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Abstract—We report on the fabrication and operation of the
first electrically pumped 1.55- m vertical-cavity laser array
for wavelength-division-multiplexing applications. The array
consisted of four channels operating between 1509 and 1524 nm.
Wafer bonding was used to integrate GaAs–AlGaAs distributed
Bragg reflectors with an InP–InGaAsP active region.
Index Terms—Distributed Bragg reflectors, semiconductor
lasers, surface-emitting lasers, vertical-cavity lasers, wafer
bonding.

I. INTRODUCTION

V

ERTICAL-CAVITY surface-emitting lasers (VCSELs)
in the 1.55- m wavelength region are attractive sources
for optical networks. These devices offer many advantages
compared to edge-emitting lasers, the most prominent of which
is compatibility with low-cost wafer-scale fabrication and
testing. Additional advantages include low power consumption,
high fiber coupling efficiency, single-mode operation and
the capacity for producing two-dimensional arrays on wafer.
High-performance devices have been fabricated using buried
tunnel junctions [1], antimonide mirrors [2] and metamorphic
growth [3], [4]. However, the main limitation to realizing commercial devices has been high-temperature performance. The
most commonly used material system for 1.55- m emission
is InP–InGaAsP, which is limited in VCSEL applications by
low refractive index contrast, low thermal conductivity, high
intervalence band absorption, and high Auger recombination
rates. The lack of a robust aperturing technique on InP similar
to the lateral oxidation of AlGaAs on GaAs has also slowed
the rate of progress in long-wavelength VCSEL development.
The best high-temperature results to date have been achieved
using wafer bonded GaAs–AlGaAs distributed Bragg reflectors
(DBRs) in both electrically pumped [5] and optically pumped
[6] designs. The high thermal conductivity and index contrast
available in the GaAs–AlGaAs material system make it an
attractive choice for fabricating long-wavelength VCSEL
DBRs. The wafer bonding technique allows for the integration
of materials with different lattice constants, such as GaAs and
InP, that are difficult to integrate epitaxially. In VCSELs, wafer
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Fig. 1. DBR reflectivity versus the number of mirror periods for different
material systems.

bonding allows for processing prior to laser cavity formation.
In this work, multiple laser cavities with different wavelengths
were defined prior to bonding the active region and DBRs,
creating a four-channel VCSEL array for wavelength division
multiplexing (WDM).
II. DISTRIBUTED BRAGG REFLECTORS (DBRS)
The principal obstacle in long-wavelength VCSEL development has been the lack of high-quality DBRs that can be
integrated with InP-based active regions. DBRs with high
thermal conductivity, high reflectivity, and, in the case of
current injection through the DBR, high electrical conductivity
have proven difficult to fabricate on InP. These considerations
must be balanced in order to optimize VCSEL performance.
Fig. 1 compares reflectivity versus number of DBR periods for
four different 1550-nm VCSEL mirrors. The four mirror systems shown are a-Si–SiO , GaAs–AlAs, AlGaAsSb–AlAsSb,
and InGaAsP–InP. The a-Si–SiO DBR reaches peak reflectivity with a small number of mirror periods, but this value is
limited by absorption in the deposited amorphous layers. These
characteristics are typical of deposited dielectric DBRs. The
other mirror systems shown are grown epitaxially. These DBRs
require a higher number of mirror periods to reach the reflectivities needed in VCSELs ( 99%), but are capable of reaching
higher peak reflectivities than dielectric DBRs due to lower
material absorption. The exact reflectivity of a particular DBR
depends on the exact alloy composition and doping scheme
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TABLE I
OPTICAL AND THERMAL PROPERTIES OF 1.55-m VCSEL DBRS

used. The InGaAsP–InP system is the most commonly grown
on InP, but is limited by low index contrast. Thick mirrors
are required to reach reasonable reflectivity levels, leading to
significant propagation losses. The AlGaAsSb–AlAsSb system
has been studied recently for DBR applications on InP [7], [8].
This system features higher index contrast than InGaAsP–InP
DBRs. GaAs–AlAs DBRs have slightly higher index contrast
than AlGaAsSb–AlAsSb DBRs, but have a significantly higher
thermal conductivity. Due to the lattice mismatch between
GaAs and InP, GaAs–AlAs DBRs must be wafer bonded to
[9], [10] or metamorphically grown on [11] InP-based active
regions.
The thermal conductivity of a DBR is also an important
parameter. DBRs must be able to effectively dissipate heat
from resistive and lasing processes. Heat dissipation is critical in long-wavelength VCSELs due to the low characteristic
temperatures of InP-based active regions. Dielectric mirrors
usually have low thermal conductivities, though recent device
results have shown significant improvement with top-down
mounting [12], [13]. The thermal conductivity of epitaxial
mirrors depends greatly on alloy composition. Ternary and
quaternary alloys have substantially lower thermal conductivities than binary mirrors, due to alloy scattering [14]. Table I
summarizes optical and thermal data for 1550-nm VCSEL
DBRs. The values for n and n refer to the indices of refraction for the first and second mirror materials listed in each row.
The thermal conductivities of these materials are given by
and
in W/cm K. The next column shows , the number
of mirror periods required for 99% reflectivity for each DBR
combination. The thermal resistance of a 99% reflective DBR
with an area of 1000 m is given in the final column by
R in K/W. The thermal resistance of a particular mirror
stack is calculated by dividing the required mirror length by
the area given above and the effective thermal conductivity of
the mirror material. These calculations only include one-dimensional (1-D) heat flow, but give a qualitative idea of the
relative thermal resistances of different DBR materials. The
exact thermal resistance of a VCSEL depends on a number
of factors, including the active region layer structure, device
size, and heat sinking.
The mature growth technology, high reflectivity, and low
thermal resistance of GaAs based DBRs make them an attractive choice for long-wavelength VCSELs. Lateral oxidation
[15], [16] of these DBRs for mode and current confinement
can dramatically improve device performance compared to
unapertured devices. The advantages of GaAs-based DBRs

