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Abstract— The electrically pumped vertical-cavity surface-
emitting laser (VCSEL) was first demonstrated with metal
cavities by Iga (1979); however, the device threshold current was
too high. Distributed Bragg reflector cavities proposed by Scifres
and Burnham (1975) were adopted to improve the optical cavity
loss. Yet, it was not a practical use until the discovery of the native
oxide of AlGaAs and the insertion of quantum wells to provide
simultaneous current and optical confinement in semiconductor
laser by Holonyak and Dallesasse (1990). Later, the first “low-
threshold” oxide-confined VCSEL was realized by Deppe (1994)
and opened the door of commercial application for a gigabit
energy-efficient optical links. At present, we demonstrated that
the oxide-confined VCSELs have advanced error-free data trans-
mission [bit-error rate (BER) ≤ 10−12]to 57 Gb/s at 25 °C and
50 Gb/s at 85 °C, and also demonstrated that the pre-leveled
16-quadrature amplitude modulation orthogonal frequency-
division multiplexing data were achieved at 104 Gbit/s under
back-to-back transmission with the received error vector mag-
nitude, SNR, and BER of 17.3%, 15.2 dB, and 3.8 × 10−3,
respectively.

Index Terms— Optical interconnect, oxidation, semiconductor
laser, vertical-cavity surface-emitting lasers (VCSELs).

I. INTRODUCTION

THE oxide-confined vertical-cavity surface-emitting laser
(Oxide-Confined VCSEL) is considered to be an impor-

tant semiconductor device for short-range optical interconnect
and high-performance computer due to the growing demand
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of faster access to large amounts of information. Nowadays,
traditional copper-based interconnects have been gradually
replaced by short-haul optical links based on 850 nm
wavelength optical transceivers and multimode fibers to solve
the issues of power consumption, signal distortion, electro-
magnetic interference, cross talk, and most importantly the
bandwidth requirement. The VCSEL, the unique semiconduc-
tor light sources apart from the edge-emitting lasers, provides
an efficient data processing and transmission way inside data
centers owing to its low threshold current and power consump-
tion, high modulation speed, small footprint, a near-circular
optical beam for coupling, high reliability, easy packaging and
forming dense arrays, and inexpensive on-wafer testing. Today,
the Oxide-Confined VCSELs employed quantum wells (QWs)
in the active region and oxide-confined apertures have
revolutionized our daily life from data centers to 3D sensing
applications. QWs can effectively enhance the radiative
recombination processes and oxide-confined apertures to
further make VCSELs into practical use with small active
volumes and lower threshold currents. These two features
are closely related to the laser modulation bandwidth and
transmission data rate.

Due to the high-Q microcavity formed by DBRs and an
oxide-confined aperture, a Purcell enhancement of electron-
hole spontaneous lifetime can be achieved and readily deter-
mined by microwave measurements [1], [2]. The optical mode
volume of the microcavity can determine the laser mode
spacing and mode number, resulting in the effect on low
threshold, fast recombination lifetime, and high-speed mod-
ulation of VCSELs [3]. The radiative recombination lifetime
can be extracted and analyzed using microwave method to
provide further insight into the design of layout and material
toward large laser bandwidth and better signal integrity [4].
The energy efficient transmission of 20 and 40 Gb/s eye
diagrams using VCSELs with a bandwidth of 18.7 GHz
was then demonstrated with an oxide-confined microcavity
design [5]. An enhanced bandwidth of 22.6 GHz with low
relative intensity noise (RIN) approaching to standard quantum
limit was reported in the microcavity VCSELs. The smaller
optical dimension determined by oxide aperture exhibits lower
RIN due to reduced carrier fluctuation and mode competition
inside the laser cavity [6]. Later in 2014, a 40 Gb/s error free
transmission with 431 fJ/Bit was presented in the 4 μm oxide
aperture VCSELs [7]. The importance of careful control of
oxidation process and optical mode was emphasized in both
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850 nm and 780 nm VCSELs [8]. With careful control of
oxidation process, 780 nm VCSELs can reach 13.5 Gb/s with
0.97 pJ/Bit energy efficiency [9]. The effect of aperture size
on the RIN and data rates was compared with 40 Gb/s under
back-to-back and 100 m OM4 fiber transmission up to 65 °C
operation in 2015 [10]. Several reports have also reported
over 40 Gb/s error-free data transmission [11]–[15].

To further achieve 50 Gb/s operation, 0.5-λ cavity,
5 quantum-wells and oxidation aperture were employed in the
VCSEL design [11], [16], [17]. In 2016, a 5 μm VCSEL with
28.2 GHz bandwidth and 50 Gb/s error-free transmission was
achieved by optimization of laser series resistance [17]. Later
in 2016 we demonstrated 57 Gb/s error-free operation at room
temperature and 50 Gb/s operation up to 85 °C [18], [19]. The
microwave extraction methods to determine radiative recombi-
nation lifetime and to model small-signal equivalent circuit of
VCSELs were performed. The extracted intrinsic modulation
bandwidth is 31.86 GHz and 26.19 GHz at room temperature
and 85 °C, respectively [20]. The temperature sensitivity can
be further alleviated in terms of optical output and threshold
current change, resulting in an improvement of budget penalty
for 50 Gb/s operation at 85 °C in 2017 [21]. Recently, we have
achieved error-free data transmission for a 100 meter multi-
mode fiber (MMF) with a record data rate of 46 Gb/s at 25°C,
43 Gb/s at 75°C and 42 Gb/s at 85°C without the use of signal
processing such as equalizer or forward error correction [22].
The record performance of 850 nm oxide-confined VCSELs
shows the importance of optimizing lower threshold current
and microcavity mode to minimize the modal dispersion in
OM4 fiber.

In this report, we begin with a review of the VCSEL’s
history and the discovery of III-V oxidation for current and
optical confinement in semiconductor lasers. These have then
led to the realization of ultralow threshold oxide-confined
VCSELs that have set the foundation of today’s energy-
efficient optical interconnect. The pathway to high-speed
VCSELs and their characteristics are summarized from the
effect of microcavity design to small-signal modeling and
parameters extraction. Oxide-confined VCSEL operated up
to 85 °C, achieved record performance of 50 Gb/s error-free
data transmission without the use of equalizers under 3 meter
multimode fiber (OM4 -MMF) and 42 Gb/s data transmission
up to 100 meter OM4 MMF. Lastly, transmission using
orthogonal frequency- division multiplexing (OFDM) will be
presented to show the possibility toward larger transmission
capacity of the oxide-confined VCSELs.

