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We demonstrate spatially nonuniform polarization of the fundamental transverse mode in a vertical-cavity
surface-emitting laser. Using a vectorial electromagnetic model, we find orthogonal linearly polarized compo-
nents in the field of a solitary mode. We give experimental evidence for our predictions by polarization-
resolved near-field measurements: the fundamental transverse mode contains a four-lobed intensity distribution
in one linear polarization direction that is weaker than the dominant orthogonally polarized Gaussian-shaped
distribution by 35 dB in excellent agreement between experiment and model.
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The commonly used approach to determine eigenmodetheory. We expand the vectorial electromagnetic field in
of optical resonators is based on a scalar description of theerms of the continuous basis of the TE and TM free space
electromagnetic field1]. To obtain cavity solutions within modes labeled by the transverse wave ve&tdd9]. The
the framework of the scalar paraxial approximation, it is nec+efractive index perturbation introduced by the device struc-
essary to assume a uniform linear polarization of the fieldure leads to a coupling between the expansion modes and
vector in any cross section of the spatially extended modevia coupled-mode theorf20] it is possible to define a rela-
However, it has been shown that a homogeneous linear pdion for the electric field at any two longitudinal positions
larization is only compatible with infinitely extended plane of the resonator. The boundary condition is given by the
waves, whereas beams of finite size or nonplanar wave frondemand for self-consistency between backward and forward
require components of the field vector along the beam’s maipropagating waves at two arbitrary valueszaind defines a
propagation axig“longitudinal polarization”) and orthogo- simple eigenvalue problem: eigenvalues are related to the
nal to the dominant linear polarization directi¢itross po-  threshold gain and lasing frequency of the modes, while the
larization”) to maintain consistency with the transverse na-corresponding eigenvectors give the distribution of the ex-
ture of electromagnetic waves as a basic result of Maxwell'pansion coefficients ovédrand thus allow the reconstruction
equationg2,3]. This phenomenon has been addressed for thef the vectorial field.
case of radiating spherical particlgs, illuminated pinholes We apply this model to particular structures that are avail-
[2], and Gaussian-Maxwell-beams of gas lagér6], where  able to us for experimental verification. The devices are
nonuniform distributions of the electric-field vector have oxide-confined AlGaAs VCSELs provided by Honeywell,
been predicted and observed. The power ratio between tHac. They have oxide apertures ofi8n diameter and emit at
weak cross-polarization component and the total power iwavelengths oh ~845 nm. For these devices, we calculate
the propagating TEMrmode of an Ar-ion laser has been the complex vectorial field of the cavity solutions and so
measured to be only 10! [6]. Thus, the effect is usually obtain complete information on the polarization state. In the
assumed as negligible and transverse modes are regardedfaowing, we depict the vectorial fields by plotting the three
spatially homogeneously polarized. This assumption has alsGartesian field component£(,E, ,E,) because their par-
been adopted for transverse modes in vertical-cavity surfacgicular shapes allow a very sensitive experimental investiga-
emitting laser§VCSELS [7], a special type of semiconduc- tion of the polarization state.
tor laser whose polarization properties have attracted broad In Fig. 1, we present the calculated intensity distribution
interest[8—10. Numerous investigations of polarization re- in the near-field of the fundamental transverse mode. We
lated phenomena have been condu¢fdd-15, but thorough  obtain two vectorial solutions, labeled as even and odd,
studies of spatial variations in the polarization of a solitarywhich are degenerate in frequency and gain due to the circu-
transverse mode in a VCSEL are up to now missing. Insteadar symmetry and isotropy initially assumed in the model.
it has been initially assumed that the polarization state of th&hey both possess a nonzercomponent as a consequence
emitted light is well described by a single set of Stokes paof k# 0 contributions in the field expansion. Moreover, both
rameters for each transverse mg¢dé,17. solutions simultaneously contain unequal compongraad

In this work, we demonstrate the transverse modes’ vecy, indicating that the modes’ polarizations are spatially inho-
torial character. In particular, we use a joint theoretical andnogeneously distributed. The dominant components have a
experimental approach to analyze the spatial distribution of5aussian-like intensity profile, while the weaker components
the polarization vector in the near field of a VCSEL's solitary have a characteristic four-lobed profile.
cavity mode. For the computation of the modes we apply the In order to explain the origin of these spatial structures,
model of[18] based on mode expansion and coupled-modeve explicitly derive the expressions of the field expansion
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FIG. 2. Experimentally obtained polarization resolved near-field
images. The gray scales are separately normalized to the intensity
maxima in each polarization.

