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Abstract—As datacenters continue to scale in size, energy effi-
ciency for short reach (<2 km) links is a major factor for networks
that may connect hundreds of thousands of servers. We demon-
strate that links based on analog coherent detection (ACD) offer
a promising path to simultaneously achieving significantly larger
link budgets and improved link energy efficiency. A complete anal-
ysis is presented that considers the power consumption of all the
photonic and electronic components necessary to realize an ACD
link architecture based on 50 Gbaud (GBd) quadrature phase-shift
keying (QPSK) signaling combined with polarization multiplexing
to achieve 200 Gb/s/λ. These links utilize receivers that incorporate
an optical phase-locked loop (OPLL) to frequency- and phase-
lock the local oscillator (LO) laser to the incoming signal. QPSK
modulation offers compelling advantages both in achievable link
budget and in energy efficiency. Indeed, low-complexity electronics
based on limiting amplifiers can be used as opposed to the linear
front-ends, A/D converters, and digital signal processing (DSP)
required for higher-order QAM or PAM formats. Our analysis
indicates that links with 13 dB of unallocated budget operating
at error rates of <10−12 can be achieved and is compatible with
higher error rates that require forward error correction (FEC).
We present a comparison of silicon and InP platforms and evaluate
both traveling-wave and segmented modulator designs, providing
an illustration of the wide design space before converging on the
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most promising architectures that maximize energy efficiency and
minimize laser power. We establish the theoretical potential to
achieve picojoule-per-bit energy efficiency targets.

Index Terms—Coherent detection, data center, energy efficiency.

I. INTRODUCTION

W ITH ever-increasing demand for cloud services, evaluat-
ing interconnect technology benefits and tradeoffs antic-

ipates future deployments of the data center through scaling baud
rates, higher order modulation formats with more bits/symbol,
polarization multiplexing, and adding additional wavelength
division multiplexed (WDM) channels. Current data center links
rely on intensity-modulated direct detection (IMDD) schemes
due to their relative simplicity and correspondingly relatively
low cost and power consumption. However, scaling IMDD links
to 200 Gbps/lane will require a large jump in complexity and
power consumption. A recent study showed the potential of a
100 GBd PAM-4 link to operate over a 400 m link distance [1].
However, heavy equalization was required, with 71 feedforward
equalizer (FFE) taps and 15 decision feedback equalizer (DFE)
taps, just to achieve a pre-FEC (Forward Error Correction) bit
error ratio (BER) slightly below the soft decision (SD-FEC)
limit of 2 × 10−2. With such power-hungry equalization, the
required received optical power was > +7 dBm, likely de-
manding an unfeasible output power from the transmitter (TX)
source laser [1]. The limited prospects for scaling IMDD links
to 200 Gbps/lane and beyond have driven substantial interest in
developing a new generation of energy-efficient coherent links
designed specifically for intra-datacenter applications [2]–[5].

A recent paper by authors from the Alibaba Group presents
a detailed comparison of several variants of IMDD (PAM4,
CAP16, DMT) against digital coherent (PDM-16QAM) for
400G links, backed up with experimental results, using metrics
of minimizing laser and ASIC power consumption [4]. The
authors conclude that coherent links have lower laser power
requirements and comparable ASIC power dissipation and digi-
tal signal processing (DSP) complexity compared to the IMDD
approaches. Recent work from Google provides a comparison up
to 1.6 Tb/s, analyzing in detail multiple digital coherent (16, 32,
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64QAM) and IMDD (PAM4, 6, 8) architectures [5]. The coher-
ent links are projected to consume somewhat more power—on
the order of 10-20%—but offer substantial advantages: greater
tolerance to fiber impairments, higher spectral efficiency, and a
large advantage in receiver (RX) sensitivity. For modulator drive
swings less than ∼1Vπ , the gains in RX sensitivity are found to
be mostly offset by large modulator losses and the PAM links
are projected to achieve larger link budgets. The coherent links
operate at 2X higher total bit rates, and with higher modulator
drive voltages achieve 5-9 dB more link budget than the IMDD
variants [5].

Digital coherent architectures commonly used in telecom
interconnects are implemented with a free-running local oscil-
lator (LO) which requires an RX chain consisting of a linear
receiver front end followed by an analog-to-digital converter
(ADC) to digitize incoming data. Doing so enables the DSP to
perform functions such as carrier recovery, polarization demul-
tiplexing and channel equalization to remove fiber propagation
impairments such as chromatic dispersion (CD) and polarization
mode dispersion (PMD). An alternative approach to coherent
detection is analog coherent detection (ACD) which utilizes a
highly integrated optical phase-locked loop (OPLL) to directly
lock the frequency and phase of the LO laser to an incoming
wavelength channel. Chip-scale integration enables low feed-
back loop delay and therefore high loop bandwidth, enabling the
use of more easily integrated tunable LO lasers with MHz-scale
linewidth [6]–[11]. Furthermore, the OPLL approach provides
for the direct demodulation of complex signals at low uncor-
rected bit error rates (BER), with previous proof-of-concept
demonstrations achieving BER <10−12 for BPSK modulation
up to 35 Gb/s [9]. Although latency may not be especially
critical for our primary target application of intra-datacenter
links where the use of FEC is ubiquitous, the potential to con-
struct FEC-free coherent links offers a substantial advantage for
highly latency-sensitive applications such as high-performance
computing (HPC), Another key benefit of OPLL-based coherent
detection in general, and offered by our OPLL ACD architecture
is inherent wavelength selectivity. When the LO is locked to
an incoming wavelength channel, other channels are rejected
by the RX. For example, if the system channel spacing is
200 GHz, when the LO is locked to one of the wavelength
channels in the incoming optical signal, the locked signal is
down-converted to the baseband while the other wavelength
channels are converted to 200 GHz or higher—far above the
operating bandwidth of the receiver electronics. This wavelength
selectivity can be exploited to reduce crosstalk requirements
for future networks that incorporate photonic routing/switching
and eases channel crosstalk requirements of on-chip wavelength
multiplexing/demultiplexing components.

It is widely accepted that much of the complexity of traditional
coherent DSP can be removed for datacenter applications [4],
[5] where O-band operation of links up to 2km present negligible
fiber impairments. Consequently, the biggest power savings
offered by ACD arises not through the elimination of DSP, but
through the removal of linear RX frontends and ADCs. QPSK as
a modulation format uniquely takes full advantage of the direct
demodulation capability enabled by ACD. At the output of the
90° hybrids in an ACD receiver, the I and Q channels have been

separated and low-power electronics using limiting amplifiers
can be used to make a binary decision, just like in the most
power efficient non-return to zero (NRZ) on-off keying (OOK)
links [12]. State-of-the-art ADCs have been developed with
sufficient sampling rate and effective number of bits (ENOB)
for 224 Gbps DP-16QAM coherent receivers with power con-
sumption ranging between 235 mW [13] to 702 mW [14]. A
dual-polarization I-Q receiver would require four such ADCs,
resulting in a total ADC power consumption between 940–2808
mW or 4.2–12.5 pJ/bit based upon the efficiencies reported in
[13], [14]. Our QPSK link architecture does not require these
power-hungry components and full-link energy efficiencies of
less than 5 pJ/bit are feasible. The substantial power savings
advantage for QPSK does not straightforwardly scale to higher
order QAM formats which require multiple decision thresholds
for both I and Q channels, driving the need for A/D conversion.

In this paper we present a multi-wavelength analog coherent
detection (ACD) architecture utilizing a chip-scale OPLL and
based on 50 GBd polarization-multiplexed QPSK (PM-QPSK)
for an aggregate data rate of 200 Gbps/λ. In addition to the
link-level advantages in optical budget and power efficiency
offered by QPSK-based ACD, we believe it will be advantageous
to scale to bit rates of 800 Gb/s and beyond by using four
or more WDM lanes, each carrying 200 Gb/s, as opposed to
fewer lanes at higher per-λ bit rates. The large optical loss
budget enabled by ACD further opens a wider space for network
architecture designs offering greater flexibility and scalability
through the insertion of optical wavelength-level routing and/or
circuit switching devices in the data center network. Keeping
the per-λ bandwidth granularity lower expands opportunities
for network architectures with substantial power savings and
enhanced operational flexibility as discussed in Section IV.

II. COHERENT LINK ENERGY EFFICIENCY MODEL

In this section, we present an ACD link model that supports a
quantitative exploration of the design space of modulator length,
drive voltage, and TX source and LO laser powers. For ease of
reference, we refer to the operating baud rates as 50 GBd, but
all simulations are conducted at 56 GBd to allow for coding and
FEC overhead. Furthermore, although our link architecture is
capable of operating at uncorrected BER <10−12, we assume
a target BER of 1×10−5, compatible with KR4-FEC (BER
threshold = 2.1 × 10−5), and the KP4-FEC (BER threshold =
2.2 × 10−4) that is widely implemented in data center network
switches [15].

The ACD link model consists of a quadrature phase-shift
keying (QPSK) transmitter, a low-loss optical link (< 2 km),
and a homodyne coherent receiver. Fig. 1 illustrates a schematic
of the dual-polarization QPSK (DP-QPSK) ACD link for the
Si-based architectures. In Fig. 1, the transmitter (TX) laser
light is split into two single-mode waveguides and modulated
with IQ modulators. We consider two modulator architectures
and two photonic integrated circuit (PIC) platforms. The first
modulator is based on a traveling wave modulator (TW-MZM)
design [16], while the second utilizes a segmented modulator
(SEG-MZM) [17]. Both modulators have been demonstrated in
Si and InP platforms [18]–[27]. We find that the choice of TX
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Fig. 1. Shows the link implementation for a QPSK link, where (a) shows the schematic for the QPSK transmitter (TX) considered in the model, while (b) shows
the schematic for the receiver (RX), including the OPLL. Note that the MUX/DEMUX is included in the design for the TX and RX, respectively.

architecture and PIC technology both have a significant impact
on the overall link performance and power budget. Previous
comparisons of SEG-MZMs and TW-MZMs have been made
for high-bandwidth radio over fiber (RoF) photonic systems
[25]–[27]. RoF links based on SEG-MZM generally showed
improvements in gain and noise figure over TW-MZM imple-
mentations at high frequency, but at the expense of higher power
consumption.

