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Simulation of optical phénomena in vertical-cavity surface-emitting lasers
I. Fundamental principles
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In the present paper; the fundamental principles of simulations of optical phenomena taking place in vertical-cavity sur-
face-emitting lasers (VCSELs) are presented. Polarisation properties of their radiation are shown to justify possibility of an
application of the simple scalar Maxwell equation in simplified modelling of standard VCSELs. In the case of
microresonator lasers as well as in more exact modelling of a VCSEL operation, however, the full vector approaches are nec-
essary to be applied. They require solving six wave equations with six unknown components of both the E and H vectors,

which needs much more involved solving approaches as well as more computer memory and more CPU time to be imple-
mented. Some interactions between optical and other physical phenomena inside VCSEL resonators are also described. They
are shown to play an essential role in the whole VCSEL operation and can not be neglected in their more advanced simulations.
Their role is especially important in highly excited VCSELs when many physical phenomena (optical, electrical, thermal and

other processes) taking place inside VCSELs volumes during their operation are strongly interrelated with one another.

Keywords:
1. Introduction

At present vertical-cavity surface-emitting lasers (VCSELSs)
are undoubtedly the most advanced designs of semiconductor
injection lasers. Since the very beginning they have been gen-
erating considerable interest due to a number of unique fea-
tures that distinguish them from conventional and well-known
edge-emitting lasers (EELs). The most essential features in-
clude [1] inherent dynamic single-longitudinal-mode opera-
tion (owing to the short optical cavity length), presence of
high-reflectivity mirrors necessary to compensate for the short
length of the active medium, low-divergence non-astigmatic
circular output beam, device geometry suitable for integration
into two-dimensional (2D) arrays or for monolithic integra-
tion with electronic devices, compatibility with verti-
cal-stacking architecture, and so on.

VCSEL designs, however, are still far from being opti-
mal. For example, their continuous-wave (CW) operation
and their integration scale are still seriously limited by their
thermal behaviour, thermal resistances and series electrical
resistances of VCSELs are usually relatively high and
higher-order transverse modes are often easily excited just
over thresholds. Therefore they still need structure modifi-
cations to improve their performance characteristics and to
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vertical-cavity surface-emitting lasers (VCSELs), optical models, simulation approaches Maxwell equations,

follow earlier development of EELs. This may be carried
out using the so-called trial-and-error method. Much more
efficient way, however, is to apply computer simulation of
their laser operation using methods of computer physics.
Such a simulation would enable us to understand better
physical phenomena taking place inside a VCSEL volume
during its operation in the whole complexity of many non-
linear and mutual interactions between individual physical
processes. It could be also used to analyse a relative influ-
ence of various device configurations and material parame-
ters of the laser design under consideration on its operation
characteristics. Therefore it would be helpful in identifying
parameters which are crucial for efficient laser perfor-
mance and in finding means of its improving.

VCSELs modelling is a very involved task because of
their multilayered structure (sometimes containing as many
as over a hundred layers), often of nonplanar or buried-type
designs, with many heterojunctions, graded layers, strained
layers, single or multiple quantum wells, superlattices, ox-
ide and/or oxidised layers, barriers, etched wells, mush-
room structures or mesas etc. Therefore in advanced
VCSEL models, all material and structure parameters
should be used as functions of local material compositions.
Additionally, physical phenomena taking place during an
operation of a diode laser are mutually interrelated. Electri-
cal phenomena affect optical phenomena and vice versa
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and the analogous interactions take place between various
thermal phenomena and electrical ones as well as between
thermal phenomena and optical ones. Besides all the above
phenomena are also influenced by mechanical, chemical,
photochemical processes and so on. Therefore comprehen-
sive simulations of a diode laser operation need
self-consistency parts including important interrelations be-
tween individual physical phenomena. The above means
that, in such simulations, the material and structure param-
eters should be also dependent on local conditions, i.e.,
temperature increases, carrier concentrations, radiation in-
tensities, electric fields, etc. These self-consistency parts
are especially important in modelling of VCSELs which
are usually working at much higher excitation level than
conventional EELs, so nonlinear interrelations between
physical phenomena become much stronger.

