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Abstract—We present a comprehensive numerical model to simulate self-heating effects of oxide-confined vertical-cavity surfaceemitting lasers (VCSELs) under continuous-wave operation. The
model self-consistently accounts for the close interaction between
optical, electrical, and thermal processes in VCSELs. In particular,
hot carriers and nonequilibrium optical phonons in the quantum
wells are modeled by solving a carrier energy balance equation and
an optical phonon rate equation. Our numerical simulations reveal that they are responsible for aggravated thermal rollovers in
VCSELs’ – characteristics. Detailed comparisons are made and
good agreement is obtained between simulations and experiments
for the – – and lasing wavelength characteristics of VCSELs
with varying oxide aperture size. Various mechanisms that result
in the – thermal rollover behavior are also investigated with the
aid of simulations.
Index Terms—Charge carrier processes, distributed Bragg reflector lasers, hot carriers, laser reliability, laser thermal factors,
semiconductor heterojunctions, semiconductor lasers.

I. INTRODUCTION

V

ERTICAL-CAVITY surface-emitting lasers (VCSELs)
have recently been a subject of intensive research efforts
due to their important role in high-speed, densely integrated
optoelectronics. In practice, the maximum continuous-wave
(CW) output power of VCSELs is limited by self-heating
effects, and the output power saturates and even decreases at
high injection level. This is the commonly observed premature
“thermal rollover” of the CW light output power in VCSELs.
In the early work of Hasnain et al. [1], the causes of the thermal
rollover have been qualitatively analyzed by considering the
temperature dependence of optical gain, lasing mode, and effective threshold current based on a phenomenological approach.
In brief, the thermal rollover behavior is caused by the positive feedback process between raised temperature and reduced
power conversion efficiency. In state-of-the-art VCSEL designs,
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oxide apertures are introduced to achieve better confinements
of both current injections and optical modes [2]–[4], and the
scalability of such devices has been investigated with respect
to threshold current and intrinsic threshold voltage [5]. In
VCSELs with small oxide apertures, the self-heating problem
becomes more severe due to several factors: the enhanced
power density in small device volume, severe Joule heating in
distributed Bragg reflector (DBR) stacks, and the oxides that
act as electrical and thermal blocking layers. In this work, we
quantitatively investigate the aggravated self-heating problem
in oxide-confined VCSELs. For such a purpose, it is necessary
to develop a self- consistent VCSEL model accounting for the
electrical, optical, and thermal characteristics and their close
interaction.
There has been a lot of on-going effort on the thermal
modeling of both edge-emitting laser diodes and VCSELs with
different levels of incorporated physics and self-consistency
[6]–[16]. In the early work of Nakwaski and Osinski [6], the
thermal properties of VCSELs under threshold condition were
numerically investigated. A review of the numerical modeling
of VCSELs thermal properties was later presented in [7]. In
the work of Scott et al. on VCSEL’s temperature effects [8], a
two dimensional carrier transport simulator has been developed
without a thermal diffusion model, and the junction temperature was obtained phenomenologically. Yu et al. developed a
numerically appealing rate equation approach with an oversimplified carrier transport treatment and an empirical temperature
dependence of the threshold current density [9], [10]. The comprehensive hydrodynamic model by Winston and Hayes [11]
treats the DBR structures in detail, but only in one dimension.
Device-level simulations have been performed to investigate
the self-heating effects for both VCSELs and long wavelength
edge emitting lasers by Piprek et al. [12]–[14]. However, the
impact of oxide aperture in VCSELs was not addressed. In a
recent work of Streiff et al. [15], a coupled electro-opto-thermal
VCSEL simulation model was developed, but the simulation
results presented was only for moderate injection level below
the thermal rollover condition. One of the most comprehensive
numerical models accounts for two-dimensional (2-D) current
and heat transport, transverse mode competition, and thermal
lensing for both gain-guided and index-guided structures [16].
However, the modeling of hot carriers and nonequilibrium
optical phonons was lacking.
The VCSEL thermal modeling works mentioned so far have
not considered the additional self-heating due to hot quantum-
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well (QW) carriers and nonequilibrium optical phonons. It has
long been found that hot carriers can directly influence the temperature dependence of laser diode threshold [17]. It has also
been well established, both theoretically and experimentally,
that the temperature of QW carriers and optical phonons in laser
diodes can be significantly above that of acoustic phonons due
to a finite optical phonon decay rate [18]–[23]. The resultant
impact on laser diode performance has been extensively investigated with respect to gain saturation [24], transverse mode
behavior [25], and modulation response [26]–[29]. The –
thermal rollover caused by hot carriers and hot phonons was
demonstrated in [30] based on a simple rate equation analysis,
where the acoustic phonons were treated as a thermal bath. In
order to model the plasma-heating induced nonlinear gain, Ning
and Moloney derived a set of rate equations based on a microscopic laser theory [31], and later applied it to examine the
self-heating problem of VCSELs [32]. Some of their theoretical
predictions were in qualitative agreement with experiments, but
the lack of 2-D current and heat transport modeling makes their
approach insufficient for a quantitative simulation.
In this work, we present numerical investigations based
on a comprehensive laser diode simulator, MINILASE [28].
It has recently been extended to simulate VCSEL structures
[33], [34], particularly on VCSELs’ modulation responses [35]
and electrical turn-on characteristics [36]. A thermal diffusion
equation based on energy balance has also been incorporated
into MINILASE to solve the lattice (acoustic phonon) temperature distribution over the entire device [37]. Hot carriers and
nonequilibrium optical phonons have been previously modeled in MINILASE to study the modulation response of edge
emitting laser diodes [28]. However, the carrier temperature
was obtained by requiring that total carrier energy loss due to
carrier-carrier scattering is zero. In this work, a new and more
complete model based on energy balance is incorporated into
MINILASE to solve the carrier and optical phonon temperatures in the QWs. This model is self-consistently coupled with
the acoustic phonon temperature model as well as the electrical
and optical models in the simulator. The impact of hot carriers
and nonequilibrium optical phonons is demonstrated with the
extended simulation capabilities. Detailed correlations between
simulations and experimental measurements are conducted
for VCSELs with varying oxide aperture sizes. Excellent
agreement is obtained for the VCSELs’ lasing wavelength,
voltage, and light output power as functions of the current bias.
The self-heating problem is observed both experimentally and
numerically to be more severe for VCSELs with small oxide
aperture size. In the last part, we discuss the underlying causes
of the thermal rollover behavior in detail.
II. SIMULATION MODELS
The MINILASE simulator has three tightly coupled components to self-consistently address the electronic, optical, and
thermal processes. Detailed descriptions on MINILASE have
been given in previous work [28], [33], [34]. In this section, we
will highlight the key features and elaborate on the extended
capabilities of hot carrier and nonequilibrium optical phonon
modeling.

