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Electro-optic effect and birefringence in semiconductor vertical-cavity lasers
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Semiconductor vertical-cavity surface-emitting lase/€SEL9 are known to exhibit a small amount of
birefringence. We present a model that enables us to estimate how much of this is due to the electro-optic
effect produced by the inevitable internal electric field in working devices. Of vital importance for this model
is the notion that the position-dependent changes in the refractive index should be weighted by the local optical
intensity both in the spacer as well as in the distributed Bragg reflectors. Index variations in the optical nodes
thus go unnoticed, whereas those in the antinodes can strongly affect the cavity resonance. This is related to the
idea that the active quantum wells in a VCSEL should be positioned in optical antinodes to produce the highest
modal gain. The results of our model calculation are compared with statistical data on the magnitude and
orientation of the measured birefringence in planar proton-implanted VCSELs. These data show the presence
of a systematic contribution to the birefringence, which can presumably be attributed to the electro-optic effect,
and a random contribution, which we attribute to stress and sfr@ir050-294{@7)01407-§

PACS numbd(s): 42.55.Px, 42.65.Vh

I. INTRODUCTION ever, we will show how the edges can be identified.
Possible mechanisms that can disturb the link between the

An intriguing aspect of semiconductor vertical-cavity observed frequency splitting and polarization orientation and
surface-emitting laser/CSELS is the polarization of the the VCSEL's birefringence are deemed to be small. Fre-
emitted light. For an ideal VCSEL this polarization is not guency pulling or pushing of the cavity resonance by a pos-
well defined. For bulk material it is th@, (Em) point S|ble_ detuning of the gain s_;pectrum will be small due to the
group symmetry of the crystal that enforces full rotation relatl\_/ely_ large spectral W'dth.Of the latter. The e_ffect of
symmetry on the linear optical susceptibiliig]. For the poIanz_atlon-dependent saturation, related to the existence of
common quantum-well structures grown ofl@0] substrate fwo spin channelg9], was in practice also found to be small
it is the S, improper rotation along the surface normal that 57 much smaller than the effect of birefringerisee Sec.
imposes rotational symmetry for the in-plane polarization.
Despite these symmetries, practical VCSELs are known t
emit linearly polarized light with limited polarization stabil-
ity [2] and with a weak preference of the polarization orien-

tation for the[110] and[110] crystalline axe$3].
The explanation of the discrepancy mentioned above lies
in the occurrence of anisotropies in practical devide4—§.
In several experiments the introduction of intentional anisot- 12 Av
ropy has been shown to affect the optical polarization. Ex-
amples are quantum wells on tilted substrdted], internal
ordering in layer desigfil] or material choicg¢5], and elon-
gated transverse VCSEL shafdég. Also nominally isotro-
pic VCSELs have been shown to poss@ssntentional an-
isotropy, mainly in the form of linear birefringend#,8].
Experimentally, this is easily observable in the optical spec-
trum of a working VCSEL, which generally contains two
TEMg, components: a strong lasing mode and a much )
weaker “nonlasing” mode with orthogonal polarizatigsee 0 5 1'0 15 20
the inset of Fig. 1, where the lasing mode has been strongly
suppressed with a polarizerrhe frequency difference be-
tween these modes is a measure for the amount of birefrin-
gence, while their polarization orientation gives the axes of _ .
the birefringence. These axes are generally close tpltt@] FIG. 1. Histogram of measured frequency splitting between the

— . . lasing and nonlasing TEW) modes for a set of 39 VCSELSs. As the
and[110] crystalline axes, which themselves correspond t g 9 TEM

. L c1asing mode was always more or less “vertically” polarizeste
the edges of the chip. Note that we haveanpriori knowl- the tex}, this histogram can also be read as the frequency splitting

edge which edge corresponds [tb10] and which one to between the “vertically” and “horizontally polarized” modes.

[110]; for the time being we will label one chip edge as Note the presence of both a systematic and a random component to
“vertical” and the other as “horizontal.” In Sec. VI, how- the birefringence.

The histogram in Fig. 1 shows the measured frequency
QifferenceA v between the lasing and nonlasing mode for a
set of 39 VCSELSs. Note that this frequency difference has a
sign; we have plotted» and not its absolute valug\ v|.

Occurrence

Frequency splitting [GHz]

1050-2947/97/5@)/8459)/$10.00 56 845 © 1997 The American Physical Society



846 van EXTER, JANSEN van DOORN, AND WOERDMAN 56

The frequency difference is found to be positive for all
VCSELs of the set. The surprising observatiomdat that the
optical frequency of the lasing mode is systematically larger
than that of the nonlasing mode; this could be explained by a
relative detuning between the cavity resonance and the gain
spectrum[10] or by more subtle nonlinear effecf8]. The
surprise lies in the observation that the lasing mode is always
more or less “vertically polarized” and that theertically
polarized mode thus always has the largest optical fre-
guency. The underlying birefringence is thus not random and
not at all centered around zero as one might have expected.
Instead it seems to consist of a systematic contribution of
roughly +10 GHz and a random contribution betweerb

and 5 GHz. The observation of a systematic contribution to
the birefringence was our prime motivation for the present Lpen Lépacer Lpen
study; although we have recently attributed the random bire-

fringence to strair7,8], we deemed the presence of a sys- FIG. 2. Sketch of the optical fieldy(z) in a typical VCSEL.