To model VCSEL operation, all important and often mu-
tually interrelated physical phenomena (optical, electrical,
thermal ones, etc.) taking place within its volume should be
correctly included. From among them, the most involved are
optical phenomena together with their interactions with mat-
ter (gain and absorption, reflection, refraction, focusing,
scattering etc.). Therefore this paper is devoted to presenting
basics of optical processes essential for a VCSEL operation.
They may be used in optical parts of advanced VCSEL
models. The paper is organised as follows. VCSEL struc-
tures are briefly described in Section 2. Polarisation effects
in VCSELSs are reviewed in Section 3. Section 4 introduces
the Maxwell equations and their application to optical
VCSEL modelling. More important interactions between op-
tical processes and other physical phenomena are shown in
Section 5. The steady-state solution is introduced in Section
6 that is followed by the conclusions in Section 7. The sec-
ond part [2] of this paper will present optical VCSEL mod-
els known from scientific literature.

2. VCSEL structures

Principally all semiconductor laser devices operate in a simi-
lar way and may be described using analogous relations. But
there is an essential structural difference between EELs and
VCSELs. As one can see in Fig. 1, stimulated radiation trav-
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Fig. 1. Schematic configurations of EELs and of VCSELSs.
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(e)

Fig. 2. Basic structures of VCSELs: (a) etched-well laser,

(b) back-emitting post laser, (c) lateral-injection post laser,

(d) double-lateral-injection post laser, and (e) planar top-emitting
laser.

elling in EELs between resonator mirrors is propagated in the
plane parallel to the p-n junction remaining in the laser reso-
nator always within its active region, whereas it travels in the
direction perpendicular to the p-n junction plane in VCSEL
resonators, being amplified inside their active regions during
only a small part of the round trip.

Two important consequences follow from these pecu-
liarities of the VCSEL configuration. First of all, during
one round trip, gain is provided to radiation much less ef-
fectively in VCSELs than in EELs; therefore in VCSELSs
its local value inside the active region must usually be
higher and radiation losses must be drastically reduced to
achieve a lasing threshold as compared to the situation in
EELs. The latter requirement is mainly accomplished by
manufacturing VCSEL resonator mirrors of much higher
reflectivities (very close to unity) than in standard EELs.
The second consequence of VCSEL configurations is
connected with their much shorter resonator lengths than
in EELs, which is followed by much larger mode separa-
tions on laser spectral characteristics. For that reason,
several longitudinal modes usually coincide with the
gain peak in EELs, whereas in VCSELs only one (if any)
is within the spectral gain bandwidth. Therefore VCSELs
are inherently dynamical single-longitudinal-mode de-
vices.
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Some basic VCSEL structures are schematically shown
in Fig. 2. Generally, most of them may be divided into
etched-well VCSELs [for which the first room-temperature
(RT) continuous-wave (CW) operation was reported [3]],
post VCSELs (including lateral-injection VCSELSs) and very
popular planar top-emitting VCSELs (mostly pro-
ton-implanted top-surface-emitting lasers — PITSELs). Many
other VCSEL configurations have been also reported. Their
peculiar contact and mirror geometries depend also on a di-
rection of output beams (back-emitting or top-emitting
VCSELs). In Fig. 2, only localisation of VCSEL active re-
gions (as ellipses) and contacts (as black areas) is given. De-
tails concerning a current flow, a carrier confinement as well
as waveguiding properties depend on a specific VCSEL de-
sign and technology used therefore they are omitted in these
schematic pictures. Much more complete review of specific
VCSEL constructions is presented in Ref. 4.

