus propagation distance in our waveguide. The insets show the simulated cross-sectional optical mode field patterns at different waveguide
locations. PI: polymethylglutarimide.

passive waveguide will be transparent for the propagation of
lasing light with a central wavelength at around 940 nm. Optical
confinement in the direction perpendicular to the wafer surface
of the passive waveguide is achieved by the index contrast be-
tween the III-V active multiple quantum wells (MQWs) and the
thin (∼28 nm) air layer, which is realized by the oxide-relief pro-
cess, as discussed above. Details about the design and simulation
of our passive waveguide are illustrated in Fig. 2. Fig. 1(d) shows
the detailed layout of the Zn-diffusion patterns in this array.
The yellow region represents the Zn-diffusion area. In order
to enhance the mutual coupling between different VCSEL unit
through optical waveguides in array A, the lossy Zn-diffusion
regions in the junction between the waveguides and the active
mesas have been removed, which changes the Zn-diffusion
apertures from ring- to fan-shaped. Fig. 2(a) shows a conceptual
cross-sectional view of the passive waveguide used in the optical
simulation. The refractive index of each DBR layer is specified
in this figure. The effective index in the active MQWs and Zn-
diffusion (disordering) regions is determined by the weighting
of the thickness and index of each layer. Fig. 2(b) shows the
simulated total optical power inside the waveguide versus the
propagation distance and the optical mode field distribution at
different positions on the waveguide cross-section. Here, we
adopted commercially available software1 to simulate the optical
waveguide structure. As can be seen, a highly multi-mode and
moderate insertion loss (−4 dB) within the propagation distance
(30 μm) between different active mesas can be sustained. This
result indicates that the demonstrated waveguide structure can
effectively link and increase the coherence between different
light emission units in the array.

1Lumerical, an Ansys Company, Suite 1700, 1095 West Pender Street V6E
2M6 CA BC Vancouver, Canada.

There are three key parameters for the active mesa: WZ, WO,
and d, which determine the mode characteristics of the single
device. Here, WZ and WO represent the diameter of the Zn-
diffusion aperture and oxide-confined aperture, respectively; d
is the Zn-diffusion depth. The addition of Zn-diffusion apertures
in the top p-type DBR layers of our VCSEL will induce extra
loss in the peripheral region of the optical aperture. Higher order
mode lasing can thus be suppressed in the Zn-diffused DBR
region due to free-carrier absorption and reflectivity reduction
caused by disordering [14], [17]. The disordering of the DBR
layers allows us not only to manipulate the number of optical
transverse modes inside the VCSEL cavity, as discussed else-
where, but can also reduce the differential resistance of the VC-
SEL [3]. By properly optimizing the relative sizes of these three
parameters to allow significant Zn-diffusion induced internal
loss (αi) in the current-confined (gain) region, the device is able
to demonstrate high single-mode (SM) performance under the
full range of bias currents [10], [14], [17]. The values of WZ and
d for all VCSEL units in arrays A and B, are fixed at 6.0 and 1.5
μm. Different values of Wo are adopted to study the influence of
the output optical spectra of the VCSEL units on the static and
dynamic performance of both arrays (A and B). The epi-layer
structure which is grown in a molecular beam epitaxy (MBE)
chamber2 is composed of six compressive strained

In0.13Ga0.87As/Al0.08Ga0.92As MQWs sandwiched between
38-paired n-type and 20-paired p-type Al0.93Ga0.07As/
Al0.06Ga0.94As (50.9/50.2 nm thickness) Distributed-Bragg-
Reflector (DBR) layers with a single Al0.98Ga0.02As layer
(28 nm thick) for oxidation. The fabrication of the array starts
with the Zn-diffusion process. A high-quality Si3N4 film is
necessary to serve as the mask for the high-temperature diffusion

2Intelligent Epitaxy Technology, Inc, 1250 E Collins Blvd, Richardson, TX
75081, USA.
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Fig. 3. Measured bias dependent optical spectra and 2-D FFPs of array A (Wz/Wo/d = 6.0/12/1.5 µm) for a (a) single device (SD), (b) 2 × 2 array, and
(c) 3 × 3 array. The corresponding 1-D bias dependent FFPs for the (d) single device (SD), (e) 2 × 2 array, and (f) 3 × 3 array.