tematic and more, or I,eSS C,OHStant strain unIike]y. . The optical field is approximately a standing wave with an ampli-

Whether a device is optically isotropic or anisotropic de-yqe that is constant over the distancg e in between the DBRs
pends both on the symmetry of the underlying crystal as welkq that decays exponentially, with @ Irtensity penetration depth
as that of the device structuf&]. More specifically, the in- Lpen, into the DBRS.

plane symmetry, imposed by ti&® improper rotation, can
be broken by a device asymmetry in the out-of plane, i.e., thetates and its coefficient,; shows hardly any dispersion
axial, direction. This has recently been discussed and den12—14. The quadratic electro-optic effect is linked to elec-

onstrated for an asymmetric superlattice gradibgdll]. A troabsorption and its coefficiefR;, therefore shows strong
more natural way in which the out-of-plane device symmetrydispersion near the band ggt2,13.

can be broken is via the internal electric field, which is natu-  We note that the linear electro-optic effect has a different
rally generated by the space charges apd doping ?n the d‘%ign for polarizations along th¢110] and [1?)] axes,
vice. Through the elect_ro-_optlc effe_ct, Wh_lch, asa th'm_l'ord_erwhereas the quadratic effect has the same sign, a symmetry
tensor, is not necessarlly isotropic in cqu_cry;tals, this ax_la{hat immediately follows from the action of tt& improper

field W|II.Iead to an in-plane electro-optic blrefrlngence.. This tation, which simultaneously interchanges the axes and in-
mechanism, which has been touched upon as a spurious gfar(s the electrical field. As the quadratic effect is the same

fect in Ref.[11], will be treated extensively in the present ¢o b polarizations, it drops out of the local birefringence,
paper. The calculation is discussed in Secs. II-V, experimenz hich becomes

tal details are discussed in Sec. VI, and a summary and con-
clusions are given in Sec. VII. N(2)—ny(z)= —n3(2)r41(2)Eq4(2), 2

1l. THE ELECTRO-OPTIC EFEECT where x andy denote polarizations alorfg.lO] and [110]
and n(z) is the refractive index in zero electric field. The
Our calculation of the electro-optically induced birefrin- variablez has been introduced to explicitly show the position
gence in a typical VCSEL consists of three stefis:ithe  (read “material”) dependence afi andr,,. Ther,; coeffi-
determination of the internal fiel,.(z) as a function of the  cient of GaAs is known quite accuratefg2—14; that of
positionz measured perpendicular to the surfa@e,the cal- Al ,Ga,_,As is expected to be almost the safsee Sec. Y
culation of the associated change in refractive index, angs).
(iii) the determination of how this local change affects the To evaluate how the local birefringence given by E).
cavity resonance frequencies expressed as a modal or spgfects the cavity resonance frequersyep (i) in the cal-
tially integrated birefringence. Stefp) is the most difficult  culation], we will need, as explained in Sec. Ill, the optical
step in the calculation; it will be addressed in Sec. IV. Stefield profile £,(z) in the VCSEL. Figure 2 shows this profile
(i) is simple. In crystals without inversion symmetry, suchfor a VCSEL comprising two distributed Bragg reflectors
as Al,Ga; - ,As, the index change induced by a static electric(DBRs), composed of materials 2 and 3, with a spacer in
field is commonly described in terms of a linear and qua-hetween. Due to their limited thickness the presence of quan-
dratic electro-optic effect. For VCSELs grown on[@1]  tum wells in the spacer hardly affects the field pattern
Substrate, where the internal electric field thus points in th%‘o(z)' which is known to be approximate|y a Standing wave,
[001] or vertical direction, the combined action of these ef-wjth constant strength in between the DBRs and with expo-

fects leads to a change in refractive indexX b2] nentially decaying strength into these mirrgfs,17]. We
) 5 will denote the thickness of the central cavitylag,,ce,and
A(1/n%)=£14Eqc+ RiEge, (1) the 1k intensity penetration depth into each DBRLag,. A

coupled-mode analysis givé§6]
where the+_and — signs apply to light polarized along the
[110] and[110] directions, respectively. The linear electro- L per~ o —f o ’ 3)
optic effect arises mainly from the Stark shift of atomic core PEN 4 (ny—ny) Ny+ng
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where\, is the vacuum wavelength antg, andn; are the  tum mechanic$18], to the electro-magnetic wave equation
refractive indices in materials 2 and 3, respectively. The
factor f=(n,+n3)/4(n,—n3) corresponds to the number
of paired layers (low and high index over which
the standing-wave intensity decays by a facter We have
assumed thanh,—nz<n,+n;, making f>1. The effect- where the eigenfunctioé(z) is the “standing wave” optical
ive cavity length “felt” by the optical field isLc,  field inside the VCSEL, the eigenvalueis the cavity reso-
=Lspacert 2L pen- nance frequency, ande(w,z) and Ae(w,z) are the