3. Polarisation effects

Standard VCSELs grown on typical (100)-oriented sub-
strates are reported to emit light linearly TE polarised in
the plane perpendicular to the direction of laser emission
just over their lasing thresholds [5—8]. Their emission is
switched to the orthogonal linear polarisation when the op-
eration current is increased [7,8] with the same transverse
optical mode. Lasing power in the fundamental VCSEL
transverse mode is distributed between both orthogonal TE
polarisation states [8] giving a considerable partitioning
noise between them [9,10]. Orientation of those linearly
polarised emissions may be either randomly situated in the
above plane [5,8] or may coincide with the <011> and
<01T> crystal axes [9,11]. The last case may lead to bi-
refringence (double refraction) phenomena and to different
reflectivities of both the emissions at the resonator mirrors
[12,13]. Even more complicated behaviours involving
higher order transverse modes and polarisation state
changes have been observed at higher operation currents
[6,8,14].

VCSELs exhibiting stable polarisation operation are,
however, still desirable in many various polaris-
ation-sensitive applications, including low noise, high bit
rate data transmission systems [15], smart-pixel-based free
space optical interconnects using polarisation-dependent
optical components like a polarisation beam splitter and
magneto-optics disk computer memories. Polarisation con-
trol may be easily accomplished in VCSELs grown on
(311) substrates [16] because of a distinct anisotropy of
gain in their active regions [17-21]. Other methods take
advantage of coating on the sides of the upper DBR mirror
which introduces differential optical losses [22], of gain
anisotropy in VCSELs [23] (accomplished using
strain-related gain in structures with an elliptical hole
etched in the substrate [24,25] or in structurally anisotropic
self-assembled quantum dots [26]), and of the anisotropic
(rectangular, elliptical, zigzag-sidewall or cruciform) trans-
verse geometry of the VCSEL cavities [9,23,27-30].
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4. The Maxwell equations

Because of the above polarisation effects, scalar approaches to
optical phenomena in standard VCSELs usually seem to be
suitable enough unless output polarisation should be deter-
mined or stress-related anisotropic phenomena are to be in-
cluded. Such scalar models are proved to work well in rela-
tively simple VCSEL structures. Comprehensive analyses of
more complex VCSEL designs, however, need more involved
vectorial approaches, which, however, have common disad-
vantage of requiring extensive computing resources for their
implementation. But on the other hand, fully vectorial optical
simulations may additionally improve model exactness by in-
troducing e.g. anisotropic polarisation-related phenomena into
the analysis [31-36].

VCSEL configurations exhibit unique possibility to re-
duce their lasing thresholds simply by reducing a radial
size of their active regions (microresonator lasers). Techno-
logically it is achievable for example with the aid of selec-
tive oxidation of AlAs layers introduced below and/or
above the layer (containing an active region in its central
part) to leave unaffected only a very small central aperture
of partly oxidised layers. In such microresonator lasers, the
spontaneous emission factor B¢, (describing the fraction of
spontaneous emission coupled into lasing modes) is ex-
pected to increase [37,38] which is followed by less sharp
curving of light-current characteristics at threshold [39].
The transverse dimensions shrink of VCSEL microreso-
nators to the order of the lasing wavelength is followed by
a distinct curving of spatial mode profiles which can not be
treated as plane waves any more. So, in this case, simpli-
fied scalar approaches to optical field modelling may lead
to incorrect results, hence more complete vectorial analyses
should be applied (e.g. [40]).

Generally, the optical field properties are governed by
the Maxwell equations, which, for a source-free case and
the assumed exp(—iwt) time dependencies of both the elec-
tric field vector E and the magnetic field vector H, may be
written in the following form [41]

VxH = —iweE, M
VxE = iouH, )
V. (E) =0, 3)
V- (uH) =0, | )

where i stands for the imaginary unit, € is the dielectric
constant, p is the magnetic permeability, @ stands for the
circular frequency of an electromagnetic wave, and V is the
Nabla operator, becoming the curl (as V X) and the diver-
gent (as V) operators. For nonmagnetic materials, which
normally constitute volumes of semiconductor lasers, the
magnetic permeability p is very nearly equal to the
free-space value py. The dielectric constant €, on the other
hand, is related to the refractive index ng by
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&x,y,z) = nfze (x, y,2)&q, (®))

where €, is the dielectric constant of free space. Both g
and p are interrelated via the speed of light ¢ in vacuum