to degenerate Bragg-mirror reflectivities and mode-coupling
coefficients. Any confined mode, however, is characterized
by a k-distribution with nonvanishing contributions &t 0
odd mode (ATE£A™) and therefore is inherently inhomogeneously
polarized. Consequently, the approximation of homoge-
FIG. 1. Computed squared field components of the two degenneously linearly polarized modes is certainly good for the
erate fundamental mode solutions encoded in a linear gray scale gsndamental transverse mode in large diameter VCSELs with
depicted on bottom of each image. Upjflenver) part: evenlodd-  eak guiding mechanisms where the distribution of the ex-
mode e_xpansion. The white circle indicates the oxide aperture Of)ansion coefficients is narrow and peaked arokird. In
3-um diameter. contrast, we expect the effect of inhomogeneous polarization
to become observable in the case of small aperture oxide-
for Ex(r,¢,2) andEy(r,¢,2). In the case of the fundamental confined VCSELs, where the optical field is more tightly
mode in an isotropic and circularly symmetric laser, the ex-confined and the modes have a broaktelistribution of the
pansion modes of different azimuthal orderare uncoupled  expansion coefficients with highérvalues involved. Thus,
and the transverse fields are written[&8] the spatially nonuniform polarization of the modes is a direct
consequence of the VCSEL cavity and characteristic for the
fields of all confined modes.
In order to give experimental evidence for our theoretical
(0.1) predictions, we have performed polarization resolved spa-
tiospectral measurements on our VCSELs. Using a Glan-
E,= f dk [ Jogo(ATE+A™) — J,g,(ATE- ATM) ], Thompson polarizer with an extinction ration of 40 dB and a
high-resolution high-sensitivity CCD camera we have re-
corded images of the VCSEL near fields projected onto or-
where k is the transverse component of the wave vectorthogonal axes of linear polarizatior,andy, analogous to
ATE(k,z) and A™(k,z) are the complex expansion coeffi- Fig. 1. The resulting images are displayed in Fig. 2. The left
cients, andl,,(kr) is the Bessel function of ordem, with r part of Fig. 2 contains the Gaussian-shaggmblarized com-
as the radial coordinate. The functioh§( ¢) andg,(¢) are  ponent of the total near field, which in our laser is the stron-
ger component. In the right part of Fig. 2, we present the
codme) —sin(me) even pr(_)jection .of the near figld onto the orthogquiolgrization
m( )=[ . D Om(o)= axis. In this near-field image one clearly recognizes a char-
sin(mg) cogme) odd acteristic four-lobed distribution similar as that of the even
0.2 mode in Fig. 1, superimposed with an additional central spot.
In principle, the four-lobed part of the distribution could be a
being ¢ the azimuthal coordinate. The contributiohsand  second order transverse mode. To exclude this we have per-
go in (0.1) have no azimuthal variation and result in formed spatiospectral measurements ofymlarization by
Gaussian-like distributions. Moreoveg,=0 in the even combining a 1-m Czerny-Turner spectrometer and the CCD
mode expansion anth=0 in the odd mode expansion. Due camera(details on the setup are given [ih5]). We present
to sin(2p) and cos(?), f, andg, correspond to four-lobed these results in Fig. 3 where the upper part is the spectrally
distributions mutually rotated by 45°. The ratio between theresolved near-field image: the cavity modes are separated
weights ATE—A™) and (ATE+ A™) determines the ratio along the horizontal axis according to their spectral splitting.
betweenE, and E, and therefore the deviation from a uni- Since the dispersion of the used grating is too small to also
form linear polarization state. Wheh"™==A™  the field is  resolve the spectral width of the individual modes, their spa-
homogeneously linearly polarized. This condition is fulfilled tial distributions are reproduced in both transverse directions
only for k=0, where TE and TM modes are degenerate duevithout noticeable distortion. The lower part of the figure
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quantitative agreement with the experimental observations,
36+2 dB.
Inhomogeneous polarization of laser modes has been re-
100 ™ : : ported before. Indeed, the four-lobed intensity distribution
Jk observed in an Ar-ion las¢6] closely resembles the present

results. However, the ratio between weak and strong polar-
0 A , ; ization components in the Ar-ion laser was 1§ which is
843 844 845 weaker by more than seven orders of magnitude than in the
wavelength (nm) VCSELs. The physical origin for the particular strength of
the effect in the VCSEL is the difference in both, the reflec-
FIG. 3. Upper part: spectrally resolved image of yhgolarized  tion coefficients of the multilayer Bragg-mirrors and the cou-
near field. The first order mode has been selectively enhanced kyling coefficients of the expansion modes for TE and TM
applying a nonlinear intensity scale. Lower part: optical spectrum.polarized light, mostly caused by the oxide layer. Both struc-
tural elements are not present in gas lasers.

