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1. Introduction

The market for high-brightness (HB)
semiconductor laser (SL) sources for
various applications such as advanced
time-of-flight (ToF) LiDAR,[1,2] motion or
vibration monitoring,[3] optical wireless
communication,[4–6] and laser manufactur-
ing,[7] is booming. The recent demand for
optical wireless communication (OWC)
channels for next-generation 5G, 6G, and
satellite communication has driven the
development of HB light sources for
high-speed modulation which can effec-
tively reduce the serious diffraction loss
in OWC between satellites[4,5] where wire-
less linking distances of up to hundreds of
kilometers are necessary.[5]

To increase the brightness of the laser
output, it is necessary to downscale the
active light emission area, narrow the far-
field divergence angle, and increase the
output power.[8] Although a photonic crys-

tal (PC)-based surface-emitting laser with a state-of-the-art bright-
ness of output optical beam has been demonstrated,[8] no report
of its high-speed modulation performance has yet been made.
This may be due to the challenge of the extremely long coherence
length (time) inside its large optical cavity. The other effective
way to realize a high-brightness light source is to build the
vertical-cavity surface-emitting laser (VCSEL) array from several
single mode (SM) VCSEL units[9,10] which normally exhibit a nar-
row divergence angle and perfect Gaussian beam output. A mod-
erate to large size of current-confined aperture (>7 μm) and
lowering of the distributed Bragg reflector (DBR) mirror reflec-
tivity (<99.7%) are both necessary for high SM power. However,
the low DBR mirror reflectivity indicates a short photon lifetime
inside the VCSEL cavity and results in a more noticeable reso-
nance in the relative intensity noise (RIN) spectrum.[6,11,12] In
addition, the photon density at the center of the large light emis-
sion aperture of a VCSEL with high SM output power is usually
high, leading to a serious spatial hole burning (SHB) effect and
unwanted low-frequency roll-off in the electrical-to-optical (E–O)
frequency response.[13,14] These characteristics can cause serious
degradation of the high-speed and large-signal transmission of a
high-power/high-brightness VCSEL array. One possible way to
overcome the aforementioned problems in SM VCSELs and to
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Herein, it is shown how the novel layout and arrangement of electrodes of a
vertical-cavity surface-emitting laser (VCSEL) array can simultaneously improve
its high-speed data transmission performance and the brightness of the output
beam. In contrast to the layout of the traditional VCSEL array with its isolated
mesas and a single electrode to electrical parallel arrangement of all active
elements, the new inverse design can effectively reduce the pitch size between
neighboring light emission apertures thereby allowing significant downscaling of
the whole active area of the array and high brightness output. Moreover, there are
two separate electrodes in demonstrated compact 7� 7 VCSEL array, one for
pure dc current injection and the other for large ac signal modulation. Compared
with the single electrode reference device, the demonstrated array shows heavier
dampening of the electrical–optical (E–O) frequency response, a wider maximum
3-dB E–O bandwidth (17 vs 13 GHz), and a Gaussian-like optical far-field pattern
with a higher brightness output (65.95 vs 40.8 kW cm�2 sr�1), under the same
high output power (�145 mW). The advantages of this novel VCSEL array lead
to a much better quality of 32 Gbps eye-opening with a higher brightness
output.
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sustain a high-quality of output beam with high CW power
(>200mW) would be to combine 905 or 940 nm multimode
VCSEL units with a backside substrate lens.[15,16] However,
the size limitation of each backside lens to be integrated impedes
the dense arrangement of VCSEL units and will eventually
limit the brightness performance.

In this work, we demonstrate a 7� 7 coupled cavity 850 nm
VCSEL array using a novel design for both the layout of the ultra-
compact array and the electrode pads. This design can overcome
the SHB problem and relax the trade-offs between the divergence
angle of the far-field pattern (FFP), the speed, and the RIN reso-
nance in the SM VCSEL. A high maximum CW quasi-SM optical
power (145mW at 275mA) with Gaussian FFPs and a narrow
divergence angle ((FWHM): 8°) can be simultaneously achieved
together with a miniaturization of the light emission active area
(120� 120 μm2). Moreover, this HB source also exhibits heavy
damping and a flat E–O frequency response, a wide 3-dB band-
width (17 GHz), and clear 32 Gbit sec�1 eye-opening.

