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Abstract-Thin film size effects cause strong anisotropy and reduction in electrical and thermophysical 
material properties. This paper studies these effects and the effect of the active region radius on the 
temperature rise in vertical-cavity surface-emitting laser diodes (SELDs). The temperature rise in the active 
region of an external-cavity SELD is determined experimentally by measuring the laser output wavelength 
as a function of the injection current and substrate temperature. Simulation results based on models for 
the current flow and heat generation agree well with experimental data and they demonstrate that the thin 
film size effects have a strong influence on the laser temperature rise. The effect of the active region radius 

is clearly demonstrated by the existence of an optimal value for minimal device temperature rise. 

INTRODUCTION 

VERTICAL-CAVITY surface-emitting laser diodes 
(SELDs) have shown great appIication potential in 
optoelectronic interconnects and optical info~ation 
processing [l-5]. The inherent advantages of these 
lasers are their low beam divergence, single longi- 
tudinal mode output, and the ease with which two- 
dimensional arrays can be formed and electronic 
devices can be integrated. These SELDs, however, 
have not been able to compete with conventional edge- 
emitting lasers despite their distinct advantages over 
the latter. The major reason is the strong heating that 
occurs when current flows across the Bragg reflectors 
of the laser. Heating in semiconductor lasers has 
numerous effects on the laser performance. It limits 
the gain of the active region, shifts the output wave- 
length, and affects the transverse mode of the laser 
[4-71. As a result of the heating, the maximum 
continuous-wave output power from vertical-cavity 
SELDs has been limited to a low level. 

There exist few investigations on the heating prob- 
lem in SELDs. Hasnain et al. [5] and Tell et al. [7] 
used the laser output wavelength as a thermometer 
and derived the active region temperature during laser 
operation. Chen et al. [S] conducted both exper- 
imental and theoretical studies of the transient and 
continuous wave thermal characteristics of vertical- 
cavity surface-emitting lasers. Nakwaski and Osinski 
19, IO] analyzed the current flow and temperature 
rise in etched-well SELDs using the electrical analog 

method. Most other simulations of the laser tem- 
perature rise employed over-simplified heat source 
distributions [4, 6, 111. 

Vertical-cavity SELDs generally consist of an active 

medium embedded in two Bragg reflectors, which are 
multilayer structures of quarter-wavelength thin film 
layers. Because these layers and the active region are 
very thin (SO-800 A), boundary scattering of electrical 
carriers (electrons and holes) and heat carriers 
(mainly phonons) causes appreciable resistance to 
electrical and thermal conduction. For the current 
flow, it is well known that the electrical conductivity 
of the mirror is much lower than the corresponding 
bulk data of its constituting layers, owing to energy 
barriers formed at film interfaces [l-5]. Recent 
measurements [12J of the thermal diffusivity of 
vertical cavity SELD structures showed a strong 
reduction in thermophysical properties in directions 
both parallel and perpendicular to the superlattice 
plane and suggested anisotropic thermophysical 
properties. 

This paper studies size effects, including both physi- 
cal size effects of thin films and the effect of the active 
region radius, on the temperature rise in SELDs. Tem- 
perature rise in the active region of an external-cavity 
SELD is derived by measuring the laser output wave- 
length as a function of the injection current and sub- 
strate temperature. Modeling of the current flow and 
nonradiative recombination yields heat source dis- 
tributions in the laser. Numerical solution of the two- 
dimensional axi-symmetric potential and heat con- 
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NOMENCLATURE 

0 active region radius [rn] V, junction voltage [V] 
h substrate radius [m] : coordinate. 
( specific heat [J kg ’ K-- ‘1 

.f spontaneous em&ion escape factor 

I current [A] 
Greek symbols 

k thermal conductivity [W m- ’ K ‘1 
3. diffusivity [s mm ‘1 

I distance to cladding layer/lower mirror r? efficiency 

interface [m] P density [kgm- ‘1 

m distance to mirror/substrate interface [m] d 
electrical conductivity [(Qm) _ ‘I. 