Considering a differential driving signal, a phase modulated
signal is realized when an MZM is biased at its null point, where
the electric field transmission is 0, as shown in Fig. 2(a). At
this bias point, the optical carrier undergoes a 180° phase shift
when the input signal transitions from the logic 0 to 1 and vice
versa even when the voltage swing is less than twice the full
modulator half wave voltage (Vπ) of the MZM. However, driving
the modulator with a signal amplitude smaller than 2Vπ leads to
increased loss. Such loss can be estimated using the modulation
factor (FM ), defined in linear units by:

FM =
1

2

(
1− cos

(
π
Vsig

2Vπ

))
(1)

where Vsig is the peak-to-peak drive voltage. The optical loss
due to the modulation factor with respect to the drive voltage
is shown in Fig. 2(b). A FM of 1, which corresponds to a 2Vπ

drive voltage swing, leads to no modulation-induced loss, while
FM of 0.5 corresponds to a Vπ voltage swing and 3 dB of
induced optical loss. The modulation factor therefore presents a
fundamental power consumption tradeoff: larger drive voltages

reduce modulation loss at the expense of higher power dissi-
pation for the electrical modulator driver circuits. Conversely,
lower drive voltages reduce driver power but increase optical
losses that need to be compensated by higher source and/or LO
laser power levels. The modulation loss is therefore controlled by
the drive voltage amplitude and is independent of MZM insertion
loss. The MZM length is also a key parameter that trades off
optical propagation losses against electrical power dissipation
in the driver circuits. The relationship between MZM length
and optical propagation loss is given by

P = Pin e−αoptLMZM (2)

where Pin is the input power, LMZM is the active length of
the modulator, and αopt is the loss per length of the active
region. In InP, we measured this to be 4.34 dB/mm, while in
Si we used a value of 1.5 dB/mm. Modulator Vπ inversely
depends on modulator length: longer modulators exhibit lower
Vπ, and require relatively lower drive voltages at the expense
of higher optical propagation losses; shorter modulators have
lower optical losses but higher Vπ with correspondingly higher
drive voltage requirements and accompanying driver power
consumption.

We assume differential drive for both SEG-MZM and TW-
MZM transmitters and incorporate polarization multiplexing to
increase the link capacity by a factor of two. Vsig was swept
from 0 to Vπ . In the TW-MZMs, we assume that the microwave
and optical velocities are matched such that the phase shift
induced by the traveling wave electrodes is integrated along
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Fig. 2. (a) Electric field and associated output optical power of an MZM and
the bias point of the MZM for QPSK modulation. (b) Optical loss in dB due to
modulation factor plotted vs. the ratio of V sig /V π .

the length of the MZM. If the optical and microwave velocities
are not perfectly matched, there is a well-known degradation
in bandwidth that would introduce an additional inter-symbol
interference (ISI) power penalty. In the TW-MZMs, we account
for electrode loss along the length of the modulator, which
we estimated from simulations of traveling wave electrodes
designed for operation above 50 GHz. The electrode loss was
estimated to be 0.2 Np/mm and 0.4 Np/mm from simulations in
Si and InP, respectively. For the SEG-MZMs, we assume that the
driver accounts for the time delay between phase shifter sections
and that the voltage delivered to each segment is the same for
all segments.

For both driver power calculations, we consider only the
power dissipation in the output stage. In both calculations, we
assume a 45 nm CMOS technology and that ηdr is the efficiency
of the driver. For the TW-MZM driver power consumption,
we assume differential drive, current-mode logic operation, and
that Vsig is the single-ended peak output voltage of the driver.
The single-ended voltage swing delivered to the MZM is also
dependent on the characteristic impedance of the transmission
line (Z0) which was set to 40 Ω for Si and 30 Ω for InP. 40 Ω
was chosen for Si based on typical values found in the literature

[28]–[31], while 30Ω for InP was measured from initial designs.
Changing the TW-MZM impedance to say, 50 Ω, would not
change the bandwidth or the phase efficiency in the calculations,
as this relationship is not captured by the model. The power
consumption for the SEG-MZM is dependent on the length (lseg)
and capacitance (Cseg) of each segment, the number of segments
being driven, and the baud rate (Rb). Like the TW-MZM driver
calculation, Vsig is the single-ended peak output voltage of the
driver. To calculate the number of segments, we first assumed
that the length of each segment was 200μm to ensure they would
behave as lumped circuit elements under 50 GBd operation. The
active length of the modulator was then divided by the segment
length and rounded up to give an integer number of segments.
Cseg was measured in initial test structures to be 0.27 fF/mm
and 0.94 fF/mm for Si and InP, respectively. We define the driver
efficiency as a ratio of the capacitance of each segment to the
sum of the segment capacitance and the output capacitance of
the driver. It is given by

ηdr,SEG = 1−GC
Vsig

tr
(3)

where GC is the ratio of output capacitance to drain current for
a given transistor, and tr is the signal rise time. In other words,
for a given drive voltage and rise time, the efficiency is set by the
physical transistor parameters. We found that decreasing the pro-
cess node to 22 nm, did not yield a significantly higher efficiency
due to only slight changes between the processes in GC . A 45
nm CMOS process, consistent with our calculations, and that
will feature full monolithic integration with high-performance
Si photonic devices is currently under development [32].

After propagating through up to 2 km of SMF, the WDM
signal is coupled into the RX as shown in Fig. 1. While propa-
gating through the fiber, the light undergoes random polarization
rotation, necessitating polarization recovery in the RX PIC. In
all of our analysis presented here, we assume a Si photonic
implementation of the coherent RX PIC, as low-loss, on-chip
polarization de-multiplexing can be much more readily realized
compared to monolithic InP platforms. When light enters the
RX, it first goes through a polarization splitter rotator (PSR)
that separates incoming TE and TM components and rotates
the TM component to TE for propagation through the on-chip
waveguides that natively only support low-loss propagation of
TE polarized light. After the PSR, we refer to the two prop-
agating polarizations as TE’ and TM’, the latter of which has
been rotated to TE. Both TE’ and TM’ contain a mix of the
original transmitted polarizations, and must be further processed
to recover and separate the original X- and Y-polarizations
modulated at the TX.

The TE’ and TM’ signals next go through separate wave-
length demultiplexers that separate individual wavelengths. For
each wavelength, the TE’ and TM’ signals are processed by a
polarization controller. Since polarization recovery is conducted
for each wavelength, future networks incorporating wavelength
routing or switching are readily supported—it doesn’t matter if
each wavelength entering the receiver has traversed a different
path through the data center network. We have implemented
a polarization controller using a three-stage device, described
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Fig. 3. Three-section polarization controller utilizing phase shifters (PS) after
the polarization splitter rotator (PSR) with a polarization controller circuit. This
scheme would be implemented for each wavelength.

in greater detail in [2], and shown schematically in Fig. 3. Six
thermo-optic phase shifters can be configured to fully separate
the original X- and Y-polarizations from the received TE’ and
TM’ signals. After polarization recovery, the X and Y signals are
sent to separate 90° hybrids. The polarization recovery scheme
exploits a low frequency (few MHz) pilot tone impressed on the
I-component of the X-polarization at the TX. In the RX, the low
frequency pilot tone is separated from the information-bearing
signal by means of a low-pass filter and fed to a low-speed
microcontroller. A feedback loop tunes the six phase shifters
in the polarization controller, minimizing the pilot tone for all
the 90° hybrid output channels except the I-component of the
X-polarization. The thermo-optic phase shifters have a response
time on the order of tens of microseconds, sufficient to track
polarization variations under nominal operating conditions, and
can be controlled by a low-cost and ultra-low power micro-
controller. We have previously demonstrated a multi-channel
thermal phase shifter driver in [33]. The printed circuit board
(PCB) implementation consumed a total of 400 mW in the
unloaded configuration with an additional average 20 mW per
thermal phase shifter connected to the driver. However, to be
adapted for the polarization controller described here, the total
channels would be reduced from 96 channels to six, with a total
of three used at any time, thus significantly reducing the total
power consumption of the circuit to be less than 100 mW.

The receiver includes an integrated LO laser for each wave-
length channel that is split and then mixed with the incom-
ing signal in separate 90° optical hybrids for the X and Y
polarizations. Each optical hybrid produces four outputs, the
I+/I- and Q+/Q- signal components, which are subsequently
detected by high-speed photodiodes. The responsivity and input
sensitivity of the photodiodes were set to 1 A/W and 50 µA.
The detected photocurrents are converted to voltage signals
by transimpedance amplifiers (TIAs) and then fully converted
into digital signals via limiting amplifiers (LAs) that make hard
binary decisions. A key advantage of our approach is being able
to utilize TIA and LA circuits similar to those in proven NRZ
designs that typically achieve the best energy efficiencies with
lowest BER [12]. The TIA and LA outputs in both I and Q paths
are tapped as inputs for the OPLL circuitry that keeps the LO
frequency and phase-locked to the incoming signal. The OPLL
is implemented as a Costas loop, providing phase and frequency
detection, and is specifically designed for QPSK modulation
[9]. The Costas loop architecture has been demonstrated for

TABLE I
CIRCUIT POWER CONSUMPTION

robust 40 Gbps BPSK operation (10−12 at 35 Gbps) across
temperature variations of 2.6 °C [9], [10]. Furthermore, wide
frequency pull-in range of +/− 30–40 GHz and phase-lock in
less than 10 ns have been achieved [9], [10]. OPLLs also provide
a high-level of wavelength selectivity through the rejection of
all other incoming wavelength channels, reducing the sensitivity
to optical crosstalk when scaling to higher numbers of WDM
channels. [9]

The BER is determined by the Q-factor at the receiver, which
is directly related to SNR. For QPSK, SNR = Q2 [29]. All
analysis here assumes a BER =10−5, or Q ≈ 4.26, unless
stated otherwise. This is sufficient to reach the KR4-FEC BER
threshold of 2.1 × 10−5. For homodyne detection, the SNR is

SNR =
〈I2ac〉
σ2

=
4R2αcohPlaserPLO

2qRΔf (PLO + αcohPlaser + Id/R) + σ2
T

(4)
where R is the responsivity of the photodiode, αcohPlaser and
PLO are the transmitter and LO laser powers at the photodiode,
respectively, Δf is the bandwidth of the signal, Id is the dark
current in the photodiode, and σ2

T is the thermal noise power.
In our model, FM -induced losses are included in the total link
attenuation, αcoh. [34]

The energy per bit calculation is given by

EPB = (P RX IC + POPLL + PTX dr + ηPTX laser

+ ηPLO)/Rb (5)

where ηPTX laser and ηPLO represent the wall plug efficiency
of the TX and LO lasers, respectively; PTX dr represents the
MZM driver, as described in the first two columns of Table I;
PRX IC and POPLL represent the receiver chain—including
TIA, LA, and output buffer (OB)—and OPLL including the
polarization control loop, respectively; and Rb represents the
total bit rate. The circuit power dissipation was extracted from
transistor-level Spectre simulations in Cadence Virtuoso in the
GlobalFoundries SiGe 8XP BiCMOS process for all circuits
except segmented modulator driver that were calculated as in-
dicated in Table I.