At this point we can give a first rough estimate of the (frequency-dependentielectric constant aE4.=0 and its
electro-optic birefringence. Equatiof2) shows that the field-dependent part, respectively. Expansion  of
local birefringence varies with position iEyc(z) does. (w/c)?e(w,z) around the “unperturbed” cavity resonance
It seems reasonable to calculate the modal birefringencg and division of Eq.(5) by e(wq,z) yields a differential
with the same equation, simply using the spatially averagequation that can be dealt with in the standard way. A first-
dc electric field(E4c) as the ratio of a typical voltage drop order perturbative treatment of this equation gives the fol-

over a typlCﬁ' Iength. We consider a Working electrical |Owing expression for the Sh|ft(,_(— wO) of the CaViW reso-
VCSEL, where the DBRs are- and p-type doped, respec- nance:

tively. At first sight the voltage drop over this VCSEL
is expected to consist of two pari{s) the voltage drop over
the activepn junction, and(ii) the voltage gradient in the

az
EE( Z) +

2
{e(w,z)+Ae(w,2)}E(2)=0, (5)

c

Ae(2)
oDl

DBRs related to théOhmig) resistance. In Sec. IV we will =— , (6)
argue that the first part is approximately equal to the differ- “o f d { 14 20 ‘?6(2)} 160(2)]2
ence in band gaps of the active and surrounding material 2e(2) dw 0

Vactive™=Vgap2—Vgap1, Whereas the latter part depends on

the voltage drop/,,;, per DBR pair and the effective num- where we have dropped the index, as alle’s should be

ber of pairs felt by the optical field. When we choose theevaluated atv,,.

positive z axis to point from then-type towards thep-type Equation (6) shows that for the shift in resonance fre-
DBR the voltage drop over then junction is positive(cor-  quency the relative variations ia have to be weighted by
responding to a reverse internal figlavhereas the voltage |€o(2)|% variations ofe in the antinodes of the optical field
gradient over the DBRs will be negatiypointing from the are thus very important, whereas those in the nodes do not
p- to then-type DBR. A rough estimate of the average dc count at all. Equatioii6) is quite general and can be used for

electrical field(E4) is thus found to be any type of perturbation e(z). It shows, for instance, also
how the positioning of a quantum-well gain medium with

Vactive 2 fVpair respect to the optical nodes and antinodes is crucial for the
(Ego)~ - (49 modal gain[19,20}; positioning in the anti-nodes maximizes

L L
ca ca the modal gain, whereas quantum wells in the optical nodes

Substitution of Eq(4) into Eq. (2) using typical values for a 9° unnoticed. We use here essentially the same argument for

VCSEL gives a rough estimate for the electro-optically in-Puré index variations induced by a nonzero internal electric
duced frequency splitting of a few gigahertz. field £4.(2) [see Eq(2)]. For such pure index variations and

In Sec. IV we will give a more detailed calculation, which IML€(2)]<R€ &(2)], Eq. (6) reduces to
shows that in the simplified treatment given above we have

in fact forgotten the most important contribution to the deA”(Z)lg (2)|?
electro-optic birefringence. This contribution stems from the ®— wg n(z) "°

internal fields at the various heterojunctions in the top and wo - Ng:(2) ' @
bottom DBRs; these DBRs are generally differently doped f dzw|5o(2)|2

and this breaks the mirror symmetry with respect to the

spacer layer. It did not show up in our rough estimate, as it%vheren (2) is the group refractive index
polarity changes from interface to interface and it thus goes Ina \?vrorking VCSEL the internal eIectr.ic fields will pro-

e o o e e iy ocaeAnogCice opposte it o (2)andr,(2). The resuing i
once the local birefringence is properly weighted of the. othogonaIIy polgrlzed cavity resonances are fqund by
' substitution of Eq.(2) into Eq. (7). To simplify the final
expression we note that for practical VCSELs the material-
ll. PERTURBATIVE TREATMENT dependent quantities(z),ng,(z), and ry(z) vary only
OF THE OPTICAL WAVE EQUATION slightly from layer to layer. As these variations are small as
compared to the strong position dependence of the standing-

In this section we address stéjii) in the calculation, ; R X
) wave intensity distribution,(z)|?, they can, in a reasonable

which is the conversion of the local change in refractive o ! X
index into a shift of the overall cavity resonance. As the@PProximation, pe substituted by spatially averaged values.
changes induced bl are relatively smalh,—n,<n, we We then finally find

can profit from the solutior£y(z) known for E4.=0 (see 3
Fig. 2 and expand this result in a perturbative way. We thus Ox” By ~<n—r41> (Ege) 6]
apply perturbation theory, which is a standard tool in quan- o Ngr "
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where the angular brackets denote spatial averaging in the
longitudinal direction and we have introduced @

n-type p-type

deEdc(Z)IO(Z)
(Ego)="—F—— ©)
fdzlo(z)

as the average electric field weighted by the local optical
intensity 15(2)=|&,(2)|%. (E4c) proves to be a convenient
variable to quantify the electro-optic birefringence. We note
that the factorization of averages in E) is only approxi-
mately correct because the variationsrifz),ny(z), and

r ,1(2) occur on the same spatial scale as thog€j(z)|?. In
principle the original Eq(7) is thus more accurate, but in
practice a further factorization of the material-dependent
prefactor in Eq.(8) yields only marginal changes since the