Fl height of laser [m] 
P power [W] Subscripts 

q volumetric heat generation rate [W rn- ‘1 eff effective 

Q heat generation rate yW] ex external 
r coordinate in internal 

R electrical resistance [Q] 0 reference 

4 thermal resistance [K W- ‘1 Y parallel to the substrate 
1 reflectance at GaAs,/AlGaAs interface sP spontaneous emission 
T temperature [K] th threshold 
I/ electrical potential [V] I perpendicular to the substrate. 

duction equations gives electrical potential and tem- 

perature fields inside the laser. The calculated active 
region temperature rise agrees well with experimental 

data. The results show that the reduction and an- 
isotropy of both electrical and thermophys~cal prop- 

erties strongly influence the thermal characteristics of 

the laser studied. The study also suggests an optimal 
active region radius for minimal temperature rise. This 

study can assist device-level thermal design in com- 
bination with the electrical and optical design of 
vertical-cavity SELDs. 

EXPERIMENTAL SET-UP AND PROCEDURES 

The external cavity SELD studied in this paper was 
grown on a p-type substrate (Zn doped 10’” cm -‘) 
by molecular-beam-epitaxy [2]. Figure l(a) shows a 
schematic representation of the laser and Fig. l(b) 

shows the coordinate system used in the analysis, as 
well as some reference dimensions. The p-doped (IO’ ‘) 
cme3) bottom mirror consists of 33 pairs of 
Al,,Ga,,,As/GaAs layers with a total thickness of 
3.82 pm. The n-doped (5 x 10’” cm ‘) top mirror 
consists of seven pairs of Al,,Ga, ,As/GaAs quarter 
wavelength layers with a total thickness of 1.02 pm. 
The interfaces between GaAs and Al,, uGa, ,As are 
digitally graded and the A1,,,GaO ,As layers are 
approximated by 9: 1 (9 atomic layers to 1 atomic 
layer) AlAs/GaAs superlattices. The active region of 
the laser (designed for lasing at 980 nm) consists of 
three 80 8, undoped ln,,zGa,,sAs quantum wells 
separated by undoped 100 A GaAs barriers, centered 
in an AlGaAs spacer layer of 0.3 pm thickness. This 
0.3 Jim thick layer, which contains the active region 

and the spacer, is referred to as the cladding layer. 
Because the top mirror has only seven pairs, it does 
not have a high reflectivity as in conventional SELDs. 
An external mirror (not shown) is employed to 

BONDING PAD A RING CONTAC-I- 
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BACKSIDE CONTACT p-SUBSTRATE 
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(b) 
FIG. 1. (a) Schematic diagram of the laser, and (h) the 

coordinate system. 



Vertical-cavity surface-emitting laser diodes 11 

FIG. 2. Schematic diagram of the experimental set-up. 

enhance the feedback to the active region. This exter- 
nal-cavity increases the loss of high order modes and 
thus enables the laser to operate at high power with a 
single transverse mode [2]. Also shown in Fig. 1 (a) is 

the SiO, insulating layer which surrounds the active 
region and hence acts to confine the current. The ring 

contact and bonding pad are both primarily gold and 
are used to make the electrical connection between 
the laser and the external current source. 

Figure 2 shows a schematic diagram of the exper- 
imental system. The laser is mounted on a thermo- 

electric cooler. The laser and the mirror form an exter- 
nal cavity. A Pellicle beam splitter sends the laser 
output to a spectrum analyzer, which measures the 
wavelength of the laser output, and to a power meter. 
The lasing mode is monitored by a CCD camera and 

a TV monitor. 
The active region temperature rise during laser 

operation is obtained by measuring the laser wave- 
length as a function of the current input and as a 

function of the substrate temperature [S]. Heat gen- 
eration in the laser raises the temperature in the active 
region as well as the mirror. The temperature rise red 
shifts the laser output wavelength because it changes 

the reflectance of the mirrors composing the Fabry- 
Perot laser cavity [5,13]. Determination of the active 
region temperature consists of two steps. First, the 
wavelength of the laser output is measured at a fixed 
low current injection level while the substrate tem- 
perature is systematically varied. In this case, there is 

no strong heating inside the laser and the temperature 
rise due to current injection is negligible. Thus, the 
substrate temperature equals the active region tem- 
perature. Results of this measurement provide a cali- 
bration point for determining the temperature rise 
during laser operation. In the second step the laser 
output wavelength change is recorded while the injec- 
tion current is systematically varied. The active region 

temperature is then obtained after calibration. 