Cc = (Soluo )_1/2 . (6)

For homogeneous lossless medium, the Maxwell equa-
tions (1-4) may be combined to give the vector wave equa-
tions |,

(V2 +kZnd =0, @)

where V2 is the vector Laplacian, kg = o/c is the wave num-
ber, and ¥ may be either E or H vectors. Equation (7) is ap-
proximately satisfied also in inhomogeneous media, provided
that along a distance equal to the wavelength A = 27nc/w the
dielectric constants change by less than unity [42].
Using the expansion of the vector Laplacian
V2 =1,A0 +1,AD, +1, A9, (8)
where A is the scalar Laplacian, 1y ly and 1, are the corre-
sponding unit vectors, and @y, @y and @, represent scalar
components of the E or the Vectors, the vector equation

(7) may be easily reduced to the following scalar wave
equations (fori =X, y, z)

(A+k3n3)®; =0, ©

for each ®; component of E and H vectors.

In lossy (or gain) media, instead of the real index of re-
fraction ng in Egs. (7) and (9), the complex index of refrac-
tion Ny

NR =nR—ike, (10)
is rather used, where k, is the extinction coefficient. Then
both the vector (7) and the scalar (9) wave equations may
be written in the following forms

(V2 +kINE W =0, (11)

(A+kENZ)D; =0, (12)

and their solutions becomes complex quantities.
The extinction coefficient is directly related to the ab-
sorption ¢, coefficient

13)

It should be remembered, that the above relation remains
valid also for “negative” absorption, i.e., for gain: g = —o.

86 Opto-Electr., 8, no. 2, 2000

Fig. 3. The cylindrical (z,r,@) co-ordinate system used in modelling
of optical processes in VCSELs.

Because of a distinct cylindrical symmetry of most of
VCSEL devices, from now on the cylindrical (r,z,0)
co-ordinate system is used (see Fig. 3), with z directed
along the symmetry axis, r perpendicular to it and @ is the
azimuthal angle. So, consequently, the radiation longitudi-
nal modes (with different nodes and anti-nodes numbers
along the resonator length 0z), the radiation azimuthal
modes (with different analogous numbers around the sym-
metry axis), and the radiation transverse modes (with dif-
ferent analogous numbers along the radial direction) will
be distinguished.

5. Interactions with other physical phenomena

Optical phenomena are interrelated with other physical
phenomena taking place inside a VCSEL volume, espe-
cially with electrical and thermal ones. Therefore optical
processes should not be analysed separately. Many of these
interactions are described by coupled rate equations for the
carrier concentration n (called also the continuity equation)
and for the photon densities Sy in each k™ azimuthal
mode, m™ transverse mode and the s™ longitudinal mode,
which may be written in the following form

on 10
—=(G-R t-— D,y(r)r— 14
5 ( ) e [ Al ) ) (14)
dSk,m,s = [rkmso(a)kms) akm Y]Ski’l‘ls +:Bkm YR 15)
dt ng

In the above equations, t stands for time, ¢ is the unit
charge, D, is the ambipolar diffusion coefficient, which
generally depend on profﬂes of both the temperature and
carrier concentration [43], 3 sp"” is the spontaneous emis-
sion factor for the (k,m,s) mode, Sy is its amplitude,
which is directly interrelated with an output laser power

P, [with the aid of Eq. (15)], and ng is the group index of
refraction

”G =np —ﬁz (16)

dr
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where A = c/w is the wavelength. G is the carrier genera-
tion rate

G= L’ 17)

and R is the carrier recombination rate

R=R, +Ry, +Ry (18)
where R, is the rate of nonradiative recombination. Both
radiative recombination rates for spontaneous (Ryp) and
stimulated (R,) emission may be expressed as

Ry, =B p—nf po), (19)
Li2x 2
Ry = Z k,m,s XJ‘ J. J. }‘//k,m,s (r,z, (0)1
mG’A dA k,m,s 00 0
8@y 5 Vrdrdzde, (20)

with B is the radiative recombination coefficient, n! is the
electron concentration in the I conduction band, and the
subscript “0” indicating equilibrium values.