II. INNOVATION OF OXIDE-CONFINED VCSELS

A. History of VCSELs

The first demonstration of a semiconductor diode laser was
in 1962 by Hall et al. [23] with an infrared (IR) wavelength
and by Holonyak and Bevacqua [24] with a visible (Red)
wavelength. The lasers were operated with optical cavities
in which the coherent light propagated parallel to the crystal
surface, which are known as “edge-emitting” lasers today.
With addition of a heterojunction for carrier and field con-
finement in 1970, the diode laser was able to operate at

room temperature [25], [26]. Quantum wells (QWs) were then
added in the active regions of semiconductor diode laser to
further improve the optical output in 1977 [27], [28]. This is
a significant accomplishment, considering all the LEDs and
semiconductor laser are made of quantum-wells and MOCVD
technology today.

On the other hand, the demonstrations of “surface-emitting”
lasers with different pumping mechanisms were reported
in 1964 to 1966 [29]–[31]. The first current-injected surface-
emitting lasing operation was achieved by Melngailis with
a 5.2 um wavelength in a 220 μm long cavity made from
n+np+ doped InSb with a polished surface and Ag-Au contact.
Even though it was under pulsed operation at temperature
of 10 K, several advantages we are familiar with today were
already mentioned to such a structure, such as small beam
divergence, array formation, and large output powers. The first
p-n junction-based electrically-pumped SEL was demonstrated
by the Iga group from the Tokyo Institute of Technology
in 1979 [32]. This work incorporated a 1.8 um InGaAsP
active region with metal as the reflective mirror to form a
resonant cavity. They demonstrated a threshold current density
of 44 kA/cm2 under pulse current injection at 77 K.

To reduce the SEL threshold current, the reduction of active
cavity volume and metal cavity loss are required. This means
the necessary reflectivity for each mirror of cavity must be very
high (∼ 99.9 %). Another improvement is to shift the material
system to wider bandgap, such as AlGaAs/GaAs, to reduce
the Auger recombination sufficiently to enable pulsed injec-
tion room temperature operation, which was demonstrated
in 1984 [33], [34]. For metal reflectors, such as thick Au films,
the reflectivity is limited to 98 % due to the high optical
absorption; thus they are not for practical uses. Dielectric
materials, such as semiconductors at photon energies below
their bandgap, are more desirable due to a very low absorption
coefficient. In a multilayer structure (Bragg reflector) the
reflection from many interfaces may add in phase to produce
a large reflection over 99.99 % at a loss less than 1 cm−1.
With the combination of deposited dielectric and/or metal
mirrors, the continuous-wave and room-temperature operation
of SEL was achieved in 1989 [35]–[37]. While dielectric
mirrors (e.g. TiO2/SiO2) have shown improvement on laser
performance [35], the research works focusing on semiconduc-
tor reflectors using alternating semiconductor layers have sug-
gested another approach toward practical VCSELs [38], [39].
In 1987, Ogura et al. [40] reported a novel distributed feedback
surface-emitting laser firstly using AlGaAs/GaAs mirrors. The
active volume in this work was still large and the carrier injec-
tion was not very efficient. Iga’s group in 1988 has used epi-
taxially grown AlGaAs/AlAs Bragg reflector by metal-organic
chemical vapor deposition (MOCVD) to form SEL [41].
In 1989, Lee and Jewell demonstrated the significant improve-
ment using full top and bottom semiconductor DBR with very
high reflectivity mirror (R ∼ 99.9%), resulting in a small
active volume [42], [43]. The threshold current density was
able to reduce to 1.8 kA/cm2. In addition, they employed
compressively strained In0.2Ga0.8As/GaAs quantum wells to
enhance optical gain in the TE polarization due to the splitting
of the heavy and light hole states. The emission wavelength
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from InGaAs quantum wells is around 980 nm, which is trans-
parent to GaAs substrate, and makes possible of multilayer of
AlAs/GaAs structure with little absorptive loss. To this point,
the VCSEL became a useful device operated at low powers
and room temperature.

B. The Discovery of III-V Oxide & Oxide-Confined VCSELs

The oxidation process to form apertures for electrical and
optical confinement as well as the reduction of sidewall
leakage current (surface states) is a standard production step
in manufacturing low threshold VCSELs. The discovery of
III-V oxidation process was first reported at the University
of Illinois at Urbana-Champaign by Dallesasse et al. [44]
in 1989. An elevated temperature water vapor process was
developed for the oxidation of high composition Alx Ga1-xAs
to form high quality transparent native oxides. A strong crys-
tallographic preference was found as well. The III-V oxidation
process was then applied in edge-emitting QW lasers [45]. The
oxide was used for current confinement and resulted in a sharp
turn-on and single mode operation. Multistripe laser arrays
were then demonstrated with different oxidation depths to
control the coupling between adjacent stripes [46]. The results
identified that the oxide could be used for both electrical and
optical confinement. The use of lateral oxidation to form edge-
emitting lasers [47], and the work on III-V oxide field-effect
transistors were also demonstrated [48]. Wide bandwidth high
reflectivity DBR mirrors was formed by selective oxidation of
AlAs as the low refractive index layer and GaAs as the high
refractive index layer [49], [50].

Before the III-V oxidation process was invented, the proton
implant process had used to provide current confinement in
VCSELs [51], [52]. Proton implanted VCSELs have been
commercialized for Gigabit Ethernet by many companies in
the past. Although the proton implant could provide good elec-
trical confinement, it couldn’t improve the optical confinement
in the transverse direction. In 1994, the first demonstration
of an oxidation process for controlling the “oxide-defined
apertures” to form a small volume of optical cavity and
providing current confinement in VCSELs was achieved with
sub-mA threshold by the Deppe group [53]. With the selective
oxidation process, the VCSEL operated continuously at room
temperature and low threshold of 225 μA was achieved.
A detailed report of the III-V oxidation process applied to
VCSELs can be found in [54]. Following Deppe’s publi-
cations, other groups began to incorporate “oxide confined
apertures” into VCSELs and integrated full top and bottom
DBRs [42], [43] and reported later in 1994 [55].

III. HIGH SPEED DATA RATE OXIDE-CONFINED VCSELS

A. Microcavity Optical Mode and Purcell Effect

The modulation bandwidth and data transmission capability
of the oxide-confined VCSELs are thermally limited by the
junction temperature due to the high current density in a
small volume and rely on several factors, such as quantum
well design, resonance cavity, e-h recombination lifetime,
photon lifetime, impedance match, parasitic resistance
and capacitance, thermal impedance, heat removal, etc.

Fig. 1. (i) Schematic cross-section of microcavity VCSEL device.
(ii) The microcavity shows the allowed optical modes: (a) 1st order mode,
(b) 2nd order mode, and (c) 3rd mode.