A. Electronic Model
The physics-based carrier transport model of MINILASE
is applicable to oxide confined VCSEL structures. A typical
oxide-confined structure is illustrated in Fig. 1(a). Fig. 1(b) is
a schematic plot of the simulation domain for the electronic
solver, and cylindrical symmetry is assumed. A set of semiconductor equations, including Poisson and continuity (for
both electrons and holes) equations, are solved to obtain the
distribution of the electrostatic potential and electron–hole
quasi-Fermi levels over the entire simulation domain. The
carrier transport at heterojunctions is modeled by thermionic
emission [38]. Due to the primary importance of QWs in laser
diodes, a careful treatment of QW carriers is necessary. An
8 8 k.p band-structure solver has been incorporated to calculate the density of states and optical matrix elements of 980-nm
InGaAs–GaAs QWs [39]. The QW carriers are divided into two
ensembles with distinct quasi-Fermi levels: continuum carriers
for those with energy above the QW barrier, and bound carriers
otherwise [28]. Both carrier–carrier and carrier–optical phonon
interactions are accounted for to model the carrier capture
from the continuum states to the bound states and intrasubband
scattering. The equations describing such important processes
have been obtained by considering Fermi–Dirac (for carriers)
and Bose-Einstein (for phonons) statistics and detailed balance,
in the framework of Fermi’s golden rule [28, eq. (10), (11)].
Among various recombination processes, the Shockley–
Read–Hall (SRH) process is caused by recombination/generation involving deep-level impurities, and its rate is given by
[38]
(1)
where
are electron and hole concentrations,
is the intrinsic carrier concentration,
are SRH recombination lifeare electron–hole concentratimes for electron–hole, and
tion when the quasi-Fermi level is positioned at the trap energy
level. We model the Auger recombination rate as [40]
(2)
The Auger coefficients
account for processes where the
second electron–hole gains the energy, respectively. Usually,
is much smaller than
. The spontaneous emission rate
, where
in the bulk region is given by
is the bimolecular recombination coefficient. In the QWs,
the spontaneous and stimulated recombinations are accurately
modeled based on the density of states and optical matrix elements computed from the k.p solver and Fermi–Dirac statistics.
The DBR stacks as shown in Fig. 1(a) play a very important
role in the thermal properties of VCSELs, because they are responsible for a large fraction of the total voltage drop across
the device. To model the detailed structure of several tens of
alternating AlGaAs–GaAs pairs will increase the computation
volume significantly, and render 2-D simulations unfeasible. A
more practical approach is to model the top and bottom DBR
stacks as two regions composed of bulk semiconductors with
effective mobilities. This is because the high doping concentration ( 10 cm ) in the DBR stacks results in high carrier-carrier and carrier-impurity scattering rates, which make
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(a) Schematic cross-sectional plot of a typical double oxide-confined VCSEL device. (b) Simulation domain of the electronic model for the device in (a).