have led to a number of efforts to integrate these DBRs with
long-wavelength InP-based active regions.
III. WAFER BONDING AND DEVICE STRUCTURE
Wafer bonding of GaAs DBRs and InP-based active regions
has consistently produced high-performance long-wavelength
VCSELs, including the first electrically pumped devices to operate in CW at room temperature [17] and with submilliampere
threshold currents [18]. Details of the wafer bonding technique
have been published previously [9].
Wavelength-division multiplexing (WDM) has enabled a
dramatic increase in the data capacity of optical networks.
However, assembling and packaging discrete lasers with
different wavelengths is expensive and time-consuming. Multiple-wavelength arrays of vertical-cavity lasers are desirable
sources for WDM systems due to reduced production costs and
other advantages cited earlier. The simple testing and packaging
procedures for 1-D and two-dimensional (2-D) VCSEL arrays
make them particularly well suited for WDM applications.
Multiple-wavelength VCSEL arrays have been demonstrated
previously at short wavelengths [19], [20]. However, high-performance applications require long-wavelength (1.3–1.6 m)
sources. An externally optically pumped WDM VCSEL
array operating at telecommunications wavelengths has been
demonstrated [21], but independent direct channel modulation
is preferred. In this work, wafer bonding was used to integrate
GaAs–AlGaAs DBRs with a patterned InP–InGaAsP active
region for direct electrical modulation of four independent
wavelength channels. An intracavity superlattice consisting
of alternating layers of InP and InGaAsP was selectively wet
etched prior to wafer bonding in order to define lasing cavities
with different wavelengths [21], as shown in Fig. 2. Each layer
of the superlattice was 7.5 nm, leading to a wavelength spacing
of approximately 5 nm for each layer removed. The wavelength
spacing could be reduced to 2 nm by using thinner tuning layers,
allowing for 16 channel transmission in the erbium-doped fiber
amplifier (EDFA) -band. An additional superlattice barrier
was used to reduce the number of nonradiative recombination
centers in the bonded active region [22], [23].
After bonding to the p-type GaAs–AlGaAs DBR, the InP substrate and InGaAsP etch stop are removed using wet etches. The
second DBR, which is nonintentionally doped, is then bonded
under similar conditions to the exposed planar n-InP cladding.
The finished device structure is shown in Fig. 3.
The top mirror is a 25.5-period p-type, parabolically graded
GaAs–Al Ga As DBR, with an oxide aperture for mode and
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Patterned InP–InGaAsP active region for a WDM VCSEL array.

Fig. 4. Voltage–current characteristics of a WDM VCSEL array.

Fig. 3. Wafer-bonded, top-emitting VCSEL device structure.

current confinement. The 31-period bottom mirror is nonintentionally doped. The active region contains six strained InGaAsP
quantum wells (QWs). The p-contact is on top of the p-DBR
and the n-contact is on the n-cladding of the active region. Adjacent devices had different numbers of periods in the superlattice
tuning layer. The device pitch was 250 m in order to facilitate
fiber coupling of multiple devices using standard components.
IV. DEVICE RESULTS
Voltage–current (V–I) characteristics were measured in order
to determine that uniform bonding had been achieved. These
curves are shown in Fig. 4 for four adjacent devices with an
oxide aperture width of 5 m. Despite the nonplanar bonding
and different numbers of superlattice periods, nearly uniform
electrical characteristics were measured for four adjacent array
elements. The high diode turn-on voltage is due to a voltage
drop at the p-GaAs–p-InP bonded junction [9]. The differential
resistance is roughly 320 . The resistance could be reduced by
further optimizing the doping levels or by using two n-DBRs
and tunnel junction injection.
Room-temperature light–current (L–I) characteristics are
shown in Fig. 5 and spectra at a bias current of 6 mA are shown
in Fig. 6 for four adjacent devices with an oxide aperture

Fig. 5.

