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Transverse modes in thermally detuned oxide-confined vertical-cavity surface-emitting lasers

C. Degen, I. Fischer, and W. ElRer
Institute of Applied Physics, Darmstadt University of Technology, SchloRBgartenstrasse 7, 64289 Darmstadt, Germany

L. Fratta, P. Debernardi, and G. P. Bava
Dipartimento di Elettronica, Istituto di Ricerca sull’ Ingegneria delle Telecomunicazioni e dell’ Informazione, Politecnico di Torino,
Istituto Nazionale per la Fisica della Materia,Unita’ di Ricerca di Torino, Corso Duca degli Abruzzi, 24, 10129 Torino, Italy

M. Brunner, R. Hoel, M. Moser, and K. Gulden
Avalon Photonics, Badenerstrasse 569, 8048chy Switzerland
(Received 17 May 2000; published 18 January 2001

We present joint experimental and theoretical investigations of the emission characteristics of oxide-
confined vertical-cavity surface-emitting las€x4CSEL’s). The transverse mode formation in medium-sized
VCSEL's is determined by the interaction between spatial cavity characteristics and spectral properties of the
optical gain: depending on a detuning between the cavity fundamental resonance and the spectral gain maxi-
mum, we find the VCSEL'’s emitting either on the fundamental transverse mode or on modes of particularly
high radial order. For a quantitative interpretation of these characteristics, we adopt a model that considers the
detailed electromagnetic structure of the VCSEL and yields wavelength, spatial field distribution, and threshold
gains of all supported cavity modes. Combining these solutions with the quantum-well optical response pro-
vides the laser threshold operation conditions. The theoretical results are in excellent quantitative agreement
with the experimental observations. Thus, our work identifies the relevant mechanisms and offers the perspec-
tive to control and to utilize high-order mode emission from oxide-confined VCSEL'’s.
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[. INTRODUCTION Therefore, control of the emission characteristics is a desir-
able goal for, e.g., broad-area high-power VCSE[18] or

Vertical-cavity surface-emitting lase(¥CSEL’s) have a  for the application of VCSEL's in multimode-fiber data links
huge potential for future technological applications. Their[14]. Besides this applications-oriented aspect of multimode
low threshold currents, high modulation bandwidth, and in-VCSEL'’s, insight into the underlying spatiospectral interac-
herent longitudinal single-mode emission make them theions from the perspective of microscopic physics requires
ideal light sources for optical information transmissjar2]. detailed investigations on a fundamental level. One mecha-
Moreover, astigmatism-free circular beam profiles and thaiism that can enhance the emission of high-order transverse
possibility of easy two-dimensional integration open upmodes is the detuning between the quantum-well spectral
manyfold possibilities from optical storage and image re-gain maximum and the cavity fundamental resonaride-
cording to large-scale display applicatiop3]. The most 20]. The effect, however, critically depends on the strength
highly developed VCSEL'’s today are oxide-confined de-of the confinement mechanism of the particular device struc-
vices, in which a selectively oxidized layer of high alumi- ture: individual technological parameters of the laser can
num content serves for both optical and electrical confinevery selectively enhance particular sets of transverse modes
ment [4]. On one hand, the oxide confinement has[21-23. Generally, the spatial mode selection in VCSEL'’s
significantly improved the optical and electrical perfor-is a complex process due to the interplay of very different
mances; on the other hand, the fully three-dimensional exmechanisms, and a deep understanding of the emission char-
tension of the VCSEL cavity together with the transverseacteristics can only be obtained by a detailed analysis that
device structure introduced by the oxide layer results in nueonsiders all significant structural properties as well as fun-
merous new effects, which make these VCSEL's challenginglamental quantum optical mechanisms.
systems for fundamental physics investigations. Conse- In this paper we present a joined experimental and theo-
quently, extensive work has been carried out on quantumetical approach to identify the mechanisms that govern the
noise[5-7], polarization dynamic$8—10|, and pattern for- transverse mode selection in oxide-confined VCSEL's. Our
mation[11] in these lasers. Still, many aspects of the particu-analysis considers both the fully three-dimensional electro-
lar emission properties are not completely understood, bemagnetic structure of the device and the spectral gain char-
cause of the complex interaction between the devicecteristics of the multiple-quantum-well active region.
geometry, optical field, and gain medium. In particular, we have performed comprehensive experi-

One of these aspects is the formation of spatial modes imental investigations, from which we obtain detailed data on
oxide-confined VCSEL’'$12]. From an applications point of the spectral and spatial emission characteristics of the laser.
view, this phenomenon gives rise to undesirable effects, sucBepending on injection current and device temperature, we
as broadening of the optical spectrum and degradation of thind two distinct operation regimes, which are determined by
free-space performance due to an excess beam divergentle emission of low-order transverse modes and by modes of
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FIG. 1. Scheme of the VCSEL structure. Injection current [mA]
particularly high radial order, respectively. In order to pro- FIG. 2. P-I curves at three temperatures.

vide a quantitative understanding of these emission charac- _ . .
teristics, we have adopted a model in which the detailed?UMm =966nm) is intentionally detuned from the cavity

electromagnetic structure of the particular device is consid_—“nd‘"‘mentalI resonance Rt=931 nm. The optimum operat-
ered[24]. The model results in the spatial field distributions, "9 temperature, where both wavelengths match, amounts to
frequency, and threshold gains of all cavity modes. Combin. ~170K. Hence, we operate the VCSEL's in a liquid-
ing these mode solutions with the optical response of th@ltr_ogen-cooled cryostat_e with built-in electrical heating,
quantum well then yields the VCSEL's threshold operationVNich allows us to continuously access temperatures of
conditions. The results of this treatment are in excellent- 20—300K and thus to cover both positivecfiy> X qw)
quantitative agreement with the experimental observation&"d N€gative Xcaviy<Aqw) detuning conditions. _

which enables us to identify the relevant fundamental The injection current is delivered by a commermal_con—
mechanisms underlying the VCSEL’s mode formation ancPtant current source. Power measurements are carried out
so to offer the perspective for controlling the emission charWith @ broad area Sip-i-n photodiode in the far field with-
acteristics by changing either the operation conditions or th@Ut @ny optical elements in the beam. For spectral character-
technological device parameters. ization, we f_ocus the light m_to a grating spectrométla‘rrgl—