MODELS AND MATHEMATICAL 

FORMULATION 

Modeling of the temperature rise in the laser con- 
sists of locating the heat source and computing the 
heat generation rate and temperature rise. 

Heat source distributions 
The major heat sources responsible for the tem- 

perature rise in external-cavity SELDs include resis- 
tive heating when current passes through the p-type 

Bragg reflectors, nonradiative recombination of elec- 
trons and holes, and absorption of spontaneous emis- 
sion in the active region [8]. Heating in the n-type 
mirror can be neglected because electrons experience 
a much smaller resistance in the n-type mirror and 
also because the bonding pad facilitates lateral current 
flow in the n-type mirror [2, 81. Finding the heat 
generation rate in the p-type superlattice requires cal- 

culating the electrical potential field and current field. 
In the cylindrical coordinate system shown in Fig. 
1 (b), Poisson’s equation for the potential field in the 
substrate and the p-type mirror can be written as 

aw 1 a au 
cT~+o,-, r- = 0. 

a z ( > r or ar (1) 

The boundary conditions for equation (1) are 

z=n, O<r<b: U=O (2) 

z= 1, O<r<a: U= -UO; 

a<r<b: aUj&=O (3) 

r=O, l<z<n: auiar=o (4) 

r = 6, 1 G z G n: aujar = 0. (5) 

Equation (2) is the equipotential condition for the 
backside contact. The first half of equation (3) is the 
equipotential condition for the interface between the 
cladding layer and the lower superlattice mirror, and 
the second half is due to the requirement that no 
current flows into the insulating SiO, layer. Equation 

(4) is the symmetry requirement and equation (5) is 
due to the fact no current flows outside the edge of 
the substrate. At the substrate/mirror interface the 
continuity of electrical potential and current gives 

z=m, O<r<b: U(m-O,r)=U(m+O,r) 

(6) 

au au 
%G z=m-rJ = aZZ z=m+O’ (7) 

Solution of this potential field yields the total current 
at the voltage drop (- U,), 

I = 27l 
h au 

s I 0 a% ;=“rdr (8) 

and the total electrical resistance of the lower mirror 
and substrate, 

R, = U,/I. 

The local heat generation rate due to resistive heating 
in the p-type mirror and the substrate is 
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When clcctrons and holes are injected into the active 
region they recombine and release energy. There arc 
two possible recombination processes. One is radi- 
ative recombination, during which photons are gen- 
crated. The other is non-radiative recombination, dur- 
ing which phonons (heat) are released. In addition to 
heat generation due to nonradiative recombination, 

the absorption of photons, including those emitted 

during spontaneous and stimulated emission 
processes. also generates heat. The heat generation 
rate in the active region can be expressed as [S, 141 

for ICI,,, (II) 

wheref’is the fraction of spontaneous emission escap- 
ing the active region, I the injection current, I,, the 

threshold current, V,, the junction voltage, q,,, the 
spontaneous emission efficiency, q,,, the internal quan- 
tum efficiency, n,_, the external quantum efficiency, and 