Fig. 4. Measured bias dependent optical spectra and 2-D FFPs of array B (Wz/Wo/d = 6.0/12/1.5 µm) for a (a) single device (SD), (b) 2 × 2 array, and
(c) 3 × 3 array. The corresponding 1-D bias dependent FFPs for the (d) single device (SD), (e) 2 × 2 array, and (f) 3 × 3 array.

process. The mask defined diameter of the optical aperture
(without Zn-diffusion) is around 8 μm. Considering lateral
Zn-diffusion, the final Wz is around 6.0 μm after the completion
of the Zn-diffusion process and ∼1.5 μm in depth (d). After the
diffusion process, the mesa and waveguide etching process is
performed. Although the shape of the mesa is not circular after
wet etching, a circular current-confined area can still be obtained
after the wet oxidation process. In order to have different sizes
of Wo, 3 different diameters of mesas are used and this results
in a Wo of 9, 12, and 15 μm. After p-type contact metallization
(Ti/Au;50/200 nm), the device is passivated by the addition of a
SiO2 layer (∼150 nm) and an∼3μm thick polymethylglutarim-
ide (PMGI) layer is then deposited for planarization. Finally, an
∼2μm thick Ti/Au layer is evaporated onto the chip for on-wafer
probing.

III. MEASUREMENT RESULTS

Note that for each device structure discussed in the following
sections of this paper, we conducted measurements of at least 3
devices for each structure, all showing very similar performance.
The L-I-V curves of all our studied devices are shown in Figs. 7
and 8. Here, we would first like to discuss the bias dependent
output optical spectra and 2-D/1-D far-field patterns for arrays
A and B (with different numbers of elements), as shown in
Figs. 3 and 4, respectively. The oxide-relief aperture (Wo) is
fixed at 12 μm. Figs. 5 and 6 show similar measurement results
but for the cases were Wo is increased from 12 to 15 μm. We
can clearly see that the bias dependent behaviors of the output
optical spectra of both array structures (A and B) are pretty
close and the optical spectra switches from MM to quasi-SM
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Fig. 5. Measured bias dependent optical spectra and 2-D FFPs of array A (Wz/Wo/d = 6.0/15/1.5 µm) for a (a) single device (SD), (b) 2 × 2 array, and
(c) 3 × 3 array. The corresponding 1-D bias dependent FFPs for the (d) single device (SD), (e) 2 × 2 array, and (f) 3 × 3 array.

Fig. 6. Measured bias dependent optical spectra and 2-D FFPs of array B (Wz/Wo/d = 6.0/15/1.5 µm) for a (a) single device (SD), (b) 2 × 2 array, and
(c) 3 × 3 array. The corresponding 1-D bias dependent FFPs for the (d) single device (SD), (e) 2 × 2 array, and (f) 3 × 3 array.

when Wo increases from 12 to 15 μm, due to the increase in
the Zn-diffused intra-cavity loss, as previously discussed [10],
[17]. As can be seen in Figs. 4 and 6, the FFP of array B, with
different numbers of elements (2 × 2 and 3 × 3), is exactly
the same as that of the reference single device. Under MM
operation (Wo: 12 μm), the 2-D FFP becomes donut-like with
an indentation in the center (∼40%) but for SM operation, the
FFP becomes Gaussian-like with a narrow divergence angle
(full-width half maximum (FWHM): ∼6°). These results are
the same as those quite commonly reported for the MM [12]
and SM VCSEL arrays [10] and imply that, without inter-mesa
waveguide connections, each VCSEL unit in the array lases
almost independently [10]. On the other hand, compared with
array B, there is a dramatic change in the FFPs of array A,

as shown in Figs. 3 and 5. This suggests that the inter-mesas
waveguides not only dilute the photon density inside a single
VCSEL cavity but also lock the phase between neighboring VC-
SEL emitters. We can clearly see that the 2-D FFP of MM array
A (Wo:12μm) under high bias current (47 mA for 2× 2) exhibits
4 distinct peaks in space, as is usually observed in the reported
phase-locked VCSEL array under out-of-phase lasing operation
[23], [24]. However, in the quasi-SM array A (Wo:15 μm),
single-spot FFPs, which have divergence angles close to those of
quasi-SM array B (Wo:15 μm), can still be sustained under the
full range of bias currents. Tables I to IV summarize the FFPs
obtained for multi-mode (MM) (Wo: 9 μm) and (quasi-) SM
arrays A and B (Wo:15 μm), respectively, under different bias
currents. The corresponding output power and divergence angles

Authorized licensed use limited to: National Central University. Downloaded on May 19,2022 at 06:00:21 UTC from IEEE Xplore.  Restrictions apply. 