Other technology-dependent losses, such as waveguide pas-
sive attenuation, are also included in the model, and are listed
in Table II. The laser efficiencies of the TX and LO lasers are
both set to 20%. The TX laser power was swept from 0 to 30
dBm, while the LO laser power was swept from -10 to 20 dBm,
though we do not expect to feasibly operate the lasers at powers
over 15 dBm. In all the simulations that follow, unless otherwise
noted, the unallocated link budget and symbol rate are set to 13
dB and 56 GBd, respectively.

Authorized licensed use limited to: Univ of Calif Santa Barbara. Downloaded on January 25,2021 at 22:50:15 UTC from IEEE Xplore.  Restrictions apply. 



HIROKAWA et al.: ANALOG COHERENT DETECTION FOR ENERGY EFFICIENT INTRA-DATA CENTER LINKS AT 200 GBPS PER WAVELENGTH 525

Fig. 4. Simulation results for (a) a 3-mm-long Si Tx/Si Rx TW-MZM and (b) a 1-mm-long InP Tx/Si Rx TW-MZM. The EPB curve (black) and LO power curve
(red) correspond to BER = 1× 10−5, below the KR4-FEC threshold of BER = 2.1× 10−5.

TABLE II
INVARIANT LINK LOSS PARAMETERS

Invariant loss parameters through the link are given in the table. The TX loss is equal to
the sum of twice the FC loss, the loss of the MUX, PSR, and splitter, and excess loss for
the Si TX. In the InP TX, the fiber coupling loss occurs once in the sum since it is assumed
that there is an on-chip laser. The RX loss is equal to the sum of losses due to FC, MUX,
PSR, polarization controller, hybrid, and excess losses. The loss in the LO path is the sum
of FC, splitter, hybrid, and excess losses for the Si RX. For the InP implementation, the FC
is neglected since it is assumed that there is an on-chip laser. FC = fiber coupling.

III. RESULTS

Fig. 4 plots the LO power as a function of the TX laser
power required to achieve a BER of 10−5. Fig. 4(a) and (b)
refer to Si photonic and InP TW-MZM, respectively. The plots
also present the energy per bit (EPB) required to achieve BER
= 10−5 (Q = 4.26) as a function of the transmitted power.
Fig. 4 therefore informs the available design and operating space
for ACD links, indicating that sub-5 pJ/bit energy efficiency is
possible for MZMs of practical active lengths in both Si and
InP technologies. Fig. 5 shows the power contribution from the
various components included in the link at the operating point
indicated in Fig. 4. We found the expected trade-off between
drive voltage and TX and LO laser powers; that is, one can
reduce the drive voltage but must increase the laser powers to
overcome the higher incurred losses. However, the reduction of
drive voltage does not necessarily achieve the minimum EPB.
In general, the EPB decreases with increasing MZM length

Fig. 5. The proportion of power taken up by each component in the link at the
operating point indicated in Fig. 4.

because an increase in the modulation length leads to a reduction
in the required drive voltage. This is true until the increasing
electrical and optical losses due to the growing total length of
active sections overcome any potential increase in modulation
efficiency, thereby increasing the overall EPB, as shown in Fig. 6.
Based on our modeling, this inflection does not occur until the
length of the MZM grows to about 3-4 mm in Si and 1 mm in
InP.

For Si MZMs, we chose a 3-mm active length as a reasonable
tradeoff from a device-density and packaging perspective. From
the literature, we assume VπLπ = 19 V-mm [17], [35]–[39],
which we have also confirmed through device testing. In es-
timating the TX loss, we included the optical waveguide loss
due to undoped and doped sections as well as the splitters and
couplers. Finding a point along the LO power curve in Fig. 4(a)
that balances the TX and LO laser powers indicates around 13
dBm is required for both the LO and TX for the Si TW-MZM
based link. For Si SEG-MZM links, balanced TX and LO laser
powers were found to be ∼12.5 dBm, and a similar EPB value
of around 4 pJ/bit was projected for a voltage of 1.2 Vpp−d.

Transmitters incorporating InP MZMs offer improvements
in both link efficiency and laser power requirements compared
to Si MZMs. Since the InP platform shows higher modulation
efficiency (lower VπLπ) and higher passive waveguide loss
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Fig. 6. Simulation results comparing the minimum EPB (black) and drive
voltage (red) for InP and Si TW-MZMs. SEG-MZMs yield similar minimum
EPB and lower drive voltage.

compared to the Si platform, we constrained the design to a
1-mm long device. We also found that a 1-mm long InP device
is the optimal design point for achieving the minimum EPB,
as can be seen in Fig. 6. For the InP simulations, we model
VπLπ as 2 V-mm—an order of magnitude lower than Si. The
InP TW-MZM design point is very realizable, requiring only 1.5
Vpp−d and roughly +7 dBm from both the input and LO lasers
as can be seen in Fig. 4(b), while the InP SEG-MZM design
point suggests that TX and LO laser powers of +5 dBm and
drive voltage of 1 Vpp−d to be the ideal operating point for a
similar EPB. InP device parameters are based on measured data
of PICS fabricated in the UCSB Nanofabrication Facility.

Note that although InP TXs offer a more efficient solution
than Si, a Si RX implementation is more favorable as on-chip
polarization de-multiplexing is more readily implemented. In
addition, an all Si implementation likely offers advantages in
electronic and photonic integration, packaging, and cost. While
it is possible to achieve low EPB, Si TXs have higher loss due
to less efficient MZMs that degrade link efficiency and drive
laser power requirements to challenging levels. Furthermore,
both InP and Si SEG-MZMs will face significant challenges in
integrating a large number of drivers alongside or flip-chipped on
the modulator due to the large number of segments that make up
the total active length required to achieve sufficient modulation.
Thus, we focus on TW-MZMs for the rest of the analysis
presented here. However, SEG-MZMs with integrated drivers
could be a very compelling solution in monolithic processes
that offer high-performance CMOS capable of 50 GBd operation
[33].

In Fig. 6, we compare InP and Si TW-MZM EPB and drive
voltage with respect to modulator length. The much lower VπLπ

of InP contributes to a much lower drive voltage compared to
the Si structure. However, a steep rise in EPB is projected for
longer InP modulators. In this regime, propagation losses in the
active sections dominate, driving up laser power requirements
that overwhelm any power savings due to reduced drive voltage.

Fig. 7. Starting from the conditions used to generate the results for 3-mm-long
Si TWMZMs shown in Fig. 4(a), LO power and EPB vs. TX power for BER
10−5 with a 4 dB link margin and BER 10−12 with a 13 dB link margin cases
are shown. The drive voltage is set to 3 V pp−d. LB = link budget.

This optimal point in EPB occurs at about 1 mm for InP due to
much higher propagation losses in its active sections but is not
a significant factor for modulators less than 6 mm long in Si.
The 3-mm Si TW-MZM link can achieve energy efficiency ap-
proaching the InP MZMs, although still requiring higher power
operating points for both TX and LO lasers. Combining this
observation with the fact that Si offers a cost-effective platform
for building large-scale, highly integrated PICs in 300 mm wafer
manufacturing processes, we focus on Si TW-MZMs for the
rest of our analysis in this paper. However, the observations and
conclusions that follow are applicable to links incorporating InP
MZMs.

To further explore the design space available for ACD link ar-
chitectures, simulations were conducted for lower BER targets,
reduced link budgets, and single polarization operation. Selected
results are presented here for links with Si TW-MZM transmit-
ters. Moving to a more aggressive BER target, 10−12—often
referred to as “error-free”—has a minor impact on the achievable
EPB for fixed modulator lengths but drives both source and
LO lasers powers considerably higher, to around +16 dBm,
as seen in Fig. 7. Increasing the output drive voltage can also
potentially result in decreased bandwidth of the driver circuits.
Reducing the link budget from 13 to 4 dB has the opposite effect
on link operation. Effects on the minimum achievable EPB are
also minimal, but the required LO and input laser powers are
reduced significantly to about +6 dBm. The EPB curve is also
substantially flattened, indicating a wider range of choices for
LO and TX laser power that achieve the optimal EPB.

Fig. 8 shows how EPB changes with voltage, assuming an
operating point where the TX and LO laser powers are equal
based upon the same link configurations analyzed in Fig. 7. Here
it is evident that while the minimum EPB may occur at lower
drive voltages, the TX and LO output powers may be unfeasible.