2. Device Structure and Fabrication

Figure 1a,b, respectively, shows top views of the demonstrated
7� 7 dual pad VCSEL array (device A) and the single pad refer-
ence sample (device B). Figure 1c shows a conceptual 3D dia-
gram of device A, where Zn-diffusion and the oxide-relief
apertures are utilized to ensure quasi-SM operation and relax
the RC-limited bandwidth, respectively.[9,17] The diameters
of the oxide-relief (WO: 8 μm) and Zn-diffusion apertures
(WZ: 8 μm), and the Zn-diffusion depth (dZ: 1.2 μm) and posi-
tions of light output perforations, are specified in Figure 1c.
Both devices (A and B) share the same WO, WZ, and dZ values;
the only difference between them is in the design of the p-type
electrodes. As shown in Figure 1a,b, in contrast to device B,
which has a fully covered p-metal pad for uniform current injec-
tion into each aperture, device A has an interdigitated p-type elec-
trode. In this layout, one side of the electrode connects to the RF
pad and the other side connects to the DC pad. A certain level of
electrical isolation between these two pads can be realized due to
the high resistivity of the topmost p-type DBR layers. The special
dual pad design used in our array makes nonuniform current
injection across different light emission apertures possible,

enhancing mutual coupling between neighboring apertures,
and leading to a significant improvement in the static and
dynamic performance of our array.[18] During high-speed opera-
tion, one of the dual pads of device A is for the DC current and
the other one is for DCþ RF signal injection. The traditional
VCSEL array usually has an independent mesa which is etched
down to the n-DBR, paralleled by a common electrode on the top
side of the array. However, with this type of design, the strong
index contrast between the active mesa and the air, which causes
a significant loss of evanescent waves, makes optical phase cou-
pling between adjacent VCSEL units difficult. One of the most
effective approaches to improve the phase coupling and coher-
ence between neighboring emitters is to use an optical wave-
guide between the various active mesas.[19,20] Furthermore, for
high-brightness performance, it is necessary to downscale the
total active area to obtain a dense arrangement of light emission
apertures in the array. We thus set the length of the connecting
waveguide to be as short as possible. Having a pitch size of 20 μm
leads to a small light emission active area of 120� 120 μm2 in
our 7� 7 array, as specified in Figure 1a. Compared with previ-
ous work,[18] by appropriately increasing the number of light
emission apertures from 2� 2 to 7� 7, we obtain a larger output
power, narrower angle of divergence in the FFPs, and higher
brightness, while keeping the same maximummodulation speed
at 32 Gbit sec�1. Here, the 20 μm pitch size is limited by device
processing capability, although this number may be too large to
allow the phenomenon of strong cavity coupling. For this dem-
onstrated array structure, there is evidence of coherence as a
superstructure in the FFPs with pitch sizes of �12 μm or
below.[21,22] In addition, although the mesa shape is not symmet-
rically circular, a nearly circular (diamond-shaped) wet oxidation
aperture can still be obtained, as shown in the inset to Figure 1c.
The VCSEL epilayer structure is grown on a nþGaAs substrate,
which is composed of four In0.07Ga0.9As/Al0.3Ga0.7As (40/45 Å)
MQWs sandwiched between 39-paired n-type and 24-paired
p-type Al0.93Ga0.07As/Al0.15Ga0.85As DBR layers with an
Al0.98Ga0.02As layer (25 nm thick) above the MQWs for oxida-
tion.[23] Fabry–Perot (FP) dip mapping of the whole VCSEL wafer
shows that the cavity resonance wavelength is located at around
850 nm with detuning between the gain peak (838 nm) and FP
dip (850 nm) wavelengths at around 12 nm. Such detuning

Figure 1. Top view of the demonstrated 7� 7 VCSEL array for a) device A and b) device B. c) Conceptual cross-section 3D view of active light emission
apertures in both devices. An infrared photo of the aperture during the wet oxidation process is shown in the inset.
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results in a significant improvement in the 3-dB O–E bandwidth
of the VCSEL due to the device self-heating induced red-shift
of the gain peak at high-bias currents and high junction
temperatures.[24]