1501211 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 28, NO. 1, JANUARY/FEBRUARY 2022

Fig. 7. Measured L-I-V curves for a (a) single device (SD), (b) arrays A and
B having (2×2) and (3×3) emitters, respectively (Wz/Wo/d = 6.0/15/1.5 µm).

Fig. 8. Measured WPEs vs. driving current density of arrays A and B (Wz/d=
6.0/1.5 µm) with different numbers of emitters (SD, 2 × 2, and 3 × 3) and
different oxide aperture sizes of (a) 9 µm, (b) 12 µm, and (c) 15 µm.

TABLE I
SUMMARIZED BIAS DEPENDENT FFPS OF ARRAY A WITH DIFFERENT

NUMBERS OF EMITTERS (Wz/Wo/D = 6.0/9/1.5 µm)

TABLE II
SUMMARIZED BIAS DEPENDENT FFPS OF ARRAY B WITH DIFFERENT

NUMBERS OF EMITTERS (Wz/Wo/D = 6.0/9/1.5 µm)

TABLE III
SUMMARIZED BIAS DEPENDENT FFPS OF ARRAY A WITH DIFFERENT

NUMBERS OF EMITTERS (Wz/Wo/D = 6.0/15/1.5 µm)

(FWHM) obtained under each bias current are given in these
four tables. The total (black) and averaged Ith (yellow) values
for the arrays and for each single device, respectively are also
specificed. In Tables I and II we can clearly see that the average
Ith values are larger for array A than array B. This also holds
true for single reference devices and for both structures, which
implies that the leakage current into the passive waveguide is
not an issue for a larger Ith. The variation in Ith performance
of the single reference devices in array A and array B may be
attributed to variations in the process and uniformity issues in
6-inch VCSEL wafers in the different samples. Here, in order
to make a fair comparison between a single reference device
and an array, we place the single device as close as possible to
the arrays. Array A and B share the same mesa structure for
their single reference VCSEL [19], [20] and are fabricated from
the same VCSEL wafer (6-inch) but from different samples,
so it is difficult to ensure that two different samples will have
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TABLE IV
SUMMARIZED BIAS DEPENDENT FFPS OF ARRAY B WITH DIFFERENT

NUMBERS OF EMITTERS (Wz/Wo/D = 6.0/15/1.5 µm)

TABLE V
SUMMARIZED SLOPE EFFICIENCY AND MAXIMUM OUTPUT POWER FOR

ARRAYS A AND B (Wz/Wo/D = 6.0/15/1.5 µm)

exactly the same Wo. Nevertheless, as shown in Tables I to IV,
these single devices (SD) provide a good reference in terms
of the Ith for their corresponding array structure. On the other
hand, when we increase the Wo to 15 μm for SM performance
(see Tables III and IV ), the difference in Ith between array
A and B becomes smaller. This can be attributed to the fact
that, for SM operation, the Zn-diffusion induced intra-cavity
loss gradually becomes the domiant factor of Ith. In the array
A structure with waveguides, the cavity loss is less, due to that
there being no Zn-diffused region in the junction between the
waveguide and the mesa. Moreover, as can be seen in Tables
III and IV, for a 3 × 3 array under a moderate bias current
(80 mA), a higher output power (33 vs. 31 mW) is obtained for
the array A structure than for array B, with the same divergence
angle (FWHM: ∼6°). Under such operational conditions, array
A exhibits a significant improvement in large-signal modulation,
which will be discussed later; see Fig. 13. Figs. 7(a) and (b) show
the measured L-I-V curves for the single device (Wo:15μm) and
arrays A and B, having oxide aperture values which are close to
each other and with 2 × 2 and 3 × 3 emitters, measured under
room temperature (RT) operation. Table V shows a summary
of the corresponding slope efficiency and maximum output
power. As can be seen, in array A, with waveguide connections
between the different VCSEL units, the measured Ith is linearly
proportional to the number of VCSEL units. This result also
suggest that the injected current, which spreads from the active
mesa to the passive waveguide region, is negligible. In addition,
we can clearly see that we can obtain a significantly higher output
power (slope efficiency) with array A than array B due to the
additional passive waveguides inside the array. It appears that

