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The performance of oxide-confined vertical-cavity lasers (VCLs) can be severely limited by current
leakage and self-heating. This paper investigates electrical and thermal effects of lateral oxidation
on wafer-bonded 1.55 um VCLs. Measurements are combined with two-dimensional finite-element
simulations to analyze internal device physics. Charged defects at the p-side fused interface are
found to increase the threshold voltage as well as lateral current spreading. An optimum oxide
aperture for minimum device heating is calculated. Loss reductions are predicted to lead to a mini-
mization of self-heating with small apertures.

1. Introduction

In vertical-cavity surface-emitting lasers (VCLs), the optical cavity is formed by mirrors
above and below the active region. The laser light propagates in vertical direction and
typically exhibits a circular beam shape, ideal for coupling into optical fibers. Internally,
the ligth passes the active layers in vertical direction, i.e., gain is provided over a short
propagation distance only and the amplification per photon circulation is small. There-
fore, the mirrors need to be highly reflective so that photons make many circulations
before they are emitted. To achieve high reflectivity, distributed Bragg reflectors
(DBRs) are used of two alternating layers with high refractive index contrast. With
quarter-wavelength layer thickness, the reflected waves from all DBR interfaces add up
constructively, allowing for DBR reflectivities above 99% [1]. Dielectric DBRs like Si/SiO;
provide a large refractive index contrast and a few layer pairs are sufficient for high
mirror reflectivity [2]. However, semiconductor DBRs are often prefered to inject the
current vertically through the mirror into the active region. Among semiconductor ma-
terials, AlAs/GaAs DBRs give a relatively high reflectivity, but the large band edge
offset at the interfaces causes a high electrical resistance, especially in p-doped DBRs.
Therefore, AlGaAs layers are frequently employed as well as sophisticated composi-
tional grating and doping schemes at the interfaces [3]. The electric resistance and
other heat sources may cause strong self-heating of VCLs so that good thermal conduc-
tivity is another essential requirement of VCL design.

The complexity and the interaction of electrical, thermal, and optical processes in
VCLs often requires advanced computer simulation for device analysis and optimiza-
tion. Using wafer-bonded 1.55 uym VCLs as an example, this paper demonstrates how
advanced simulations are used to design and analyze real devices. In order to gain
realistic insight into VCL physics, the combination of simulations with measurements
is especially emphazised. Section 2 describes the device structure. Section 3 outlines
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the numerical VCL model as well as the material parameters used to fit measure-
ments. Sections 4 and 5 give details of the electrical and the thermal analysis, respec-
tively.

2. Long-Wavelength VCLs

Long-wavelength VCLs (1.3-1.6 um) are currently of high interest for applications in
fiberoptic communication systems. Compared to their in-plane counterparts, VCLs offer
several advantages, including high fiber coupling efficiency, low power consumption,
and low-cost wafer-scale fabrication and testing. In contrast to the rapid development of
AlGaAs VCLs emitting at shorter wavelengths (< 1 um), the performance of InP based
long-wavelength devices is severely limited by disadvantageous material properties of the
InGaAsP semiconductor system at long wavelengths. With the lower bandgap of the
InGaAsP active region, Auger recombination enhances non-radiative carrier losses. With
lower photon energy, free-carrier and intervalence band absorption (IVBA) lead to en-
hanced optical losses. Native InGaAsP/InP DBRs only allow a small variation of the re-
fractive index that is about half the variation possible in AlGaAs. To obtain high DBR
reflectances, a large number of mirror layers have to be grown causing significant diffrac-
tion losses [4]. InGaAsP also exhibits low thermal conductivity due to disorder scattering
of phonons. Thus, thick InGaAsP/InP DBRs block the thermal flux to the stage and lead
to a strong increase of the active region temperature in continuous-wave (CW) operation.
Several advanced concepts of long-wavelength VCLs have been developed to over-
come those limitations (for a review, see [5]). One of the most successful concepts is
the utilization of InP/GaAs wafer fusion [6]. This way, traditional InP based active re-
gions can be combined with superior GaAs based mirrors leading to record-high lasing
temperatures [7, 8]. A wafer fused 1.55 um VCL is shown schematically in Fig. 1 [9]. In
this bottom-emitting device, 30 periods of GaAs/Alye7Gaps3As form the top DBR that
is covered by a metal contact on a GaAs phase matching layer to enhance reflectivity.
A ring contact can be used for top emission [10]. The mirror absorption is kept small
by using relatively low p-doping (Table 1). The layer interfaces are parabolically graded
to reduce interface electrical resistance [3]. Close to the fused interface, the mirror con-
tains a 20 nm thin AlyosGagpAs layer for