II’ = (I -q,“). Equation (I I) is due to nonradiative 

recombination and absorption of the spontaneous 
emission. The first term in equation (12) includes loss 
of optical energy inside the cavity due to free carrier 
absorption and diffraction, the second term represents 
nonradiative recombination and absorption of spon- 

taneous emission below the threshold, and the third 

term represents nonradiative recombination and 
absorption of spontaneous emission above the thres- 

hold. Chen et ul. [8] presented an explicit formula 

for calculating the spontaneous emission escape factor 

for vertical-cavity SELD structures, 

2 sin ’ (./A) 

f’=‘- ~-n ’ 

where .JR is the reflectance at the interface of GaAs/ 

AlGaAs. 
This work assumes that active region heating is 

uniformly distributed in the cladding layer. Heat 
source non-uniformity in the perpendicular direction 

does not have a significant effect because the cladding 
layer is only 0.3 pm thick. The large aspect ratio of 
the active region radius (30 pm) to the cladding layer 

thickness implies that edge effects can be neglected if 
carrier distribution along the radial direction is 
uniform. Computational results will show that the 
current injection is non-uniform, with the highest car- 
rier intensity occurring at the edge of the active region. 
In this case, the outer region has a higher heat gen- 
eration rate. This non-uniformity, however, does not 
significantly affect the temperature distribution 
because the inner region cannot dissipate heat effec- 
tively. This will become clear in the following dis- 
cussion of local heat flux and temperature dis- 
tribution. 

After determining the heat source distribution in 
the SELD, the next task is to evaluate the tcmperaturc 
rise. Heat conduction in semiconductor laws is in 
the microscale regime because the phonon mcan-frcc- 
path and wavelength become comparable to the 
characteristic device dimension [ 151. Strictly speaking. 
the classical Fourier heat conduction equation is no 

longer valid due to interface and boundary scattering. 
Two different approaches exist for heat conduction 

in the microscale regimes. With the first approach, 
analysis begins from the Boltzmann transport equa- 
tion. With the second approach, the Fourier heat con- 
duction equation is used, but with a modified thermal 
conductivity. Because the first approach rcquircs 
detailed information about the phonon scattering 
rate. which is not available, the present work takes 

the second approach. The two-dimensional axi-sym- 
metric heat conduction equation in the coordinate 
system shown in Fig. l(b) is : 

The boundary conditions for equation (14) arc con- 

stant temperature at the backside contact and adia- 
batic boundaries for all other external surfaces. The 
assumption of adiabatic boundaries is reasonable 
because calculations on similar structures indicate 
that heat loss due to natural convection and thermal 
radiation from the top surfaces is very small compared 

to heat conduction into the substrate [l6]. At the 
interfaces between different materials, the continuity 
of temperature and heat flux is applied. 

Equation (14) neglects the temperature dependence 
of thermal conductivity primarily because no exper- 

imental data are available for the mirror structure. 
Also, the temperature dependence of the threshold 
current and the differential quantum efficiency are 
neglected in the simulation. Nakwaski and Osinski [9] 
considered the effect of the temperature dependence 
of these factors by extrapolating GaAs properties to 
AlGaAs and employing an empirical relationship 
between threshold-current and temperature. Their 
results show a 15% difference in temperature rise in 
the considered etched-well SELDs between constant 
properties and temperature dependent properties. 

SIZE EFFECTS ON ELECTRICAL AND 

THERMOPHYSICAL PROPERTIES 

The electrical and thermal conductivities of the laser 
structure are essential for solving the above equations 
to obtain the electrical potential and temperature 
fields. As mentioned before, the laser mirrors consist 
of quarter-wavelength (- 600&800 A) layers of GaAs 
and Al,) ,Ga,, ,As [2], and the Al, ,Ga,, ,As compound 
is approximated by a 9: 1 AlAs/GaAs superlattice. 
The major electrical resistance occurs in the direction 
perpendicular to the superlattice because the band gap 
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energies of GaAs and AIGaAs are different. Electrons 
can pass through the energy barrier formed at GaAsj 
AlGaAs interfaces only through tunneling and 
thermionic emission [I 7, IS], both of which depend 
on the external applied voltage. This means that the 
electrical conductivity in the perpendicular direction 
in equation (1), CT;, is an equivalent value that depends 
on the externally applied voltage. 