variations inn(z) ,ng,(2), andr () are quite small. _ FIG. 3. Sketch of the position dependence of some important
~ Equations(8) and (9) describe how the local refractive qyantities in a typical VCSEL, comprising three quantum wells of
index changes induced by the internal electric fiElg(z) material type 1 centered in a oneeavity of material type 2, which
have to weighted by the intensity(z) to evaluate their ef- s surrounded by DBRs composed of materials 2 and 3. The various
fect on the overall birefringence and cavity resonance frecurves show(a) the energy level of the conduction barth) the
quency. This weighting procedure is equivalent to the intro-energy level of the uppethh) valence band, an¢c) the internal
duction of a “longitudinal confinement factor” in the electric field. The dotted lines i@) and(b) denote the electron and
calculation of the effective gain in VCSELR&0]. When this  hole Fermi levels.
weighting procedure is skipped, as was done in our earlier
rough estimate of the electro-optic birefringence, the obfield. The Fermi levels in the- and n-type materials are
tained results could be quite unrealistic. indicated by the two dotted lines. The slope of the Fermi
As discussed in the next section, the dc electric fieldevels denotes the presence of a uniform series resistance,
Eq4c(2) is generally strongly peaked around the various interhindering the enforced drive current. The optical field in the
faces. When these variations are localized within a fractio/CSEL was already sketched in Fig. 2.
of a wavelength their exact shape is unimportant; what The internal electric fieldEy.(2), given as curve(c) in
counts is the spatially integrated electric field, i.e., the potenFig. 3, is no more than a sketch, especially in the neighbor-
tial V4c, which is often denoted as the electrostatic orhood of the active layer, as the exact fidld.(z) depends
built-in potential critically on the amount and spatial distribution of the dop-
ing. The basic physics needed to obtain this curve is quite
7p+o simple: when two different materials are brought together
Lo_ﬁdZEdC(Z)IO(Z)NVdCI o(Zo)- (10 carrier transport will generally produce charged regions of
opposite polarity on both sides of the junction. This space

Below we will calculate these built-in potentialg, on the ~ charge results in an internal field across the junction that, in
basis of the amount of band bending needed to align th&ée unbiased case, creates just enough band bending to align

Fermi levels in the various materials of the spacer and théhe Fermi levels in the different materials and return to equi-
DBRs. librium. This makes the spatially integrated electric field or

electrostatic potential equal to the original difference in
Fermi levels[21,27.

There are basically three important contributions to the

We now return to stefi) in the calculation, which deals average electric fieldEy,) and the resulting electro-optic
with the profiles of the internal electric fielly.(z). This  birefringence. These contributions stem fréinthe built-in
step depends on the device layout, such as material comppetential across the active layéii,) the series resistance in
sition and doping levels, and on the external bias needed tihe device, andiii) the localized fields at the various DBR
produce a certain drive current. Figure 3 sketches the devideeterojunctions.
layout of a generic VCSEL: An active medium, comprisinga  The first contribution td E) arises from the electrostatic
few (for instance, threequantum wells of material type 1, is potential V,.,e across the active layer. Because the exact
centered in a ona-cavity of material type 2, which itself is profile of E4(z) on a subwavelength scale does not matter
surrounded by DBRs composed of alternating layers of we are allowed to replace the complicated structure of the
material 2 and material 3. The band gaps and refractive inactive layer by a much simplgr-i-n junction, a case that is
dices of materials 1, 2, and 3 will be denoted bytreated, for instance, in Rdf22]. In the absence of external
Vgap1<Vgap2<Vgaps and n;>n,>n;, respectively. The bias the alignment of Fermi levels in the doped materials
various drawn curves in Fig. 3 sketch, in a working VCSEL,leads to a reverse internal field over the junction and an
the spatial dependence @) the conduction bandb) the electrostatic potential that almost equals the band gap of the
upper(heavy holg valence band, an) the internal electric  cladding material 2. For forward bias the Fermi levels in the

IV. INTERNAL ELECTRIC FIELDS
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p- and n-type material shift with respect to each other andthe band-gap difference that can be assigned to the conduc-
the internal field is reduced. When the external bias and cortion band[23]. For not too low doping levels the electrostatic
responding Fermi level splitting becomes equal to and largepotential across each 2-3 heterojunction is equal to
than the band gap of the active material 1, one reaches tran¥z,~V 4,3~ Vgap2 Multiplied by ncgo for the n-type DBR
parency and than carrier inversion and laser action can occuand 1— ¢ for the p-type DBR.
In this situation the electrostatic potential over the junctionis The internal fields at consecutive heterojunctions of a
DBR have opposite polarity, pointing away from the high-
Vactive=Vgap2~ Vgap1~ Veorr 11 band-gap material in the-type DBR and towards it in the
p-type DBR(see Fig. 3. At first sight, one might thus expect
the contributions of these opposing fields to average out.
p|owever, this does not happen as the internal fields have to
Be weighted by the local optical intensity, which has nodes at
one set of heterojunctions and antinodes at the other.
Furthermore, the field polarity at the firgttype and first
p-type heterojunctions are equake Fig. 3. When we now

whereV,,, is a small(order 0.05 V correction that depends
on the concentration and binding energy of the dopants, o
the quantum-well thickness, and on the degree of inversio
in the active mediuni22]. Substitution of this potential into
Eqg. (10) and then back into Eq9) shows the contribution of
the active layer tqE ;) to be