The paper is organized as follows. In Sec. Il A, we sketch*Sh) by using an aspheric lenfNew Focus, numerical
the experimental setup and the structure of the VCSEL'@PertureNA) equal to 0.3 The spectral resolution amounts
under investigation. Section |1 B then contains the results of® 0-25 nm at\~900nm. The near-field images have been
our experimental investigations. In Sec. Ill, we briefly revisefecorded with a cooled CCD cametApoges using the
the main features of the adopted theoretical model. The diss@Me aspheric lens to project the near field onto the CCD
cussion of the numerical results and direct comparison witfmay- Possible experimental limitations due to insufficient

the results from the experiments follows in Sec. IV. Conclu-NA will be discussed in Sec. IV. For the far-field analysis we
sions are drawn in Sec. V. have placed a semitransparent screen at a distance of 10 cm

from the laser. The image of the far field on the screen has
then been recorded using a 28-mm focal distance objective.
A scale for the far-field images has been obtained from the
A. VCSEL structure and experimental setup image of a ruler at the same position as the screen, while a

cale for the near fields is given by comparison with images

f the VCSEL surface under external illumination, so that
%he known dimensions of the contact ring and the mesa di-
ameter serve as reference measures.

Il. EXPERIMENTAL PART

The lasers under investigation are circular oxide-confine
GaAs-based VCSEL's of the same structure as those d
scribed in[25]. A schematic depiction of the device under
analysis is shown in Fig. 1. It is essentially a Ga@savity
with two doped highly reflective Bragg mirrors: the top mir-
ror is composed of 22 pairs of p-doped
N4 Alp Gay ;AS/GaAs layers, with transverse dimensions The VCSEL emission characteristics are significantly de-
defined by the mesa diametéy,=20.6um, while the bot- termined by substrate temperature and injection current. In
tom mirror is composed of 30 pairs ofdoped\/4 layers of  this parameter space, we categorize the emission into two
the same materials. The metal contact ring on top of theegimes, in which we find fundamentally different emission
p-doped mirror has internal and external diameters amountwith respect to threshold currents, spectral properties, and
ing to d;,=8.6um andd.,= 16.6um, respectively. Wiring spatial structure of near field and far field, as will be pre-
and bond pads are evaporated at the end of the technologgnted in this section.
process. The VCSEL optical power characteristics as a function of

The active region consists of three 8-nm-thick strainednjection current(P-I curve at three temperatures are de-
Ing 1Gay ggASs quantum wells(QW’s). The transverse con- picted in Fig. 2. AtT=100K, the threshold current amounts
finement of the carriers in the active region is achieved byto 1,=2.5mA and theP-I curve is almost linear foi
means of a thin circular diaphragm of oxidized AlAs of re- >1,. Increasing the temperature 1o=136 K results in a
fractive indexn= 1.6 [26,27], incorporated into the second qualitatively different behavior: after the primary threshold
Al Gay jAs layer of thep-doped mirror above the cavity. at |y, ;=1 mA, a secondary threshold is reached Igt,

The aperture diameter ,=10um. We have chosen VC- =9 mA, with the slope of thé>-I curve being significantly
SEL'’s, in which at room temperature the spectral gain maxilarger above the secondary threshold. The different slopes

B. Experimental results
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FIG. 3. Threshold currents vs substrate temperature. Full
squares indicate low divergence emissioggime ll), crosses indi-
cate high divergence modésgime ).

are caused by strongly different divergence angles of the
emission in the respective regimes as will be evidenced later
in this section. Since the photodetector is placed directly in
the VCSEL's far field, we can use the resulting change in
collection efficiency as a probe for a change in the emission
characteristics. With further increased temperatiyg, de-
creases and tends towards,, until I, coincides withl y, |
atT=173K.

For a better understanding of the laser thermally depen- FIG. 4. Far-field(left column and near-fieldright column im-
dent threshold behavior, we plif, | andly, |, versus the sub- ages in regime | al =112K, 1=6.0mA (a,b, in the transition
strate temperature in Fig. 3. The minimum threshold currenbetween the regimes &t=136,1 =7.5mA(c,d), and in regime Il at
of 0.85 mA is obtained & = 173 K. The crosses indicate the T=136K,|=10mA(e,f). The images are encoded in a linear scale
primary threshold, while the squares indicate the secondaryith white corresponding to highest intensity.
threshold. The lines are a guide to the eye and have been
obtained by spline regression. They mark the borders of twé(d) for T=136K andl=7.5mA. In the far field, a low
emission regimes, in the following referred to as regime Idivergence spot with full divergence angles of 166érizon-
and regime II. A transition between the regimes can be obtal) and 24°(vertica) appears in the center of the outer ring,
tained “horizontally” by changing temperature at constantwhich remains at high divergence. The low divergence spot
injection current, and “vertically” by changing injection corresponds to the fundamental transverse mode in the near
current at constant ambient temperature. In the latter caségld, which is superimposed with a still present weak high-
the laser internal temperature is raised by Joule heating. Therder mode, corresponding to the outer ring in the far field.
two regimes are characterized by distinctly different spatiaFinally, in regime Il atT=136K andl=10.0mA, the far
and spectral properties as will be discussed in the followingfield consists of the low divergence part orfliyig. 4(e)],