GaAs/AlGaAs DBRs GaAs/InP lateral oxidation which is used for electrical
fusedinterfaces  and optical confinement. The InGaAsP multi

quantum well (MQW) active region consists
of 7 quantum wells with about 1% compres-
sive strain and strain-compensating barriers.
It is sandwiched between InP spacer layers
which are about 300 nm thick to give a total

Fig. 1. Schematic structure of a bottom-emitting
double-fused vertical-cavity laser with oxide con-
finement layer in the top mirror

GaAs substrate
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cavity thickness of three half wavelength. The bottom 28-period GaAs/AlAs DBR is
pulse doped at all interfaces, in addition to uniform silicon doping. Binary DBR layers
are used for high reflectivity and good thermal conductivity.

3. Model and Parameters

Based on the complexity of VCL physics, numerical simulations often need to combine
electrical, thermal, optical, and gain calculations. Many previous publications on numer-
ical VCL modeling focus on optical properties and neglect electrical or thermal aspects
of VCL physics (e.g., [11, 12, 13]). Few papers on comprehensive numerical VCL simu-
lations are published so far [14, 15, 16], however, these papers do not analyze electrical
and thermal effect of oxide confinement. In order to study those effects, a comprehen-
sive two-dimensional VCL model is used here which has produced excellent agreement
with a variety of measurements [15, 17, 18]. Carrier transport is simulated using a
finite-element drift-diffusion model. The heat flux equation is included to address self-
heating effects. Gain calculations are based on 4 x 4 k - p bandstructure computations
for the strained quantum wells [19]. The transmission matrix method is employed for
optical simulation [20] including temperature effects on layer thickness, absorption, and
refractive index. The lateral optical modes are given by Bessel functions which are
adjusted to measured near fields.

Such a comprehensive model includes various material parameters, some of which
are not exactly known. An important first step of every device simulation is to identify
critical parameters and to calibrate them using measured device characteristics. In our
case, critical parameters are thermal and electrical conductivities of the DBR mirrors as
well as the concentration of charged defects at the fused interface. Current—voltage and
thermal measurements are employed to obtain realistic numbers (details are given be-
low). Previous investigations have utilized measured variations of threshold current and
slope efficiency with DBR diameter and with temperature to identify additional para-
meters [15]. Table 1 summarizes the results of this parameter calibration which leads to
an excellent agreement between measurements and simulations.

Table 1

Room-temperature parameters of the double-fused VCL as used in the simulation
(! layer thickness, Ngop doping, u, /u, majority carrier mobility (vertical/lateral), n refrac-
tive index, a absorption coefficient, x,/x, thermal conductivity (vertical/lateral)

parameter l Naop u/u, n a iz /Ky
unit um 1/em? cm?/Vs l/em W/em K
p-Aly7Gag3As (DBR)  0.127  4x107  seetext  3.05 11  0.10/0.12
p-GaAs (DBR) 0115  4x107 seetext 338 11  0.100.12
p-InP (spacer) 0.210 1x10% 30 317 24 0.68
p-InP (spacer) 0.100 1x10'% 150 317 024 0.68
IIl()‘75Ga0,24ASO.32P()‘]g 0.0055 — 100 3.6 54 0.043
(QW)