the actual details of the DBR band diagram less important in
modeling the carrier transport. In our work, we adopt this approach, as illustrated in Fig. 1(b). The carrier mobilities in the
bulk regions are adjusted so that the total – characteristics
above the threshold match the experimental results. Nevertheless, the following problem has to be addressed to model the
minority carrier recombination correctly: what bandgap value
should be used for the replacement bulk material in the simulation? The real DBR pairs are composed of AlGaAs and GaAs,
which have significant bandgap difference. The narrow bandgap
GaAs layers tend to cause accumulations of the minority carriers, which leads to significant recombination current at high
forward bias due to both SRH and spontaneous recombination
processes. Since the minority carrier concentration is exponentially dependent on the bandgap, we simulate the DBR stacks as
AlGaAs bulk region with low Al mole fraction to avoid underestimations of the leakage current.
B. Optical Model
There have been various VCSEL optical models presented
in the literature, and a comprehensive benchmark was given in
[41]. In this work, a self-consistent effective index solver is used
[42]. The scalar optical solver is fast and ideal for tight coupling
with the electronic and thermal models. The simulation domain
of the optical solver includes all the alternating DBR layers with
high/low refractive indices,
. The effective index solver
is capable of accurately calculating the resonant frequency and
modal profile of oxide confined structures. The temperature dependence of refractive indices is accounted for by self-consistent coupling with the thermal model.
The photon number in the resonant cavity is determined
by a photon number rate equation, which balances the modal