In the direction parallel to the mirror plane, elec- 
trical conduction in the p-type mirror is determined 
by scattering processes. The hole mean-free-path in 
CaAs estimated from its mobility [l9] is -90 A, which 
is smaller than the GaAs quarter-wavelength layer 
thickness but larger than the thickness of the layers 
constituting the AlGaAs superlattice. The film inter- 
face induced reduction of hole conductivity in the 
GaAs layer estimated from Fuchs’ model [20] is within 
10% of its bulk value. Strong scattering, however, 
occurs in the AlGaAs layers. For current flow in the 
parallel direction, the equivalent electrical con- 
ductivity is determined mainly by the GaAs quarter- 
wavelength layers and the AlGaAs layers can be 
ignored because of their large resistance which is 
caused by carrier scattering at the AlAs/GaAs inter- 
faces. This simplification is further supported by the 
observation of hole mobility in the AIGaAs 
compound, which is 3-S times smaller than that in 
the GaAs [21]. Under this assumption, the equivalent 
electrical conductivity of the mirror in the parallel 
direction is 

@r = &PCMXl(&aAs +&o&) = 0.2 1 %aAsr (15) 

where &is the effective GaAs layer thickness for hole 
transport in the parallel direction. This excludes the 
interface barrier layer thickness (- 100 A) [ 171 and the 
graded layer thickness (300 A) [2]. With the electrical 
conductivity in the parallel direction fixed, the elec- 
trical conductivity in the perpendicular direction is 
determined by matching the resistance calculated 
from equation (9) with the value derived from the 
measured laser current-voltage characteristics [S]. 

The multilayer structure not only affects the elec- 
trical conductivity, but also greatly reduces the ther- 
mal conductivity. Heat conduction in GaAs and 
AlGaAs is mainly due to phonon transport. The 
phonon mean-free-path in GaAs at room temperature 
is about 200 8, 1221, comparable to or larger than the 
superlattice thickness. In this case, phonons experi- 
ence reflection and scattering when they travel across 
GaAs/AlGaAs interfaces, which greatly reduces the 
thermal conductivity of the superlattice structure 
when compared with the equivalent bulk value. Chen 
et al. [I 2] measured the thermal diffusivity of a similar 
vertical-cavity SEED structure and found that the 
thermal diffusivity of the superlattice is more than five 
times smaller than its corresponding bulk value and 
is anisotropic. Thermal conductivity in the parallel 
direction for the superlattice structure is obtained by 
multiplying together the measured thermal diffusivity 
and its equivalent heat capacity. In the perpendicular 

direction, the simple diffusivity and thermal con- 
ductivity relation z = k~(~~) cannot be applied due to 
the multilayer nature of the structure 1121. This paper 
uses an averaged value obtained from the upper and 
lower bound of the anisotropy in thermal diffusivity. 

Equations (l), (lo), (12) and (14) are solved 
numerically at each current injection level using the 
control volume method [23]. First, equation (I) is 
solved by assuming a trial value for the electrical 
conductivity of the bottom mirror in the perpen- 
dicular direction. Equations (8) and (9) yield the total 
resistance of the structure at the assumed electrical 
conductivity. This value is compared with the value 
derived from the current-voltage characteristic of the 
laser [S]. The whole process is repeated until the cal- 
culated resistance agrees with the measured one. With 
the numerical solution for the potential field, the heat 
generation due to resistive heating is evaluated from 
equation (10). The total heat source distribution is 
obtained by combining contributions from resistive 
heating with the active region heating given by equa- 
tions (11) and (12). The accuracy of the numerical 
scheme is tested by simulating a concentric cylinder 
where an analytical solution exists. The convergence 
of the simulation is ensured by monitoring the iteration 
residual and refining the mesh. A total of IS0 x 150 
control volumes is used in the final computations. The 
problem is atso solved using the finite element method. 
Both methods yield the same results, as expected. 
Table 1 lists parameters used in the simulation. 