In Fig. 4, we depict images of far fields and near fields ofwhich is the superposition of the fundamental Gaussian
the VCSEL in the two operating regimes and near the tranmode and the two-lobed first-order transverse mode, also
sition. At T=112K andl =6.0 mA, i.e., in regime |, the far evident in the near fielfFig. 4(f)].
field is determined by a system of concentric rifdsg. The general interpretation that the spatial structure in near
4(a)]. The full-divergence angle of the outer ring amounts tofield and far field arises from transverse modes of low order
70°, which is remarkably large for a VCSEL of 30w oxide  in regime Il and modes of remarkably high order in regime |
aperture diametef28]. Inside the strong outer ring, three is further supported by the following results from spectral
additional rings are visible, which exhibit a vague azimuthalmeasurements of the VCSEL'’s emission. In Fig. 5, we plot
structure. The corresponding near field is displayed in Figthe optical spectra at=112K andl=3 mA, T=136K and
4(b), with the white circle indicating the aperture of the top | =8 mA, andT=160K andl =4 mA corresponding to re-
metal contact ring, 8.&um in diameter. The diameter of the gime |, the transition regime, and regime Il. In regime |, the
oxide aperturénot visible is slightly larger and amounts to emission ak =913.8 nm dominates the spectrum with a side
10 um. All intensity in the near field is completely confined mode suppression ratio of 15 dB. This line corresponds to a
within the ring aperture and exhibits a rich structure, indicat-single lasing high-order transverse mode and it marks the
ing a superposition of numerous high-order transverseshort-wavelength cutoff of a series of subthreshold modes
modes. The spatial structure of both, near field and far fieldthat are visible up ta.~922 nm with a suppression ratio of
changes fundamentally when approaching the transition beapproximately 20 dB. In the transition regime, we find two
tween regime | and regime Il, as depicted in Fige)4and  spectral ranges of emission: four high-order modes are ob-

®
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1000 tures betweerm =100 and 210 K. FronT=100 to 136 K,
T=112K the wavelength of the dominant mode shifts continuously

100 with a rate of 0.050 nm/Kregime ) due to the thermal shift

of the longitudinal cavity resonance caused by the thermal
10 variation of the index of refraction and mechanical expan-
sion of the cavity[29]. Then, atT=142K, the strongest
mode jumps to a 1.3-nm longer wavelength. Next, between
T=148 and 155 K, an abrupt transition is observed where
the main emission changes by 6.7 nmite 923.3 nm, cor-
T=136K responding to regime Il. During the transition, no intermedi-
100 ate transverse modes are observed.TFei55 K, the wave-
length of the dominant mode,,, shifts again continuously

10 by 0.055 nm/K, following the thermal shift of the fundamen-
tal cavity resonance.

From all these observed emission characteristics, it is evi-
dent that the VCSEL emits in two distinct regimes. In regime
I, corresponding to low substrate temperature and low injec-
T=160K tion current, i.e., at low active region temperature, the laser
100 emits only high-order transverse modes. The large diver-
gence of the far fields corresponds to a remarkably large
10 transverse component of the vector and thus indicates
modes of high radial order. Since the far-field divergence
remains constant under variations of temperature, we con-
clude that modes of one particular radial order are dominant

910 915 920 905 930 in regime |. The preference of high-order transverse modes is
Wavelength [nm] basically determined by the thermally induced detuning be-
tween the cavity resonance and the QW spectral gain maxi-

FIG. 5. Laser spectra in the two operation regimes and duringnum (positive detuning in regime |)\6avity>)\QW); the
the transition in logarithmic depiction. high-order modes near; more efficiently exploit the optical

gain and low-order modes at wavelengths near the transverse
served fromh =915.9 to 918.1 nm, and the fundamental andfundamental resonance are suppressed in this regime. The
first-order mode appear arourd=923.3nm. Numerous thermal shift of the emission wavelength in regime | is only
subthreshold modes are present at intermediate wavelengtigigtermined by the thermal expansion of the cavity and the
The spectral gap between the shortest wavelength mode atigermal increase of the optical index.
the long-wavelength cutoff of the spectrum amounts to Inregime Il, where the active region temperature is higher
7.4 nm. Finally, in regime Il the fundamental and first-orderdue to increased substrate temperature or due to Joule heat-
modes around\=924.1nm are lasing and subthresholding by increased injection current, the cavity is negatively
modes are again suppressed by more than 20 dB. detuned with respect to the QW gain maximumcg;,

We depict this thermal dependence of the VCSEL's opti-<Aoqw). Here, the VCSEL emits predominantly in the fun-
cal spectrum in Fig. 6 by plotting the wavelengths of the fourdamental transverse mode, because it is the mode of longest
strongest modes recordedlat 3 mA and varying tempera- Wwavelength, which better matches the spectral gain maxi-

mum. Consequently, the near fields are only weakly struc-
930 tured and the far fields exhibit a low divergence, as is usual
for oxide-confined devices of comparable size. Again, the
thermal shift of the emission wavelength is merely deter-
mined by the thermal shift of the longitudinal cavity reso-
nance, with the emission in regime Il being about 7.5 nm at
longer wavelengths than in regime |I.