CW L–I characteristics of a WDM VCSEL array.

width of 5 m. Variations in the curves can be attributed to
the different mode-gain offsets of the channels. The lasing
wavelengths are 1509.1, 1513.8, 1518.6, and 1524.4 nm. The
active region photoluminescence peak is at 1542 nm. All four
channels are on the short wavelength side of the gain peak. The
higher numbered channels are located at longer wavelengths
and are expected to have higher differential efficiencies. The
exact wavelengths depend on the thickness of the superlattice
tuning layers and the electrical power dissipated in each device.
Increased control over the wavelength spacing is expected with
improved superlattice growth and etch conditions.
Both the lasing wavelength and peak gain wavelength shift
with temperature. The lasing wavelength increases at a rate of
0.1 nm/ C and the peak gain wavelength increases at a rate of
0.5 nm/ C [24]. Despite the unfavorable mode-gain offset, CW
operation for individual devices was achieved at temperatures
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Fig. 8.
Fig. 6.

Thermal comparison of previous and current devices.

Spectra of WDM VCSEL array at bias currents of 6 mA.

Fig. 7. CW L–I characteristics of the 1525-nm device for ambient
temperatures of 20 C–105 C.

as high as 105 C. A family of – curves for CW operation at
ambient temperatures of 20 C–105 C is shown in Fig. 7. The
devices were tested p-side up. The lasing wavelength is 1525
nm. This is the highest CW lasing temperature reported for an
electrically pumped long-wavelength VCSEL.
The improved high-temperature operation compared to previously fabricated devices [23] is due to reduced diode turn-on
voltage and lowered differential resistance. Previous devices
were limited by poor electrical contacts. These improvements
reduce the dissipated electrical power and device self-heating.
A simple thermal analysis is shown in Fig. 8. The data points
indicated by squares show the electrical power dissipated at the
bias point where the – characteristic have rolled over and the
device is no longer lasing. Knowing that the maximum active
) is equal to the ambient temperature
region temperature (

(
) plus the thermal resistance (
) multiplied by the dis), a value of 120 C is extracted by
sipated electrical power (
a linear fit. The data points indicated by circles show the electrical power dissipated at threshold by previously fabricated devices. The data points indicated by triangles show the electrical
power dissipated at threshold by the device with the – characteristics shown in Fig. 7. The two devices compared were fabricated using the same material and structure. They have identical
thermal resistances of 410 C/W and nearly identical amounts
of power dissipated at rollover at the common operating temperatures. The CW operating regime for each device is bounded by
the threshold and rollover dissipated power curves. The current
generation of devices have threshold voltages of approximately
2.4 V, compared to the threshold voltage of 6.6 V reported earlier. The reduced threshold voltage dramatically decreases the
amount of dissipated electrical power. The threshold curve now
intersects the rollover curve at a higher ambient temperature. To
summarize, device self-heating has been reduced so that the active region reaches the maximum lasing temperature at a higher
ambient temperature. Improved high-temperature performance,
including higher output powers over the operating temperature
range, should be possible with improved mode-gain offset and
reduced differential resistance.
Although the differential efficiency has been improved
compared to previous devices (12% versus 9%), hole current
spreading and nonuniform hole distribution in the QWs are
still limiting factors [25]. The lack of a robust aperturing
technique on InP forces placement of the oxide aperture in the
GaAs–AlGaAs DBR. Hole current spreading at the bonded
junction, superlattice layers, and through the p-doped InP creates a wider hole profile at the QWs than at the oxide aperture.
Current crowding and spatial hole-burning also contribute to
nonuniform injection. Simulation of these processes results
in the calculated profiles shown in Fig. 9. The axis shows
the radial coordinate in micrometers, with 0 m denoting the
center of the device pillar. Current profiles are calculated at bias
currents of 1.5 mA and 10 mA at the oxide aperture and at the
first barrier. Significant current spreading is observed at both
low and high bias currents. Current crowding is visible at the
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Local hole current density distributions at oxide aperture and first active region barrier for bias currents of 1.5 and 10 mA.

oxide aperture even at low current densities. The combination
of current crowding and spatial hole burning creates a highly
nonuniform hole current profile in the active region for elevated
bias currents. Improved current confinement techniques are
being developed to mitigate these effects.

V. CONCLUSION
Four-channel WDM VCSEL arrays were fabricated using an
intracavity superlattice tuning layer. The lasing wavelengths are
1509.1, 1513.8, 1518.6, and 1524.4 nm. The channel count can
be increased by using thinner tuning layers, with the potential for 16-channel operation within the EDFA -band. Individual devices exhibited excellent thermal performance, with
CW lasing at temperatures as high as 105 C.
The lower testing and packaging costs of VCSELs make
these WDM arrays a potentially attractive alternative to DFB
lasers for certain applications. Future work will include optimizing individual device performance, crosstalk measurements,
and transmission experiments.
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