3. Measurement Results

The free-space light output power versus current (L–I) character-
istics of devices A and B and a comparison between their current
(I)–voltage (I–V ) curves are shown in Figure 2a–c. In this case, a
large area (1� 1 cm2) power sensor head is used to collect all of
the output light from the 49 light emission apertures in our array.
The two I–V curves for device A, shown in Figure 2c, are mea-
sured separately from the DC and RF pads for a 7� 7 VCSEL
array. As can be seen, there is a minor difference in the I–V
curves measured from the DC and RF pads for device A. This
slight difference is because the N-contact frame is not perfectly
symmetric. As shown in Figure 1a, there is a discontinuity in the
N-contact frame on the RF pad side, which leads to a smaller
n-contact area and the larger differential resistance measured
at this side. Such a gap in the n-contact frame can be beneficial
to the yield of the metal lift-off process. Moreover, it should be
noted that the differential resistances of device A are significantly
greater than that of device B. This is due to the fact that, in device
A, the dual electrodes only partially cover the light emission aper-
ture. In contrast, in device B, the p-metal area outside of the light
emission aperture is fully covered, as shown in Figure 1a,b. For
L–I curve measurement of device A, the injected DC bias current
was swept, as shown on the x-axis in Figure 2a, onto the RF elec-
trode, and then various DC bias currents, corresponding to the
various L–I traces in this figure, were applied to the DC electrode.
It is evident that there is a gradual increase in the total output
power from the array following an increase in the bias current
on the two isolated electrodes, as expected. Comparison with
device B shows that, although device A has a smaller maximum
output power (145 vs 170mW), there is still a slight improvement
in the output power (105 vs 94mW) under the moderate
total bias current (180mA). This can be attributed to the
dual-electrode design which facilitates current injection, and
effectively minimize current crowding, thereby improving injec-
tion efficiency in our 7� 7 array. Here, the two major factors

limiting the maximum output power (Pmax) of both devices
are the spatial hole burning (SHB) effect, which usually happens
in single-mode (SM) VCSELs with perfect Gaussian-like
FFPs,[13,14,25] and the thermal effect. The smaller Pmax of device
A than that of B can be attributed to the larger differential resis-
tance of device A, as shown in Figure 2c, which leads to more
serious device heating and less Pmax under high-bias current
operation.

To narrow the divergence angles in the FFPs, it is highly desir-
able for the demonstrated VCSEL to have (quasi-) SM output.
Figure 3a–c shows the measured bias-dependent output optical
spectra of device A obtained using three different injected bias
current combinations through the dual electrodes. Figure 3d
shows similar measurements but for device B. Here, three dif-
ferent bias currents of 30, 50, and 80mA were injected onto the
DC electrode of device A, while a sweeping bias current was
injected into the RF electrodes. The optical spectrum analyzer
(ANDO AQ6315A) used had a maximum resolution of around
0.05 nm. The QSM output performance of both devices
(A and B) is very similar, thanks to the Zn-diffusion process,
which can stabilize the output optical spectra, regardless of
the change in bias current combinations. QSM output could
be sustained from a low to a high total bias current
(�250mA). Figure 4a–d shows the corresponding bias-
dependent 1D and 2D FFPs of device A and device B, respec-
tively, obtained with the three different combinations of bias
current. Here, the bias current applied to the DC pad of device
A was fixed at 30, 50, or 80mA, while the current injected onto
the RF pad was swept; their values are specified in the figures. As
can be seen, both devices could maintain Gaussian FFPs even
when the bias current exceeded the saturation output
(>250mA). Moreover, in contrast to device B, device A has a nar-
rower far-field divergence angle (FWHM: �8° vs 10° at 250mA).
This can be attributed to the nonuniform current injection from
the dual pad which enhances the optical coupling between adja-
cent VCSEL elements, effectively broadening the near-field dis-
tribution,[18,19] which in turn leads to the narrowing of the FFP.
Figure 5 shows the near-field patterns (NFPs) for devices A and B
measured under different total bias currents in different combi-
nations, as specified in the figure. It can be clearly seen that, for
device A, our dual-electrode design with nonuniform current
injection provides weak optical coupling between adjacent
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Figure 2. Measured L–I curves of a) device A and b) device B. c) Measured I–V curves of device A through the DC and RF pads and for
device B (Wz/Wo/d= 8/8/1.2 μm).
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VCSEL units, leading to a significant improvement in its
dynamic performance; this will be discussed in greater detail
later. In addition, in both devices (A and B), the distribution