the nominal maximum output power per emitter of the 3 × 3
array A drops to 2/3 of the value of a single emitter VCSEL.
For array B, it drops even more, to about ∼55% when going
from a single emitter to a 3 × 3 array. On the other hand, for the
power values specified in Tables I and II, for MM arrays A and
B, the degradation in output power per unit device is as small as
∼89%. Such a result clearly indicates that the SM induced SHB
effect seriously limts the static perfromancess of our SM VCSEL
array but it can be minimized by adapting the demonstrated
array A structure. Figs. 8(a) to (c) show the extracted wall
plug efficiencies (WPEs) versus driving current densities for
arrays A and B obtained with three different oxide apertures
(Wo) of 9, 12, and 15 μm, respectively. As discussed above,
when we gradually increase the Wo, the output optical spectra
will shift from MM to SM due to the increase of Zn-diffused
intra-cavity loss. Fig. 8(a) shows the measurements for the MM
VCSEL array (Wo: 9 μm). It can be seen that the array B
structure exhibits a maximum WPE of around 50% (for the 2 ×
2 array under a driving current of 7 kA/cm2), which is superior
to that of array A (50 vs. 40%). This can be attributed to the
slight smaller Wo and Ith values, as specified in Tables I and
II, for array B than for array A. Such a discrepancy is due to
the problem of reproducibility for the wet oxidation process in
these two samples (A and B), as noted above. Nevertheless,
when the Wo increases for SM operation with high brightness
output, the array A structure exhibits better WPE performance
than that of array B, as can be seen in Fig. 8(c) (Wo: 15 μm).
Under a driving current density of around 7 kA/cm2, we obtain
a larger WPE for array A with 2 × 2 elements and (quasi-)
SM performance (29 vs. 21%) than that of reference array B.
These FFP and L-I-V measurement results indicate that when the
VCSEL array output varies from MM to SM, both the increase
in the Zn-diffused intra-cavity loss and SHB effect, which is due
to the high photon density in the single-spot optical mode field
[17], [18], will lead to degradation in the WPE performance of
the VCSEL array, becoming the major factor limiting its perfor-
mances The proposed inter-mesa waveguide structures in array
A can effectively dilute the photon density, minimizing the SHB
effect, leading to an enhancement of the WPE, and sustaining
of the single-spot FFP with a narrow divergence angle (high
brightness).The high-speed electrical-to-optical (E-O) perfor-
mance of the fabricated arrays was measured by a lightwave
component analyzer (LCA), composed of a network analyzer
(Anritsu 37397C) and a calibrated photoreceiver module (VI
Systems: D50-1300 M)3, which could cover an optical window
from wavelengths of 850 to 1310 nm. The measured O-E -3dB
bandwidths for this photoreceiver module at wavelengths of 850
and 1310 nm are around 27 and 24 GHz, respectively. Here,
the measured optical-to-electrical (O-E) frequency responses at
850 nm are selected for calibration during the de-embedding pro-
cess for 940 nm VCSEL E-O measurement. This should avoid
overestimatation of the E-O bandwidth in our device. During
measurement, a multi-mode fiber (MMF; OM3) with a ball lens
tip is used to collect the light output from one of the single emit-
ters in the array. The output of the MMF is then connected with

3VI Systems GmbH, Hardenbergstrasse 7, 10623 Berlin, Germany.
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Fig. 9. Measured bias dependent E-O responses of array A with (a) SD, (b) 2 × 2, and (c) 3 × 3 number of emitters (Wz/Wo/d = 6.0/9/1.5 µm).

Fig. 10. Measured bias dependent E-O responses of array B with (a) SD, (b) 2 × 2, and (c) 3 × 3 number of emitters (Wz/Wo/d = 6.0/9/1.5 µm).

Fig. 11. Measured bias dependent E-O responses of array A with (a) SD, (b) 2 × 2, and (c) 3 × 3 number of emitters (Wz/Wo/d = 6.0/15/1.5 µm).

the photo-receiver module (D50-1300 M) as above-discussion.
Figs. 9 to 12 show the measured bias dependent E-O frequency
responses of multi-mode (Wo: 9μm) and quasi-SM arrays A and
B (Wo: 15 μm), respectively, with different numbers of emitters.
Thanks to the Zn-diffusion and oxide-relief processes, which can
effectively release the RC-limited bandwidth of the VCSELs [3],
[19], [20], the measured maximum 3-dB E-O bandwidths of the
single reference VCSEL are pretty close to those of arrays A
and B (2 × 2 and 3 × 3 number of elements) for both the cases
of devices with MM and SM performance. This result indicates
that the external RC-limited bandwidth is not an issue in the net
speed performance of our demonstrated array and the dominant

speed limiting factor should be the device heating and SHB effect
in SM devices as discussed above.