Previous studies more focused on the device structure and
material design of pn junction based of oxide-confined
VCSELs [12]–[15], [56]–[62]. To further improved the
thermally limited bandwidth, recently, Deppe’s group has
proposed and demonstrated new VCSELs without the use of
oxidation confined apertures and use of lithographic defined
aperture to achieve record low differential resistance and
reduction of junction temperature [63]–[65]

Furthermore, the novel idea was to change the device plat-
form from diode to transistor structure to improve spontaneous
recombination lifetime. A “tilted-charge” population in the
active region of QW-embedded heterojunction bipolar light-
emitting transistors (HBLETs) can be established through
a third terminal, the collector, to remove slow-recombining
carriers and significantly improve the recombination lifetime
from nanosecond in pn-junction diode to pico-second range.
Due to fast recombination lifetime, the resonance-free optical
response of transistor lasers (TLs) incorporated with oxidation
process was demonstrated [66]–[71].

In the case of diode lasers, a saturated carrier profile in
the active region limits the average recombination lifetime
only a nano-second. Purcell proposed in 1946 that the
transition rate of upper-state and lower-state (referred to
electron-hole spontaneous recombination rate by most of
researchers in semiconductor devices) could be enhanced
in a small volume microcavity with a high Q [72]. This
brings out the idea of low threshold light-emitting devices.
The VCSEL structure turns out to be the perfect device to
provide a high Q cavity rather than nano-pillar structures.
The lateral oxidation in VCSEL can be tailored to confined
a small optical cavity. Therefore, we began from focusing on
the spectral and microwave behavior of the VCSEL form of
microcavity laser to pursue high-speed operation. The device
with smaller volume exhibits lower threshold current, lower
relative intensity noise (RIN), larger mode spacing, larger
side-mode suppression ratio (SMSR), and higher modulation
bandwidth and data transmission rate.

The schematic cross section of the microcavity VCSEL
is shown in Fig. 1(i). Figure 1(ii) indicates the possible
optical modes introduced inside the microcavity: (a) 1st order
(fundamental), (b) 2nd order, and (c) 3rd order mode. The oxide
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aperture diameter is dA, and d0 is the lateral optical mode
dimension. Here three devices with different aperture sizes are
processed: D1 (2 μm), D2 (2.5 μm), and D3 (3.5 μm). The
oxide-confined aperture improves the overlap of electrical and
optical gain owing to better confinement of the optical field
and the current injection, further defining the lateral optical
mode dimension. Together with the vertical DBR mirror,
a microcavity laser is readily formed without suffering high
input impedance and optical scattering loss using a pillar
structure. The merit of the microcavity is in providing a low
laser threshold due to “easier” single-mode operation, and
finally threshold-less operation.

A smaller cavity allows the electromagnetic wave to exist
only in a few modes, say, the fundamental mode and a couple
of higher order modes as shown in Fig. 1(ii). For an oxide-
confined microcavity VCSEL of aperture size dA > 5 μm the
optical mode is approximately circular, but for smaller aperture
size dA < 5 μm the optical mode profile will be elliptical-
like owing to the sensitivity of the oxidation procedure and
crystal anisotropy. Ideally, from spectral data on different
modes we can extract the lateral modal profile by solving
the Helmholtz equation numerically under given boundary
condition.

For a rough estimate we assume the optical field is con-
fined laterally inside the mode boundary, and approximate
the optical mode profile as rectangular with width a and
length b. Since the carrier distribution and optical lateral
dimension profile will change at different bias current levels,
it is necessary to calculate a, b, and L for each bias current.
By solving the Helmholtz equation

(
∂2

∂x2 + ∂2

∂y2 )E(x, y) + (k2
0 ñ2 − k2

z )E(x, y) = 0 (1)

we obtain the Eigen-mode solution satisfying the expression
for both the transverse electrical and transverse magnetic
field,

k2
0(m, n) = ω2

c2 = 1

ñ2(r)

[
k2

z +
(mπ

a

)2 +
(nπ

b

)2
]

(m, n = 1, 2, 3, .....) (2)

kz = lπ

L
, (l = 1, 2, . . .) (3)

The quantity k0(m, n) is the propagation constant in vacuum,
L is the upper and lower Bragg reflector spacing in the vertical
direction, and ñ is the effective refractive index inside the
aperture.

In Fig. 2 three optical emission spectra are shown for three
different microcavity VCSELs operating above threshold at a
fixed current I = 0.8 mA (IT H = 0.15, 0.16, and 0.20 mA for
D1, D2, D3, respectively). From the spectral measurements of
Fig. 2 we can clearly identify for each device the wavelength
of each optical mode: 1st mode (fundamental) λ(1,1), 2nd

modes λ(1,2) and λ(2,1), 3rd modes λ(2,2), λ(1,3), and λ(3,1),
and then higher order modes. From these data we can estimate
the modal dimensions a and b as well as the upper and bottom
DBR spacing L. From spectral data we estimate the mode

Fig. 2. Relative spectral intensity at fixed bias current I = 0.8 mA for
three different VCSEL devices D1, D2 and D3. The label “1st” indicates the
fundamental mode, “2nd” the second order modes, and “3rd” the third order
modes. For D1 the mode spacing is �λ = 2.22 nm, Ith = 0.15 mA; for
D2 �λ = 1.6 nm, Ith = 0.16 mA; and for D3 �λ = 1 nm, Ith = 0.20 mA.

TABLE I

MICROCAVITY VCSEL OPTICAL MODE DIMENSION AT BIAS I = 0.8mA

dimensions a, b, and L using Eqs. (4) to (6) as
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In Table I we summarize the calculated mode dimensions
a, b, and L for three different aperture sizes at bias current
I = 0.8 mA. The data show the cavity vertical distance L is
more than 10 times smaller than the lateral dimension a and b;
hence, the fundamental mode wavelength is mainly determined
by L as λ(1, 1) ≈ ñL. The mode dimensions a and b
determine the mode spacing �λ between the fundamental
mode and the 2nd order modes. As shown in Table I, oxide-
aperture size reduction decreases the lateral mode dimensions
and enlarges the mode spacing �λ. This shows that optical
mode control can be achieved by “tuning” the oxide aperture
size as well as by the vertical cavity length.

To achieve lower threshold current VCSELs, we design the
position of the maximum gain profile aligned with the funda-
mental cavity modes. For devices with larger mode spacing,
�λ, there are fewer modes within the gain profile; i.e., the
fundamental mode will contribute mainly to the increase in
optical intensity (photon density). Carrier re-adjustment in
the mode acts as a positive feedback mechanism “tuning”
stimulated emission and providing more photon generation in
the fundamental mode. With larger mode spacing, the carrier
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TABLE II

MICROCAVITY VCSEL PURCELL ENHANCEMENT
FACTOR FP AT BIAS I = 0.1mA

injection is more “efficiently” concentrated in only one mode.
This behavior can be observed from the spectral data in Fig. 2.

