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The first vertical-cavity surface-emitting laser diodes operating continuous-wave at room
temperature at 1.54mm emission wavelength are analyzed using a comprehensive numerical
simulation procedure. These lasers employ strain-compensated InGaAsP multi-quantum wells
sandwiched between GaAs/AlGaAs mirrors that are double-fused on the InP spacer layers at both
sides. The model includes finite element electro-thermal simulation, transfer-matrix optical analysis,
andk–p band structure calculations. Internal laser parameters are obtained by fitting experimental
data at different heat sink temperatures. Intervalence band absorption is found to be the dominating
loss mechanism that restricts cw operation. ©1996 American Institute of Physics.
@S0003-6951~96!03019-7#

Long-wavelength~1.3–1.6mm! vertical-cavity surface-
emitting lasers~VCSELs! are a promising new generation of
light sources for long-distance optical communication sys-
tems, but continuous-wave~cw! operation of those VCSELs
is restricted by internal laser heating. Recently, cw operation
of 1.54mm VCSELs up to 33 °C heat sink temperature has
been achieved for the first time.1 These lasers employ GaAs/
AlGaAs distributed Bragg reflectors~DBRs! tuned to
1.55 mm that are double-fused on both sides of the
InP spacer~Fig. 1!. The top DBR uses 30 periods of
GaAs/Al0.67Ga0.33As and it is covered by a metal contact on
a GaAs phase matching layer to enhance reflectivity. Mirror
absorption is kept low by 431017 cm23 beryllium doping.
DBR interfaces are parabolically graded to reduce interface
electrical resistance.2 The InGaAsP multi-quantum well
~MQW! active region consists of seven quantum wells
~QWs! at about 1% compressive strain and six strain-
compensating barriers at about20.9% tensile strain. The
MQW is sandwiched between InP spacer layers that have
been extended by thin GaAs layers on top of each fused
mirror to increase the emission wavelength. The bottom 28-
period GaAs/AlAs DBR is pulse doped at all interfaces, in
addition to 1018 cm23 silicon doping. Further details of the
laser are given in Table I including data from Ref. 3 as well
as values that have been adjusted~within reasonable limits!
during the following simulation to fit experimental results. In
particular, the GaAs refractive index of 3.35 is replaced by
3.38 from Ref. 4 to improve the agreement with measure-
ments.

Numerical laser simulation is applied to analyze those
VCSELs ~with 12 mm top DBR diameter1! that exhibit the
highest cw operation temperature of 33 °C. The VCSEL
simulation procedure includes three main steps:~1! Two-
dimensional~2D! electro-thermal finite-element analysis to
obtain the internal temperature distributionT(r ,z) as func-
tion of the injection currentI . ~2! 1D calculation of the op-

tical field at the laser axis (r50! using the transfer-matrix
method to determine emission wavelengthle , threshold
gaingth and external quantum efficiencyhext as function of
I . ~3! 434 k–p band structure and optical gain calculations
for the strain-compensated MQW to finally obtain the thresh-
old currentI th(I ). Further details of the model are described
elsewhere.5

Experimental data obtained in pulsed laser operation are
employed first to determine unknown physical parameters of
the device. With the short pulse length of 100 ns and a rep-
etition rate of 100 kHz, the active region self-heating can be
neglected and the internal laser temperature is approximately
that of the heat sinkTs . At Ts525 °C, the emission wave-
length is 1542 nm. The optical model takes into account the
temperature dependency of layer thicknesses, refractive indi-
ces, and QW absorption. The thermal red-shift of the emis-
sion wavelength is typically 0.12 nm/K and it is fitted by
calibrating refractive index temperature parametersdn/dT
~see Table I!. The measured external quantum efficiency is
2.32% at 25 °C and it shows an Arrhenius type decrease
with rising temperature.3 This behavior can be attributed to
intervalence band absorption~IVBA ! within the MQW or to