For details about device modeling the interested reader can
refer to our previous work [3]. In contrast to the measured E-O
responses of VCSELs with MM performance (Figs. 9 and 10),
there is an additional low-frequency roll-off (∼6 dB) induced
by the SHB effect [17], [18] in the measured E-O traces of SM
arrays A and B (Figs. 11 and 12). This leads to degradation in the
quality of the eye-pattern during high-speed data transmission
[17], [18], as will be discussed later. The pronounced SHB effect
in SM one occurs because it usually has a more concentrated
far-field distribution. This leads to the hole recombination rate
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Fig. 12. Measured bias dependent E-O responses of array B with (a) SD, (b) 2 × 2, and (c) 3 × 3 number of emitters (Wz/Wo/d = 6.0/15/1.5 µm).

Fig. 13. Measured 10 Gbit/sec eye patterns of SD (Wz/Wo/d = 6.0/15/1.5 µm), array A (Wz/Wo/d = 6.0/15/1.5 µm), and array B (Wz/Wo/d = 6.0/12/1.5 µm).

being much faster in the center than at the periphery of the optical
aperture. The pronounced hole drift process from the peripheral
area to the center results in the observed low-frequency roll-off.
This type of roll-off is minimized in the measured E-O responses
of array A due to the dilution of the photon density because of
the passive waveguides between neighboring active mesas.

Fig. 13 shows the 10 Gbit/sec eye pattern measurement results
for 3 × 3 arrays A and B and the single reference device. Here,
we adopt the same optics setup as that in our E-O bandwidth
measurement to collect the light output from one of the single
emitters in the array. Regarding with high-speed photo-receiver
module, it has been replaced with a different one (VI Systems:
R50-1300;), comprised of a p-i-n photodiode and limiting ampli-
fier with a 3-dB optical-to-electrical (O-E) bandwidth of around
30 GHz. The O-E converted signal is then fed into a sampling
scope to record and analyze the eye patterns. A 10 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 generator to drive the VCSELs. Both arrays (A and B)
are tested under the optimized and same peak-to-peak driving
voltage (0.9 V) to evaluate the quality of the eye patterns. Here,
in the 3 × 3 array A (Wo: 15 μm), a bias current (∼80 mA)

with a narrow convergiece is chosen (FWHM: ∼6°) and a
moderate output power (∼33 mW); refer to Table I. As can be
seen, clear 10 Gbit/sec eye-opening can be achieved with both
the single reference device and array A. However, for array B
with SM performance (Wo: 15 μm), the measured 10 Gbit/sec
eye-patterns are closed. This poor eye-opening performance can
be attributed to the serious low-frequency roll-off induced by
the SHB effect in the measured E-O responses, as indicated in
Fig. 10, and the optical/thermal cross-talk between the different
VCSEL emitters under large signal modulation in the array. The
SHB effect can be minimized when the output optical spectra
of the VCSEL vary from SM to MM. Here, the measured 10
Gbit/sec eye-patterns for the MM array B (Wo: 12 μm) are given
for reference. We can clearly see that even for array B with the
MM structure (Wo: 12 μm), the quasi-SM array A (Wo: 15 μm)
can still give a much better eye-opening performance, a narrower
divergence angle (6° vs. 12°), and maintain a single-spot FFP
(without the indentation in the center). From a comparison of the
static and dynamic measurement results for arrays A and B, as
shown in Figs. 4 and 11, to those of array B with the traditional
array structure, we can conclude that the proposed 3 × 3 array
A structure can effectively narrow the divergence angle (from
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12° to 6°) and significantly enhance the large signal modulation
performance.

IV. SUMMARY

We demonstrate a novel design for high-brightness, high-
speed, and (quasi-) SM VCSEL array operating at the 940 nm
wavelength. By using Zn-diffusion and the inclusion of oxide-
relief apertures in the VCSEL units of our array, the RC-limited
bandwidths can be greatly relaxed, leading to very small degra-
dation in net E-O bandwidths of our 3 × 3 array as compared
to that of the single reference device. In addition, by inserting
passive waveguides to bridge the neighboring active VCSEL
mesas, the coherence among different emitters in the array can
be enhanced, which in turn results in a dramatic change of FFPs
compared to those of the reference VCSEL array without wave-
guide connections. Furthermore, with the demonstrated (quasi-)
SM array structure we obtain a higher WPE and much better
10 Gbit/sec eye-opening performance than for the traditional
SM array with close values of Wo and Wz in each single unit of
the array. This is because the SHB effect, which usually limits the
static and dynamic performance of SM (high-brightness) VC-
SELs, can be greatly minimized due to the dilution of the photon
density among the passive waveguides. In addition, interference
noise among neighboring VCSEL emitters is minimized due
to the increase of coherence between the VCSEL units in our
proposed array structure.
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