Purcell in 1946 predicted that the transition rate between
the upper state and lower state in a small volume cavity will
be enhanced in the case of a high cavity Q. We can compare
a large area VCSEL with an assumed, large, bulk spontaneous
lifetime, τBulk , to the case of a microcavity laser with reduced
electron-hole spontaneous recombination lifetime, τcav it y , by a
factor FP ,

FP = τBulk

τcav it y
= 3Q

4π2Vef f

(
λ

ñ

)3

. (7)

The Purcell formula indicates that below threshold, FP

can be estimated from the effective mode volume Vef f ,
mode wavelength λ, cavity material index ñ, and cavity
Q = λ/�λcav. Previous work on the Purcell enhancement
factor FP was extracted from time-resolved photolumines-
cence or phase resolved spectroscopy experiments [73]–[76].
Both methods require optical input-output data, not necessar-
ily making it easy to achieve signal-separation. In contrast,
the electrical current driven on microcavity laser method
and microwave bandwidth measurement on microcavity laser
below threshold method provide excellent isolation via an
electrical-input and optical-output to analyze the Purcell effect.

In Table II we summarize the FP data for three different
aperture size devices at bias current I = 0.1 mA (< ITH).
The data indicate that a smaller oxide aperture device will
have a larger Purcell effect and higher cavity Q. With
a faster electron-hole spontaneous emission recombination
rate (smaller lifetime), the device can demonstrate ultra-low
threshold current. The spontaneous emission lifetime can also
be extracted from the microwave frequency response below
threshold; the extracted Purcell factor obtained by microwave
measurements is consistent with that estimated from spectral
measurements.

B. Quantum-Limited Relative Intensity Noise (RIN)

The system noise contains the thermal noise of optical
link, the photodetector shot noise and the relative intensity
noise (RIN) of laser sources. The laser RIN measures the
relative amplitude of optical power fluctuation around the
average optical power level and is related to the optical
interference between the coherent laser mode and the spon-
taneous light emission as well as the laser mode competi-
tion. A laser with low RIN is essential in the pursuit of
high fidelity optical transmission [77]–[80]. Here we inves-
tigate the RIN and modulation bandwidth of three VCSELs

Fig. 3. Measured optical response of VCSEL devices E1, E2 and E3 at
I/ITH = 2, 5, and 10. The −3 dB optical modulation bandwidth at I/ITH =
10 is 20.4, 21.1, and 22.6 GHz for E1, E2 and E3, respectively.

(E1, E2, and E3) with different oxide-confined apertures (dA)
and optical modal dimensions (d0). From the spectrum analy-
sis, we can calculate the lateral optical modal dimensions
from the measured mode spacing to be d0 = 7.1 μm (E1),
4.6 μm (E2), and 2.5 μm (E3). E3 is defined as an oxide-
confined microcavity VCSEL due to the reduced oxide aper-
ture dimension (dA < 3 μm).

Figure 3 displays the measured optical microwave response
of VCSEL devices (i) E1, (ii) E2 and (iii) E3 at 20°C for
bias setting parameters at I/ITH = 2, 5 and 10. We employ a
Parametric Network Analyzer (PNA) with two-port calibration
to measure the electrical and optical microwave response
of VCSEL devices. When the devices are high biased at
I/ITH = 10, the −3 dB bandwidth (f−3dB) increases from
20.4 GHz (E1) to 21.1 GHz (E2) and 22.6 GHz (E3) and
are limited by device’s self-heating and extrinsic parasitic
resistance and capacitance.

To measure the RIN, the VCSEL devices are biased at
constant currents. The laser output is collimated by an anti-
reflection coated lens and focused into an optical fiber and
received by a 25 GHz bandwidth photodetector. A free space
optical isolator (isolation > 30 dB) is employed to reduce the
laser back-reflection into the cavity. The fiber optical coupling
efficiency is ∼92%. The DC photocurrent is monitored by a
digital multi-meter, and the separated AC signal is amplified by
two cascaded amplifiers, each with a bandwidth of 13.5 GHz,
a noise figure of 5.8 dB, and a power gain of 21 dB. The
amplified system noise power spectrum, NRF ( f ) is measured
by a signal analyzer with 13.6 GHz bandwidth. The thermal
noise power spectrum Nth( f ) is measured by the same sig-
nal analyzer through turning off the laser and keeping the
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Fig. 4. Measured laser RIN of devices E1 and E2 for I/ITH = 1.1 to 10.
E1 shows higher RIN than the “standard quantum limit” at I/ITH = 10 due to
the mode partition noise and polarization fluctuation. In contrast, E2 shows
the laser RIN saturates to the standard quantum limit, 2hv/P0.

operation of the photodetector and amplifiers. The intrinsic
laser RIN can be extracted by removing the thermal noise
and the photodetector shot noise from the system noise power
spectrum

RI N |laser ( f ) = NL ( f )

Pavg,elec

= [NRF ( f )−Nth( f )]/G( f )−NP D,shot

Pavg,elec
(8)

Here NL is the electrical noise power spectral density
induced by laser intensity noise. NP D,shot = 2q Idc RL and
Pavg,elec = (Idc)

2 RL are the shot noise power spectral density
and the electrical average power output of photodetector under
the average input optical power P0, respectively. RL is the load
resistance of the amplifier input port. Idc = r P0 and r are
the output photocurrent and responsivity of the photodetector,
respectively. Figure 4 shows the measured laser RIN of devices
(a) E1 and (b) E2 for laser bias current I/ITH = 1.1 - 10.
For VCSEL DE1 (d0 = 7.1 μm), it shows higher laser RIN
due to the large mode partition noise at high bias current
I = 8.2 mA (I/ITH = 10) with a laser output power
P0 = 1.59 mW. In addition, it shows several resonance peaks
which may come from polarization fluctuation. For VCSEL E2
(d0 = 4.6 μm), the laser RIN reaches the standard quantum
limit 2hν/P0 = −154.3 dB/Hz at high bias current I = 5.3 mA
(I/ITH = 10) with a laser output P0 = 1.28 mW. The results
indicate that the device with smaller optical modal dimension
exhibits lower laser RIN, which is due to the less mode
competition inside the smaller optical cavity volume.