a!Electronic mail: piprek@udel.edu
b!Now with Hewlett-Packard, Palo Alto, CA 94304. FIG. 1. Device structure of the double-fused VCSEL analyzed.
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carrier leakage from the MQW. Our device is designed to
have high energy barriers between MQW and cladding layers
~no separate confinement layers! and the leakage current is
expected to be negligible.3 Calculations confirm that carrier
leakage is considerable only at high QW carrier densities that
are not reached in the present case with a threshold carrier
density ofNth 5 3.231018 cm23 ~25 °C!. IVBA at 0.8 eV
photon energy is known to be strong in InGaAsP but it is
expected to decrease within compressively strained QWs.6 In
our case, a large amount of holes occupies MQW states out-
side the quantum wells that is assumed to enhance
absorption.7 Thus, IVBA is considered within the MQW to
fit the measured dependencyhext(Ts). The fit is shown in
Fig. 2~a! ~pulsed! and it results in an IVBA coefficient that is
proportional to exp@2Ea /kTs# with an activation energy of
Ea50.14 eV (k - Boltzmann constant!. This temperature de-
pendency is dominated by the number of available heavy
holes at the IVBA wavevector.8 The fitted IVBA coefficient
at 25 °C is 350 cm21 and it is similar to numbers measured
on unstrained MQWs.9 Further investigations of the strain-
compensated MQW are required to verify this behavior.
However, our high IVBA coefficient also includes tempera-
ture dependent absorption in other layers, e.g., within the
DBR’s or at the fused interfaces, that can hardly be separated
in this analysis. Especially the p-side GaAs/InP interface is
highly doped but it is close to the node of the optical field
and it is therefore not expected to exhibit dominant absorp-
tion. The simulated reduction ofhext with rising temperature
is not only caused by absorption, but also by enhanced DBR
reflectivity due to material dependent values ofdn/dT.10

The calculated threshold gain isgth 5 1260 cm21 at
Ts525 °C and it increases with higher temperature since the
MQW absorption dominates the enhanced mirror reflectivity.

The optical gain functiong(le ,N,Ta) is obtained from
the calculated band structure of the strain-compensated
MQW for any given emission wavelengthle , QW carrier
densityN, and average active region temperatureTa . In the
simulation, the intended QW thickness of 6 nm had to be

reduced slightly to find agreement with measurements. The
wavelengthlg of maximum gain at 25 °C and at a typical
N5 331018 cm23 is 20 nm larger than the emission wave-
length of 1542 nm and it exhibits a thermal red-shift of 0.9
nm/K. Thus, le and lg are expected to coincide at
Ts'21 °C causing a minimum pulsed threshold current at

TABLE I. Internal parameters of the double-fused 1.54mm VCSEL at 25°C as used in the simulation (d - layer
thickness,Ndop - doping,n - refractive index,dn/dT - temperature coefficient ofn, a - absorption coefficient,
k - thermal conductivity, * indicates values that have been adjusted to fit experimental results!.

Parameter d Ndop n dn/dT a k

Unit mm cm23 1024K21 1/cm W/cmK

Au/Ti ~contact! 0.200 - 0.83 684000 0.67
p-GaAs 0.020 231019 3.38* 3* 500 0.44
p-GaAs 0.182 431017 3.38* 3* 8 0.22*
p-Al0.67Ga0.33As ~DBR! 0.127 431017 3.05 2 8 0.22*
p-GaAs~DBR! 0.115 431017 3.38* 3* 8 0.44
p-GaAs~spacer! 0.020 431017 3.38* 3* 8 0.44
p-GaAs~spacer! 0.010 431019 3.38* 3* 1000 0.44
p-InP ~spacer! 0.178* 131018 3.17 2 24 0.68
p-InP ~spacer! 0.100 131016 3.17 2 0.24 0.68
In0.76Ga0.24As0.82P0.18 ~QW! 0.0055* - 3.5 2* 350* 0.043
In0.48Ga0.52As0.82P0.18 ~barrier! 0.008 - 3.5 2* 350* 0.043
n-InP ~spacer! 0.258* 531018 3.15 2 8 0.68
n-GaAs~spacer! 0.050 131018 3.38* 3* 6 0.44
n-GaAs~DBR! 0.115 131018 3.38* 3* 6 0.22*
n-AlAs ~DBR! 0.134 131018 2.89 1 3 0.22*
n-GaAs~substrate! 450 531018 3.38* 3* 5.8 0.44

FIG. 2. ~a! External quantum efficiencyhext and~b! threshold currentI th vs
heat sink temperatureTs : comparison of measurement~dots! and simulation
~lines!.