Somehow similar emission characteristics have been re-
ported recently from broad aperture VCSEIk3,19. The
basic interpretation of a detuning between the cavity reso-
nance and the QW spectral gain maximum applies to both
our measurements and the ones on broad area devices. How-

100 120 140 160 180 200 220 ever, a fundamental difference between these results and our
Temperature [K] o_bservat|ons is thaft in broad area dewcgs, emission on
higher-order modes is not clamped to a particular mode fam-

FIG. 6. Wavelength of the four strongest modes; the modes ardy, as in our lasers, but a continuous transition to modes of
labeled by full circles connected by the solid line, full squares,successively increasing order is found for increasing positive
crosses, and full triangles, in the order of decreasing intensity.  detuning. This behavior is determined only by the spectral
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properties of the QW gain and not by their interplay with thewherem labels the discrete azimuthal variation ang the
modal gain of the particular structure. The abrupt switchingradial component of the wave vector, which describes the
from the fundamental mode in regime Il to a particular high-continuous radial variation in terms of Bessel functions; in-
order mode in regime |, as reported here in medium-sizediexp refers to the TE and TM distributionk|abels the even
devices, is a qualitatively new phenomenon. In these VCand odd modes that differ in their sm) or cosm¢) angu-
SEL’s, the mode selection in the respective regimes is detefar dependence, and=f,b labels forward and backward
mined by an interaction of the spectral gain distribution withpropagating waves. In this formalism, it is very easy to de-
the cavity properties. Consequently, existing models successive a linearly polarizedLP) approximation of the modal
fully used to describe the emission properties of broad apeffields[30]. As shown in detail irf24], this leads to a simpli-
ture deviceq20] are not sufficient to describe the featuresfied scalar basis for the field expansion, while the rest of the
reported here on a quantitative basis. Instead, a morgeatment remains unchanged. In the following, the integral
structure-oriented description is required to gain a deepesver k is discretized and the vectorial parameter
insight into the interaction of the underlying mechanisms. In=(a,p,l,m,k,) is used to label the modes in a compact
the next section, we therefore introduce a detailed electroform: A={A,Ak}.
magnetic model for oxide-confined VCSEL's in the different  According to the coupled mode theory, all the structural
operating conditions. elements that contribute to the lateral optical confinement
can be described as transverse perturbations of well defined
Ill. MODEL profile with respect to the homogeneous dielectric constant

of the cavitye,=n2e,. The vectorA of the mode ampli-

From the results of our experimental investigations, W& des is a solution of the coupled mode equatiii:
conclude that the observed emission characteristics are deter- '

mined by both the cavity geometry and the optical response dA
of the QW's. The spatiospectral interaction of these mecha- az - (BTKDA, 2
nisms results in the selection of particular transverse modes.

We therefore combine in our theoretical approach a modelyhereB describes the free propagation in the passive cavity
for the cavity transverse modes with a description of thematerial and is a diagonal matrix of elements8,,. The
QW's optical gain. longitudinal component of the wave vector is defined@as

The model for the laser modes is based on a detailed. [z 2 wherek.=n.w/c. K, is the matrix of the cou-
. . . . C 1 .
electromagnetic s_tud_y OT the device st_ructure, Wh'Ch_y'EIdﬁ)ling coefficients and accounts for the perturbatibs; in
the spatial field distributions of all cavity modes, their fre- the layeri. It is a nondiagonal matrix of the form

guency, and their threshold gains. The electromagnetic

model, as well as the microscopic model for the spectral gain iw &
distribution of the QW's, takes into account all relevant ther- (Kj) .. = — C_f AgiBy, Byt 5 T As FzuFa ds,
mal dependences. Thus, the laser threshold conditions at any " ¢ : &)

temperature can be determined by a self-consistent matching

of the mode solutions with the gain provided by the QW's atwhereC,, is the power mode normalization constant, explic-
varying pumping, i.e., at varying carrier densities. In thisitly defined in[24].

way, the laser threshold mode is found as the mode with In particular, the coupling coefficient matrix related to the
lowest threshold carrier density. Since our model does noéctive layer accounts for the perturbation induced by the
account for effects such as spatial hole burning and spatigiresence of the carriers; we write it as the product of two
temperature variations, we can apply it to analyze the behaverms,

ior near threshold. Consequences of this limitation will be

discussed in Sec. IV. Aes(p,d)=A€y(p,d). (4)

The peak value of the perturbatiofge,, is the unknown of
the electromagnetic problem and must be determined for ev-
In the following, we refer to the theoretical model pre- ery mode by the threshold condition, while the normalized
sented in24] in which the laser modes and threshold oper-profile of the perturbationy(p,¢), is related to the carrier
ating conditions are computed for oxide-confined VCSEL'sprofile and is assumed to be a fixed and known function of
with complex geometries, starting from the detailed electrothe system. It is introduced into the model by solving the
magnetic structure of the device and the particular opticadiiffusion equation for the carriers, for a given injection pro-
response of the QW active material. The adopted model ifile and diffusion length. A quantitative estimation of the
based on coupled mode theory. The vectorial electromagiiffusion length typical for the devices under analysis at low
netic field is expanded in the continuous basis,temperatures can be achieved by comparing the numerically
Espim(K.p,#), of the cylindrical TE and TM modes of an obtained carrier profiles with center cuts of the measured
infinite medium with the characteristics of the passive cavitynear-field profiles below threshold. In our devices we found
(their explicit expressions are reported[B0]): Lp=2 um.
A formal relation between the amplitudes of backward
E(p.d.2)= > j dK Aupim(Ks2) Eapim(K,p, ), (1) and for\{vard waves in any two sections of the. structure can
ap.l,m be obtained as a cascade of single-layer solutions ofZg.