loss, modal gain, and spontaneous emission coupled into the
resonant mode. The accurate modeling of the optical modal
loss, or equivalently the threshold gain, is generally difficult
for oxide-confined structures. As discussed in [41], various
vectorial models can produce significantly different threshold
gain values. In general, the total optical modal loss can be
, where
is the
expressed as
is the loss due to the DBR mirrors.
photon lifetime, and
is the loss due to aperture scattering [43], refractive index
fluctuation of the alloys [44], and surface roughness [45].
is due to free carrier [46] and intervalence band [47] absorptions. The optical efficiency, as defined by the ratio of photons
collected by the detector and total emitted photons, is given by
. In this work, the mirror loss is assumed to
is tuned as
be independent of the oxide aperture size.
a fitting parameter for devices with different aperture sizes to
match both the threshold current and the initial slope efficiency
of the measured light-current curves. The absorption loss
is modeled as
, where
is
is
the normalized local field intensity, is the speed of light,
the refractive index, and
and
are coefficients accounting
for both free carrier and intervalence band absorptions.
We only consider single-mode operation in our simulations.
This is a simplification of the realistic VCSEL operation. At low
bias, small oxide apertures confine the lateral current spreading
and favor the selection of the fundamental mode. However, as
the device temperature increases at higher biases, the modal
gain peak shifts to the higher energy end, and therefore enhances the competition of higher order modes. Nevertheless,
the single-mode assumption is still reasonable, since different
lasing modes consume the same QW carrier ensemble and the
main quantity of our interest is the overall output power.
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bandgap, and we choose the middle of the bandgap as the en, and
are the
ergy reference point.
thermionic majority and minority carrier fluxes for electrons and
holes, respectively. The energy flux associated with the spontaneous and stimulated recombinations transfers energy from the
carriers to the photons. It is given by
(5)

Fig. 2. Energy flow diagram between QW carrier, optical phonon, acoustic
phonon, and photon systems.

C. Thermal Model
We model the lattice (acoustic phonon) temperature over the
entire device, and the carrier and optical phonon temperature
only for the QWs. A detailed description of the lattice thermal
model has been presented in [37]. Basically, the thermal difis given by
fusion equation for the lattice temperature
, where
is the lattice
and
are energy fluxes carried by the
thermal conductivity.
electrons and holes, respectively. Their divergence accounts for
includes the
the Joule heat, Thomson heat and Peltier heat.
heat source due to SRH recombination. An improvement in this
work is the inclusion of a heat source due to the reabsorption of
photons in . A Dirichlet thermal boundary condition is used
at the top annular and bottom contacts with a contact thermal
. At all other surfaces, the heat transfer to
resistance of
the air is assumed to be small, and a Neumann boundary condition is therefore used.
The QW carrier and optical phonon temperature model is
based on energy balance. The interaction of energy fluxes in
the QWs is illustrated in Fig. 2. An energy balance equation
is solved for each of the carrier and optical phonon systems.
The QW electrons and holes are assumed to have equal temperature . This implies that electrons and holes are allowed to
exchange energy rapidly, as confirmed by Monte Carlo simulations [48]. The energy balance equation for QW carriers is given
by

(3)
and
are the total energies of the electrons and holes, respectively, accounting for both the continuum and bound states.
The time derivative on the left reduces to zero at steady state.
The net energy flux due to current injection and leakage is given
by

(4)
and
are the conducwhere is the QW thickness, and
tion and valence band QW depth, respectively.
is the QW

where is the lasing frequency, and is the local photon density, taken as a product of the total photon number and the field
.
, and
are the material gain,
pattern,
local photon density of states, and broadened spontaneous emission spectrum, respectively. Their exact definitions and calculations have been presented in [28]. We note that the carriers
are injected from the top of the QWs, but optically recombine
mostly at the bottom of the QWs. This energy difference leads
to the heating of the carrier and optical phonon systems. The
reabsorption of photons due to intervalence band and free carrier absorptions is an additional source of heating modeled by
. Energy can be rapidly transferred from the
QW carriers to the longitudinal-optical (LO) phonons through
efficient carrier-LO phonon scattering. The associated energy
, where
flux is given by
is the LO phonon energy, and
and
are LO
phonon scattering rates with electrons and holes, respectively.
The electron-LO phonon scattering rate accounts for both the
capture process and the intrasubband scattering as follows [28]:

(6)
where the summations are over all subbands, and , and the
and
, to infinity inintegrals are from the subband edges,
cluding the continuum states. The Dirac function in this expression is for energy conservation. We have a similar expression
. The density of states of the initial and final carrier
for
and , are obtained from the k.p solver.
is the
states,
microscopic scattering probability, which is an input parameter
in the simulations. The initial and final state occupation probabilities, and , obey the Fermi–Dirac statistics with a carrier
is astemperature . The LO phonon occupation number
sumed to follow the Bose–Einstein statistics as
(7)
where
is the Boltzmann constant and
is the LO phonon
temperature. It can be seen in (6) that the scattering rate becomes
, as it should be from the requirement of dezero for
, but the difference
tailed balance. In general, we have
is usually small because of the large carrier-phonon scattering
is the heat flux due to dark recombination,
probability.
which includes both the Auger and SRH processes. We do not
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consider the phonon assisted Auger process in this work. For the
Auger processes considered, there is energy equal to the QW
bandgap that contributes to the QW carrier energy. For the SRH
process, it is difficult to determine the contributions from carriers at different energy levels. Therefore, we simply take an
is thereby expressed as
average value.
(8)
is the average QW carrier
where
energy, and the prefactor of two accounts for the fact that each
SRH process eliminates an electron–hole pair. The energy flux
associated with the lateral drift-diffusion of QW carriers is given
by
(9)
and
where and are lateral drift-diffusion fluxes, and
are diffusion coefficients for electrons and holes, respectively.
is the energy flow factor, as introduced in [49]. The last term
in (3) represents the electron and hole Joule heat associated with
the lateral drift-diffusion within the QWs.
A phonon rate equation is obtained for the LO phonon ensemble based on energy balance. As shown in Fig. 2, the energy
gain of the LO phonons is from carrier-LO phonon scattering,
and the energy loss is due to the decay of the LO phonons into
acoustic phonons. Therefore, the phonon rate equation is written
as [28]

Fig. 3. Flowchart of the self-consistently coupled simulation in MINILASE.

including the Poisson, continuity, photon rate, QW carrier
energy balance, and phonon rate equations, are solved using
the Newton method. If the Newton method does not converge
in the first iteration, we assert that full convergence is not
achieved. The thermal diffusion equation is then solved. Based
on the updated lattice temperature profile, a recomputation
is conducted for temperature-dependent material parameters
including the bandgap, carrier mobilities, and refractive indices.
We use Varshni formula for the temperature dependence of the
energy bandgap

(10)
(11)
where the integrating variable
is the momentum
vector of the 2-D, nonequilibrium LO phonons in the QWs, the
and
, respectively. The
ranges of which are
term on the left-hand side of the equation is the net generation
rate of the LO phonons, which becomes zero at steady state.
The first term on the right is the LO phonon generation rate due
is the energy flux
to carrier-phonon scattering, where
contributing to the LO phonons, and
is the LO phonon
energy. The second term on the right gives the rate of the LO
is the nonequilibrium
phonon decay into acoustic phonons.
by (7).
LO phonon occupation number and is related to
is the equilibrium occupation number at
.
is the
characteristic time of the LO phonon decay process. The LO
phonon decay is usually of the order of a few picoseconds, and
is a slow process as compared to the sub-picosecond carrier-LO
phonon scattering. Therefore, this “phonon bottleneck” effect
heats up the LO phonons, which in turn elevates the QW carrier
temperature.
D. Self-Consistent Coupling of Models
The complete simulation flowchart is given in Fig. 3. For a
steady state simulation, the k.p and optical solvers are called
first to compute the QW bandstructure and the optical-mode information. The set of nonlinear electronic transport equations,

where
and
are temperature coefficients. The temperature
dependence of the carrier mobilities is assumed to obey a simple
power law as
(12)
where the coefficients
are determined from fittings with experiments. The temperature dependence of AlGaAs–GaAs refractive indices is assumed to be linear as given by
. The optical problem is
recomputed using the updated refractive indices. Since the QW
bandgap is carrier density dependent due to many-body effects,
the k.p solver is also recomputed for the band-edge states [39].
With all the updated material parameters and optical-mode information, the electronic solver is then recomputed. This entire
procedure repeats until full convergence is achieved.
III. SIMULATION RESULTS AND DISCUSSIONS
We simulate double-oxide-confined 980-nm VCSEL devices
with varying oxide aperture sizes, and compare the simulation
results with experimental measurements. The actual devices
have square oxide apertures of varying aperture widths,
3, 4.5, and 7 m. Since cylindrical geometry is assumed in
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TABLE I
DEFAULT VALUES OF IMPORTANT SIMULATION PARAMETERS. NOTE THAT MOST OF THE PARAMETERS ARE IMPORTANT IN MORE THAN ONE MODEL DUE TO THE
CLOSE INTERACTIONS BETWEEN THE THREE MODELS. THE PARAMETERS WITHOUT REFERENCES ARE FITTED VALUES

