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We demonstrate numerically and experimentally that, ,, circularly polarized (CP) light, needed to excite the required
in vertical-cavity surface-emitting lasers (VCSELs), an 2 atomic transitions [9]. This is currently achieved by the usage of
originally non-chiral cavity can be converted into a chi- 2 a quarter-wave plate to convert the VCSEL output polarization
ral cavity by the interaction between a sub-wavelength 24 from linear to circular. This limits the scale-down of atomic de-
grating tilted with respect to the crystalline axes and the 2 Vices, raising the need for native CP emitters. In the VCSEL field,
intrinsic semiconductor optical anisotropies, i.e., electro- * Various possibilities to achieve such a result are investigated
and elasto-optic effects, thus enabling the emission of 27 1n.[16.], focusmg on 3D cav1ty chirality via the introduction of
elliptically polarized light. The measured Stokes param- * misaligned optical anisotropies.

eters of such a VCSEL, realized by a standard grating
based VCSEL fabrication process, are fully in-line with
the modeling results and confirm that, in dependence
on the grating parameters, the full Poincaré sphere in-
cluding circularly polarized can be covered on-demand.

29 In this work, we aim to harness the capabilities of sub-
» wavelength grating (SWG) VCSELS to inherently emit custom
st polarization states by tilting the grating bars with respect to
22 the crystalline axis of the device. Building on the model out-
s lined in [16], we investigated the combined effect of intrinsic
s anisotropies, such as electro- and elasto-optic effects, aligned
s with the crystalline axes, together with the extrinsic anisotropy
http://dx.doi.org/10.1364/20. XX.XXXXXX s introduced by the tilted SWG. The validation of our model
s through comparison with experimental data opens new possi-

Introduction. In recent years, vertical-cavity surface-emitting % bilities for polarization engineering in standard grating VCSELSs,
lasers (VCSELs) have become the predominant coherent light % enabling on-demand access to any desired polarization state.
sources for a variety of established applications, such as short- 4 Structure under investigation. The considered AlGaAs-
haul optical interconnects [1, 2] and 3D sensing [3]. However, # VCSEL, emitting at A = 850 nm, is grown epitaxially by
even though VCSELs were originally appealing for their reduced 4 metal-organic vapor-phase epitaxy (MOVPE) on an n-doped
power consumption, a demand for high-power single-mode VC- 4 GaAs substrate with a donor concentration of Np = 2 x
SELs arose from novel applications such as LIDAR and devices 4 10 cm™3. The bottom n-doped (Np = 1.5 x 108 cm~3)
based on optical atomic pumping [4]. The latter represents a 4 distributed Bragg reflector (DBR) comprises 30 pairs of
class of devices including quantum gyroscopes [5, 6], atomic 4 Alg19GaggpoAs:Si/AlygsGag gsAs:Si layers. Each layer has a
clocks [7] and atomic magnetometers [8], relying on more com- 4 thickness of A/ (4n,), where n, is its refractive index. Above
pact light sources such as VCSELSs to scale down their size to 4 the bottom DBR, an intrinsic A-cavity made of Alys50Gags9As
the chip scale [9]. Typical requirements for the laser source are 4 embeds the active region (AR), which provides optical gain to
high-power single transverse mode with a stable linear polar- s support lasing. The top p-doped (Nx = 1.5 x 10'® cm~3) DBR
ization in output [10, 11]. State-of-the-art VCSELSs are currently s consists of 19.5 pairs of Aly9GaggpAs:Zn/AlygsGaggsAs:Zn,
able to emit a stable linear polarization due to the introduc- s connected by a linear molar fraction grading of 26 nm. Follow-
tion of gratings [12-15], making them a suitable candidate for s ing the cavity, a high aluminum content layer (Al 9sGag 2 As)
such new applications. However, atomic devices also require s is introduced for oxidation, allowing the transverse definition of
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Fig. 1. Scanning electron microscope (SEM) picture of the light-
emission window of a VCSEL. The SWG is tilted by the angle

¢grat-
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Fig. 2. Sketch of the investigated VCSEL structure, together %
with the reference system and the definition of the most rele- %

vant dimensions. o4
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the oxide aperture, which confines both carriers and light. 7

The out-of-phase top DBR is turned in-phase by a heavily
p-doped GaAs cap layer with an acceptor concentration of Ny =
1x 10" cm™3 and a total thickness of t%}, = 31/ (4n,) = 175 '
nm, which also serves as contact layer. o

To enable polarization control, a SWG is defined in a first
processing step by electron-beam lithography and subsequently
etched into the cap layer with a spatial period A = 200 nm by
inductively-coupled plasma (ICP)-etching. The grating extends
to a depth of tgrat = A/(2n1;) = 116 nm, leaving a residual cap
layer thickness of tcap = tE‘;; — tgrat = 59 nm. In Fig. 1, we show
a SEM image of the resulting SWG.