A. VCSEL modes
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A(z1)=TA(zp) (5) 6 , , 0.20
being 4 P _..\_\[\l=10‘8 cm3 o045l T=100K
2| I
0.10
T=]] expB+K)L;, © = o S\
i £ ) f,-;_.,,-- ’a 0.05
where the product is carried out for all the layers betwsen  © 2ff { 5 0.00{
andz,. In particular, it is convenient to choose the two ref- E ali [
erence sections as those outside of which the structure i ! [ /N=0 -0.05
laterally homogeneous, so that it can be treated with the -6 /! 010t
transmission matrix formalism and the related reflectivity co- P o
efficients,I", andI';, can be easily calculated as functions of Bl 0457 h ¢
the radial wave vectok. In the case under analysis, for in- 44 -0.20
stancez; =0 andz,=L are the two interfaces of the lower 900 920 940 960 900 920 940 960
Bragg mirror with the cavity and of the upper metal ring with Wavelength (nm) Wavelength (nm)

air, respectively.
The boundary conditions of the problem are fixed by the FIG. 7. Gain(left) and refractive index chandeight) vs wave-

consistency of forward and backward waves at the two conlength, for three representative temperatures and two carrier densi-
sidered interfaces: ties; one 8-nm-thick I ,,Ga ggAS QW is considered.

fry—T AD
A(0)=T"A%O0), and temperature. Many other parameters in the previous

AP(L)=T Af(L). (7 equation depend on temperature. Temperature appears as an
. explicit variable in the Fermi-Dirac quasiequilibrium distri-

When the formal solutiori5) is combined with the imposed butions, while it implicitly enters the microscopic model

boundary condition$7), the complete electromagnetic prob- through the thermally dependent polarization decay rate and

lem is formulated and it results in an eigenvalue problemband gag33]. Since the latter effect is a key element in the

The eigenvectors of the problem are directly the complexmodel, we report the adopted expression for the band-gap

mode amplitude£(0). They allow the reconstruction of the Vvariation with temperature:

field distributions of the different cavity modes at the section

z=0, by means of mode expansitl). The field at any other )

section of the device is then found by using Eg). On the E,(T)—E4(0)=— @l

other hand, the real and imaginary parts of the complex ei- 9 ¢ B+T’

genvalue are related, respectively, to the refractive index

variation and material gain necessary for each cavity mode to
lase. where the numerical values for pGa, ggAS are takena

=4.910 *eV/K and 3=220K from[33].

Figure 7 shows the calculated spectra of the active mate-
i _ rial power gainG [Fig. 7(@)] and carrier-induced refractive

In the following, we describe the model adopted for theinde?( chzgnge A[n g [F(ig)] 7b)] at three different
multiple-quantum-wel(MQW) active region and particular mperatures-F=100, 150, and 200 K—for a carrier den-
attention will be given to describe the thermal dependence o ity of N=108cm 3 énd f(,)r zero carriers. For decreasing
all the parameters. The.QW opt_ical response as afunctiqnq mperatures, the peaks of the gain curve and of Ahe
the frequencyu, the carrier denslty\l, anq the temperature 'S" curve increase and shift to lower wavelengths. The case of
determined by applymg_ the microscopic modste, for N zero carriers describes the losses in the QW, which also
stance,[32]) to the particular QW structure of the device. show a distinct temperature dependence
The obtained expression is of the form The laser operation in a large temperature range can be
M2 Tf0 (NY—F o (N described if the thermal dependence of all the model param-
_ i ke [ Cke( ) “ke( )] eters is correctly introduced. The change of the cavity prop-
Ae, dke kg . , (8)

d h (o, —w)—iyp

(€)

B. MQW'’s optical response

erties with temperature is related to the combined effect of
mechanical expansion of the layers and refractive index
whered is the QW thicknessk, is the carrier wave vector, variation[29]. However, since the only quantity that explic-
and v, is the polarization relaxation rate. The transition di-itly enters the model is the produniL;, it is sufficient to

pole matrix elementsM,), the transition energiesi@,), account for the overall effect of the linear shift of the cavity
and the Fermi-Dirac quasiequilibrium distributions in the resonances. The value of the linear coefficient has been esti-
conduction and valence bané.(,f,) have been computed mated from the experimentally measured optical spectra by
from the QW band structure and depend on the QW compoperforming a fit of the mode peak shift with temperature. The
sition and size. Coulomb effects are only considered viaobtained values are 0.050 nm/K in the low-temperature re-
band-gap renormalization, which varies with carrier densitygime and 0.055 nm/K in the high-temperature regime.
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FIG. 8. Threshold gains, carrier densities, and wavelengths as a Wavelength (nm)
function of temperature for the modes with zero azimuthal varia- )
tion. FIG. 9. Power threshold gains and wavelengths of the modes for

T=100, 150, and 200 K in logarithmic scale.
V. NUMERICAL RESULTS AND DISCUSSION threshold solution is not determined by the mode of lowest

In this section, we present our numerical simulation of thethreshold gain, but by the mode of lowest threshold carrier
VCSEL emission characteristics. The results have been olslensity. The threshold carrier densities are depicted in the
tained by applying the above-described model to the particulower part of Fig. 8. It is evident that higher-order modes are
lar VCSEL structure under analysis. We compared the restrongly favored in the low-temperature regime due to their
sults of both the vectorial and scalar models and we obtainetpwest threshold carrier densities. At high temperatures, in
only small quantitative differences; so, because in this concontrast, we find only a slight preference of low-order
text we are not interested in mode polarization analysis, wénodes, so that in this regime, a stronger mode competition
adopt the approximated scalar approach to reduce the nitas to be expected. Moreover, the different minima at the
merical effort. A more detailed discussion on the limits of respective temperatures indicate when the individual modes
application of the LP approximation can be found[#4].  match the QW gain maximum. Figure 8, however, serves
The electromagnetic model provides as solutions the cavitpnly for a general overview over the threshold conditions of
modes of the particular VCSEL that are characterized byome involved modes and their general thermal depen-
wavelengths, spatial field profiles, and threshold gain valueglences. An analysis of the laser operation requires us to con-
The mode solutions are combined with the QW optical gairsider all relevant modes, as will be done in the following.
spectrum in a self-consistent way. The laser threshold solu- The threshold power gains and wavelengths of all sup-
tion is then determined by the cavity mode, whose thresholgorted cavity modes are summarized in Fig. 9 for three fixed
gain matches the QW gain at the lowest carrier density.  values of temperaturd,=100, 150, and 200 K. The thresh-