Figure 5 shows the measured BER of E2 VCSEL
(d0 = 4.6 μm) as a function of detected optical power under

Fig. 5. Measured BER vs. received optical power of the E2 VCSEL
device operating at 40 Gb/s with PRBS7 data sequence at 20 °C. The bias
current is I = 6.5 mA, and the corresponding ac voltage swing amplitude is
Vpp = 0.5 V. Inset is the Eye diagram of the VCSEL device operating at
40 Gb/s with PRBS7 data sequence.

the bias current of 6.5 mA at 20 °C, and the corresponding
voltage swing amplitude is Vpp = 0.5 V. Error-free
transmission (BER < 10−12) is obtained at optical power
P > 1.33 mW. At optical power P = 1.73 mW, it shows no
error for more than 1 hour (total acquisition bits >1.5×1014).
Inset displays the eye diagram of the VCSEL operating at
40 Gb/s with PRBS7 data sequence. It shows a clear open-
“eye” at 40 Gb/s. Based on the BER measurement results,
we calculate the energy/data efficiency at 40 Gb/s for the 4 μm
oxide aperture VCSEL device. The energy/data efficiency is
defined as the power consumption Pelec = I · V of the device
divided by the corresponding error-free data transmission rate.
Thus, the energy/data efficiency is calculated to be 431 fJ/Bit.

C. Small-Signal Model and Microwave Extraction

In the following we discuss the microwave behavior of
microcavity VCSELs. We use both the electrical (S11) and
optical (S21) frequency response, which are measured by
Parameter Network Analyzer (PNA), to estimate the enhanced
recombination rate and reduced recombination lifetime inside
a microcavity laser. To understand the electrical and optical
behavior of the device, we start from the coupled carrier-
photon rate equations, which were first formulated by Statz
and deMars [81] in 1960,⎧⎪⎪⎨

⎪⎪⎩

d N

dt
= Id

q
− N

τrec
− gNp

d Np

dt
= gNp − Np

τp
+ β

N

τrec

(9)

Here N is the total carrier population inversion, Np is the
photon population inside the cavity, and Id is the injection
current. The quantity τrec (∼ ns) is the carrier recombination
lifetime, and τp (∼ ps) is the photon lifetime inside the cavity.
The expression g = 
vgα(N/V − n0) is the effective optical
gain, where 
, vg and α are the confinement factor, group
velocity, and QW gain constant, respectively. The quantity V
is the active region volume, and n0 is the carrier density
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Fig. 6. Physical model with equivalent circuit including the parasitic
parameter identified as follows: Cp and Rp, the p-pad capacitance and
resistance; Rm,p and Rm,n, the p-DBR and n-DBR mirror series resistance;
Cdiff, diffusion capacitance at the active region; Rj, junction resistance at
the active region; Cox and Cdep, the lumped oxide capacitance and depletion
capacitance. Ca is the total parasitic capacitance resulted from Cox and Cdep.

at transparency. Here β is a spontaneous emission coupling
factor, indicating the fraction of photons (number) coupled
into the cavity mode relative to the total number of photons.
As the bias current extends beyond threshold, gain is clamped
to the cavity loss g = 1/τp, and the coherent field becomes
self-sustaining. Injected carriers supply both the stimulated
and spontaneous carrier recombination. By solving Eq. (9), we
obtain the optical frequency response as a transfer function

S21,int( f ) = A

1 − f 2/ f 2
R + j ( f/2π f 2

R)γ
(10)

Here A is magnitude fitting parameter, fR is the resonance
frequency, and γ is the damping factor which determines
the oscillation relaxation. An approximation to the −3dB
bandwidth is f−3d B ∼ 1.55 × fR . The intrinsic bandwidth
of the optical response is determined by both the photon
density, Np/V = (I − IT H )τp/qV , and the spontaneous
recombination lifetime, τrec. The photon density Np/V inside
of the cavity determines the bandwidth of the response, and
the recombination lifetime, τrec, influences the damping of the
relaxation oscillations and the bandwidth.

When the optical mode volume becomes smaller and
smaller, we excite fewer modes within the gain profile, result-
ing in the enhancement of the stimulated emission photon rate,
gNp , and lowering the threshold current. Hence, the intrinsic
modulation speed for a microcavity laser can be improved.
On the other hand, the microcavity can also enhance the spon-
taneous recombination rate 1/τrec (by the Purcell effect), which
increases the damping factor, yielding a smaller resonance
peak and increased the bandwidth.

In order to obtain the intrinsic modulation bandwidth to
then determine the recombination lifetime for a VCSEL based
on the rate equations, we have to eliminate the parasitic
contributions. Therefore, we construct the physical small-
signal circuit model of VCSEL to model electrical parasitic
parameters. The schematic cross section of the VCSEL with all
the related extrinsic parasitic parameters is shown in Fig. 6 for
the improved epitaxial structure. The physical meaning of each
parameter is described in the annotation of Fig. 6.

Fig. 7. (a) The SEM top view, and (b) the cross-section view of a
oxide-confined VCSEL.

If the mirror resistance is partially attributed to terminate
the output port, the reflection coefficient, 
( f ), is equivalent
to S11( f ) and can be expressed as,


( f ) = S11 = i−
tot( f )

i+
tot( f )

= i+
tot( f ) − itot( f )

i+
tot( f )

, (11)

where i+
tot( f ) is the transmitted modulation current wave

and i−
tot( f ) is the reflected modulation current wave. The total

modulation current injected to the VCSEL at frequency f can
be defined as itot ( f ) = i+

tot ( f ) − i−
tot( f ) at the input node.

The electrical parasitic transfer function can be expressed as,

Hpar ( f ) = id( f )

i+
d ( f )

= id( f )

itot( f )
· (1 − S11) (12)

where id( f ) is the portion of the transmitted small signal
modulation current that goes through the diode intrinsic active
region. By fitting both the magnitude and the phase of the
S11 ( f ) measurement data, the electrical parasitic parameters
can be extracted and be used to formulate the electrical
parasitic transfer function.

Thus, the overall measured frequency modulation response
can be expressed as the extrinsic optical response (i.e. electri-
cal parasitics are included) in addition with the photodetector
response:

S21, overall ( f ) = S21, ext ( f ) · HP D ( f ) = Np ( f )

i+
tot ( f )

· HP D ( f )

= id ( f )

i+
tot ( f )

· Np ( f )

id ( f )
· HP D ( f )

= Hpar ( f ) · S21,int ( f ) · HP D ( f ) (13)

From Eq. (13), the intrinsic optical response of Eq. (9) can
be readily obtained by de-embedding electrical parasitic trans-
fer function, Hpar( f ), and photodetector transfer function,
HP D( f ), out of the measured optical response.