2631Appl. Phys. Lett., Vol. 68, No. 19, 6 May 1996 Piprek, Babic, and Bowers



that temperature. Future device optimization is required to
invert that gain offset. In our device, the lateral carrier dis-
tribution within the MQW is almost homogeneous and
gth5g(le ,Nth ,Ta) delivers the threshold carrier density
Nth . The measured pulse threshold currentsI th given in Fig.
2~b! show a typical exponential dependency onTs with a
temperature coefficient ofTo544 K. The threshold current
I th(Ts) is calculated adding up non-radiative recombination
and spontaneous emission contributions within the MQW.
Leakage current is neglected~see above!. The rate of the
spontaneous emission is obtained from the calculated band
structure, its coefficientB at 25 °C is about 10210 cm3/s. The
fit to the pulsed measurement@Fig. 2~b!# delivers the
Shockley-Read-Hall recombination parameterA53.93108

s21 and the Auger coefficientC54.7310229 cm6/s at
25 °C. The activation energy of the Auger process is as-
sumed to be 100 meV. All three resultsA, B, andC are
close to recombination parameters typically measured on
compressively strained quantum wells.11 The very good
agreement of both simulations with pulsed measurements
~Fig. 2! confirms the physical parameters obtained. The same
parameters are now employed to simulate cw operation.

CW operation causes an inhomogeneous temperature
distributionT(r ,z) within the VCSEL due to several internal
heat sources. In our simple case, the top p-DBR pillar pro-
duces most of the internal heat power due to electrical inter-
face resistances at the metal-semiconductor contact, within
the DBR, and at the fused GaAs/InP interface. At
Ts525 °C, a cw threshold current ofI th 5 2.91 mA and a
threshold voltage ofVth 5 3.39 V are measured on our ex-
ample device giving a total threshold heat power of 9.9 mW.
The pillar electrical resistivity% decreases with rising cur-
rent densityj @A/cm2# and it is obtained from the measured
cw voltageV(I ) reduced by the MQW Fermi voltageVa

' 0.8 V. The fit formula%( j )50.36Vcm23 j20.75 shows
that the total pillar heat power rises withI 1.25 ~heat power
density 5 % j 2). The electrical resistance of the bottom
n-DBR is assumed small compared to that of the top pillar.
The active region heat power isIVa , its reduction by the net
photon emission is neglected. In calculating the temperature
distribution T(r ,z) as function of the injection currentI ,
temperature dependent thermal conductivitiesk}T21.375 are
used as listed in Table I. Bulk data are applied to all layers,
except the DBRs. Here, reduced values are caused by pho-
non mean free path restrictions in thin layers. Measurements
on AlGaAs VCSELs result in thermal conductivities that are
only 20% of the bulk values.12 Due to this uncertainty, the
thermal conductivity of the n-DBR is used as~only! fit-
parameter to find agreement withI th(Ts) in cw operation,
resulting inkDBR 5 0.22 W/cmK, one third of the average
bulk value. The same parameter is applied to the top DBR
where its impact is small in top-up mounting. The calculated
temperature riseDTa(I ) within the active region divided by
the total heat powerIV gives a thermal VCSEL resistance of
1440 K/W that slightly increases withI , mainly due to the
thermal lowering ofk(T).

In order to simulate the influence of internal laser heat-
ing on optical parameters, the axial temperature profile
T(0,z) as function ofI is utilized in the optical model. After
adjusting the DBR thermal conductivity, the calculated func-

tions I th(Ts) andhext(Ts) in cw operation are close to the
data measured~Fig. 2!. Deviations might be caused by un-
stable heat sinking or by 2D optical effects. In the simula-
tion, no cw lasing occurs at temperaturesTs.30 °C, i.e., the
required threshold currentI th(I ) remains larger than the in-
jection current. This maximum heat sink temperature of
30 °C is correlated to a maximum active region temperature
of 50 °C. Both numbers are in good agreement with the ex-
perimental results of 33 °C and 55 °C measured in cw and in
pulsed operation, respectively. The simulation reveals that
the temperature restriction of cw operation is mainly caused
by IVBA as indicated by the decrease ofhext(Ts) at higher
Ts @Fig. 2~a!#. The threshold gaingth(Ts) builds up propor-
tional to the IVBA leading to a nonlinear rise ofNth(Ts) that
boosts the required cw threshold currentI th(Ts). Auger re-
combination exhibits the strongest increment with risingTs
but its total contribution toI th remains below 50%. Further
results will be published elsewhere.

In summary, the measured temperature dependencies of
emission wavelength, threshold current, and external quan-
tum efficiency in pulsed operation are utilized to obtain in-
ternal VCSEL parameters and to analyze laser operation. In-
tervalence band absorption seems to be the dominating loss
mechanism that limits cw operation. The thermal conductiv-
ity of the fused GaAs/AlAs DBR is found to be only 33% of
the value that results from bulk data. Reductions of the pillar
electrical resistance as well as improvements of gain offset
and heat sinking of future double-fused VCSELs are ex-
pected to allow for cw operation well above room tempera-
ture.
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