Finally, we investigated the case of a single polarization
link, starting from the baseline Si TW-MZM case presented in
Fig. 4(a). One may expect that the EPB will decrease with lower
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Fig. 8. Starting from the conditions used to generate the results for 3-mm-long
Si TWMZMs shown in Fig. 4(a), and taking the operating point where the TX
and LO laser powers are equal, this plot shows how the EPB changes for a given
drive voltage and the required TX/LO laser powers to close the link. LB = link
budget.

complexity of the PIC due to the lack of polarization-specific
components, but in fact, the change is not significant. This is
because ICs take up a significant portion of the total link energy
consumption at these optical powers (100s of mW compared
to 10s of mW). Therefore, if we halve the number of ICs in
the receiver, we reduce the IC energy consumption of the link
almost by half for half the number of bits. On the other hand, by
eliminating the need for sharing TX and LO lasers between two
polarizations, the operating points of both lasers are reduced by
roughly 3 dB to 8 dBm.

IV. DISCUSSION

In the previous section we have shown how we can achieve
sub-10 pJ/b, 200 Gbps per wavelength links. Increasing the data
rate in a single lane by implementing a higher order modulation
format is another path to higher aggregate link bandwidth but
will decrease the unallocated link budget [5]. Utilizing the addi-
tional loss budget by inserting optical switches can decrease cost,
latency, and power consumption of data centers. We will show
in this section that increasing to higher order modulation rates
decreases the unused link margin and may restrict connectivity
between servers.

A. Unallocated Link Budget

Optical switching is the subject of worldwide research, moti-
vated by the promise of adding reconfigurability to data center
networks and potentially improving overall data center energy
efficiency [39]–[41]. The principle of adding a layer of arrayed
waveguide grating routers (AWGRs) or optical switches layer
to a data center to enhance scalability while reducing cost,
power and latency, is described in [39] and [40], respectively.
However, for optical switching to be practical, the links travers-
ing the switches must either have enough budget to accommo-
date the losses of the switches, or the switches must be made

Fig. 9. Comparison of unallocated link margin in coherent and IMDD links,
assuming MZM drive, and a target BER of 10−5. The QPSK curve assumes
analog coherent link performance as described in this work, while the other
curves assume representative link performance projections for next-generation
IMDD and digital coherent links [5].

transparent by incorporating optical gain. The latter approach,
usually relying on semiconductor optical amplifiers, presents
integration challenges in Si photonic platforms and also raises
operational issues including added noise, gain uniformity across
wavelengths, and crosstalk [42]. We believe the best approach
to enable photonic switching is through expanding available
link budgets to accommodate the insertion loss of switching or
passive wavelength routing components. In order to assess the
achievable link budgets offered by candidate link architectures,
we follow the analysis approach in [5] to compare QPSK to
both IMDD alternatives as well as 16QAM. The results are
presented in Fig. 9 for an analysis conducted under a consistent
set of assumptions for each link: the same laser powers, MZM
modulators, and target BER of 10−5. For drive swings above
Vπ, 16QAM can offer some improvement in budget compared to
IMDD, but the advantages of QPSK are much more substantial.
At full 2Vπ drive levels, QPSK expands link budgets by 8
dB compared to PAM4 and 12 dB compared to PAM8. At a
more practically realizable drive voltage of 0.6 Vπ, QPSK offers
increases of 2 dB and 6 dB compared to PAM4 and PAM8,
respectively. In addition to enabling photonic switching in data
center networks, the expanded link budgets offered by QPSK-
based ACD can also potentially be used to improve transceiver
yields owing to the reduced sensitivity to optical loss as well as
reduce transceiver power consumption by lowering the operating
points of the lasers and drivers.

B. Optical Switch-Based Networks

Here we illustrate the design flexibility offered by scaling
bandwidth by adding additional 200 Gbps/λ WDM channels as
opposed to increasing per-λ bit rates. A relevant design example
is a data center network connecting 131,072, 50-Gb/s servers, us-
ing next-generation 51.2 Tb/s switches. A conventional design,
using 800-Gb/s inter-switch links, would employ three levels of
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electronic switches, with 51.2 Tb/s switches used in both the
spine and aggregation layers, and a smaller 6.4 Tb/s ToR switch
(supporting 64 servers per rack). If the 800 Gbps transceivers
were realized using four independent, separable lanes operating
at 200-Gb/s, the same number of servers could be supported
using only two levels of 51.2 Tb/s switches interconnected by
200-Gb/s links. The drawback in this scenario is that four times
as many fibers would be needed. However, the number of fibers
can be reduced back to the original number of fibers as in the
classic design by using four 200-Gb/s wavelengths per fiber,
and inserting an optical wavelength-routing layer, consisting
of 4x4 AWGRs, between the two electronic switching levels,
described in detail in [39]. With only two levels of switches
instead of three, this optimized design, taking full advantage
of WDM parallelism, results in lower cost, latency, and power
consumption. Thus, as described in the Introduction and as
shown in Fig. 1, to realize an 800G link, we include four lanes
multiplexed into a single fiber. Likewise, to scale to higher data
rates, such as 1.6 Tb/s, eight lanes would be multiplexed into a
single fiber, without changing the data format to take advantage
of the inherent link budget advantage of QPSK as well as the
efficiency advantages presented by being able to implement
low-power electronics similar to the circuits used in NRZ link
implementations that we have implemented in our ACD link.

The wavelength routing layer used to flatten the data center
network in the above example could be based on all passive
elements such as AWGRs, but there is also the possibility to add
reconfigurability to the wavelength routing layer in the form of
small (e.g., 4 × 4, 8 × 8, or 16 × 16) WDM photonic switches.
Furthermore, the power consumed by optical switches are inde-
pendent of the data rate of the signals they route. Optical switches
do not need to perform power-hungry optical-electrical-optical
conversions and instead perform the switching in the optical
domain while being transparent to data format and data rate [43].
Consequently, as links move to higher data rates, their impact
on the total energy per bit decreases.

Focusing on switches implemented in planar Si platforms,
which offer a realizable path towards mass manufacturing, there
have been several noteworthy recent demonstrations of Si pho-
tonic switches, including: a 4 × 4 switch with integrated gain
[42], a 32 × 32 port polarization diverse switch [44], and a
240 × 240 port MEMS-based switch [45], among many others.
We have demonstrated a wavelength-selective crossbar switch
with multiple wavelength-selective elements at each cross-point
[46]. Each switch offers a promising feature: the large port count
from stitching of multiple die in [45], the path-independent loss
in addition to the polarization diversity in [44], and the gain and
custom ASIC integration in [42]. While these demonstrations
differ in port count and switching time, they are non-blocking
and exhibit losses less than the unallocated link budget assumed
in the link model presented above. Having a large unallocated
link budget eases the requirement of having ultra-low-loss pho-
tonic components in the switch design. This ensures that the
insertion loss of the switch remains low so that the port count
can be scaled to 32-64, offering flexibility in data center network
architectures.

Fig. 10. Preliminary hardware for (a) a Si TX modulator and driver, (b) Si RX
PIC, and (c) InP RX PIC packaged with an OPLL.

V. CONCLUSION

A comprehensive QPSK coherent link model has been pre-
sented and indicates that EPB under from 5-10 pJ/bit is possible
with substantial improvements in optical loss budget. The simu-
lation tool allows exploration of optical and electrical parameters
that impact PIC design. Measured hardware will verify and
refine the parameters used in the link analysis. Fig. 10 shows
functional hardware that we have built and characterized to
provide hardware-derived inputs to our modeling. Design and
characterization results for the transmitter in Fig. 10(a) have been
reported in [47], while receiver subsystems shown in Fig. 10(b)
and (c) as well as other transmitters will be reported in forthcom-
ing publications. Finally, we showed that QPSK links increase
unallocated link budget. Analog coherent detection based on
QPSK modulation has the potential to enable novel network
designs incorporating wavelength routing and switching while
simultaneously maximizing energy efficiency, facilitation future
lower power data center network architectures that maximize
overall data center efficiency.
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Abstract: A dual-laser indium phosphide photonic integrated circuit for precision spectroscopy 

lidar was designed and fabricated. A stabilization experiment demonstrated a twentyfold 

improvement in the long-term frequency stability of the master laser.  

 

1. Introduction 

Laser sources that are precise and accurate are essential for metrology, coherent communications, and precision 

spectroscopy [1,2]. In an integrated path differential absorption (IPDA) lidar [3], a stable source enhances the 

accuracy and spectral resolution of atmospheric gas absorption-line measurements. Consequently, airborne 

measurements require reduced averaging times and offer greater spatial coverage.  

Reduced system cost, size, weight, and power (C-SWaP) is desirable for such platforms. Here we have designed 

and fabricated an indium phosphide (InP) photonic integrated circuit (PIC) for precision spectroscopy. The 

architecture is based on a previous demonstration that utilized discrete fiber-coupled L-band telecom optical devices 

[4]. All required optical functions have been integrated onto the PIC except for a carbon dioxide (CO2) gas cell 

reference. The PIC includes master and slave sampled grating distributed Bragg reflector lasers (SGDBRs), a phase 

modulator (PM), a high-speed photodiode (PD), a Mach-Zehnder modulator (MZM) for pulse generation, 

semiconductor optical amplifiers (SOA), and directional couplers. Following characterization of the integrated 

photonic components, a wavelength stabilization experiment was performed on the master laser using an external 

CO2 reference. The long-term stability of a beat note frequency generated with the integrated PIC master laser and a 

stable bench-top external cavity laser (ECL) was measured with a frequency counter. Over a 1-hour period, the long-

term frequency stability improved twentyfold for gate times of 1 second.  

2.  PIC Principle of Operation 

A microscope image of the full lidar PIC is shown in Fig. 1. The design and fabrication details were reported in [5]. 