The microwave equivalent circuit model is developed based
on the physical structure and epitaxial layering of the oxide-
confined VCSEL. The 850 nm oxide-VCSEL material is
grown by MOCVD and reported [20]. Figure 7 shows the
SEM pictures of the top view of the as-fabricated VCSEL and
cross–section of the top DBR mirror with lateral oxides.

The DC characteristics of the device, such as light-
current-voltage (L-I-V) and optical emission spectrum, are
shown before the discussion of equivalent circuit model
and the microwave characteristics. The device is mounted
on a temperature-controlled stage and probed with 50 GHz
bandwidth ground-signal-ground (GSG) probes. The device
under test is biased with DC current, and the optical light
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Fig. 8. L-I-V characteristics of the 850 nm oxide-confined VCSEL from
room temperature (∼25 °C) to 85 °C. The inset shows the measured data and
fitting of the threshold current versus temperature to obtain Io = 0.69 mA
and To = 195 °C.

Fig. 9. (a) & (c) The overall optical frequency response of the 5 μm optical
aperture VCSEL at RT and 85 °C. (b) & (d) The intrinsic optical response of
the 5 μm optical aperture VCSEL. The highest −3 dB modulation bandwidth
of the overall optical response is 29.15 GHz and 24.53 GHz at RT and 85 °C
whereas it is 31.86 GHz and 26.19 GHz for the intrinsic optical response at
RT and 85 °C.

output is collimated and coupled into a 50 μm core diameter
OM4 MMF through a lens package constructed with anti-
reflection (AR) coating. The temperature-dependent, from
25 to 85 °C, light-current-voltage (L-I-V) characteristics of
the device are shown in Fig. 9. The threshold current increases
from IT H = 0.8 mA at 25 °C to 0.86 mA at 45 °C, to 0.95 mA
at 65 °C, and finally to 1.08 mA at 85 °C. The fitted data of
threshold current with respect to temperature for the VCSEL
is shown in the inset of Fig. 8, and the fitted 0 °C threshold
current and characteristics temperature are Io = 0.69 mA
and To = 195 °C respectively. Derived from the slope of the
L-I curves, the slope efficiency of the device is ∼ 0.58 W/A
at room temperature and ∼ 0.5 W/A at 85 °C.

The intrinsic laser optical response, S21,int(f), can be fitted
by de-embedding measured S21, overall(f) at various biasing
current points over the frequency range of 0.1 to 35 GHz.
Figure 9 (a) to (d) shows the overall and intrinsic small signal

optical modulation response of the modeled VCSEL at various
biasing points at both RT and 85 °C.

The damping rate, γ , in this context is related to ability
of the VCSEL device to convert carriers into photons. If the
carrier injection rate is faster than the electron-to-photon
conversion rate, excess carrier concentration in the QWs will
build up and “choke” the optical modulation response as
indicated from the laser resonant frequency effect shown
in Figure 9. At higher I/IT H , the cavity optical field intensity
increases and expedites the stimulated recombination process,
and hence the carrier choking effect reduces and resonance
peak amplitude decreases.

We can fit the intrinsic optical bandwidth with the two-pole
laser transfer function shown in Eq. (9) with the parameters,
fR and γ , to estimate both the recombination lifetime, τrec,
and photon lifetime, τp, by using the following equations.

fR = 1

2π

√
vg g′
qVp

ηi (I − IT H )

= 1

2π

√
g′NT H

gT H
· 1

τrecτp
(I/IT H − 1) (14)

γ = K f 2
R + 1

τrec

∼= 4π2τp f 2
R + 1

τrec
(15)

where

K = 4π2τp

[
1 − 


∂ N

∂ Np

]
≈ 4π2τp (16)

The K-factor, K , relates the damping rate, γ to the res-
onance frequency, fR . By plotting the microwave modelling
of γ against f 2

R , the photon lifetime, τp , and recombination
lifetime, τrec , can be extracted. Two assumptions were made so
the estimated value of τp can be extracted from the modelling
data. According to Eq. (16), the K-factor is also dependent
on 
, the optical confinement factor, and ∂N

∂Np
. The assumption

that the optical modal volume, Vp , is larger than the electrical
carrier injection volume, V , in the active region is made so
the confinement factor, 
 = V/Vp, is negligible. Furthermore,
the assumption that the change of carriers in the active region
is comparable to the change of photons is made and therefore,
∂N
∂Np

∼= 1. With these two assumptions, the approximation in
Eq. (16) is reached.

Figure 10 shows the plot of γ vs. f 2
R . From the intercept and

the linear slope, we can determine the K-factor, the photon life-
time, and the recombination lifetime of the VCSEL according
to Eqns. (14)-(16). The extracted recombination and photon
lifetimes at RT, 45 °C, 65 °C and 85 °C are summarized
in the inset table of Fig. 10 Both of the recombination and
photon lifetimes increase as temperature increases from RT
to 85 °C. The increase of recombination lifetime is expected.
As temperature increases, the carriers on average have higher
thermal KT energy and therefore there is a higher chance
for carriers to either skip through the quantum wells without
being captured or escape out of the quantum well after being
captured. These physical phenomena will, hence, result in
higher recombination lifetime.

The photon lifetime is related to photon loss rate out of the
optical cavity; longer photon lifetime at higher temperature
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Fig. 10. Fitted damping rate, γ vs. fitted resonance frequency squared, f 2
R ,

at RT, 45, 65 and 85 °C. The extracted K-factor, recombination lifetime, τrec ,
and photon lifetime, τp , are listed in the inset table.

indicates less photon loss. The lower photon loss rate can be
attributed to the reduction of material absorption (αi) and the
decrease of the mirror loss (αm). In this case, the decrease
of the mirror loss is related to the increase of the contrast
of refractive index of the p-DBR stack. The decrease of
refractive index in high Al content of Al0.9Ga0.1As layers at
higher temperature can be attributed to more thermally induced
carriers from the deep and interface trap levels contributing to
a higher hole concentration [82], [83]. Therefore, the contrast
of refractive index between the high/low content AlxGa1-xAs
layers increases.

The effect of thermally induced increase of carrier
concentration in the low Al content can be neglected as
deep level concentration is insignificant for Al content
below 0.3 [84]. Therefore, it can be assumed that only the
refractive index of the high Al content decreases, leading to
a larger contrast of refractive indexes between the alternating
Al content p-DBR mirror layers. Resulting from the further
refractive index contrast, the optical cavity provides a better
photon confinement, Q factor, and hence the average time that
takes a photon to leave the p-DBR mirror stack, τp , increases.