of NFP in each light emission aperture is highly nonuniform.
This can be attributed to the fact that the oxide aperture is
diamond-shaped instead of a being perfectly circular, as shown
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Figure 3. Measured output optical spectra under different bias currents for a) device A (dc electrode: 30mA), b) device A (dc electrode: 50mA), c) device
A (dc electrode: 80 mA), and d) device B (Wz/Wo/d= 8/8/1.2 μm).
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Figure 4. Measured 1D and 2D far-field patterns under different bias currents for a) device A (dc electrode: 30 mA), b) device A (dc electrode: 50mA),
c) device A (dc electrode: 80mA), and d) device B (Wz/Wo/d= 8/8/1.2 μm).
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in Figure 1c, which leads to the phenomenon of current (gain)
crowding in the sharp tips of each aperture and results in the
observed nonuniform NFPs.

The high-speed E–O performance of the fabricated devices
was measured by a light wave component analyzer (LCA), which
was composed of a network analyzer (Anritsu 37397C) and a
calibrated photoreceiver module (VI Systems: D50-850 M).
Figure 6a–c shows the bias-dependent E–O frequency response
of device A measured with three different fixed bias currents
applied to the DC pads, of 30, 50, and 80mA, respectively. A
comparison of these E–O frequency response traces shows that
the one corresponding to the application of a 50mA bias current
onto DC electrode shows the heaviest dampening and widest
3-dB E–O bandwidth. This results in better eye pattern quality,
which will be discussed in greater detail later.

Figure 6d shows the measurement results for reference device
B obtained under the full range of bias currents. As can be seen,
regardless of the bias current combination, device A has a wider
3-dB bandwidth than that does device B (17 vs 13 GHz) under the
same total bias current, and the low-frequency roll-off observed
with device B has been eliminated. The remarkable dynamic per-
formance of device A is due to the broadening of the near-field
patterns originating from the nonuniform current injection from
the dual-pad, as shown in Figure 5. This effectively dilutes the
cavity photon density and minimizes the SHB effect.[25,26]

Moreover, in contrast to the results reported for devices with
strongly coupled VCSEL cavities[27–29] which usually have signif-
icant bandwidth enhancement induced by strong resonance in

their electrical-to-optical (E–O) frequency response, the weak
coupling in our array leads to greater dampening of the
electrical–optical (E–O) frequency response, a larger 3-dB E–O
bandwidth (17 vs 13 GHz), and much better quality of eye-open-
ing than that of the reference device. Figure 7a,b shows the
back-to-back (BTB) 25 and 32 Gbit sec�1 transmission results
for device A. During the transmission experiment, a high-speed
photoreceiver module (RXM25DF; Thorlabs, Inc), comprised of
a GaAs based p–i–n photodiode and a linear amplifier with a
25 GHz 3-dB optical-to-electrical bandwidth for the whole mod-
ule, was used. A 32 or 25 Gbit s�1 non-return-to-zero (NRZ) elec-
trical signal with a pseudo-random binary sequence (PRBS)
length of 215�1 was generated through a pattern generator.
The quality of the eye patterns of all tested devices was evaluated
under optimized peak-to-peak driving voltages (Vpp) and bias
currents. The optimized Vpp values of devices A and B are very
close, ranging from 0.7 to 1 V. The close values of Vpp are mainly
due to the quite similar frequency responses of the microwave
reflection coefficients (S11) during E–O response measurement
(S21) exhibited by these two devices. Figure 7a,b shows clear
eye-opening at 25 and 32 Gbit sec�1, respectively, for device A.
The values of the timing jitter in each eye pattern, which has
clear eye-opening performance, are specified. The superior
large-signal transmission performance of device A corresponds
to the truth that it has a flatter E–O response, which implies a
lower level of RIN noise spectrum,[11] as indicated in
Figure 6a, under various current combinations. In contrast, as
shown in Figure 7c, the eye pattern diagrams for device B lack