RESULTS AND DISCUSSIONS 

Figure 3 displays the calibration of the laser wave- 
length as a function of the substrate temperature. 
It clearly demonstrates that the output wavelength 
increases linearly with heat-sink temperature. Two 
sets of experimental data are illustrated. One is for 
stimulated emission. In this case, the active region 
temperature is higher than the substrate temperature 
due to heating in the mirror and the active region. 
The slope of the wavelength change with temperature 
curve is 0.9 8, K-- ‘, larger than the value (0.6 A Km ‘) 
reported by Hasnain et al. [5]. This is possibly because 
the laser structure is different. The second set ofexper- 
imental data is measured under the condition of spon- 
taneous emission. The external mirror is removed and 
the current injection (5 mA) is kept at a minimal level 
determined by the sensitivity of the optical 
multimeter. The slope of the wavelength change with 
temperature curve for the spontaneous emission case 
is I A K ‘. 

The calculated and measured temperature rises in 
the active region are shown in Fig. 4. For currents less 
than the threshold current, the spontaneous emission 
calibration curve is used, while the stimulated emis- 
sion calibration curve is used when I > I,,. The value 
of the active region temperature at the threshold cur- 
rent is determined from the measured laser wavelength 
under pulse operation [S]. A temperature jump of 
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Table I. Parameters used in the simulation 
_~ ~__~.~_________ .~ 

Geometry 
active region radius (1 (~tm) 
substrate radius h (mm) 
substrate thickness (pm) 
p-type mirror thickness (pm) 
silicon dioxide layer thickness (pm) 
bonding pad thickness (pm) 
n-type mirror thickness (pm) 
cladding and active region thickness (pm) 
total thickness of top mirror and cladding region (pm) 
total thickness of the laser (pm) 

Thermal conductivity (W mm ’ K ‘) 
mirrors and the active region k; 

k, 
silicon dioxide k, = k, 
substrate k, = k, 
gold contact k; = k, 

Electrical conductivity (W ’ mm ‘) 
GaAs substrate (10’ 9 cm- ’ p-doped) p1 = 0, 
p-type mirrors 0, 

0: 

Physical parameters 
center wavelength (nm) 
threshold current (mA) 
threshold voltage Vb (V) 
spontaneous emission efficiency, q,, 
stimulated emission efficiency, q, 
external differential efficiency, q_ 
radiation escape factor f 

3o.ot 
3 .oot 

400.ot 
4.x2t 
0.3t 
0.3t 
I .02t 
0.31_ 
1.32t 
6.14? 

10: 
12: 
I 

45 
41s 

96004 
201611 
7 2611 

980t 
31.4t 

I .265t 
0.90s 
I .ott 
0.0x1_ 
0.95 11 

tHadlcy et (11. [2], $Chen et ul. [l2], $Blakemore [19]. /I Chen et al. [8]. YSchnitzer 
et ul. [24]. tt Hasnain et al. [5]. 

about 5 K is observed at the threshold current. This 

is because the measurement with spontaneous emis- 
sion is done without the external mirror feedback. 
Calculations are carried out only for I > Z,, because 
the electrical conductivity can be determined from the 

current-voltage relation only above the lasing 
threshold [8]. The calculated temperature rises are in 
good agreement with the measured values, con- 
sidering the uncertainty of the parameters used in the 

FIG. 3. Laser wavelength as a function of the substrate 
temperature for spontaneous and stimulated emission. 

simulations. The calculated temperature rise increases 
almost linearly with injection current while the 

measured values increase slightly super-linearly. The 
experimentally measured temperature rise in Fig. 4, 
however, shows slight non-linearity with the injection 
current. This is possibly because the temperature 
dependence of the thermal conductivity and the spon- 
taneous emission efficiency were neglected. The active 

region heating accounts for 9.4% and 6.9% of the 

total power dissipated at the threshold current and at 
I = 95 mA, respectively, but accounts for 25% and 

Currenl (mA) 

FIG. 4. Comparison of model results with experimental data. 
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45% of the total temperature rise at these two 
currents, respectively. This is because (1) heat gen- 
erated in the active region has to overcome higher 
resistance, and (2) the current spreading in the mirror 
reduces the heat source intensity in this region. This 
point will be clear in the discussion of Figs. 5 and 6. 
The effects of the gold ring contact and bonding pad 
were also examined by removing them and repeating 
the analysis. Computational results indicate they do 
not have an appreciable effect on the total temperature 
rise. 