Using frequency modulation stabilization, similar to the Pound-Drever-Hall technique [6], the master laser was 

stabilized to a reference CO2 absorption line at a wavelength of 1572.335 nm. The CO2 is contained in a gas cell 

with an equivalent path length of 10 m and pressure of 40 mbar. Frequency modulation of the master laser is 

facilitated by the integrated PM. Modulated light is collected off chip with a lensed fiber, directed through the 

reference cell, and then photodetected. When phase sensitive detection of a beat note at the modulation frequency 

and a radio frequency (RF) reference occurs, a frequency discriminating error signal is generated. Servos then filter 

the error signal and correct the laser wavelength by tuning the PIC temperature and current into the phase section of 

the SGDBR master laser. In a separate optical phase locked loop (OPLL), a beat note between the master and slave 

lasers is detected by the high-speed PD, frequency divided, and phase locked to an RF reference. The slave laser 

therefore retains the master laser stability at a frequency offset provided by the beat note. Determined by the on-chip 

PD bandwidth, offset frequency locking up to ±15 GHz is possible. As the slave laser is stepped across the 

absorption line sampling points, an integrated pulse generator MZM (or SOA) generates 1 µs pulses.   

 
Fig. 1. PIC microscope image with master and slave lasers, high-speed PD, SOAs, PM, MZM, and couplers.  

3.  Test Setup and Measurements 

A stabilization experiment was performed on the master laser using the gas cell reference, bench-top current sources 

and servo, and commercial-off-the-shelf fiber-coupled optical and connectorized electronic components. A 

schematic of the test setup is illustrated in Fig. 2 along with a close-up photograph of the PIC on carrier under test. 

Light from the PIC master laser was modulated with an external lithium niobate phase modulator. The modulation 

kdaganzo
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frequency, index, and phase shifter delay were selected to optimize the frequency discriminating error slope. The 

output power from the PIC, including fiber coupling losses, was measured to be -3 dBm. A frequency counter was 

used to characterize the long-term stability of a beat note generated between the on-chip master laser and an ECL. 

Measurements of integrated test structures in Fig. 3(a)-(d) report, respectively, small signal SOA gain of 18 dB, 

normalized PD bandwidth of 15 GHz, SGDBR light-current-voltage (LIV) curves demonstrating a 50 mA threshold 

current, and an efficient PM requiring less than 0.5 Vpp to generate a π shift in the carrier phase. Figure 3(e) shows 

the frequency discriminating error slope and gas cell transmission as the laser wavelength is swept across the 

absorption line. Figure 3(f) reports the frequency stability of the beat note over a 1-hour period for 1-second gate 

times. The overall improvement in the long-term beat note frequency standard deviation was twentyfold from 101 

MHz without feedback to 5.20 MHz with feedback applied to the master laser phase section only. 
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Fig. 2. PIC master laser stabilization test setup and PIC on carrier photograph. 

 
Fig. 3. (a) SOA gain; (b) normalized PD bandwidth; (c) laser LIV; (d) PM modulation efficiency at 25 mA forward bias; (e) gas transmission 

and error signal; (f) beat-note frequency stability. 

4.  Conclusions 

We designed and fabricated a lidar PIC for precision spectroscopy in a monolithic InP platform. The PIC includes 

two SGDBR lasers, a PM, SOAs, an MZM, and a high-speed PD. Integrated components were characterized and the 

master laser was stabilized with a gas cell reference. Measurements showed a twentyfold improvement in the laser 

frequency long-term stability. It is worth noting that by engineering our platform and mirror responses, SGDBR 

lasers can be stabilized to any wavelength reference within their tuning range, which is typically greater than 40 nm. 

Gas sensing measurements using the lidar PIC will be carried out in future work. 
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ABSTRACT

In this special issue honoring Professor Arthur Gossard, I am delighted to be able to review a small segment of the work he has enabled
while at UCSB on the subject of the title, but further limited to devices grown all-epitaxially. When he arrived in 1987 from Bell Labs, he
had already been consulting on the installation of our new Gen-II MBE that we intended to use for vertical-cavity Fabry–Pérot modulators,
devices somewhat similar to those he had grown at Bell Labs. However, within a couple of years, we obtained leading results on reflection
modulators, moving the on/off contrast from prior values of less than 5:1 to more than 50:1 with insertion losses of less than 2 dB, required
voltages in the 2–4 V range, and changes in reflection per volt to ∼20%/V. These had multiple-quantum-well (MQW) active regions to
phase shift and partially absorb the resonant lightwaves within a cavity formed between two distributed-Bragg-reflector (DBR) mirrors all
formed in the AlGaAs/GaAs system. Also in this same period, novel vertical-cavity surface-emitting laser (VCSEL) structures analogous to
the modulators were developed. They had strained InGaAs/GaAs MQW actives and AlGaAs/GaAs DBRs and operated near 980 nm. The
initial new idea was to place active quantum wells only at the maxima of the cavity E-field standing wave, which provides nearly a doubling
of the modal gain they contribute. These designs quickly led to leading results in threshold current (<1 kA/cm2—1990 and Ith < 1 mA with
Po > 1 mW—1991), power out (up to 113 mW cw—1993), and temperature stability with gain offset (constant output over 50 °C—1993).
Additional notable results in the 1990s included a selective oxidation of AlGaAs to form lens-like intra-cavity apertures for dramatic reduc-
tions in optical cavity loss; the first strained layer InGaAlAs/GaAs 850 nm VCSELs; and an 8-wavelength division multiplexing VCSEL
array integrated within a 60 μm diameter for direct emission into a multimode fiber. In the 2000s, results included all-epitaxially grown
1310 nm and 1550 nm VCSELs that employed AlGaAsSb DBRs and AlGaInAs actives with tunnel junctions to enable two n-type contacts
on InP for low thermal and electrical resistance; multi-terminal VCSELs for polarization modulation to double the information output on a
single optical beam; and a novel high-speed, high-efficiency design that incorporated sophisticated bandgap engineering in the DBRs and
carbon doping for low optical loss and electrical resistance, midlevel Al-content mirror layers near the cavity for deep oxidation to reduce
capacitance, and a redesigned lens-like aperture for reduced mode volume. This latter design gave record modulation bandwidth and
efficiency results then, and it is still being used around the world for the leading results today. In the most recent decade,
InGaAsSb/AlGaAsSb/GaSb materials for VCSELs and photonic ICs have been studied for emission in the 2–4 μm wavelength range.

Published under license by AVS. https://doi.org/10.1116/6.0000574

I. INTRODUCTION

Professor Arthur Gossard has had, and continues to have, an
extraordinary impact on semiconductor materials and device physics
and technology, primarily through his work with molecular beam
epitaxy (MBE). In this paper, I will review some highlights of the
leading work he has enabled at UCSB on vertical-cavity optical mod-
ulators and lasers in which I have been involved. This represents a

relatively small component of his overall contributions over the past
three-plus decades but, in my opinion, a component that has had a
major impact on society. Some of his other contributions are men-
tioned in other articles in this issue.

Our first Varian Gen-II (system-A) had arrived shortly before
Art in 1987 and was being used for AlGaAs and InGaAs/GaAs; the
second one (system-B), which was interconnected to the first along
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with a processing chamber via a transfer tube a couple of years
later, had an Sb source for AlGaAsSb and eventually phosphorus
capability for InP.

Our initial projects involved vertical-cavity reflection
modulators,1–7 so my students, now also guided by Art, worked
on MBE system-A to grow multilayer stacks consisting of a
bottom AlAs/Al0.2Ga0.8As multilayer DBR mirror, a GaAs/
Al0.2Ga0.8As MQW active, and finally a top AlAs/Al0.2Ga0.8As
multilayer DBR mirror. The number and thickness of layers in

each were varied for various designs. As will be detailed below,
record-high on/off contrasts, with record-low drive voltages and
insertion losses were developed within a few years. As codiscov-
erer of the quantum-confined Stark-effect (QCSE),8 a primary
effect used in these devices, Art gave much more guidance than
just on the MBE growth during this time.

In 1988, partially due to our modulator work, we came to the
realization that a significant improvement could be made to the
design of vertical-cavity surface-emitting-lasers (VCSELs) if the
quantum-well gain layers were only placed at the cavity optical
E-field standing wave maxima, and any losses were placed at the
nulls.9–11 In fact, this improvement changed the world of VCSEL
design—for some number of quantum wells, the gain given to the
optical mode would now be doubled, compared to a uniform place-
ment of the wells along the standing wave. In practice, this meant

FIG. 1. (a) Schematic of MQW index modulator. Here, the top DBR mirror has
five AlAs-Al0.2Ga0.8As periods, active MQW has 103—10 nm GaAs QWs with
10 nm Al0.2Ga0.8As barriers and the bottom DBR has 8.5 AlAs-Al0.2Ga0.8As
periods. (b) Reflection spectra for reverse bias voltages of 0, 15, and 25 V.
Adapted with permission from Simes et al., Appl. Phys. Lett. 53, 637 (1988).
Copyright 1988, AIP Publishing LLC.

FIG. 2. (a) Reflection spectra with four reverse bias voltages from 0 to 2.5 V. (b)
Sweeps of reflected power (top) and reverse bias (bottom) vs time; (500 μs/div.)
Device schematic as in Fig. 1(a). Top and bottom mirror stacks had 5 and 20.5
periods of AlAs/Al0.2Ga0.8As, respectively; active MQW had 24 periods of 10 nm
GaAs QWs with 10 nm Al0.2Ga0.8As barriers. Adapted with permission from Yan
et al., Appl. Phys. Lett. 56, 1626 (1990). Copyright 1990, AIP Publishing LLC.
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that the number of wells could be cut in half to reach threshold gain,
the threshold current could be halved, the threshold power dissipa-
tion cut to a quarter, and most importantly, devices that could not
work at all due to heating would now work well. Other researchers
picked up on this invention, and the race was on to demonstrate the
first practical VCSELs using it. Although we convincingly demon-
strated the concept with optical pumping of VCSELs grown with
active regions having either uniform gain or properly placed seg-
mented gain regions of the same net length,12 we lost the race to
demonstrate low threshold electrically pumped lasers by a couple of
months to a joint Bell Labs—Bellcore effort.13

However, our devices were more advanced because we had
added probe pads and antireflecting (AR)-coatings, which provided
more power out.14 So, with our advanced MBE and processing

capability together with a team of outstanding graduate students, we
were able to generate many of the leading results in low-threshold,
high-output power, and temperature-stable VCSELs over the next
couple of years.15–19 Additional innovations which followed
included: strained-layer InGaAlAs/GaAs 850 nm VCSELs;20 a lens-
like intracavity aperture for a dramatic reduction in optical cavity
loss;21,22 an 8-wavelength wavelength division multiplexing (WDM)
VCSEL array;23 all-epitaxially grown 1310 nm and 1550 nm VCSELs
that employed AlGaAsSb DBRs and AlGaInAs actives on InP;24,25

multiterminal VCSELs for polarization modulation;26,27 and a novel
high-speed, high-efficiency design that incorporated sophisticated
bandgap engineering and carbon doping in the DBRs for low optical
loss and electrical resistance, deep oxidation layers near the active to
reduce capacitance, and a reduced mode volume.28–30 Results from
all of the above will be reviewed below.