2Viaer add the contributions tdEy.) of the internal fields at
(Eactive) = # (12)  the n-type andp-type DBR heterojunction by substituting
cav the potentials mentioned above into E§), the conduction-

where the factor of two appears because the active layer gar;d ?ﬁsgtnc]?o fortuhnately dro;()js out 0; the prpblgm. The_
positioned in an optical antinode and the cavity length, multiplication factor that occurs due to the spatial integral is

results from the spatial integral in the denominator of Eq'z_(f+1/2),_where '_che pr_efactor_z appears because the poten-
9). tials are situated in optlcal. antmodes and because the.effect

The second contribution t6E.) arises from the series of the n- and p-type heterojunctions were aIreat_iy comblngd
resistance of the VCSEL. As this resistance originates domia"d where the term 1/2 appears because the first heterojunc-
nantly from the relatively thick Bragg mirrors it is most con- tions that count lie already at the boundary of the DBRs.
veniently expressed in terms of the voltage dip;, per Division by the effective cavity length.,, gives
low and high refractive index pair. The magnitude and spa- v
tial distribution of the related dc field depends on the mate- (g =(2f+ 1)—2 ~ _
: e : ; peRY = ( )T L +2LgenNo/2
rial composition and doping of the Bragg mirrors. In the cav spacer penAo/eN
simplest treatment one assumes the series resistance to be (14
uniformly dlstnbu'_[ed over the DBR, as would be_ the case for Combining the three contributions given abofEgs.
a bulk-type Ohmic resistance. In a more detailed treatmer\(t _ 3

! A 12)—(14)] we finally get

one could separate out the localized Schottky-type resistance

No/2n+2Lpen Vi

associated with tunneling through and thermal emission over (Edc) =(Eactive) T {Eseries + (Epgre

the potential barriers at the heterojunctid28]. However,

this introduces several unknowns in the calculation of a con- :Zvactive _ 2fVpair I (21+1)Vs (15)
tribution that is found to be small anyhow and we will there- Leay Leay Leay '

fore stick to the simple approximation of a uniform series ) . )

resistance, as sketched in Fig. 3. Given the total numbeFhis result differs from the earlier rough estimafeg. (4)]
DBR pairs, the magnitude 0f ,4;, can be easily obtained DY the factor 2 in front oM,y and the extra contribution
from the experimentaV-1 characteristic of the VCSEL. Af- from the DBR heterojunctions. We note that the latter can by
ter substitution into Eq(9) and spatial integration, which Very large, mainly because of the multiplication factor
yields a multiplication factor £ as the effective number of 2f+1, which shows how the electrostatic potentials across
DBR pairs felt by the penetrating optical intensity, we get thethe_many interfaces add up constructively to a single contri-
following expression for the contribution of the series resis-bution.

tance to(Eqc): In Sec. V we will find that for practical VCSELs the
electro-optic birefringence is by far dominated by the poten-
(Evored of Vpair 2Lpen Voair tial across the DBR heterojunctions. This warrants an alter-
serie Lea Lspacert 2Lpen No/(2N)° native treatment of this birefringence, in termstaiveling

(13 instead ofstandingoptical waves. For traveling waves the
intensity weighting, which was so important before, seems
where we note that this electric field points towards negativerrelevant. What now becomes important is the phase relation
z (from the p- to then-type DBR), making(Egeric9 <O. between the forward and backward propagating waves, a
The third contribution to/Ey.) arises from the localized phase relation that is imposed by the backscatter from the
fields at the various DBR heterojunctions. These internaBragg gratings and the thickness of the active layer. A con-
fields are of course similar to those appearing @@ ho-  venient way to summarize this backscatter is in terms of the
mojunction. The electrostatic potential across the heterojungeflection phase(w). Well within the stop band the DBR’s
tion once more depends on the Fermi level difference of theeflection amplitude is practically constant at almost 100%,
composing materials. However, this now also includes a difwhereas its reflection phag# w) changes linearly with fre-
ference in electron affinity, which is usually quantified by thequency{17,23. The point¢(w) =0 corresponds to the DBR
so-called conduction-band offsetgg, being the fraction of resonance frequency, where the average optical wavelength
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equals twice the grating period; the slopé(w)/dw is re-  to be no established value fog; of AlAs. On the basis of

lated to the DBR’s penetration depth. Below we will show the limited dispersion of 4; and the similarity between AlAs

how the electro-optic effect codeterming$w) and thereby and GaRsame number of electrong has been argueld 5]

the cavity resonance frequency. that one could equally well take the value for GaP, being
A simple expression for the reflection phagéw) can be  r,~—1.1x10 2 m/V. This would make the,; coefficient

obtained from a coupled mode analysis in which the cruciabf AlAs about 30% less than that of GaAs, whereasrthe

parameter is the coupling rate between the forward and coefficient of Al,Ga;_,As would naturally lie in between.

backward traveling waves in the DBR6]. This coupling  Substitution ofA, = 850 nm and the values far, ny,, and

rate is proportional to the Fourier component of the indexr,; mentioned above into Eq8) gives the rather general

variations with the propex/2 periodicity. Inspection of Fig. relation

3 shows that the index variations originating from the fields

across the DBR heterojunctions indeed have this periodicity.