The effect of reduced thermal conductivity, due to 
interface and boundary scattering. on the temperature 
rise is made clear by comparing the two different 
model calculations in Fig. 4. One used realistic film 
thermal conductivity and the other used equivalent 
bulk conductivity for the mirror structure. The equi- 
valent bulk thermal ~onductivities used for the mirror 
structure are k, = 56 W rn- ’ K- ’ and k, = 64 W rn- ’ 
K- ‘, calculated from the bulk thermal conductivity 
of GaAs and AlAs by assuming that their resistances 
are in series and parallel, respectively. Using bulk 
conductivity underestimates the temperature rises by 
-40%. This demonstrates that the thermal con- 
ductivity of the superlattice has a strong influence on 
the laser active region temperature even though this 
layer is much thinner than the substrate. The effects 
of electrical conductivity are also examined. The total 
resistance calculated from the bulk conductivity of 
GaAs and AlGaAs is much lower than the measured 
values. 

A useful quantity characterizing the thermal per- 
formance of a semiconductor laser is the thermal 
resistance. It is defined as the ratio of device tem- 
perature rise to the power dissipated in the device, 

R, = AT/P. Ufil 

The calculated thermal resistance for the laser studied 
is 215 K W-’ at the threshold and 264 K W-’ at 
I = 94 mA, in reasonable agreement with the mea- 
sured values of 233 K W- ’ and 345 K W- ’ (based on 
the calculated heat dissipation in the laser), respec- 
tively. Both the calculated and the measured thermal 
resistances are much lower than the measured values 
for n-type substrate SELDs (R, = 1788 K W-“) [5] 
and the calculated value for etched-well SELDs 
( - 1000 K W- ‘) [9]. There are two reasons for the 
lower thermal resistance of the laser studied. The first 
is the laser active region diameter is larger than in 
previous studies. The second reason is due to current 
spreading in the p-type superlattice. As shown in 
Table 1, electrical conductivity in the parallel direction 
in the superlattice is two orders of magnitude larger 
than that in the perpendicular direction. The large 
electrical conductivity in the parallel direction brings 
about a large amount of current spreading before the 
current funnels into the active region. 

The current spreading effects can be observed from 
Figs. 5(a) and (b), which show the temperature rise 
and heat source distribution along the optical axis and 

40 60 80 100 

Radial DistanCB f f!URun) 

FIG. 5. Temperature and heat source distributions along 
(a) the interface between the cladding layer and the p-type 

mirror, and (b) the optical axis. 

the interface between the cladding layer and the p- 
type mirror. When current funnels into the active 
region, the corner region defined by SiO, has the high- 
est current density and a sharp heat source is formed 
there. The heat source spreads well outside the active 
region (to a radius of - 60 gm), as shown in Fig. 5(a). 
Figure 6 illustrates the total heat generation within a 
radius r as a function of the radius. At I = 95 mA, the 
total heat generated within a radius equal to the active 
region radius accounts for about 60% of the heat 
generated in the superlattice. It should be pointed 
out that very little heat is generated in the substrate 
(1.2%). Although the heat source due to resistive heat- 
ing peaks at r = a, the temperature distribution in the 

004, . , , , , , , 

L 

I 

k¶s rnA 

0 10 20 30 40 SO 60 

Radial Distance r (&mm) 

FIG. 6. Fraction of total resistive heating power dissipated 
within radius Y. 
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radial direction decreases monotonically because the 
inner region has a large thermal resistance. From Fig. 
5(b). the temperature rise in the active region and the 
top mirror along the optical axis is nearly uniform. 
This is due to the adiabatic boundary condition at the 
top of the laser. The temperature drop across the p- 
type mirror accounts for -40% of the total tcm- 
perature drop, which explains why the thermal con- 

ductivity of the superlattice structure strongly influ- 
ences the temperature rise in the active region. At 

I = 95 mA, the temperature drop across the p-type 
mirror is 30 K. This larger temperature drop can cause 
an appreciable shift in the central frequency of the 
Bragg reflector [I31 and should be taken into con- 
sideration in the design of the mirror. 