MINILASE, we use an aperture radius
such that the aper. With this approximation,
ture area matches, i.e.,
we simulate three devices with aperture radii equal to
1.7, 2.5, and 4.0 m, correspondingly. The active region is
composed of three 8-nm In Ga As QWs, and the separate
confinement heterojunction (SCH) regions are Al Ga As.
The active cavity is of
thickness. The oxide layers are
placed adjacent to both the top and the bottom of the
SCH cavity. The position of the oxide is intermediate: the
of the quarter-wavelength low index layer
central
is oxidized. In the actual devices, the DBR pair is made up
of Al Ga As–Al Ga As, and there are 22 pairs at the
top and 35 pairs at the bottom. The refractive index profile
corresponding exactly to this geometry is used for the optical
simulations. In the electronic simulations, we use two bulk
Al Ga As regions to replace the DBR stacks, as discussed
cm ,
in Section II-A. The DBR regions are doped to
and the remaining regions are unintentionally doped. The inner
edge of the top annular contact is set to be 5.5 m away from
the oxide aperture edge, and the bottom contact covers the
entire bottom surface.
We list the default values of parameters used in the simulation in Table I. The SRH recombination lifetimes and Auger
coefficients can be determined by examining the electrical
turn-on characteristics [36]. It was found that both the SRH and
Auger recombinations are small at the turn-on condition for the
980-nm devices. The SRH lifetimes in the bulk (DBR) regions
are significantly shorter due to high doping concentrations.
For the free carrier and intervalence band absorptions, we
cm for
and
use the typical bulk GaAs values,

cm for
[46] at the SCH and bulk regions. In the
QWs, the intervalence band absorption can be significant, and
cm is used for . The values of the
a value of
maximum LO phonon wave vectors in (10) are very important
in computing the optical phonon temperature, because they
directly determine the heat capacity of the optical phonons.
It is possible to estimate these values from the width of the
wave-vector spatial distribution of LO phonons, as noted in
[28]. We use the same values here, as listed in Table I. Another
important parameter is the effective energy relaxation time of
. A relatively wide range of values have
the LO phonons,
in the literature, varying from 1 to 8 ps
been estimated for
[20], [23], [30]. We use a default value of 3 ps in the simulation.
Based on the self-consistent model presented in Section II,
the lattice temperature distribution is solved for the entire device. The lattice temperature contour is plotted in Fig. 4 for the
2.5- m aperture device operating at 10 mA. It is evident that the
temperature peak is in the central region of the active QW layers
between the two oxide layers. From the gradients of the temperature profile, it can be seen that the generated thermal energy
is removed through the top and bottom contacts. The thermal
resistance used to model the electrical contacts (value listed in
Table I) causes an approximate 5 K temperature rise above the
ambient temperature (300 K) at the bias of 10 mA. It is observed
that the oxide layers constrict the thermal diffusion of the heat
due to the low thermal conductivity of the oxide. This situation
becomes more severe for small aperture devices, and will deteriorate their high power performance.
The temperatures of the acoustic phonons, LO phonons, and
carriers in the topmost QW are plotted in Fig. 5 for the same
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Fig. 4. Contour plot of simulated lattice temperature for the device with
2.5-m aperture radius and operated at 10 mA.

Fig. 6. Simulated light-current curves for the 2.5-m aperture device with
different LO phonon lifetime  .

Fig. 5. Simulated carrier, LO phonon, and acoustic phonon temperature
distributions along the topmost QW. The device oxide aperture radius is 2.5 m
and the current bias is 10 mA.

