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Abstract—1In this paper, we demonstrate a novel structure
for 850- and 940-nm wavelength high-speed vertical-cavity
surface-emitting lasers (VCSELs). Extra shallow apertures
(~20 nm) are etched on the topmost current spreading (CS)
layer of 850- or 940-nm VCSELs, which have Zn-diffusion and
oxide-relief apertures inside. Such a structure simultaneously
allows a significant enhancement of the output power and
a reduction in the number of optical modes in the optical
spectrum, which migrates toward the quasi-single-mode (QSM).
Comparison is made to multi-mode (MM) reference VCSELSs
produced without etching of the CS layer. The etched devices
exhibit a larger signal-to-noise ratio for error-free 32 Gbit/s
transmission over 100-m MM fibers (MMFs) at both wavelengths
(850 and 940 nm). In addition, the dynamic/static performance
of the etched samples is also superior to that of a QSM reference
sample, produced by utilizing only Zn-diffusion apertures without
etching of the CS layer. The demonstrated device structure
opens the door to greatly improve the performance of SM and
high-power VCSELs for high-speed data transmission.

Index Terms— Semiconductor lasers, vertical cavity surface
emitting lasers.

I. INTRODUCTION

IGH-SPEED vertical-cavity surface-emitting lasers

(VCSELSs) that can operate in the wavelength window
from 850 to around 1000 nm have lately attracted a lot of
attention due to their suitability for optical interconnect (OI)
applications [1]-[10]. Modern data centers and high-
performance computing (HPC) systems require millions of OI
channels [10]. Shortwave wavelength division multiplexing
(SWDM) [9], [10], driven by VCSELs operating in the
850-1000 nm wavelength window, has been adapted to
further enhance the package density and reduce the number
of costly multi-mode fibers (MMFs) needed in an OI system.
For a four channel SWDM system, a total data transmission
rate of nearly 200 Gbit/sec has been demonstrated [8], [10].
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The target for the next generation of interconnect frame-
works is a data rate per channel of 56 Gbit/sec (CEI (Common
Electrical Interface)-56G) [1]-[5], [10] with a total data rate
of up to 400 Gbit/sec. Complex modulation/de-modulation
techniques, such as pulse-amplitude modulation (PAM) [11],
orthogonal frequency-division multiplexing (OFDM) [12],
and feed forward equalization (FFE) [1], [13] have been
applied to alleviate the speed bottleneck for VCSELs under
direct modulation.

However, using any of the afore-mentioned techniques to
boost the data rate makes the power budget in the linking
channel even more critical. It is thus important to design
VCSELs which simultaneously offer high modulation-speeds,
high slope-efficiency, and enough output power to meet the
requirements of the next-generation of OI.

Furthermore, the demand for OI channels with linking
distances as long as or exceeding 2 km (Spec. of LR4 2km
Lite [14]) is booming because of the rapid increase in the
number and size of warehouse-scale data centers created to
satisfy the relentless growth of global internet traffic. The
production of enough output power from the VCSELs thus
becomes a critical issue to compensate for the significant
optical transmission loss over km long MMFs [14]. Having
850-1000 nm VCSELs with linking distances up to the km
range and capable of very-high data rate (>50 Gbit/sec)
transmission would allow the MMF infrastructure installed at
these data centers to function without wavelength conversion
to 1.3-1.55 um for long-reach single-mode fiber (SMF) trans-
mission [14]-[17]. Furthermore, producing a seamless VCSEL
driven MMF network would not only reduce the cost, latency,
and energy consumption but also alleviate the need for wave-
length conversion. One of the most effective ways to extend
the linking distance to the km level is to reduce the optical
linewidth of the high-speed MM VCSELs to produce quasi
single-mode (or single-mode) output [14]-[18]. This can be
realized by aggressively downscaling the oxide aperture size to
less than ~3 xm for 850 nm VCSELs [5]. However, their SM
power is limited and is too small to meet the required power
budget for the advanced modulation format discussed above.
Several VCSEL structures for attaining higher SM power
have been reported, including Zn-diffusion [14], [15], surface
relief [16], [17], and anti-guide (leaky) cavity [18] structures.
However, it is necessary to incorporate extra intra-cavity
loss into these VCSEL structures in order to suppress the
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Fig. 1. (a) Conceptual cross-sectional view and (b) top-view of the
demonstrated VCSELs.

higher-order mode lasing which usually results in an increase
in the threshold current and the degradation in the differential
quantum efficiency with the modulation speed as compared to
those of the MM reference [14].