However, they are shifted overN4 period with respect to = vy~(Egc) X3.0-5.9 GHzum/V, (18)

the primary grating and thus provide a pure imaginary con-

tribution to k. The result is a shift ofs(w) equal to the ratio

of the Fourier components of the electro-optically induced,are the values 3.0 and 5.9 apply to AlAs and GaAs, re-
grating and the primary index grating. Mathematically, thisspectively, and the frequency splitting— v, is expressed in

shift is equivalent to gsmal) detuning of the DBR reso- GHz and the average internal fiel&g.) in V/gm.

nancewpgr [16] by We will now concentrate on a special case. In the
VCSELs used in our experimerisee Sec. Vjl the active
4 layer comprises three GaAs quantum wells centered in a
_f dzAn(z), (16) one-\ cavity of AIO,.lgGaO,BQAs, whereas the DBRs are com-
Ao posed of alternating\/4 layers of Al dGaggAs and
AlAs [24]. We thus have “material £GaAs,” “material
) ] ) ] ) 2=Al .14Gay gAAs,” and “material 3=AlAs.” At room tem-
where the integral applies to a single heterojunction anq)erature the respective band gaps afg,,,;=1.42 V
An(2) is the electro-optically induced change in refractivey, ano=1.67 V, andV,,,5=2.17 V, where th% latter corre-
index, being negative for one polarization and positive forsgo%ds 1o the indirect Bap associated with ¥oeninimum
the other. Substitution of E¢2) and integration ovez gives [25]. At the lasing wavelength of 850 nnh{ = 1.46 eV)
the polarization-dependent resonance shift of each DBR ilghe refractive indices of these materials af25—27
terms of the electrostatic potential over its heterojunctionsn1:3.64 n,=3.46, and ny=2.99, making f=3.4
which for then-type andp-type DBR’s are proportl_onal to Lpen=0.45 uMm, Lgpace=0.24 um, and Lo, =1.14 um.
7ceo and 1~ 7ceo, respectively. The frequency shift of the oo Al Ga, ,As structure, with an average=0.59, the
cavity as a whole is now found by adding these contrlbutlon%\,eighted prefactor in Eq18) becomes-4.2 GHzum/V.

and weighting th_em with a faCt_dLPen/(LSPaC_er+ZLpen)- Using the above numbers, we find for the electrostatic
When this result is compared with E() we find that the ; ; ; ;

. : P X X X potential over the active layer and DBR heterojunctions
internal fields over the DBR heterojunctions contribute tovactive%O-ZO V andV4,~0.50 V, respectively. The series

(Eqc) @n amount resistance is found from the experimental characteristic.
At a current of 7 mA, which is 1.4 times above threshold, our
oL Vv VCSELs need typic.ally 25V of gxterr_lal bias. Aftgr subtrac-
(Epgre = pen 32 (17) ftion of the Fermi level splitting in the active layer
Lspacert 2 Lpen No/2n (=~Vgap1) and division by the total number of DBR pairs
(20+25) we find V,;,~0.024 V. Substituting these number

) ) _ ~into Eqg. (15 we get the estimate for the electro-optic bire-
This result{Eq. (17)], which was obtained for the same field fringence

distribution E(z) as used in the perturbative approach, but
via a completely different routétraveling versus standing
waves, is identical to the result obtained earligtq. (14)]

for the practical case of smadl, i.e., largeL .

AwDBR n

wqo ngr

Vyx— Vy%A VactiveT A Vseriest A VpgRs

~+1.5-0.6+14.4 GHz

V. TYPICAL VALUES TO BE EXPECTED — +15.3 GHz. (19)

To get some real numbers for the expected electro-optic
birefringence in AlGa;_,As structures we start by noting
that most quantities in Eq8) are rather device independent. The above addition, which separates the three different con-
At a typical wavelength of 850 nm the refractive indices oftributions, clearly shows that the electro-optic birefringence
Al,Ga;_,As vary, for instance, between abaut=3.0-3.6  must be expected to be dominated by the internal fields at the
andng,~3.5—4.5 forx=0—1. The coefficient,; has only =~ DBR heterojunctions. As explained above, the effect of these
been measured for=0, i.e., GaAs, where it shows practi- opposing fields does not average out because they should be
cally no dispersion near the band gap and has a value afeighted with the local optical intensity, which has nodes at
ra~—1.6x10 2 m/V [12-15. Unfortunately, there seems one set of heterojunctions and antinodes at the other.
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TABLE I. Statistical data of the measured birefringence for two | ]; each point A v,¢) corresponds to one VCSEL, the circles
types of VCSEL arrays. The mean value and standard deviation gind stars refer to thex16 and X 8 arrays, respectively.
the magnitude and orientation of the birefringence are presented a3, experimental setup was sensitive enough to perform
Av, 04,, ¢, ando,, respectively. measurements also below the lasing threshold. (l¢es ac-
curate values forAv and ¢ measured in that situation dif-