Most recently, InGaAsSb/AlGaAsSb/GaSb materials for VCSELs
and photonic ICs have been studied for emission in the 2–4 μm wave-
length range.31 These materials were grown in our Gen-III machine
in collaboration with Prof. Palmstrøm.

FIG. 3. (a) Schematic of an ASFP reflection modulator with short-period super-
lattice barriers in the 24.5 period active absorber region, which has 10 nm GaAs
quantum wells and SPS barriers that are each a total thickness of 4.5 nm con-
sisting of four lb = 0.34 nm AlAs barrier layers spaced by three lw = 1.05 nm
GaAs well layers. The mirrors are similar to Fig. 2. (b) Reflection spectra of the
ASFP modulator at the four labeled biases. Adapted with permission from Law
et al., Electron. Lett. 27, 1863 (1991). Copyright 1991, IEE.

FIG. 4. High-speed, large-signal modulation from an ASFP with mm-wave
contact pads, a semi-insulating substrate, a 2-period top mirror, and a 25-period
bottom mirror, both containing quarter-wave AlAs/Al0.2Ga0.8As undoped DBR
layers. The MQW active has 80 periods of 10 nm GaAs QWs and 4.5 nm
Al0.3Ga0.7As barriers. Device lateral dimensions are 16 × 20 μm and the cross
section is as in Fig. 1(a) except for the addition of p and n contact layers imme-
diately above and below the MQW active. Data are for increasing incident
optical power levels as labeled. Theoretical RC-curve fits have 3 dB cut-offs at
37 GHz (solid) and 18 GHz (dashed). λ = 864 nm; bias =−12 V. Adapted with
permission from Device Research Conference, Paper VIB-9, Santa Barbara,
Jun. 23,1993 (IEEE, Washington, DC, 1993); ibid. IEEE LEOS’93, Paper SP1.2,
San Jose, Nov. 15, 1993 (IEEE, Washington, DC, 1993). Copyright 1993, IEEE.

REVIEW avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 39(1) Jan/Feb 2021; doi: 10.1116/6.0000574 39, 010801-3

Published under license by AVS.

https://avs.scitation.org/journal/jva


In what follows, I will review the early vertical-cavity modulator
results of the late 1980s and early 1990s that helped establish our
MQW MBE program at UCSB. Then, I will continue with the early
VCSEL work that grew out of the modulator work and required the
need for good conduction through the DBR mirrors as well as good
carrier injection into the QW active regions. The VCSEL discussion
will then continue into the more recent efforts. Finally, I will con-
clude with what was learned and summarize its impact.

II. RESULTS ON MODULATORS

By the time Prof. Gossard arrived in 1987, my grad student, Rob
Simes, had already grown early versions of a multiple-quantum-well

(MQW) reflection modulator based on index modulation in our
system A. This was accomplished in collaboration with Prof. Gossard
and John English while they were still at Bell Labs. The results were
submitted to the CLEO conference that Fall.3 Due to some imbalance,
the device exhibited a 2:1 on/off contrast with 25 V of reverse bias
and a minimum reflectivity of 15% at a wavelength of 882 nm, which
at the time was still state-of-the-art.

With some improvements in the growth as well as moving the
Fabry–Pérot resonance closer to the GaAs absorption edge (873 nm),
where the QCSE is stronger, the result shown in Fig. 1 was obtained.4

In this case, the zero-bias reflection was only 3%, the contrast at 25 V
was now 8:1, and there was also clear evidence of some absorption in
addition to the index shift of the resonance with applied field.

The observation of the absorption effect led one of my stu-
dents, R. H. Yan, to propose the primary use of absorption in addi-
tion to index in an asymmetric Fabry–Pérot (ASFP) reflection
modulator design, which could require much lower drive voltage.5,6

The basic concept is to have a top mirror with modest reflection
and a back mirror with a very high reflection, and then add loss to
the cavity to make the back mirror “appear” to have a reflection
like the front, and thus create a “balanced” cavity for zero reflec-
tion. To make it work all that was necessary was to modify the
prior design by lengthening the back mirror and shifting the wave-
length even closer to the absorption edge of the GaAs MQW. With
a couple of iterations, it was found that fewer quantum-wells were
needed in the active and thus, even lower voltages were obtainable.
Figure 2 gives a result6 with only 24 quantum wells to lower the
necessary drive voltage to 2 V, giving a reflection change of about
40% and an on/off contrast of >15.

Further refinements in the ASFPs included the exploration of
novel superlattice active regions. One interesting example is illus-
trated in Fig. 3.7 Here, the AlGaAs barriers are replaced by relatively
thin (4.5 nm) short-period superlattices (SPS) of AlAs/GaAs, and

FIG. 5. Initial electrically pumped VCSEL results. (a) Schematic. Top p-doped
mirror contained 23 AlAs-GaAs DBR periods; bottom n-doped mirror contained 28.5
AlAs-GaAs periods. Mirror interfaces were graded over 18 nm with digital superlatti-
ces. Doping was 4 × 1018. Cavity had a single 8 nm In0.2Ga0.8As QW surrounded
by undoped 50 nm Al0.5Ga0.5As layers on each side, and then this sandwich clad
by p- or n-doped 80 nm Al0.5Ga0.5As layers prior to the respective mirrors. (b)
Light-out vs current-in results at 963 nm before and after AR-coating—CW, and
pulsed after coating. Adapted with permission from Geels et al., Proceedings of
Optical Fiber Communication Conference, Paper PD31-1, San Francisco, Jan. 24,
1990 (OSA, Washington, DC, 1990). Copyright 1990, OSA.

FIG. 6. VCSEL design similar to Fig. 5(a), except the number of periods in the
top and bottom DBRs were 16 and 18.5, respectively, and the doping was
reduced to 1e18, except in graded interfaces, where it increased to 5e18. Also,
three 8 nm thick In0.2Ga0.8As QWs were used. Parts (a) and (b) illustrate light-
current results from two square mesa devices measuring either 6 or 60 μm on a
side. λ∼ 980 nm. Adapted with permission from Geels and Coldren, Electron.
Lett. 27, 1984 (1991). Copyright 1991, IEE.
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the resonant wavelength is selected at a point where the absorption
is low, the F-P cavity is imbalanced, and the reflection is high at
zero bias. Then, as a bias is applied the absorption increases to the
point where the cavity is balanced for zero reflection.

These reflection modulators are also capable of very high-
speed modulation if designed and fabricated appropriately, because
of their inherently low capacitance. To demonstrate this, ASFP
devices were grown on semi-insulating substrates with mm-wave
probe pads connecting to intra-cavity p and n contact layers grown
immediately above and below the MQW active region. The wafers
were then processed so that the probe pads rested only on the semi-
insulating substrate with short traces running to the contact layers
with the n-layer grounded and the p-layer to the signal line. The
devices were tested with a Ti-sapphire laser, a high-speed photode-
tector, and a millimeter wave network analyzer. The results, shown
in Fig. 4, indicate a 3 dB optical bandwidth of nearly 40 GHz with
incident optical powers up to 100 μW. With higher incident
powers, carrier generation in the quantum wells reduced the band-
width to a little less than 20 GHz.32

III. RESULTS ON VCSELs

A. Early VCSEL highlights

As outlined in Sec. I above, our initial electrically pumped
VCSELs were processed with planarizing polyimide layers around
the VCSEL mesa for contacts and silicon nitride antireflecting (AR)
coatings on the rear substrate surface for better optical emission. A
schematic is shown in Fig. 5 along with the initial results for a
12 μm mesa.14 The threshold current density of 800 A/cm2 was the
lowest reported for a VCSEL at the time.

As illustrated in Fig. 6, within a year (1991), the VCSEL
effort had progressed to where CW output powers were over
1 mW with threshold currents less than 1 mA on small devices,
and CW powers on larger devices exceeded 12 mW with pulsed
outputs exceeding 100 mW15 (not shown). Fewer mirror periods

FIG. 7. Offset gain VCSELs. (a) Light-current characteristic for a VCSEL similar
to a VCSEL described in Fig. 6, but with some gain offset introduced by slightly
adjusting the cavity thickness during MBE growth. Adapted with permission from
Geels et al., Proceedings of Optical Fiber Communication Conference, Paper
WB3, San Jose, Feb. 2,1992 (OSA, Washington, DC, 1992). Copyright 1992,
OSA (ripple due to imperfect AR coating). (b) Currents for various powers out
for an improved gain-offset VCSEL with top and bottom AlAs-GaAs top and
bottom DBRs having 18 and 17.5 periods, respectively, as well as with high-
barrier Al0.5Ga0.5As surrounding three In0.185Ga0.815As QWs. The PL emission
was at 972 nm, while the cavity mode was at 997 nm at 25 C, yielding a 25 nm
gain offset in this case. Adapted with permission from Young et al., IEEE
Photonics Technol. Lett. 5, 129 (1993). Copyright 1993, IEEE.