In this work, we demonstrate a novel VCSEL structure
emitting at the 850 and 940 nm wavelengths. The static
and high-speed transmission performance of this high-speed
VCSEL with Zn-diffusion and oxide-relief apertures inside
can be simultaneously improved by etching extra apertures
with a shallow depth (~20 nm) into the topmost current
spreading (CS) layer. This VCSEL structure allows for a
significant enhancement in the output power and reduction
in the number of optical modes in the optical spectrum,
which migrates toward quasi single-mode (QSM) operation.
The control device exhibits superior transmission performance
over 100 meter multi-mode fibers (MMFs) at both wavelengths
(850 and 940 nm) compared to the MM reference samples
without the etched apertures. The demonstrated device struc-
ture opens up new ways to greatly improve the performance of
SM and high-power VCSELs for high-speed data transmission.

II. DEVICE STRUCTURE

Here, VCSELs with two different central wavelengths
(850 and 940 nm) are studied. For a detailed description of
their structure, which includes Zn-diffusion and oxide-relief
apertures, please refer to [5]. Figure 1 (a) shows a conceptual
cross-sectional view of the VCSEL structures studied here.
As can be seen, the major difference between this newly
demonstrated structure and the previous ones is the incorpora-
tion of additional surface relief apertures (Ws), which are real-
ized by shallow etching of the topmost current spreading (CS)
layer, above the Zn-diffusion (W) aperture. According to our
calculations, etching of the CS layer with apertures of a proper
thickness will decrease the reflectivity of the top distributed-
Bragg reflector (DBR) mirror and lead to an increase in the
output power [7]. In addition, the extra scattering loss induced
by the side-walls etched in the Zn-diffusion region, encircled
in red in Figure 1, further enhances the selectivity between
the fundamental and transverse cavity modes in our VCSEL
structure. Figure 2 shows the simulated reflectivity of the top
DBR mirrors of our 850 and 940 nm VCSEL structures versus
the thickness of the current spreading CS layer. As can be seen,
only a slight change in the thickness of the CS layer can a lead
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Fig. 2. Simulated reflectivity of top DBR mirror versus thickness of the CS
layer for 850 (black line) and 940 (red line) nm VCSELs. The black and red
vertical lines indicate the as grown CS layer thickness of real devices. The
arrow head represent the decrease in CS layer thickness.
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Fig. 3. Conceptual cross-sectional views of optical modes inside a
Zn-diffused VCSEL cavity (a) with and (b) without shallow surface relief
apertures. The SEM top-view image of VCSELs (c) with and (d) without
shallow surface relief apertures.

to a significant change in the reflectivity, which can be used
to control the photon lifetime and output power of the studied
VCSEL structures [7]. The working principles of the proposed
device structure are illustrated in Figures 3 (a) and (b).
As can be seen, the far-field pattern of the higher order
mode in the VCSEL cavity is usually doughnut-shaped, with
a large overlap with the Zn-diffused region. Compared with
the VCSEL structure with only Zn-diffusion apertures, there
is an increase in the threshold gain of the higher order mode
in our demonstrated structure due to the combination of the
Zn-induced free-carrier absorption loss [11] and the extra
scattering loss from the etched surface and side-walls. Overall,
the incorporation of additional surface-relief apertures into
the structure of our Zn-diffusion VCSEL, leads to a higher
output power together with a larger side-mode suppression
ratio. Figures 3 (c¢) and (d) show scanning electron micro-
scopic (SEM) top-views of the light-emission apertures of
VCSELs fabricated without and with surface-relief etching,
respectively. A clear disk-shaped pattern on the topmost CS
layer can be observed in the etched device. The working prin-
ciples of our device are very different from those of VCSELs
fabricated with only surface-relief apertures for single-mode
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performance as reported in [16]. In the center of the light
emission aperture of the traditional surface-relief structure,
it is necessary to precisely etch an extra anti-phase quarter
wavelength layer to reduce the mirror loss (required threshold
gain) in the fundamental mode. Precise control of the etching
depth and e-beam lithography for alignment between the
surface-relief and oxide apertures are usually necessary [16].
In contrast, no such additional anti-phase quarter wavelength
layer is required in our structure. The selectivity between the
fundamental mode and higher order modes is mainly achieved
by the Zn-diffusion apertures. Compared to the surface-relief
approach, the Zn-diffusion device offers higher single-mode
power (7.2 vs. 6.5 mW) and lower differential resistance with-
out needing to precisely control the etching depth and using
e-beam lithography [19]. Nevertheless, both these structures
suffer from the problem of increased intra-cavity loss and
threshold current. The major contribution of this new structure
is that such two techniques (Zn-diffusion + surface-relief) are
combined to produce a device which demonstrates superior
dynamic/static performance to that of the QSM reference sam-
ple with only Zn-diffusion apertures. This will be discussed
in greater detail later.