(a) (b)
Weak Coupling Device A Weak Coupling Device A

DC:30, RF:200mA DC:50, RF:200mA

(c) (d)
Weak Coupling Device A No Coupling Device B

DC:80, RF:200mA 250mA

Figure 5. Measured 2D near-field patterns under different bias currents for a) device A (dc electrode: 30mA), b) device A (dc electrode: 50mA), c) device
A (dc electrode: 80mA), and d) device B (Wz/Wo/d= 8/8/1.2 μm).
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clear opening when the data rate is decreased to 10 Gbit sec�1.
This result is due to the severe low-frequency roll-off in the
E–O frequency response, as shown in Figure 6d.

The superior large-signal transmission performance of device
A corresponds to the truth that it has a flatter E–O response,
which implies a lower level of RIN noise spectrum,[11] as shown
in Figure 6a. Overall, the novel pad layout in our miniaturized
array structure demonstrates superior static and dynamic perfor-
mance when compared to that of its traditional counterpart.
Table 1 gives the benchmark results from recent works on
medium-scale VCSEL arrays.[6,16,30–33] The results include the

maximum output power, active area, brightness, divergence
angles, and speed. The performance of a single VCSEL unit with
state-of-the-art brightness performance is also given in this table
for comparison.[6] Here, we assume a cone-shaped far-field
distribution with point angles of 8° and 11° for devices A and
B, respectively, in the calculation of the corresponding steradian
and the brightness of the output beam. As can be seen, compared
with a single device, there is a significant trade-off between
the brightness and the maximum output power due to the
increase in the light-emission active area. To overcome this prob-
lem, a perfect in-phase mode between each VCESL unit is
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Figure 6. Measured bias-dependent E–O frequency responses of a) device A (dc electrode: 30mA), b) device A (dc electrode: 50 mA), c) device A
(dc electrode: 80 mA), and d) device B (Wz/Wo/d= 8/8/1.2 μm).
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Figure 7. Measured bias-dependent eye patterns of device A at a) 25 Gbit sec�1 and b) 32 Gbit sec�1. c) Measured bias-dependent eye patterns of device
B at 10 Gbit sec�1. (Wz/Wo/d= 8/8/1.2 μm).
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necessary,[32–34] which would result in the narrowing of the
divergence angle of the FFP with the increase of device active
area, as discussed for the antiguide VCSEL array[31,34] with
near-diffraction limited output main beam. Nevertheless, the
large internal loss in these antiguide structures and significant
side lobes in FFP, which significantly broaden the divergence
angle under high-bias current, must be further minimized for
CW, high-speed, and high-brightness operation.

4. Conclusion

In this study, we demonstrate a novel design for the electrodes in
a high-brightness VCSEL array with a miniaturized light emis-
sion active area. The results show that the high-speed data trans-
mission performance can be significantly improved by dividing
the electrodes in a compact 7� 7 VCSEL array into two parts, one
for pure dc current injection and the other for large RF signal
modulation. Compared with the single electrode reference array,
the demonstrated array with its dual electrodes (dcþ RF) design
exhibits a greater dampened E–O frequency response and a
larger 3-dB E–O bandwidth (17 vs 13 GHz) under the same total
bias current (250mA). These advantages lead to a much
better quality of 32 Gbit/sec eye-opening than that of the refer-
ence device. In addition, this design can minimize the SHB
effect while simultaneously exhibiting a high output power
(145mW), QSM optical spectra at all bias current combinations,
and sustained Gaussian-like optical far-field patterns with a
narrow divergence angle (FWHM: 8° at 250mA) and high-
brightness output (65.95 kW cm�2 sr�1) with the same high
output power (�145mW). Our dual electrode VCSEL array’s
superior dynamic and static performance can be attributed to
the weak optical coupling between neighboring VCSELs caused
by nonuniform current injection through the dual electrodes.
Such a novel array design has the potential to further improve
the transmission performance of the next generation of OWC
channels.
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