IIl(]}4gGa(],52AS().82P0,1g 0.008 — 100 3.4 54 0.043
(barrier)

n-InP (spacer) 0.310 5x10% 4600 315 8 0.68
n-GaAs (DBR) 0115  1x10%  310/6200 338 6 020023
n-AlAs (DBR) 0.134 1x10%  310/6200 289 3 0.20/0.23
n-GaAs (substrate) 450 5% 10% 8000 338 5.8 044
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Fig. 2. Energy band diagram of active region and fused interface at the laser axis: a) zero bias,
b) at threshold

4. Electrical Analysis

The carrier transport through the double fused VCL is affected by a large number of
hetero-interfaces. One of the most critical interfaces is the p-side fused junction. Ideally,
this interface between GaAs and InP exhibits only a small band offset [21]. However,
in some fused VCLs, positively charged defects were found to create a large potential
barrier in the valence band [22]. The nature of these donor-type defects is still unclear,
however, high p-doping at the fused interface was found to reduce their influence on
VCL performance [23]. Figure 2 shows the band diagram along the VCL axis, from the
n-InP spacer layer, through MQW active region and fused interface, to the first
AlGaAs layer of the top DBR. Without interface charges, only a small valence band
offset of 0.05 eV would slightly hinder hole injection. In comparison, a density of
10" cm™2 mid-gap interface defects creates a potential barrier for holes that is more
than 0.5 eV high and that increases the VCL electric resistance. At lasing threshold,
these interface defects lead to an additional voltage drop of about 1 V which increases
the threshold voltage significantly (Fig. 2). Ideally, the threshold voltage should not be
much larger than the QW Fermi level separation of about 0.8 V [24].

with interface defects without interface defects
p-AlGaAs/GaAs DBR
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Fig. 3. (colour) 2D current density contours j(r,z) in the center part of the VCL with lateral oxide
confinement layer: with (left) and without (right) positively charged defects at the fused interface
(the left border is the laser axis, oxide aperture radius = 3.5 um)
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of electrons into the lowly doped p-InP spacer is more likely than the leakage of holes

in opposite direction. In our example device, vertical electron leakage is only relevant

at high temperatures. It can be reduced when the MQW is sandwiched by InGaP stop-
per layers with slightly larger bandgap as shown in Fig. 2 [25].

Lateral leakage is mainly caused by hole spreading currents in p-doped layers above
the active region as well as by ambipolar carrier diffusion within the quantum wells.
Shrinking oxide confinement within the top DBR enhances lateral leakage currents.
The spreading current is especially severe with positively charged defects at the p-side
fused interface. After being funneled through the oxide aperture, holes encounter the
high interface resistance which forces them to spread out laterally before entering the
InP layer. This partially eleminates the confinement effect of the oxide layer. The cur-
rent contour plot in Fig. 3%) illustrates the influence of charged interface defects. Each
contour section represents 12.5% of the total current. Narrow contours indicate a high
current density near the rim of the oxide aperture. Lateral current spreading between
oxide and fused interface is much stronger with (left) than without (right) interface
defects. Figure 4 shows the fit to the measured current—voltage curve, which results in a
defect density of 1.7 x 10'3 cm~2 for this device [22].

5. Thermal Analysis

The electric resistance of interfaces and bulk layers as well as nonradiative recombina-
tion in the active layers are main heat sources in VCLs. Joule heating depends on the
local current density. It is essential to know the magnitude and location of these heat
sources to correctly calculate the internal VCL temperature distribution. In the follow-
ing, aperture size effects on the VCL self-heating near threshold are evaluated using a
simplified electro-thermal analysis.