. il Av (GHz) f(de@ fered by less than 1 GHz and 2°, respectively, from the
Typeofarray  Usefullasers Ay oa, ¢ 0y above-threshold values. This shows that “pulling or push-
1% 16 39 103 33 907 30 Ing” by possible polarigation-depend_e_nt saturatifdl is

1x8 18 41 3.6 89 15  small under our experimental conditions. Note that for

both array types the birefringence is scattered around a non-
zero average magnitude and a well-defined angf#e90°,
The sign of the above resulEq. (19)] allows one to  which was denoted as “vertical” in the Introduction. Note

distinguish thg 110] from the[lﬂ)] axis solely on the basis also that we did not use all lasers. On the basis of visual
of the optical spectrum emitted by the VCSEL. A positive inspection underneath a microscope we rejected devices
sign of the result corresponds to light polarized along thewith deep scratches in the metal contacts or with cracks in
[110] axis having a higher resonance frequency than lighthe wafer close to the VCSEL. The need for rejection was
polarized alond110] (v,> v). clearly demonstrated by the extreme values we found for
some rejected VCSELs, where we measured, ey,
=42 GHz and¢ = 60°.

We believe that the observed average or systematic bire-

We will now return to, and extend, the experimental datafringence is to a large extent due to the electro-optic effect,
presented in Sec. I. In those experiments we have measureghereas the random birefringen@e spread im\ v and¢) is
with a polarizer and a planar Fabry+Becavity, the polar- related to random stress and strain in combination with the
ization orientationg of the lasing TEMy; mode and the fre-  elasto-optic effeck7,8]. For all lasers the polarization direc-
quency splittingAv with the other “nonlasing” TEMy,  tion showed a strong preference for the angke90°, being
mode; ¢ and Av are associated with the orientation and perpendicular to the array axis and thus along a diagonal

strength of the birefringence, respectivdly,8]. We have . T . .
. ystal axis([110] or [110]). This agrees well with the pref-
tested 57 different VCSELS located on thres 16 arrays erence predicted for the electro-optic effect. In the absence of

aﬂd three X8 arrays. These arrays differed mainly in their any other anisotropies this polarization is expected to be ex-
pitch (62 versus 125um) and size of contact patb0x 50 . . . AR .
actly identical for all lasers. In practice strain will spoil the

2 2 H
ume versus 880 um?) [24]. The proton-implanted de- A )
vices had emission wavelengths around 850 nm, threshol’aerfeCt dlrectlon_allty(see beloy)/.
The observation that v>0, i.e., that the frequency of the

currents of~5.0 mA, and were used at 7.0 mA. The polar- , " e .
ization angles was measured with respect to the array axis, vertically polarized” lasing mode is larger than that of the
i‘horizontally polarized” nonlasing mode, allows us to dis-

which we assumed to lie exactly along a diagonal crystal .
axis, being the natural plane of cleavage. criminate the[110] from the[110] direction. A comparison
The histogram in Fig. 1 shows the measured values oWwith the sign of the predicted electro-optic birefringence

Av for the 1X 16 arrays only. Table | summarizes the mea-leads us to conclude that in our VCSELSs the “vertical direc-
sured values ol v and ¢ for both array types; the accuracy tion” corresponds with th¢110] crystal axis. The array axis,

of these measurements is 0.1 GHz for and 0.5° for¢p.  which is orthogonal to this direction, must thus be aligned
Figure 4 gives a graphical representation of the data in Tablgbng the[110] crystal axis. This information is difficult to
obtain otherwise; without the manufacturer’s help one has to
rely on Rotgen diffraction on the mounted device or other,

VI. EXPERIMENTAL RESULTS

2 * destructive techniques.

g, 110 * * For the lasers from theX 16 arrays we measured an av-

S x * . . erage frequency splitting v~ +10 GHz; for the lasers from

g x i x o0 & %  oapy ] the 1X 8 arrays we found\ v~ +4 GHz. These values seem

5 % % * o ° to be somewhat small, but are of the same order of magni-

s . * tude as thet-15 GHz predicted for the electro-optic birefrin-

g x * gence. It is not yet clear why there is a difference between

kS 70 the two array types. Unfortunately, we cannot rule out other

g x systematic contributions to the birefringence, a possible can-
5 o 5 10 15 20 didate being systematic strain arising from the nonuniform

environment of VCSELSs in an array due to the presence of

Frequency splitting [GHz] neighboring lasers and nearby electrical contacts. Still, we

consider the observed systematic birefringence and the

FIG. 4. Scatter plot of the magnitude and orientation of theorder-of-magnitude agreement with theory a strong indica-

measured birefringence for the VCSELs from th& 16 arrays tion for the existence of an electro-optic birefringence in
(open circles and those from X 8 arrays(stars. practical VCSELs. However, the evidence is not conclusive
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and it would be very interesting to compare our theoretical VIl. SUMMARY AND CONCLUSIONS
prediction with experimental data for other VCSELS, prefer-
ably produced via different techniques. In summary, we have discussed how the internal electric