FIG. 8. CW output power and terminal voltage vs current for a 70 μm diameter
device from the same material as in Fig. 7(b) mounted on a gold-plated
diamond heat sink with indium solder. The diamond was mounted to a brass
submount that rested on a thermo-electric cooler. VCSEL thinned to ∼100 μm;
diamond ∼250 μm thick; brass heat sink temperature was 20 °C. Adapted with
permission from Peters et al., Electron. Lett. 29, 200 (1993). Copyright 1993,
IEE.
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with lower doping were used, and three strained active quantum
wells were employed.

In another few months, the concept of “gain offset” was intro-
duced to improve the high temperature performance as shown in
Fig. 7. This enabled VCSELs to operate to higher temperatures,16 but
importantly, it also provided for nearly temperature independent

FIG. 9. Initial strained-layer, top-emitting, AlGaInAs QW VCSEL emitting at
∼850 nm. (a) Bottom n-DBR had 25.5 periods of AlAs-Al0.1Ga0.9As and top
p-DBR had 19 periods of Al0.9Ga0.1As—Al0.1Ga0.9As with graded interfaces.
The active MQW used three 8 nm Al0.12Ga0.66In0.22As wells with 50 nm
Al0.2Ga0.8As barriers surrounded by 50 nm Al0.3Ga0.7As carrier confinement bar-
riers and Al0.5Ga0.5As layers on each side to complete the one-wavelength
cavity. (b) Output power and voltage vs applied current with inset spectrum at
twice threshold. (c) Spectrum taken well above threshold. Adapted with permis-
sion from Ko et al., IEEE LEOS Annual Meeting, Paper TuDD3, Boston, Nov.
19,1996 (IEEE, Washington, DC, 1996). Copyright 1996, IEEE.

FIG. 10. Theoretical and experimental single pass optical losses in VCSELs
with various oxide apertures. [Lowest theoretical dashed curve is for ideal para-
bolic taper to center of VCSEL—no data provided.] Bottom n-DBR has 18
AlAs-GaAs mirror periods; top p-DBR has 29.5 Al0.67Ga0.33As—GaAs periods
with interfaces parabolically graded over 22 nm and step doped. Active has
three 8 nm In0.18Ga0.82As with 8 nm GaAs barriers. The oxide apertures are
above the active before the first mirror layer. Apertures are formed by oxidation
of AlAs layers, placed at the standing wave null, next to Al0.9Ga0.1As. Oxidation
is performed at 450 °C in water-saturated N2. Adapted with permission from
Hegblom et al., IEEE J. Sel. Top. Quantum Electron. 3, 379 (1997). Copyright
1997, IEEE.
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operation at moderate temperatures.17,18 This can accomplished
because the gain maximum moves toward longer wavelengths
about 4× faster (3.3 nm/10 °C) than does the cavity mode (0.8 nm/
10 °C); so if the mode is placed at a longer wavelength than the
gain maximum at 20 °C, then as the device is heated, the gain
maximum moves toward the mode, eventually overtaking it,
thereby compensating for the normal reduction in output power
with increasing temperatures until it moves past. In part (a), we
note that the threshold currents are nearly constant for tempera-
tures from 25 to 45.5 °C, and that the device operates with useful
outputs to over 100 °C. In part (b), it is directly shown that the
threshold current and the current for some power out does not
vary much over a wide temperature range.

Figure 8 illustrates what can be achieved with the same design
described and characterized in Fig. 7(b), if the larger chips are
mounted to a good heat sink—in this case with a diamond heat
spreader. As can be seen, this enables a CW output power of about
113 mW with a room temperature heat sink, again another mile-
stone at the time.19

Although strained InGaAs QWs with AlAs-GaAs DBRs
proved to give the best VCSEL performance and reliability, the
industry adopted an 850 nm wavelength standard due mainly to
the existence of fiber that was optimized for this wavelength in
the 1990s. Thus, many researchers focused their efforts on GaAs
QWs with AlAs-AlGaAs DBRs, which provided VCSELs that
emitted at 850 nm, but with reduced performance relative to the
strained InGaAs QWs that emitted at ∼980 nm. Therefore, realiz-
ing the many advantages of strain, we developed a strained-layer
QW technology that added Al to our InGaAs materials to pull the
wavelength down to 850 nm.

Figure 9 shows the first VCSEL results published with strained
AlGaInAs QWs.20 This followed work on edge-emitters to perfect
the material.33 These results compared very well to the
state-of-the-art for 850 nm VCSELs of the time (1996).34

For these results, the n+ GaAs substrates were misoriented 2°
toward <111> to reduce O2 incorporation, and after growth the
wafers were annealed by RTA for 10 s at 900 °C.

With oxide or etched apertures, the current was constricted to
a certain diameter above the active region, and it had been observed
that lateral optical diffraction and scattering loss was somewhat
limited because of the first-order lensing or waveguiding effect it
provided.35 However, a blunt aperture was far from a perfect lens
(parabolic index variation) that was known to be needed from
prior laser theory. Measurements had shown that optical loss, not
due to free-carrier absorption, remained a major limitation on
smaller devices. Therefore, we proposed to make this intracavity
aperture into a better lens to reduce optical loss.21

Figure 10 gives the results of some modeling and data that
indicates the potential of using tapered apertures compared to
blunt apertures from VCSELs that were fabricated with oxide aper-
tures. The theory uses an iterative mode recirculation algorithm to
both find the mode and the round-trip loss.22 Not surprisingly, the
improvement is especially important for smaller radius devices,
where diffraction and aperture scattering loss would be particularly
large. It is interesting to note that the measured data show more
improvement than predicted from the modeling in the case of
“blunt” apertures. This is probably due to the fact that there is also
some significant tapering on the “blunt” apertures because of the
manner in which they are constructed. That is, all of these aper-
tures, and most in the literature, are formed from a layer of high Al
content AlGaAs next to a modest Al content AlGaAs.

Because of the layer index requirements in the VCSEL, the Al
content in both layers is generally quite high, usually pure AlAs or
very high Al-fraction AlGaAs for the high Al layer and close to ∼90%
for the adjacent lower Al-fraction layer. Thus, as the high Al content
layer oxidizes laterally, the lower Al content layer begins to oxidize
vertically from the already oxidized layer. For example, if the lower Al
content layer oxidizes at only 5% of the rate of the higher Al-content
layer (the approximate ratio for 90% compared to 100%Al), we can
see that it will oxidize vertically 100 nm at the edge of the sample for
every 2000 nm the high Al-content layer oxidizes laterally, and it
tapers linearly to the end of this high Al-content layer—so if we
began with a 20 nm high Al content layer thickness, after 2000 nm of
lateral oxidation, we will have a oxide taper from 20 to 120 nm in
thickness over 2 μm. This is a significant taper!

A number of novel geometries were explored during the 1990s
to respond to the expanding demand for data bandwidth and VCSEL
performance needed for Datacom. Figure 11 shows a multiwavelength
VCSEL array with eight different wavelength emitters all integrated
within a 60 μm diameter, so that eight data channels could be simul-
taneously launched into a 60 μm core multimode fiber simply by
butt-coupling this VCSEL to it.23 Corresponding resonant-cavity
detector arrays, analogous to the asymmetric resonant-cavity modula-
tors in Sec. II above were also investigated.36 (Note that each wave-
length channel experiences ∼9 dB inherent loss in this scheme.)

In order to make such devices, the MBE growth of the
VCSELs was interrupted following growth of the active region and

FIG. 11. Microphoto of an 8-wavelength photonic-integrated-emitter (PIE) array.
CWDM wavelength spans of ∼33 nm with element powers of ∼2–7 mW were
measured @ 15 mA/element (Ref. 23). Modulation speeds of >3 GHz with low
crosstalk were also observed with improved electrode patterns. More information
is found in Ref. 23.
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first four top AlAs-GaAs mirror periods. The fourth GaAs mirror
layer was grown 0.91 λ thick instead of 0.25 λ thick measured in the
medium. Then, to get the eight different effective cavity lengths,
this layer was successively patterned and very accurately etched
using a three-level binary-coded anodic etching process over the
VCSEL areas. Next, the wafer was reinserted into the MBE and the
rest of the top mirror layers completed. Finally, the VCSEL array
elements were completed in parallel in a single process sequence as
used for other oxide-apertured VCSELs.

B. More recent VCSEL highlights

At the turn of the 21st century, it seemed clear that in-plane
cavity, edge-emitters would dominate the long-haul communications

and high-power sensor marketplace. It also seemed clear that such
high-performance components would tend to be high-cost and the
market volume low. However, there still appeared to be the higher-
volume short-to-medium-haul Datacom market, the longer-
distance data-center market, and the lower-power sensor market,
which all used single-mode fibers, that might support an effort on
1310 and 1550 nm VCSELs. Although there had been some suc-
cessful work with wafer-bonded37 and dielectric-mirror VCSELs38

that operated in this range, we believed an all-epitaxial device that
could mimic our successes with the shorter wavelength work
would be worth exploring.

Thus, we designed and began to grow all-epitaxial AlGaAsSb/
AlGaInAs/InP VCSELs by MBE. Given existing experience at UCSB
with growing the antimonides in our system-B,39 the quaternaries

FIG. 12. InP-based 1310 and 1550 nm all-epitaxially grown VCSELs by MBE. (a) Schematic showing layers, mesa etching, and underetching following oxidation; (b) SEM
cross section showing separate oxidation of AlInAs tunnel junction (TJ) layer and active region; (c) power-out vs current-in for a range of temperatures up to 88 °C for the
VCSEL characterized by the spectrum in (d) (Ref. 24) that peaks at ∼1565 nm at 25 °C; (e) active MQW and DBR mirror designs for (c) and (d); (f ) power-out vs
current-in for a range of temperatures up to 88 °C for the device characterized by the spectrum in (g) (Ref. 25) that peaks at 1305 nm at 20 °C; (h) active MQW and DBR
mirror designs for (f ) and (g). More information is found in Refs. 24 and 25.
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were not a major challenge, especially with Prof. Gossard’s contribu-
tions to digital superlattices.40 Actually, growing the InP on top of
many micrometers of the quaternaries was a bit more difficult,
given that InP cannot adjust its lattice constant very much.