contains the corresponding nonspatially resolved optical 1€ remarkably high degree of inhomogeneous polariza-
spectrum. At =845.4 nm we observe the four-lobed distri- tion in VCSELs implies direct technological consequences:

bution of Fig. 2. In VCSELs, higher-order transverse modes 2" applications require a high power ratio between or-

. L hogonal linear polarization components, i.e., a high degree
Ofg]:illl:tzr?é Iol\;\l/ r?;rwr?w\i/ﬁlcig%tﬂ's 31uee fgfstt_t;? d(r;frfr\ ;tr:\éselrr;c;e%f polarization purity. In real-world VCSELS, the polariza-
P P : ' . tion ratio rarely exceeds 25 dB due to the contributions of
mode atA=843.3 nm is separated bf\=—2.1 nm in

. nonlasing modes of different polarization direction and un-
agreement with our model. The second order fransvers§qarizeq spontaneous emission. As an important result of
mode with a four-lobed near field has been observed at evefg present investigation, the fundamental limit for the polar-
lower wavelengthsh =841.0 nm in agreement with the zation purity even of a perfectly single-mode VCSEL is de-
model but only at very high pumping. The four-lobed distri- termined by deviations from the linear polarization state of
bution atA =845.4 nm, in contrast, is present at any injec-the solitary mode. The polarization purity of a single mode
tion current which is evidence that thepolarized part of strongly depends on the cavity structure via its guiding effect
Fig. 2 indeed is the weak vectorial component of the everpbn the optical field and amounts te35 dB in the device
fundamental mode. Superimposed to the four-lobed distribuander analysis.
tion, however, there is an additional central st Fig. 2). The quantitative agreement between the theoretical pre-
We have proven that this spot i®t a residual part of the dictions and the experimental observations for the fundamen-
Gaussian distribution in the strongpolarization by adding tal transverse mode is strong evidence for the validity of the
one additional polarizer along thyepolarization without fur- ~ applied model. As a general result, the vectorial model pre-
ther weakening the central spot. Thus we conclude, that thdicts thatall transverse modes are spatially inhomogeneously
central spot is the Gaussigncomponent of the weakly ex- Polarized. An experimental analysis of these profiles remains
cited odd fundamental mode. a task for future work.

In real lasers, the even and odd fundamental mode are 'n conclusion, we have demonstrated that transverse
split by birefringence, because their dominant component§odes in VCSELs are inherently inhomogeneously polar-
are orthogonally polarized. We have been able to measurged. The strength of the deviation from a spatially uniform
this mode splitting by using a scanning Fabry-Perot interferiPolarization depends on the device characteristics and in-
ometer. In our lasers, the spliting amounts to oy  Creases with tight optical conflnemenp In 'the case of the
=2 GHz corresponding taA=0.005 nm at\ =850 nm, fundamental transverse modez the optical field c_ons_,lsts of a
which is below the resolution of the spatiospectral measureSaussian-shaped component in the strong polarization and a
ment. Thus, the even mode’s four-lobed distribution andour-lobed distribution in the weaker orthogonal one. The
the odd mode’s Gaussian component are not resolved ipbserved effect is more than seven orders of magnitude
Fig. 3. Birefringence also affects the power partition intoStronger than former reports from gas lasers as a conse-
orthogonal polarizations. In order to quantitatively estimateduence of the particular cavity structure of oxide-confined
the power ratio of one mode’s vectorial components in theVCSELS. Thus, our results of spatially nonuniform polariza-
device under investigation, we have included within thetion shed new light on all polarization involved quantum
model an anisotropy. It determines the measured birefrinoPtical phenomena in VCSELs.
gence and can originate either residually or intentionally, as
e.g., by stress resulting in gain anisotropy or dichroism We gratefully acknowledge H. Joch of Honeywell Ger-
[22,23. The birefringence serves to select the lasing modenany and J. Tatum of Honeywell USA for providing us with
by lifting the degeneracy between the even and odd solutheir excellent lasers and for valuable structural information.
tions, but has no influence on their spatial distribution. AThe activity reported has been carried out in the framework
further effect of birefringence is an enhancement of the wealof the Vigoni project(DAAD/CRUI). The Torino group ac-
vectorial components of each mode by a factor of 20, resultknowledges the support of MADESS(FProgetto Finalizzato
ing in a ratio of the peak power densities of tkeandy  of Italian CNR. The Darmstadt group acknowledges funding
components for the lasing mode of 37 dB. This ratio is inby Deutsche Forschungsgemeinscliidt 105/10.
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