Fig. 7. Simulated and measured lasing wavelength plotted as a function of the
current bias. The device aperture radius is 2.5 m.

device and current bias as in Fig. 4. The difference between
the carrier and LO phonon temperatures is very small due to
rapid carrier-LO phonon scattering. It is clearly shown that
they rise significantly above the acoustic phonon temperature.
In this figure, a maximum difference of 20 K is observed in the
central region. We note that the optical material gain is very
sensitive to the carrier temperature. It is due to this same reason
that the fast response of the carrier temperature can counteract
the modulation of the carrier quasi-Fermi level and dampen the
modulation response of laser diodes, as has been clarified in
[38]. The gain spectrum is broadened at higher carrier temperature as determined by the Fermi–Dirac statistics. Therefore,
the additional increase of the carrier temperature leads to more
severe thermal rollover. This effect is demonstrated in Fig. 6,
where the light-current curves are simulated for the 2.5- m devalues. A shorter LO phonon decay time
vice with various

lowers the additional rise of LO phonon and carrier temperatures, and hence leads to less severe thermal rollover. On the
other hand, the output power saturates at a much lower level
due to less efficient energy relaxation of the LO
for large
phonons.
Fig. 7 shows both experimental and simulated lasing wavelength as a function of the current bias for the 2.5- m device.
The red-shift of the wavelength with increasing bias is evident
in the figure. Self-heating changes the temperature-dependent
refractive indices of materials, and hence causes corresponding
change of the resonant frequency of the lasing (fundamental)
mode [50]. To model this effect, self-consistent coupling of the
electronic, optical, and thermal solvers is necessary. As shown
in Fig. 7, the agreement between experiment and simulation is
in
very good; in this case we have used
the simulation. The red-shift of the lasing wavelength is usually
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Fig. 8. Simulated and measured current-voltage characteristics for devices
with aperture radii of 1.7, 2.5, and 4.0 m.

Fig. 9. Simulated and measure light-current characteristics for the same
devices as in Fig. 8.

used as an indirect measurement of the internal lattice temperature rise caused by self-heating. It should be noted that the carrier temperature that is responsible for the optical gain reduction
is actually significantly higher than the estimated temperature
by this approach.
The measured and simulated – curves are plotted in Fig. 8
for the three devices of varying oxide aperture sizes. The electrical characteristics are important in the modeling of the selfheating effects, because they determine the total electrical power
injected into the device. The additional ohmic resistance above
threshold in the figure is mostly caused by the DBR stacks. It
can be seen that good matches with the experiments are obtained
by simulating the DBR regions as bulk materials with effective
mobilities. It is also shown that the series resistance responsible for the slope above the threshold increases with decreasing
oxide aperture size. Since the same mobilities have been used
in the simulations, it indicates that the difference is closely related to the device geometry. In general, smaller oxide aperture
constricts the current flow more tightly, and thereby reduces the
carrier conductance. It is interesting to note that the – curves
are not completely linear above threshold, and a decrease of the
slope is actually observed at high bias. This observation is not
due to the temperature dependence of the carrier mobilities, because they decrease at higher temperatures as determined by
(12). It is also not completely due to the red-shift of the lasing
wavelength, because the change in Fig. 7 corresponds to only a
few millielectronvolts in terms of energy. The most likely cause
is the reduction of the QW bandgap at elevated temperature according to (11), as briefly discussed in [51].
The measured and simulated – curves are plotted in Fig. 9
for the three devices. As discussed in Section II-B, we have used
/s, and an additional scattering
a constant mirror loss of
/s for the aperture radii of 1.7, 2.5, and
loss of
4.0 m, respectively, to match the threshold current and the initial slope efficiency. Excellent agreement is observed between
experimental results and simulations for the thermal rollover behavior in the two smaller aperture devices. The discrepancy ob-

Fig. 10. Simulated modal gain spectrum and modal loss at the lasing frequency
for a 2.5-m aperture device at the current biases of 2, 7, and 10 mA.