The epi-layer structures for the 850 and 940 nm
VCSELs, purchased from LandMark,! were grown on
semi-insulating GaAs substrates. In order to attain very
high-speed modulation, a short-cavity structure, with a cavity
length of 1/2 1 was adopted in our device, where 1 is
the Bragg wavelength inside the VCSEL cavity. Such a
design can shorten the internal carrier transit time, increase
the optical confinement in the active layers, and further
enhance the 3-dB E-O bandwidth [3] of the VCSEL. The
active layers of the 850 and 940 nm VCSELs are composed
of three IngogGagorAs/Aly35Gaggs5As (SO/SOA) and
Ing 3Gag.7As/Aly 35Gag g5As (40/80/OX) MQWs, respectively.
The 850 (940) nm MQWs are sandwiched between 38-pair
n-type and 19-pair p-type AlgoGap.1As/Alg.12GagggAs
(Alp.9Gag 1 As/Alg 95GagosAs)  Distributed-Bragg-Reflector
(DBR) layers. VCSELs for both wavelengths have the same
Alp.ggGap 2As layer thickness (50 nm) above the MQWs
for oxidation. The bulk p-type AlyGaj_xAs layer above
the p-type DBRs in both VCSEL structures serves as a
current spreading (CS) layer to further reduce the differential
resistance. The aluminum (Al) mole fraction (x) and thickness
of the CS layer for the 850 (940) nm VCSELs are 0.1 (0.05)
and 0.25 (0.315) um, respectively. Here, the thickness of
the CS layer is chosen to maximize the top DBR reflectivity
to be around 99.7%. The aperture sizes and depths of each
studied device are specified in the figure captions.

III. MEASUREMENT RESULTS AND DISCUSSION

Three kinds of device structure were fabricated. All of
them (structures A to C) had the same sized oxide-relief
(Wo), Zn-diffusion (W,) apertures, surface relief apertures
(W), and Zn-diffusion depth (d,), specifically 6,7,8, and
1 um, respectively. The only difference between them was

11 andMark Optoelectronics Corporation, No.12, Nanke 9th Rd., Shanhua
Dist., Tainan City 741, Taiwan.
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Fig. 4. Measured (a) L-I and (b) I-V curves for 850 nm VCSELs with
structures A (ds = 0 nm) and B (ds = 20 nm). (W,/Wo/Ws/d;) = 7/6/8/1 pm.
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Fig. 6. Measured bias dependent electrical-to-optical (E-O) frequency
responses of 850 nm VCSELs with (a) Structure A (ds = 0 nm) and
(b) Structure B (ds = 20 nm). (W,/Wo/Ws/d;) = 7/6/8/1 um. The peak
magnitude (green word) in the E-O responses is specified.

the thickness of the CS etching layer (dg) which was 0, 20,
and 25 nm, for Structures A to C, respectively.

Figures 4 and 5 show the measured L-I and V-I curves for
the 850 and 940 nm VCSELs, respectively, with the three
different structures (A to C). As can be seen, all have similar
I-V characteristics for both wavelengths, which indicates that
the surface relief process does not lead to degradation of the
Ohmic contact performance. In addition, although Structure
C has a slightly larger Iy, than either A or B, it comes with
the highest differential quantum efficiency and output power
among these three structures due to having the smallest mirror
reflectivity (largest ds), as expected.

Figures 6 to 9 show the measured bias dependent electrical-
to-optical (E-O) frequency responses and electroluminescence
spectra for the 850 and 940 nm VCSELs with different struc-
tures (A to C). Here, we measured the E-O responses for sev-
eral devices with each structure; the E-O frequency responses
shown in these figures are just the representative ones, which
are the most often measured traces for the corresponding
device structure. In addition, the magnitude (dB) of the peak
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E-O response due to relaxation of the oscillations is specified
for each trace. We can clearly see that by the incorporation of
surface relief apertures into our Zn-diffusion VCSELs (both
wavelengths), we can not only increase the output power but
also reduce the number of optical modes in the measured
spectra allowing it to migrate towards the characteristics of
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quasi-SM. Although improvements in the static performance
of these surface relief devices are observed, there is a gradual
degradation in the measured 3-dB E-O bandwidths with the
increase of dg for the 940 nm VCSELs. Such a degradation
in speed performance can be attributed to the increase in the
mirror loss and threshold current (Itn), which increases the
bias current essential for high-speed operation and results in
more serious device heating.

However, for the traditional Zn-diffusion (Quasi-) SM
VCSEL [11], both its maximum output power and speed are
simultaneously sacrificed for SM performance as compared
to those of the MM reference device due to the significant
Zn-induced intra-cavity loss. Figures 10 and 11, respectively,
show the measured L-I-V curves and bias dependent E-O
frequency responses/electroluminescence spectra of (Quasi-)
SM (QSM) 940 nm VCSELs with structure A (no surface
relief). In order to attain (Quasi-) SM performance in this
device, the size of W, must be larger than W, (9 vs. 7 um) and
the d, must be increased from 1 to 2.1 xm to have significant
intra-cavity loss [14]. Details about the geometric size are
given in the figure caption. Comparison with the measurement
results for the 940 nm VCSEL with structure C reveals a very
similar QSM performance, as shown in Figure 9. We can
clearly see that both the static and dynamic performance
can be greatly improved by implementing extra surface relief
apertures above the Zn-diffusion layer.