To give a first overview over the laser mode solutions ancbld power gain distributions provide information on the
their thermal dependence, as an example we plot in the uppeumber and wavelength range of the supported VCSEL
part of Fig. 8 the threshold power gain versus wavelength ofmodes. Referring td =100K, the upper limit of the mode
five selected mode®-1, 0-2, 0-3, 0-4, and 0)3or 11 values  spectral distribution is set by the wavelength of the funda-
of temperature from 100 to 200 K. The modes are labelednental mode\; =920.5nm, while the lower limit to the
according to the LP notation where the couples of numbertaser emission wavelength is found\gt= 913 nm, where the
m-nindicate the mode azimuthal and radial orders, respecabrupt increase in mode threshold gain indicates the loss of
tively. The first effect we observe under increasing temperatransverse confinement. In the interval betwagrand X,
ture is a blueshift of all modes. This dispersive behavior isall the modes are well confined within the oxide aperture and
related to the carrier-induced change of refractive index, rethus the threshold gain distribution is almost constant. We
ported in Fig. 7. Second, the threshold power gains of alfind \;;,—X\,=7.5nm, in excellent agreement with the experi-
modes increase due to the thermal variation of the QW lossesentally observed 7.4 nm spectral gap in the laser emission.
also depicted in Fig. 7. The rate of increase is significantlyAccording to the thermal evolution of the mode gains, as
larger for modes at lower wavelengths, so that low-ordeishown in Fig. 8 exemplarily for only five selected modes, the
modes(i.e., longer wavelengthshave the lowest threshold threshold gains of all modes increase with temperature. The
gain at high temperature. At low temperatures, in contrastdifferent rates lead to an increasing preference of the low-
the threshold gain of all modes appears to be of comparablerder modes at high temperature, as is evident when compar-
size. Since the QW gain curve has a pronounced spectralg the T=150K case with the one ail=200K. At T
variation, it must be emphasized once more that the laser 200K, the threshold gains for the modes aroundare
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FIG. 10. Expanded depiction of the mode threshold gairiE at

=100K; the modes marked by a box are the ones found in the FIG. 11. Threshold carrier density vs temperature for the rel-
experiment. evant different VCSEL modes.

almost one order of magnitude larger than for modes aroun@mission under these conditions can therefore be described
i . These results already provide the two wavelength limitsonly by rigorous electromagnetic modeling.
for the laser emission: the mode of highest wavelength is BY combining the data of Fig. 10 with the QW spectral
always the fundamental mode, which is favored at high temgain distribution, we determine the threshold carrier densities
peratures. A distinct low-wavelength limit at low tempera- Of the laser modes at any temperature, as explained in the
tures is set by a strong increase in gain for modes\ of context of Fllg. 8. The threshold carrier densities of the most
<913nm. At high temperatures instead, the increase gielevant cavity modes are reported versus temperature in Fig.
threshold gain is rather gradual, so that one expects to findl, where the curves corresponding to the lowest- and
high-order modes lasing at increased injection currents duBighest-order mode, dominant in regime | and regime I, are
to Joule heating. Since the gain distribution of the modedndicated with the bold lines. In this way, the thermal depen-
between\, and \,, is not clearly evident from the given den_ce of_the_laser threshold is directly optalned and finally
depiction, we present the threshold gains for the Cavit)ﬂeppted in Fig. 12. The currents of th_e primary laser thresh-
modes aff = 100 K in an expanded representation in Fig. 10.0d (i.e., the threshold of the first lasing mgdend of the
From this depiction, it is evident that modes near the twosecondary laser thresholde., the threshold of the funda-
wavelengthsk, =913 nm and\,=920.5nm have a lower ment_al transversg mc_;)jare shown, a(_:cordlng to the same
threshold gain than all other cavity modes. For modes arounfotation adopted in Fig. 3. The experimental data are super-
Ay=920.5nm, i.e., low-order transverse modes, thresholdMPosed with bold symbols onto the numerical oriepen
gains are reduced due to the better overlap of their intensitfyYMPOIS. The primary laser threshold current is obtained
distributions with the spatial gain distribution, peaked at thelf®m the lower envelope of the curves in Fig. 11, indicating
center of the laser for low pump currents. This results as &€ mode with the lowest threshold carrier density. The
solution of the transverse diffusion equation in agreemengdopted conversion relation ig,=CNy,, where C is ob-
with experimental observatio42]. The gain of high-order
modes instead is determined by a different mechanism: the 16
oxidation of the AlAs layer in the upper mirror decreases the 14}
optical index in the confinement region at the periphery of
the VCSEL ton~1.6. Thus, the reflectivity of the upper
mirror is locally increased due to the enhanced contrast be-
tween the optical index of the adjacent layers. This local
higher reflectivity is more efficient on the higher-order
modes that exhibit higher transverse components ofkthe
vector, and thus the threshold gain of these modes around
N=913 nm is reduced. As mentioned before, modes of even
shorter wavelength, i.e., of higher order, have strongly in-
creased threshold gains due to a loss of transverse confine-
ment, because their spatial extension exceeds the area of the 0
oxide aperture.