As a bonus of the statistical data presented in Fig. 4 anglelds in a working VCSEL result in electro-optic birefrin-
Table I, we will now analyze the observespreadin bire-  gence. We have quantified the various contributions to this
fringence to obtain information about the generating stresgjrefringence and shown that the largest effect generally
and strain in the devices. The relation between birefringencgomes from the internal electric fields at the heterojunctions
anq stress has been studied quite extensively in another ex the DBR mirrors. A key point in the calculation was the
periment, where a controllable amount of stress was addefe, that these fields have to be weighted by the local optical
by means'of local heating in the V|cm!ty of thg VCSELB]' intensity, which exhibits nodes and antinodes at consecutive
That relation was measured to be highly anisotropic: Wher?]eterojunctions. An estimate of the electro-optic birefrin-

birefringence was a factoAeo/Ae=2.7-0.5 larger than  qjiting between the orthogonally polarized TEMmodes
when the same amount of stress was applied alon{i®@ ¢ ;pout 15 GHz.

or [010] axis, A, and A, being the elasto-optic and the
elastic anisotropy factor, respectively. The combination ofv
this result with the known valu&,,= 1.8 gave an even larger
anisotropy ofA.,~4.9+0.7 for the relation between strain

Statistical analysis of measurements on a set of 57
CSELs shows the experimental birefringence to be com-
posed of a systematic and a random contribution. The sys-

L tematic birefringence is ascribed to the electro-optic effect,
and birefringenc€7,8]. . A .
The statistical data in Table I allows us to deduce infor-T'2YP® in combination with other causes, whereas the ran-

mation on the anisotropy of the elasto-optic tensor. Evergom birefringence is ascribed to random stress and strain.

when the underlying stresses or strains are assumed to B&'€ Systematic birefringence was found to be oriented along

randomly distributed in angle and strength, the resulting pithe [110] axis, its magnitude being comparable to the pre-

refringence will show a preference for the diagonal axes. Foflicted value. A comparison between the observed variations
random stress we expect an anisotropyAe# 2.7; for ran-  in frequency splitting and polarization angle§, and o)

dom strain we expectefl~4.9. To get a statistical estimate confirmed earlier claims that the elasto-optic tensor is highly
of the experimental anisotropi,;, Using the assumption anisotropic. We predict that any reduction of the random
of random stress or strain, we note that the systematic an@irefringence will automatically lead to a more reproducible
random birefringence add in a tensorial W&y8]. When the VCSEL polarization since in that case a more dominant role
random birefringence is much smaller than the systematiwill be played by the electro-optic birefringence that is in-
one this addition simplifies considerably and the statisticallyherent in the standard VCSEL design and that has a well-

determined anisotropy facteéys,,; is found to be defined direction and magnitude.
We note that the predicted electro-optic birefringence
Agiai= Tav , (20) stems from voltage drops and is therefore not dirgctly I_inked
2Avy,04 to current. The effect can thus equally well occur in optically

h dA h didv. th q pumped VCSELs, at least when they contain asymmetric
whereoy,, oy, andAv,, are the spread Id v, the spread . i, o b type doping for one DBR and-type doping
in ¢, and the average frequency ;phttmg, respecively. for the other DBR. In wafers with such standard doping a
% 1\/23/ f;?:\avie fipr)?/:/%itc:hhetr?g?:\gi(;ﬁ%ze tzghye d:tal;‘;(')smwtge 1calculation along the lines sketched above will give compa-
yS, Av av APPISS, rable values foEy.) and the electro-optic birefringence.

obtain Ag;,7~3.1. For the X8 arrays, wherer,,~Av,,, . S .
stat y Av =5 Vay The only way to avoid electro-optic birefringence is to use

the tensor addition should be performed to higher order ir} I ic devi h dooed waf
oa,/Av,, , yielding an extra factor/1+ 2(os,/Av,.)2 on ully symmetric devices, such as undoped wafers or sym-

the right-hand side of Eq20). Substitution of the statistical Metrically doped wafersg(p or nn), where the electro-optic
data for X8 array now gives a rough estimate of effec_ts dlsgppear in the spatial average. This idea has been
Aga~2.7. The two estimates given above are comparable t§ONfirmed in a recent study of optically pumped VCSELs,
the value Agy/Aq~2.7+0.5 as determined from earlier, Where the birefringence in a standard-dopedwafer was
more direct, experiment,8]. They thus seem to confirm found to be about 10 GH.z, whereas it was practically absent
both the high anisotropy of the elasto-optic effect as well ag <2 GH2) for a symmetrically dopegp wafer [28].
the assumption of random stress.

We note that the random birefringence measured for the
two array types is approximately the same. This is demon- ACKNOWLEDGMENTS
strated by the values af,, in Table I, which are practically
the same for both arrays. It is also demonstrated by the un- We thank Vixel Corporation for kindly supplying us the
equal values otr, ; although the polarization orientation of special arrays needed for the experiment. We acknowledge
the VCSELs from the X 16 arrays is much better defined, support of the *“Stichting voor Fundamenteel Onderzoek der
this is only so because of the larger systematic birefringenc®aterie” and of the European Union in ESPRIT Project No.
in these lasers, which makes the polarization rotation in20029 (ACQUIRE) and TMR Network No. ERB4061
duced by the random birefringence relatively less importantPL951021(Microlasers and Cavity QED The research of
The anisotropy of the elasto-optic tensor in fact helps to eveM.P.v.E. has been made possible by the “Royal Netherlands
further reduce the spread, [see Eq(20)]. Academy of Arts and Sciences.”
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