Due to the improvement in the static performance,
an enhanced transmission performance can be expected. In our
transmission setup, a 32 Gbit/s non-return-to-zero (NRZ) elec-
trical signal with a pseudo-random binary sequence (PRBS)
length of 2'5 — 1 is generated through the pattern genera-
tor to drive the VCSELs being tested. A lens fiber tip is
used to collect the modulated light output from the VCSEL
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Fig. 12. Measured 32 Gbit/sec transmission results through a 1 meter
OMS MMF (BTB) using the 940 nm VCSELs with Structures A (ds = 0
nm) and B (ds = 20 nm) under different bias currents. (W,/Wo/Ws/d;) =
7/6/8/1 pm.

during testing. In addition, OM4 and OM5 MMFs, which
are optimized for 850 and 940 nm wavelength transmission,
respectively, are adopted in our setup. At the receiving end,
a high-speed photoreceiver module (D50-1300M; VI-system)!,
which can cover the 840 to 1550 nm optical wavelengths for
an optical-to-electrical (O-E) bandwidth in excess of 23 GHz
3-dB across this wide optical operation window, is used.
Figure 12 shows the 32 Gbit/sec transmission results obtained
with the 940 VCSELs (for structures A and B) after 1 meter
(back-to-back (BTB)) MMF transmission. We can clearly see
that both structures (A and B) allow error-free transmission
performance. In addition, the S/N ratios values of the measured
eye-patterns of structure B are larger than those of structure A.
The improved transmission performance is due to further
enhancement of the differential quantum efficiency and output
power arising from the extra surface relief apertures of our
devices, as illustrated in Figures 4 and 5. However, structure B
suffers from a slightly larger timing jitter in the measured
eye patterns than does structure A. This phenomenon can
be attributed to the lower DBR reflectivity in structure B
which reduces the photon lifetime and enhances the relaxation
oscillation in the measured E-O frequency response [20].
As can be clearly seen in Figures 6 and 8, the relaxation
oscillation induced peaking in the measured E-O frequency
responses is more pronounced in the measured traces for
structure B than that shown in the measured traces for struc-
ture A. Under a large VCSEL signal modulation, a highly
damped E-O frequency response with a sufficient 3-dB E-O
bandwidth is preferred to get high-quality eye-patterns [20].
Figures 13 and 14 show the 32 Gbit/sec transmission results
for 850 and 940 VCSELs (with structures A and B) after
100 meter MMF transmission. Similar to the case of BTB
transmission, structure B shows superior transmission results
to A due to its improved static performance, which includes
a narrower optical spectral width and less optical modal
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Fig. 13.  Measured 32 Gbit/sec transmission results through a 100 meter
OM4 MMF using the 850 nm VCSELSs with Structures A (ds = 0 nm) and B
(ds = 20 nm) under different bias currents. (Wz/Wo/Ws/d;) = 7/6/8/1 pum.
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Fig. 14.  Measured 32 Gbit/sec transmission results through a 100 meter
OMS5 MMF using the 940 nm VCSELs with Structures A (ds = 0 nm) and B
(ds = 20 nm) under different bias currents. (Wz/Wo/Ws/d;) = 7/6/8/1 pum.

dispersion. Theoretically speaking, the 940 nm VCSEL with
structure C should have the best transmission performance
among all the device structures studied here due to its QSM
performance and because it suffers from the least amount
of modal dispersion during transmission [14]-[18]. However,
the measurement results for Structure C are not consistent
with the above. In comparison to the MM reference, the QSM
device should be more sensitive to optical feedback during
high-speed data transmission [21], which would lead to a
serious degradation in the eye quality. In order to minimize
this effect, it is necessary to use a lens fiber with a good
anti-reflection (AR)-coating on its tip for VCSEL output light
collection. However, an AR-coated lens fiber was only used
at 850 nm. In order to study the transmission performance
of Structure C for 940 nm optical wavelength operation, it is
necessary to make further improvements in our measurement
setup, which is a goal of future work.

IV. CONCLUSION

In this work we demonstrate a novel VCSEL structure for
attaining high-power, high-speed quasi-SM performance. The
implementation of an extra shallow surface relief aperture
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layer on top of Zn-diffusion VCSELSs allows these devices to
exhibit higher output power, larger differential quantum effi-
ciency, narrower optical spectral width, and better 32 Gbit/sec
high-speed transmission performance over 100 meter MMFs
than those of reference samples without the surface relief
apertures.
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