A carrier concentration n in the active region plane is
reduced in places of the most intense stimulated emission,
which immediately decreases a local optical gain g. This
phenomenon is called the radial spatial hole burning (SHB)
effect. Therefore, for each (k,m,s) mode, effectivity of the
radiation amplification in a given VCSEL active region is
characterised by the volume confinement factor Ty, ; de-
scribing the correlation between profiles of the mode field
intensity and the local gain

Ly 2m
rk,m,sg(a)k,m,s ) = JJ Jg[wk,m,s,n(r,zs (P),T(V,Z,¢)] X
00 0

2
W (. 2.9)| rdrdzde, Q1)

The optical gain spectrum in the quantum-well (QW)
active region may be expressed as [44]

2
glw) =

Zﬂwcplqu( X

ncgmo wdy pyg
Py LLE , (k) = E , (k) — ha] X

{FEIE, 1= fVIE, ()] }dk, (22)

where k is the wave vector, m, is the rest mass of electron, M,
stands for the optical matrix element, ¥, and P, are the enve-
lope wave functions for recombining electrons and holes, re-

spectively, P is the unpolarisation factor, / is the broadening
factor (Lorentzian [45] or another [46]), and £ and fYare
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the quasi-Fermi functions for electrons in the conduction band
and the valence band, respectively. The summation is carried
out over all p conduction bands and q valence bands with E,
and E standing for the p-electron and the q™-hole subband-
-edge energies, respectively. In multiple-quantum-well
(MQW) devices, gain nonuniformity among QWs [47] should
be additionally taken into account. Simple relations for the
maximal gain directly proportional to the carrier concentration
(mostly in broad-area lasers) or to its logarithm (in QW ones)
have been often used in diode laser simulations. It may be jus-
tified in EELSs, where practically always a wavelength of one
of longitudinal modes is very close to the maximal-gain posi-
tion but it may be hardly applied to VCSELs where usually
only one longitudinal mode is excited, not necessary close to
the gain maximum (c.f. Section 2). Besides, this wavelength
position is shifted with temperature and/or operation current.

In the calculations, very important influences of the dis-
tributions of both temperature T(r,z,¢) and free carrier con-
centration ng(r,z,p) on profiles of both real and imaginary
parts of the complex index of refraction should be included

dn
Ng(r,2,0) = ng(r, 2,0) + dT{e 1ol T 2,0) —Tpl +

dn .z, 7z,
D ngrep) SO HEEO g
fe 0

where ng(r,z,0) symbolises a distribution of the real index
of refraction at the reference temperature Ty (equal usually
to that of the ambient) and without carriers, ny, stands for
the free carrier concentration (electrons or holes or both)
and g(r,z,0) and 0u(r,z,0) are temperature dependent distri-
butions of optical gain and optical losses, including
free-carrier absorption, intervalence absorption, scattering
losses, diffraction losses and so on, but not the band-
-to-band absorption within the active region which has
been already taken into account in the gain calculations.
Derivatives dng/dT and dng/dng, depend on a local material
and temperature. The above simple relation (23) carries in-
formation about many interrelations between various phys-
ical phenomena including the index guiding (IG) mecha-
nisms with the thermal waveguiding (TW) effect (second
term) and the self-focusing (SF) effect (third term) as well
as the gain-guiding (GG) mechanism (last term). Addi-
tionally, in more advanced VCSEL designs with built-in
waveguiding effects, profiles of ng(r,z,@) and oi(r,z,q0) may
contain designed fixed distributions of an index of refrac-
tion and/or absorption, respectively, intentionally intro-
duced in a control way into a resonator volume to stabilise
VCSEL waveguiding properties. Then temperature- and
carriers-dependent changes of both parts of the complex in-
dex of refraction (i.e. the TW, SF, and GG effects) have
nearly insignificant influence on a radiation field that is
mostly governed by a stable built-in waveguide.