served at high current bias for the 4.0- m device is probably
caused by multimode effects associated with the larger active
area, which have not been accounted for in this work. There
are three factors that are responsible for the observed aggravation of the thermal rollover in the smaller aperture devices:
more tightly confined current injection and optical mode; larger
DBR series resistance as shown in Fig. 8 and correspondingly
increased Joule heating; and the blocking of the thermal fluxes
by the oxides, as shown in Fig. 4.
The comprehensive device-level simulations enable deeper
understandings of the underlying physics responsible for the
thermal rollover behavior. Fig. 10 shows the simulated modal
gain spectrums for the 2.5- m device at three current biases.
The optical losses are also shown at the corresponding lasing
frequency. The slight red-shift of the lasing wavelength is in
agreement with the results in Fig. 7. The small change of the optical loss at different biases is due to changes in the absorption
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Fig. 11. Simulated current components as functions of the total current bias
for a 2.5-m aperture device.

loss
. When the current bias is increased, the rising carrier
temperature leads to broadening of the gain spectrum, and the
increasing lattice temperature causes QW bandgap shrinkage,
as shown in Fig. 10. Both these effects lead to a reduction of the
material gain at the resonant frequency at high injection level.
The QW carrier density then has to increase correspondingly so
that the modal gain at the resonant frequency is maintained equal
to the loss under lasing condition. This results in an increase of
the dark/leakage current and a further reduction of the power
conversion efficiency. We must highlight that the – curve of
the 2.5- m device rolls off at 7 mA in Fig. 9 despite the perfect
gain peak alignment with the resonant frequency due to the favorable bandgap shift at the same bias in Fig. 10. This phenomenon can be accounted for by the reduction of the gain peak
at elevated carrier temperatures. The overall effect demands a
higher carrier density to maintain the gain at the loss level, resulting in the rolloff.
Different current components are plotted as functions of the
total current bias for the 2.5- m device in Fig. 11. The output
power is proportional to the stimulated recombination current in
the QWs. The QW leakage current eventually undergoes SRH
and spontaneous recombination in the SCH and bulk (DBR)
regions. It can be seen that the QW spontaneous recombination current is the dominant current component at threshold. It
increases moderately with increasing current biases. The QW
leakage current is insignificant below threshold, but increases
rapidly at higher biases. It becomes the most significant channel
responsible for the wastage of QW carriers and the decrease of
the slope efficiency at the thermal rollover point. The SRH recombination included in this current component heats up the
SCH and bulk regions. The QW Auger recombination current is
small below threshold, but it becomes more significant at higher
current biases due to its power law dependence on the carrier
density. This process contributes to the heating of the QW carriers. In addition, the Joule heat elevates the lattice temperature,
and the slow decay of the nonequilibrium LO phonons increases
the QW carrier temperature. These two effects become stronger
with increasing current biases.

We have developed a comprehensive numerical model to selfconsistently simulate the coupled electronic, optical and thermal
processes of oxide confined VCSELs. In this model, the electron
and hole transport is modeled by Poisson and continuity equations with careful treatment of the boundaries at the quantum
wells and the hetero-junctions. The optical properties are obtained based on an effective index method. A thermal diffusion
equation is solved with proper boundary condition for acoustic
phonon temperature distribution over the device. In addition,
a carrier energy balance equation and an optical phonon rate
equation are solved in the quantum wells to account for hot
carriers and nonequilibrium optical phonon effects. Based on
this comprehensive model, we have quantitatively simulated the
self-heating and thermal rollover effects of VCSELs under CW
operation. The hot carriers and nonequilibrium LO phonons are
found to result in an additional carrier temperature rise and more
severe thermal rollover. The simulation results have been carefully correlated with experimental measurements for VCSELs
of varying oxide aperture sizes with respect to their optical,
electrical and thermal characteristics. Excellent agreement between the simulations and experiments has been obtained. It
has been shown that the thermal rollover becomes more severe for devices with small aperture sizes, mainly due to the
increase of power density, DBR series resistance, and oxide
thermal blocking. With the aid of detailed numerical simulations, the causes of the thermal rollover are explained as a positive feedback mechanism of the temperature increase and the
reduction of the power conversion efficiency.
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