At laser threshold, the total heat power is approximately given by the voltage drop
across the device times the injection current Py, = Vinli. The VCL threshold voltage
Vi includes the resistance of many DBR interfaces which is hard to calculate correctly.
Instead, current—voltage measurements on DBR stacks [26] are evaluated to obtain
average DBR mobilities. In vertical direction, a non-Ohmic function of the current den-
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sity u,(j) = 0.12 cm?/Vs x (j[kA/cmz})*O‘ﬁ is extracted for the p-DBR. In lateral direc-
tion, the p-DBR hole mobility #, = 220 cm?/Vs is much larger and so is the electron
mobility in the n-DBR (Table 1). The resistance of the p-doped InP/GaAs interface is
approximated by 8 x 107 Q cm? and the p-contact resistance is 2 x 10~* Q cm? [26)].

The dissipation of heat power inside the device is often characterized by the thermal
resistance Ry,. This parameter is usually determined as the average active region tem-
perature rise AT, divided by the heat power. The thermal resistance of VCLs is typi-
cally on the order of 1000 K/W, one order of magnitude larger than in edge-emitting
lasers [27]. This high number results from the smaller size of the heat source as well as
from the low thermal conductivity x of DBRs. For binary materials, the small DBR
layer thickness restricts the phonon mean free path and therefore reduces the thermal
conductivity. For our AlAs/GaAs n-DBRs, the average thermal conductivity is mea-
sured to be about one half of the expected average bulk value [28]. The DBR’s thermal
conductivity is larger in lateral direction than in vertical direction and it is strongly
reduced by AlGaAs alloy scattering of phonons [29]. Based on those experimental re-
sults, anisotropic thermal conductivities are used as given in Tab. 1. An average tem-
perature dependence of x oc T~137 is included [30], and a value of x = 0.2 W/cmK is
assumed for the oxide layer.

Lateral oxidation allows very small active areas and very low threshold currents Ii,.
In oxidized 1.55 um VCLs, I, = 0.8 mA was reported with an oxide aperture of
dox = 2.4 um resulting in a threshold current density of ju, ~ 18kA/ cm? [31]. This large
current density is due to lateral carrier leakage and optical scattering losses that in-
crease with smaller oxide aperture. The measured dependence ji,(dox) is given in Fig. 5
(dots) [9]. Two cases are compared to study the thermal effects of shrinking oxide aper-
tures: 1) jy, = 1 kA/ecm? (dashed line) and 2) jy(dox) as measured. In the first case,
voltage and total heat power are reduced monotonically with shrinking oxide aperture.
In the second case, a minimum voltage of 3.5 V at dox = 14 um is calculated in good
agreement with measurements [32]. A minimum heat power of 5.2 mW is generated at
dox = 8 um due to the monotonous reduction of the total current. It results in a max-
imum plug-in efficiency at that aperture.

Downsizing the active area causes a dramatic increase of the thermal resistance
(Fig. 5). This is attributed to the reduced initial escape area for the heat generated in

the center of the device. In our case,
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(dashed line), the self-heating at threshold would vanish for very small apertures. This
is despite the strong increase of Ry, since the heat power is reduced even stronger
(Iin o< d%,). In the measured case of increasing threshold current density (solid line), a
minimum temperature rise occurs at dox = 8 um which is in good agreement with ex-
perimental results [31]. The dependence jin(dox) is dominated by increasing lateral leak-
age and optical losses with low apertures. Thus, by reducing such losses, the self-heating
can be minimized.

6. Summary

In conlusion, the combination of advanced simulation with measurements allows for a
detailed analysis of internal physical processes in VCLs. In wafer-fused devices, posi-
tively charged defects at the p-doped GaAs/InP interface can lead to a substantial in-
crease of device voltage and spreading current. Thus, great care is required in the fu-
sion process to diminish interface charges. Despite the increasing thermal resistance,
self-heating can be lowered by lateral oxidation because of reduced heat power genera-
tion. An optimum oxide aperture of 8 um is found for our device that leads to mini-
mum self-heating at threshold.
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