Figure 12 gives results for both 1310 (actually 1305 nm)25 and
1550 (actually 1565 nm)24 AlGaAsSb-DBR/AlGaInAs-Active/InP

VCSELs. They have a number of that features enable high-yield,
high-performance VCSELs with potential low-manufacturing costs.

Key features include (1) high-index-of-refraction differences
within the Sb-based DBR mirrors, which give nearly the same
index contrast as for the AlGaAs system @ 850 nm; (2) embedded
n++InP/p++AlInAs tunnel junctions just above the MQW active

FIG. 13. (a) Schematic of high-speed, high-efficiency VCSEL @ 980 nm. (b) Microphoto of top metallization. (c) SEM cross section showing depths of wet oxidation in
mirrors, deep oxidation layers and tapered aperture; top p-DBR mirror has 25 periods of Al0.85Ga0.15As-GaAs on top of five periods of Al0.93Ga0.07As-GaAs for deep oxida-
tion; aperture layer is λ/2 thick with Al0.93Ga0.07As on top of 20 nm of AlAs; active has high-barrier Al0.5Ga0.5As layers surrounding three 8 nm In0.185Ga0.815As QWs with
8 nm GaAs barriers; the bottom DBR mirror first has 4 periods of n-doped Al0.9Ga0.1As-GaAs, then a 5/4-λ n+ contact layer, and finally 14 periods of undoped AlAs-GaAs.
(d) Designed doping, optical intensity, and integrated energy vs number of periods into the top p-DBR. (e) Designed doping over one p-mirror period. (f ) Hole concentration
and optical mode intensity over one p-mirror period. (g) Optical output and terminal voltage vs current in for five different device diameters. (h) Log bit-error-rate vs
received power and inset eye-diagram @ 35 Gb/s for a 3 μm device. As described in Ref. 29.
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region that enables two binary n-type InP cladding/contact layers
for both low electrical and thermal resistance to the active area as
well as undoped mirrors; (3) built-in aperturing layers with the
AlInAs tunnel junction and high-Al fraction AlGaInAs active barri-
ers for low optical loss and little current spreading; and (4) a single
all-epitaxial growth step to avoid complex multistep bonding or
critical postdeposition processes for mirrors.

Meanwhile, high-volume shorter distance links (≤30 m) with
multimode fibers (or even printed waveguides on circuit boards)
for Datacom and interconnects within supercomputers or switch-
ing racks called for low-cost, high-speed, high-efficiency shorter
wavelength VCSELs. Thus, an effort was established to make the
highest-speed, highest-efficiency VCSEL using all of the tricks
developed previously as well as a new CB4 doping system for low-
diffusion high-carbon doping in our newest Gen-III system.

Figure 13 summarizes some of the design aspects and results
for these new VCSELs.28–30 As can be seen, some sophisticated
bandgap engineering and modulation doping was incorporated to
reduce the p-mirror resistance without increasing optical loss. Also,
intracavity deep-oxidation layers were added by increasing the alu-
minum fraction in the first five mirror layers from 85% to 93% to
increase the lateral oxidation by about 3× and thereby reduce
capacitance without decreasing the contact resistance. In addition,

FIG. 14. Material gain of 8 nm quantum wells of GaAs/AlGaAs (green-solid) and
strained InGaAs/GaAs; gain only measured at lower quantum state with little popula-
tion in upper state. p-type modulation doping (pMD) of the 8 nm GaAs barriers
between and beside the InGaAs 980 nm wells by doping at 2e18 over either 3 or
5 nm in barrier center. Adapted with permission from Coldren et al., Proceedings of
IEEE Photonics Society Summer Topical Meeting, Paper TuD2.1, Playa Del Carmen,
Mexico, July 19, 2010 (IEEE, Washington, DC, 2010). Copyright 2010, IEEE.

FIG. 15. Multiterminal polarization-modulated VCSEL. (a) Schematic cross section and top labeling of electrodes for the two channels; (b) light-out in two orthogonal polar-
izations vs current-in for current applied across P1-N1; (c) light-out in two orthogonal polarizations vs current-in for current applied across P2-N2; (d) data applied to two
electrode pairs and schematic of experiment; (e) optical outputs: X is on polarization as in (c)—a replica of the signal to P2; however, the operation Y-X is required to
remove crosstalk from the orthogonal polarization as in (b) to obtain a replica of the signal to P1. (a)–(c) described in Ref. 26; (d) and (e) described in Ref. 27.
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the tapered aperture was made somewhat blunter than the 3 μm
long design illustrated in Fig. 11 for a smaller optical mode by
increasing the composition of the aluminum to 93% in the AlGaAs
next to the AlAs that leads the oxidized aperture point. All of these
features improve efficiency and modulation speed.

At the time of initial publication (2007), the data rate effi-
ciency of 286 fJ/bit was a new record for a VCSEL,28 and this
record stood for four years.41 A few years later (2010), a similar
device was used in a full link test at IBM, and the full-link value
(without timing recovery) was 0.9 pJ/bit, also a new milestone.42

FIG. 16. Selective dry etching of MQW active from AlGaAsSb/GaSb and PL spectra. (a) Comparison of simulation and experimental laser reflectivity monitor data for
Cl2/N2 reactive-ion-etching of the MQW layers; (b) schematic of grown samples containing seven MQW periods with 10 nm In0.53Ga0.47AsySb1−y wells and 8 nm GaSb barriers
with a final 350 nm layer of GaSb followed by an Al0.5Ga0.5AsSb lower cladding/end-etch layer; (c) actual laser-monitor data (note larger time window); (d) microphoto of
wafer surface comparing etched and unetched regions; (e) active-region PL spectra at various temperatures for the test sample; and (f ) PL spectra for a sample with a
higher In fraction in the QWs. [(a)–(d): Adapted with permission from Arafin et al., Opt. Mater. Express 9, 1786 (2019). Copyright 2019, OSA; (e)–( f ): unpublished].
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The data-rate-efficiency record of ∼160 fJ/bit set by Furukawa
in 201141 was short lived, since this was then one of the recognized
figures-of-merit to satisfy the increasing demand for improved
data-link efficiency both in data centers and super computers.
Accordingly, VCSELs with efficiencies of 81 fJ/bit43 and then 69 fJ/
bit44 soon followed later in 2011 and 2012, respectively, from the
TU-Berlin/VI-Systems team.

The Furukawa result benefitted from the use of a 1060 nm
highly strained InGaAs MQW active.41 In fact, as summarized in
Fig. 14, we had done an earlier MBE study of highly strained and
modulation-doped quantum-well gain regions to identify candi-
dates for improved optical modulation speed and efficiency,45

which clearly pointed out that the most highly strained InGaAs
quantum wells at 1060 nm would require about half the current for
a given gain as well as provide significant increases in the differen-
tial gain. In a laser, the maximum modulation frequency is propor-
tional to the square root of the differential gain, and the threshold
current would almost be halved in switching from 980 to
1060 nm.46 This explains the Furukawa result.

Another method of increasing bit rate on a single optical
beam is the use both polarizations. In order to avoid polarization
multiplexing hardware and to do this in a single device, switching
between VCSEL polarizations as well as the modulation of the indi-
vidual polarizations was explored. As others had investigated,47 we
utilized the concept of asymmetric current injection to attempt to
distort the carrier k-vector distribution in the quantum-well gain
regions, and thus, to introduce some gain anisotropy and thereby
favor a particular lasing polarization.

Figure 15 summarizes some of the design concepts and
results.26,27 As shown in part (a), four electrodes are used with
pairs of p- and n-contacts opposite each other to intracavity con-
tacts together with some degree of electrical isolation to implement
some degree of lateral current flow in the active region. As the data
shows, the CW optical polarization can be switched by switching
currents between the two pairs of contacts, but more importantly,
two different data streams can be simultaneously applied to the two
pairs of contacts, and then be remotely deciphered. This experi-
ment suggested that up to 16 Gb/s might be transmitted by such a
multiterminal VCSEL, even though it was parasitically bandwidth
limited to a single-channel bit rate of 8 Gb/s in this case.27

The most recent effort that my group led was in direct collab-
oration with Prof. Palmstrøm to fabricate short-wave infrared
(SWIR) lasers based on GaSb, initially in the 2–3 μm wavelength
range. InGaAsSb/AlGaAsSb/GaSb MQW gain regions and AlAsSb/
GaSb DBR mirrors were considered for VCSELs and this same
MQW gain region with AlGaAsSb cladding regions were consid-
ered for edge-emitters. Figure 16 summarizes some results of
growth and processing.31 The Gen-III system was again employed.
Smooth layers with good photoluminescence were grown and the
necessary processing technology for lasers was also developed.

IV. SUMMARY AND CONCLUSIONS

In this paper, I have reviewed a segment of the work that Prof.
Arthur Gossard has enabled while at UC-Santa Barbara—some high-
lights of work on vertical-cavity modulators and lasers, all-epitaxially
grown by MBE. Although Art was not always a coauthor on the

published papers, his contributions in guiding the graduate students
and postdocs as well as in keeping the MBE lab running extremely
well were always key to the success of the projects.

Although JVST guidelines mention that one should avoid
claims that results are the first or have the best characteristics in
some important recognized aspect at the time of reporting, I have
endeavored to limit the selection of highlighted results to only
those that must be described in this manner for accuracy. My goal
is to point out that Prof. Gossard has enabled some highly impact-
ful work that has had and continues to have a major influence in
our scientific and business communities. For example, VCSELs
have penetrated many markets today, and the volume of sales is
measured in the tens of millions of devices per month. Many of the
designs developed and demonstrated in Art’s MBE lab are incorpo-
rated within these devices, and moreover, many of the student
coauthors referenced in this paper are either in leadership positions
or are directly producing such products within the major manufac-
turers today. Many others who worked in Art’s MBE lab can also
be added to that group.

Art continues to be involved in a number of important MBE
projects as outlined in other papers in this issue.
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