Mutual interactions between physical phenomena may
be even more involved. For example, let us consider conse-
quences of a local decrease in a current density. Obviously,
it is followed by an analogous decrease in a carrier concen-
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tration, which, as an effect of a self-focusing phenomenon,
causes an increase in local radiation intensity, additionally
decreasing diffraction losses and a lasing threshold. At the
same time, a current spreading in this area is modified be-
cause of both more intense local stimulated emission and
additional diffusion currents. This, in turn, is influencing
distributions of local heat sources associated with the Joule
heating, nonradiative recombination and absorption of laser
radiation, which, because of temperature dependencies of
an index of refraction (thermal focusing) and absorption
coefficients, is also modifying profiles of radiation inten-
sity again influencing lasing threshold. The above effect is
especially important for stimulated radiation, whose stand-
ing waves will shift positions of their nodes and anti-nodes,
which will affect strongly a distribution of carrier concen-
trations because of the longitudinal spatial hole burning ef-
fect. Modified temperature distributions are additionally af-
fecting current spreading phenomenon because of a tem-
perature dependence of electrical resistivities and addi-
tional current components stimulated by temperature gradi-
ents etc. etc. Even simingly insignificant change of any
profile of a current density, a carrier concentration, temper-
ature and/or radiation intensity is affecting remaining pro-
files via complex network of mutual nonlinear interactions
between them. Hence operation of any VCSEL design and
its performance characteristics are very sensitive to details
of the device structure. Therefore any advanced simulation
of a VCSEL performance should include as many as possi-
ble above interactions to be exact, a complex equation sys-
tem describing individual physical phenomena should in-
clude terms or parameters expressing these interrelations.

6. The steady-state solution

For the steady-state condition, Eq. (15) may be easily
solved giving the amplitude for the (k,m,s) mode in the fol-
lowing form

k,m,s
ﬁsp Rsp

Sk,m,s = c >

- [ak,nl,s - rk,m,s g(wk,m,s )]
nG

(24)

when the denominator of the above relation is equal to
zero, the lasing threshold condition is obtained.

The total laser output power P, emitted by the laser
through both its resonator mirrors may be expressed as

¢
Pout = 2 (hwk,m,s )Sk,m,s X
G kms
r2w 2
[ [[Wims 2+ Lo} o™ () rdrdg, (25
00
where o™ stands for the end losses coefficient

k,m,s
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end _ 1 In 1

ks k k § (26)
i, 2L ks RF,m,s RR,m,s

where L is the resonator length, and R and Ry, is the power
reflectivity coefficients from the front (output) and the rear
resonator mirrors, which all generally may be different for
different modes and even for different radii 1.

7. Conclusions

Fundamental principles of an optical modelling of an oper-
ation of VCSELSs are given in the present paper. They may
be used to formulate optical models of VCSELSs or optical
parts in more advanced self-consistent models of those de-
vices.

In standard optical simulations developed for typical
VCSEL designs operating not very far over their thresh-
olds, simplified scalar approaches are usually used. This
possibility is a direct consequence of polarisation proper-
ties of VCSEL emitted output beams observed usually just
over their lasing thresholds. However, in more advanced
VCSEL models, fully vectorial optical approaches are nec-
essary to keep required accuracy. This is especially impor-
tant in modelling highly-excited VCSELs and/or small-size
VCSEL devices (i.e. microresonator lasers), when the as-
sumption of a plane wave propagation inside VCSEL reso-
nators justifying application of scalar approaches is not
valid any more.

In the next part [2] of this work, examples of both sca-
lar and vectorial optical models of VCSEL operations will
be given. Some approximated and easily used optical
VCSEL models will be also presented.
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