An important reason for modeling the temperature 
rise of SELDs is to provide optimal design conditions 
for the improvement of laser performance. Osinski 

and Nakwaski [IO] proposed maximizing (I-I,,) as 
a criterion for optimizing the laser design because the 
total laser power output is the same for different lasers 
if the external differential quantum efficiency is a con- 
stant [25]. This approach requires detailed infor- 

mation on the temperature dependence of the gain 
coefficient and the dependence of electrical con- 
ductivity on the externally applied voltage, which is 
often not available. Here, instead of maximizing 
(I--I,,). the temperature rise in the active region at 
fixed (I- I,,,) is presented as a function of active region 
radius. In these calculations the threshold current 
density is assumed constant. which is a reasonable 
assumption considering that the lasing threshold is 

mainly determined by the carrier density [25]. 
Figure 7(a) shows the active region temperature rise 

as a function of the active region radius, with (I- I,,) 
and (rC as parameters. This result can be explained by 
the heat generation rate due to resistive heating and 
the active region heating as shown in Fig. 7(b). At 
I = I,,,, the active region temperature increases mon- 
otonically with an increasing active region radius 

because both the active region heating and the resistive 
heating increase. For (I-I,,,) = 30 mA, however. the 

voltage drop required to drive the current into the 
active region is high for a small active region radius 
and so is the resistive heating. As the radius increases. 
this voltage drop decreases and the resistive heat gen- 
eration reaches a minimum. Further increments in 

octivc region radius require larger currents to reach 

threshold and thus gcneratc more heat in the mirror. 
The threshold current, and thus heat generation in the 
active region, always incrcascs with radius. The net 
effect is the existence of an optimal radius at which 
the temperature rise is a minimum. Note that the 
minimum in rcsistivc heating power does not coincide 
with the minimum in temperature. and that the 
increase in active region temperature after reaching 
the minimum point is slow compared to the rapid 
increase that occurs in resistive and active region heat- 
ing power after the minimum point. This reflects the 
fact that thermal rcsistancc due to active region heat- 
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FIG. 7. (a) Temperature rise in the active region, and (b) heat 
generation as a function of active region radius. 

ing is higher than that due to resistive heating. and 
that thermal resistance decreases with increasing heat 
transfer area. It should be pointed out that each curve 

in Fig. 7 is computed for a constant conductivity in 
the perpendicular direction, while for different radii 

the real conductivity is different because the voltage 
drop is different. A vigorous optimization of the laser 
radius should take into consideration the relation 
between voltage drop and electrical conductivity and 
the temperature dependence of the gain coefficient and 
the thermophysical properties. 

Even though the laser studied has a high threshold 
current and relatively large threshold voltage, the 

above discussion demonstrates that its thermal resist- 
ance is better than other types of SELDs. With opti- 
mal mirror design and fabrication, the threshold cur- 
rent will be lower and the total temperature rise ofthe 
laser can be reduced. 

CONCLUSIONS 

Heating in surface-emitting laser diodes is the major 
impediment to their high power output and single 
mode operation. This work investigates both exper- 
imcntally and theoretically the temperature rise in 
vertical-cavity SELDs. The temperature rise in the 
active region of a SELD is measured and compared 
with model calculations. Mathcmacical models arc 
established for the current flow, heat generation, and 
temperature rise in the laser. The model calculations 
agree well with experimental results. It has been shown 
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that size effects on the electrical and thermophysical 
properties have a strong influence on the temperature 

rise in these lasers. The study also suggests the exis- 
tence of an optimal radius for minimum active region 
temperature rise. These results are helpful for con- 
trolling heat dissipation and temperature rise at the 
device-design stage. 
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