It has to be emphasized that the results obtained in Fig. 10
are sensitive to the technological device construction charac- FiG. 12. Computedopen symbolsand measuredbold sym-
teristics. In particular, the number and wavelength range ofols) threshold currents vs temperature in the two operating re-
the confined modes critically depend on the position, thick-gimes; squares indicate low divergence emissiegime 1) while
ness, and the index step of the oxide layer. High-order moderosses characterize high divergence mddegime ).

101

Threshold current (mA)
oo

100 120 140 160 180 200 220 240 260 280 300
Temperature (K)
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928 - - ture betweenT=100 and 200 K. These are superimposed
ool with the strongest mode in the experimentally measured op-
. tical spectra close to threshol@f. Fig. 6). The different
E %4 symbols adopted to order the modes are explained in the
= 9221 figure caption and the line connects the mode with lowest
o o20! threshold as obtained from the numerical results.
3 For low temperatures up 6= 140K, lasing operation is
§ 918} stable on one particular mode ®f (regime ), in perfect

agreement between model and experiment. The continuous
variation of the mode wavelength is only related to the ther-
mally induced shift of the longitudinal cavity resonance at an
PN . N overall rate of+0.050 nm/K, determined by both the cavity
100 110 120 130 140 150 160 170 180 190 200 mechanical expansion coefficient and the refractive index
Temperature (K) thermal variation rate. At temperatures betwd@en140 and

FIG. 13. Temperature dependence of the wavelength of the firs]ftGE:)lK’ the tr?nSItlon ;[g re];gln(;e I oiclurs, IS \;\Vhtl(f;h WeTfmd
four modes ordered with respect to the threshold carrier density: able operation on the fundamental modeigtirom

Lowest threshold carrier density is denoted by open circles con-, 165K up to room temperature. Again, the calculated emis-

nected by the solid line; open squares, plus signs, and open triangl('é“-éOn Wavele_ngth yvell matches the observed laser operation.
refer to increasing densities. The full circles correspond to thel N€ only slight discrepancy between model and experiment
strongest laser mode found in the experiment. is observed during the transition. First, betwden 140 and

145 K, both measured and calculated data show a mode jump
tained by comparing the experimentg] and theoreticaNy,  to a longer wavelength by-1.3 nm. Then, the numerical
values at their minima. From the relati@=qV/7, whereq  results describe a transition scenario where a few modes at
is the unit chargey is the active volume, andis the carrier intermediate wavelengths around 919 and 921 nm are in-
recombination lifetime, we obtainet=0.2 ns, a reasonable volved at temperatures betwedh=150 and 165 K. The
value for this material. The agreement between experimentameasured emission instead changes abruptly to the funda-
and numerical results is very good and only a slight mis-mental mode aT =150 K. This deviating behavior finds an
match between the positions of the threshold minima and oéxplanation in dynamical mechanisms, which make the sys-
the values at low temperature is observed. This can be attridem unstable in the transition regime and cannot be ac-
uted to the very simple carrier density to current conversiorcounted for in the model: the considered temperature range is
relation adopted, where the temperature dependeneamd  dominated by a very strong competition among several
of the carriers transverse diffusion length has been neglectethodes of comparable threshold carrier densities, as can be

In the same figure, we also depict the current value atlearly seen in Fig. 11. While outside this region the model
which the emission on the low-order modes stdupper describes very well the emission properties, around the
branch. This occurs when the current-induced heating raiseswitching temperature effects such as spatial and spectral
the laser internal temperature from ambient temperature to Bole burning contribute to the mode competition, so that the
critical temperaturd . at which the threshold carrier density calculated lowest threshold modes at intermediate wave-
of the lasing mode is equal to that of the lowest-order moddengths become unstable in favor of modes around either
(see Fig. 11 The value ofT, is constant in regime I  or \;. Indications of such instabilities have also been ob-
<140K), where emission occurs on one fixed mode, whileserved experimentally: at temperatures arouingd150K,
it becomes a function of temperature in the transition regiori.e., close to the transition, an “anomalous” switching be-
(T=140-165K), where the laser switches with temperaturéween the regimes has been found. This means that with
through several modes. The relation describing the currenincreasing injection current, the laser changes from regime Il
induced heating is determined by combined measurements td regime | and back to regime Il again, which is further
mode shifts with temperature and current, and we foundevidence for a strong mode competition.

AT=0Al, with #=3 K/mA. The spacing between the two  The abrupt switching described above is strongly related
mode thresholds is therefore obtained by the relatiorio the mode threshold gain spectral distributisae Fig. 10
L= lny=—(T—Tc)/ 6, which is linear only up toT  which again is sensitive to changes of the transverse device
=140K. The obtained borders of the two regimes are instructure: for increasing diameter, the gain differences be-
close agreement with the experimental observations. Sindaveen the respective modes become smaller and their distri-
spatial and spectral hole burning are not considered in oupution tends to flatten. This is a result of the decreasing
model, we conclude that these effects do not play a fundanfluence of the transverse optical confinement by the oxide
mental role in the operation regimes under investigation, antiyer. Consequently, the wavelength transition becomes
thus the adopted model is suitable for an identification of thesmoother, now mainly determined by the active material
mechanisms underlying the transverse mode selection.  spectral shift. We have observed such behavior in VCSEL'’s

Next, we compare the spectral properties of the modelewith the same geometry but larger oxide aperture diameter
laser operation to the experimental observations. In Fig. 13d~34um): for low temperatures, emission wavelength
we depict the calculated wavelengths of the four modes wittshifted continuously at a rate larger than the one determined
lowest threshold carrier densities as a function of temperaby the thermal shift of the cavity resonance. A spectral gap