D. Oxide-Confined VCSELs With > 50 Gb/s Error-Free
Transmission Up to 85 °C Operation

In this section, the bit error ratio test (BERT) results and
the corresponding eye diagrams at the data transmission rate
are shown at both RT and 85 °C. The transmission inter-
connect setup consists of a SHF 12103A Bit Pattern Genera-
tor (BPG) that provides the modulation bit sequence, the same
light collimation module used for DC and RF measurement,
a 2 m OM4 optical fiber that collects the coupled light from
the light collimation module and a New Focus 1484-A-50
22 GHz high-gain photoreceiver that converts the collected
optical signal back into electrical signal. The test bit sequence
used is an non-return-to-zero (NRZ) 27 – 1 pseudorandom
binay sequence (PRBS7) with a peak-to-peak voltage swing
Vpp = 0.65 V generated by the SHF BPG. An Agilent

Fig. 11. The 57 Gb/s bit-error rate (BER) vs. received optical power of the
oxide-VCSEL biased at 12 mA. The inset shows the eye diagram at 57 Gb/s.

Oscilloscope with 70 GHz bandwidth sampling module is
used to capture the eye diagrams. To validate the transmission
performance of the device, the converted electrical signal from
the photoreceiver is sent to the SHF 11104A Error Analyzer
for BER testing. A free space neutral density filter is used to
attenuate the received optical power into the optical fiber to
characterize the BER as a function of optical power.

The VCSEL shows a threshold of ITH = 0.8 mA and slope
efficiency of 0.58 W/A at RT as shown in Fig. 8. The optical
modal diameter, do, is estimated to be 5 μm. Figure 11 shows
the BER measurement at a data rate of 57 Gb/s when the
device is biased at 12 mA, and the corresponding differential
resistance from the I-V characteristics is ∼53 �. For received
optical power greater than 1.96 mW, the oxide-VCSEL is able
to show error-free (BER <10−12) transmission. Because of the
better impedance match to the standard 50 � testing system,
our device does not require extra amplification on the test bit
sequence to pass the BER test. The inset of Fig. 11 shows
the eye diagram at 57 Gb/s, and the device is able to show
an “open”-eye when biased at I = 12 mA. The energy/data
efficiency, Pelectrical/Error-Free Data Rate, is 539 fJ/bit.

Figure 12 (a) shows eye diagrams at 85 °C with the data
rate of 46 and 50 Gb/s of the device biased at I = 10 mA.
Figure 15 (b) shows the BER measurement, and the device is
able to demonstrate error-free (BER < 10−12) transmission
at 46 and 50 Gb/s at received optical power greater than
0.54 and 1.95 mW, respectively at 85 °C. The power
penalty is therefore 5.6 dBm when the data rate increases
from 46 Gb/s to 50 Gb/s. Previously reported data on a
single device 850 nm oxide-confined VCSEL, without using
equalization, has shown error-free transmission at 40 Gb/s up
to 85 °C [13] and 50 Gb/s up to 57 °C [78]. This reported
50 Gb/s error-free transmission oxide VCSEL is the highest
speed to date for any 850 nm oxide-confined VCSEL at 85 °C
without the uses of equalization.

At the bias I = 10 mA at 85 °C, the device’s differential
resistance is ∼ 58 �, derived from the I-V characteristics. Due
to the better impedance match to standard 50 � of testing
instruments, no external amplification was implemented to
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Fig. 12. (a) Eye diagrams at 46 Gb/s and 50 Gb/s under the bias
of I = 10 mA and Vpp = 0.65 V at 85 °C for the 5 μm optical aperture
VCSEL. (b) BER (46 Gb/s and 50 Gb/s) versus received optical power for the
optical link based on the 5 μm optical aperture VCSEL at 85 °C. The power
penalty is 5.6 dBm when the data rate increases from 46 Gb/s to 50 Gb/s
under the same biasing condition.

acquire the error-free transmission results. Higher speed error-
free transmission could possibly be achieved if amplifications
were utilized. The energy/data efficiency at 50 Gb/s is calcu-
lated 456 fJ/bit at 85 °C.

E. Oxide-Confined VCSELs With 42 Gb/s Error-Free
Transmission Up to 85 °C Over 100 Meter OM4 Link

For data transmission over fibers, the modal dispersion
in fibers will need to be maintained. For the 100 meter
OM4 MMF links, 850 nm VCSELs have previously been
reported of 43 Gb/s at 25°C [11]. Here we continue to reduce
the leakage current and control the microcavity modes of
VCSELs. The 3dB modulation bandwidth after de-embedding
the photodetector response is 25 GHz at room temperate and
21 GHz at 85°C, respectively.

The BERT results are shown in Fig. 13. The test bit
sequence used is non-return-to-zero 27-1 bit length pseudo-
random binary series (PRBS 7) with a peak-to-peak AC
voltage swing Vpp = 835 mV generated by a SHF Bit
Pattern Generator followed by a 7 dB power amplifier. The
oxide-confined VCSELs have demonstrated room temperature
50 Gb/s error-free data transmission on a 3 meter link (BTB)
and record performance of 46 Gb/s on 100 meter link with
received optical power ∼0.70 mW as shown in Fig. 17(a). The
devices have achieved record speed of 42 Gb/s at 85°C on a
100 meter OM4 link with received optical power ∼0.80 mW
as shown in Fig. 13(b). A 3-dB power penalty from 40 Gb/s to

Fig. 13. (a) 50 Gb/s and 46 Gb/s BER versus received optical power at 25°C
and (a) 42 Gb/s BER versus received optical power at 85°C.

42 Gb/s determined from experimental data fitting is reported.
Because the devices reach the thermal limited light output at
the bias current closed to 9 mA, the Vpp of 835 mV has
been set from Bit Pattern Generator to improve the signal
to noise ratio of measurement. From the electrical power
consumption of the device, we obtained device energy per bit
of ∼460 fJ/bit at 42 Gb/s at 85°C for a100 meter OM4 link.
In summary, we demonstrate the error-free data transmission
for a 100 meter MMF link with a record data rate of 46 Gb/s at
25°C, 43 Gb/s at 75°C, and 42 Gb/s at 85°C without the use of
signal processing such as equalizer or forward error correction.

Figure 14 summarizes the record performance of 850 nm
VCSELs’ NRZ error-free data rate (> 30 Gb/s) transmission
versus operating temperature (25 to 85°C) for BTB, 50, and
100 meter links. The VCSEL performance can be further
enhanced with better heat dissipation to improve the thermal
limitation at the current bias point.