9161
914[
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FIG. 14. Computed far-field distributions for the modes in-  FIG. 15. Computed near-field distributions corresponding to the
volved in the laser emission. The image sizes are 12 cm and af@r fields of Fig. 14; .the .White circle indicates the aperture of the
computed at 10 cm from the VCSEL output. metal contact 8.6um in diameter.

or an upper limit to the far-field divergence angleorre- nificant modes arount, is related to the similar value of the

sponding to an upper limit to the mode radial ojdeas not ~ ransverse wave vector.

observed in the accessible detuning range, similar to the be- Fir?ure 15 dep(ijcts the ca;:lpulaltid:ez_ar-fli:e_zld Sistrr]ibutiﬁ_ns
havior reported i 18,19 or the same modes as in Fig. 14. As in Fig. 4, the white

Apart from threshold carrier density and operation wave.circle indicates the aperture of the metal contact ring. A su-

length, the model also provides the spatial field distributionPrPOsition of the modes 0-1 and 1-1 describes well the ex-

o . perimentally observed emission in regime |, shown in Fig.
and thek-vector distributions of the modes. For a compar|—4(f)_ Emission in regime I(Fig. 4b)] is reproduced by the

son with the measured data, we first consider the far-fiel L : :
intensity distributions. The calculated far fields are depicte(}su%?/rgr? s:gglrﬂeo:‘/itsf,}ﬁl;ouhfgghec))(rseerrir;neonizﬁyardc;zgr?r;:gﬁng
in Fig. 14 for the modes 0-1 and 1-1, dominant in the high-gpsets of these modes by insertion of a polarizer. The po-
wavelength region aroun; , and the modes 1-5, 3-4, 5-3, |arization resolved near fields are plotted in Fig. 16. The 0°
and 6-3 having lowest threshold arouRg. The LP treat-  polarized near fieldleft part of Fig. 16 is a superposition of
ment results in sets of modes degenerate in polarization anfle bow-tie structure of mode 1-5 and the 10-lobed structure
spatial symmetryfourfold degenerady we show only one of mode 5-3. Furthermore, the 6- and 12-lobed structure of
example of each set. The modes 0-1 and 1-1 have compa-

rable threshold carrier densities and, therefore, already 0° polarization 90° polarization

slightly above threshold, both contribute to the laser emis-
sion. Therefore, the superposition of the calculated modes
0-1 and 1-1 results in a far-field distribution very similar to
the experimentally observed one in Fige@ In particular,

the computed full divergence angles of the two modes, 16°
and 22°, coincide with the measured divergence in the hori-
zontal and vertical directions. Furthermore, also the superpo-
sition of the four high-order modes reproduces well the mea-
sured far field of regime | in Fig.(4): the number of rings
(four) determined by the mode of highest radial order as well F|G. 16. Experimental near-field images for the two orthogonal
as the divergence of the outmost riig0°) are in exact polarizations; T=100K and |=5mA for 0° polarization, T
agreement. The almost constant divergence of the four sig=125K andl =6 mA for 90° polarization.
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Experimental main effect of a reduced numerical aperture is a suppression
NA =0.28 NA =0.35 of the inner structure of the near field. At a NA of 0.5,
however, as used in the experiments, the distortions are only
weak, and the agreement between the calculated exact modes
of Fig. 15 and the experimental ones of Fig. 16 remains
unaffected.

V. CONCLUSIONS

Theoretical We have presented a comprehensive analysis of the emis-
NA =0.35 sion behavior of medium-sized oxide-confined VCSEL's un-
der variation of the operation temperature. As the character-
istic feature, we have found a thermally controlled transition
between two distinct regimes with fundamentally different
spectral and spatial emission properties. In either of these
emission regimes, the limits towards long and short wave-
lengths are determined by the fundamental transverse mode
or by a particular transverse mode of high radial order. The
abrupt transition between the regimes is the result of the
combined effect of the thermally induced detuning and the
oxide-layer-specific optical confinement, which is most effi-
cient on high-order transverse modes. Insight into these basic
laser-optic mechanisms has been achieved by modeling the
detailed electromagnetic structure of the device and the QW
FIG. 17. Experimentally observed and computed effect of nu-Optical response, including the thermal erendence of a.” rel-
merical aperture limitations on the near-field images. evant parameters. T.he Obtamed. numerical res“'FS are in ex-
cellent agreement with the experimental observations. In par-
ticular, the spectral and spatial emission characteristics in the
o regimes, the spectral gap between the regimes, and the
. critical temperature of the transition are quantitatively repro-
Fig. 16. . . . duced. These results relate the lasing properties to the par-
In addition, as has been mentioned already in Sec. IIAticular device construction characteristics and therefore offer

fche accuracy of t_h_e measure(_j near-field images might be.“m[he perspective to control and to utilize the high-order mode
ited by an insufficient numerical aperture of the used ObJeC'emission

tives. In that case, the fraction of the emitted light with the
largest transversk vector would be selectively blocked. In
order to quantify the effect of this limitation and to estimate
the accuracy of the measured near-field images, we compare The activity reported has been carried out in the frame-
in Fig. 17 experimental near-fields images, measured witlwork of the Vigoni project(DAAD/CRUI). The Torino
objectives of different NA(upper parf, and calculated near group acknowledges the support of MADESS(Rrogetto
fields of the modes 1-5 and 5-3, where a cutoff has beeinalizzato of Italian CNR The Darmstadt group acknowl-
performed at the transvergevector that corresponds to the edges funding by Deutsche Forschungsgemeinscttit
NA limitation of the respective objectivdower parj. The  105/10.

modes 3-4 and 6-3 together with the 1-5 mode aligned alon
the horizontal axis govern the 90° polarizati@gight part of
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