F. Back-to-back 16-QAM OFDM Transmission With
850-nm Oxide-Confined VCSEL at 104 Gbit/s

To increase the data allocation efficiency with highly
spectral usage for enabling large transmission capacity,
the orthogonal frequency-division multiplexed M-array
quadrature-amplitude modulation (M-QAM OFDM) has also
been considered as the solution [85]–[87]. In the following
work, the 850-nm oxide-confined VCSELs modulated directly
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Fig. 14. 850 nm VCSELs NRZ modulated error-free bit rate transmission
for different MMF link distance versus temperature from 25 to 85°C.

with the 16-QAM OFDM data is achieved with a raw
data rate of 104 Gbit/s through BTB transmission. After
optimizing the error vector magnitude (EVM), SNR, and
BER with bias current adjustment, the amplitudes of OFDM
subcarriers at different frequencies are also pre-leveled to
improve the transmission data rate.

The file of a 16-QAM OFDM data is generated from
a homemade MATLAB program, which is fed into the
arbitrary waveform generator (AWG, Keysight M8195A) for
delivering the QAM OFDM waveform. The oxide-VCSEL
is directly modulated with combining the 16-QAM OFDM
data and the DC bias current via a bias-tee. The DC bias is
set as 6 mA and the peak-to-peak data amplitude is set as
1.0 volt. The temperature of the oxide-VCSEL is controlled
at 25°C. The lensed multi-mode fiber is employed to couple
the VCSEL output into a 22-GHz photodetector (PD, New
Focus 1484-A-50) at receiving end. After capturing the
received waveform by a real-time digital serial analyzer
(DSA, Tektronix DPO77002SX) with 100-GS/s sampling
rate, the QAM OFDM data is off-line demodulated with
an in-house developed MATLAB code to analyze the
transmission performance including EVM, SNR, and BER.

The VCSEL is biased to suppress its relative-intensity-noise
to −134 dBc/Hz within modulation bandwidth, which provides
1.6-mW output at a differential resistance of 70 �. The
highest modulation bandwidth and the lowest RIN level of the
VCSEL guarantee the broadband QAM-OFDM modulation
and transmission with sufficiently high SNR after receiving
and decoding. The key parameters can be optimized by
the bias current to provide higher throughput power, better
impedance matching, large modulation bandwidth and lower
noise level. After optimization, the waveform and the Fourier
transformed spectrum of the received 16-QAM OFDM data is
shown in Fig. 15, which reveals a two-step throughput power
declination with power-to-frequency slope of −0.3 dB/GHz
the allocated data from DC to17 GHz and −1.0 dB/GHz for
the allocated data from 17 GHz to 26 GHz.

Figure 16 plots the constellation plot and the SNR response
of the received 16-QAM OFDM data carried by the 850 nm
VCSEL, which presents an EVM of 18.7% and an average

Fig. 15. (a) The waveform in time domain, and (b) the spectrum in
frequency domain of the received 16-QAM OFDM data stream without
OFDM amplitude pre-leveling.

Fig. 16. (a) The constellation plot, and (b) the SNR spectrum of the
un-pre-leveled 16-QAM OFDM data carried by the few-mode VCSEL chip.

SNR of only 14.5 dB within the modulation data bandwidth
of 26 GHz. Some of the data carried by the OFDM subcarriers
at frequency below 17 GHz can successfully exceed the
required SNR of 15.2 dB, whereas others at higher OFDM
subcarrier frequencies gives the SNR of lower than 14 dB.
This results in a total receiving BER of 6.3×10−3 and fails to
meet the FEC criterion.

Owing to the limitation on the total output power from the
arbitrary waveform generator, the spectral amplitudes of the
QAM data carried by the high-frequency OFDM subcarriers
can be rearranged to “pre-emphasize” the high-frequency
response, which can compensate the declination of modulation
throughput due to the finite bandwidth of the VCSEL. With
subcarrier pre-leveling, the received 16-QAM OFDM data
waveform delivered by the oxide-confined VCSEL shows
less fluctuated envelope than the case without pre-leveling.
Nevertheless, the peak-to-peak amplitude of the received
waveform is somewhat attenuated due to the rearrangement
on the OFDM subcarrier amplitude at different frequencies.
Indeed, the Fourier transformed data spectrum shows a less
declined throughput power as compared to that without pre-
leveling. Figure 17 declares that the power-to-frequency dec-
lination slope of the 16-QAM data has already suppressed to
−0.26 dB/GHz at OFDM subcarrier frequency below 17 GHz
and −1.1 dB/GHz at OFDM subcarrier frequency ranged
between 17 GHz and 26 GHz.

After decoding the pre-leveled 16-QAM OFDM data
carried by the oxide-confined VCSEL, the constellation plot
shown in Fig. 18 reveals a clearer pattern than that decoded
from the un-pre-leveled data. In contrast to the received data
without OFDM subcarrier amplitude pre-leveling, the EVM
is determined as small as 17.3%, and the undecodable data
accumulated in the central part of the constellation plot
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Fig. 17. (a) The waveform in time domain, and (b) the spectrum in frequency
domain of the received 16-QAM OFDM data stream with pre-leveling the
OFDM amplitude.

Fig. 18. (a) The constellation plot, and (b) the SNR spectrum of the pre-
leveled 16-QAM OFDM data carried by the few-mode VCSEL chip.

disappears. The SNR of the 16-QAM data carried by different
OFDM subcarriers within the modulation bandwidth also
shows an enhancement at higher frequencies by slightly
sacrificing the data power carried at lower OFDM subcarrier
frequencies. Such a pre-emphasis technique effectively
optimizes the average to 15.2 dB. This results in a total
receiving BER of 3.8×10−3, and passes the FEC criterion.

IV. CONCLUSION

The oxidation process invented at Illinois has led to
commercial success of VCSELs in optical interconnects
for data communication. Through the reduction of oxide-
confined apertures, the optical mode can be tailored to reduce
the recombination lifetime and enhance the modulation
bandwidth. A thermal-noise-limited laser intensity noise
exhibits the low power operation and reduced mode
competition of the microcavity VCSEL. A better signal
transmission integrity can also be achieved in the microcavity
VCSELs. We use microwave measurement to construct
small-signal circuit model to analyze the electrical-to-
optical response and resolve the dynamics of carrier-photon
interaction at different temperatures. We present 57 Gb/s error-
free transmission at room temperature, and up to 50 Gb/s data
rate at 85 °C. By reducing the threshold current and optical
mode volume, transmission rates over 100 m OM4 fiber
can be up to 46 Gb/s at room temperature, and 42 Gb/s at
85 °C without the use of equalizers. Finally, the pre-leveled
16-QAM OFDM data at a raw data rate of 104 Gbit/s under
back-to-back transmission shows the received EVM, SNR,
and BER of 17.3%, 15.2 dB, and 3.8×10−3, respectively.
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