The reference coordinate system is aligned to the crystal di-
rections (x = [011], y = [011]), and the longitudinal z-axis oppo-
site to the growth direction. The subsequent device fabrication
follows a standard VCSEL process. Mesas are defined by a
combination of photolithography and ICP-etching. The current
confining oxide aperture is formed by wet-thermal oxidation
of the AlggsGaAs:Zn layer in an oxidation oven. Thereon, a
41m BCB isolation layer is spun on the sample and structured
via UV-lithography. In the last processing steps the p-contact is
defined by photolithography and deposited by electron beam
evaporation, before evaporation of the n-contact completes the
fabrication process.

To investigate the effect of the tilting angle ¢grat (displayed in
Fig. 2) between the crystal axes and the grating bars, many identi-
cal samples with different ¢grat values ranging from 0° to 180° in
steps of 5° are manufactured and analyzed, both experimentally '
and through simulations. This comprehensive approach ensures
that the polarization features are thoroughly understood in all
conditions. As the device operates in a single transverse mode,

a one-dimensional electro-optical simulation along the z-axis is

sufficient to capture its polarization characteristics. Fig.2 shows s

a schematic of the structure. 116
Simulation methodologies. Our SWG VCSEL supports two 117
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Fig. 3. Band diagram of the VCSEL together with the refrac-
tive index profile. The refractive index curve is read on the left
axis, while all energies are read on the right axis. The vertical
red line highlights the active region.

modes with identical spatial intensity distribution, but different
polarizations, with different threshold gains and emission wave-
lengths. The mode with the lowest threshold is referred to as
lasing polarization. To investigate this problem, a 1D vectorial
optical simulation can be performed along the z axis. Our in-
house vectorial 1D VCSEL ELectroMagnetic Suite (VELMS) [16]
serves as optical mode solver. From the anisotropic refractive
index longitudinal profile, one obtains the modal features of the
two polarizations in terms of emission wavelengths, threshold
gains, standing wave (SW) profiles, i.e., modulus square of the
optical field, and the electric field phasors, i.e., Jones vectors, at
the outcoupling facet of the laser. The Jones vector for the lasing
polarization can be written as £ = Exx + &y, &, &y € C. The
corresponding Stokes parameters [17, 18] are defined as

So =&+ &, (1a)
&P - &
S Tl €[-1,+1], (1b)
So
+on{ere
S :M € [-1,+1], (10)
So
g {ere
Ss —ny} €-1,+1], ad
0

The lasing polarization results from the competition of op-
tical anisotropies, creating a chiral resonator when they are
misaligned [16]. In the structure of Fig.2 two anisotropies
are present: the tilted SWG and the electro-optic effect (EOE).
VELMS propagates the field in the resonator using the transmis-
sion matrices of the layers and imposing the cavity roundtrip
Barkhausen criterion. The transmission matrix of the SWG is
computed by rigorous coupled wave analysis [19, 20]. On the
other hand, the anisotropy arising from the EOE can be eval-
uated in terms of the semi-difference of the relative dielectric
constants along x, €xy = nix, and y, eyy = niy, as [21]
Cxx — €y _

3 n(2)ra (2)E(2), @)

Aegog(z) =
where n,(z) is the refractive index profile in the absence of
the optical anisotropies induced by the electro-optic and elasto-
optic effects, E(z) is the z-component of the electrostatic field
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Fig. 4. SW and anisotropy profile resulting from the EOE, showing that only negative peaks of Ae are relevant to the optical mode.

profile and r4; = 1.6 pm/V for GaAs [22], and 0.78 pm/V
for AlAs [23]. Intermediate aluminum molar fractions are lin-
early interpolated.E(z) is obtained with our in-house 1D drift-
diffusion (DD) code [24, 25] and is mainly governed by the
doped heterostructures of the DBRs. Finally, if a uniform strain
o (adimensional) is mechanically applied along the crystal axes
an additional anisotropy results as consequence of the elasto-
optic effect. The equivalent of Eq. (2) for the elasto-optic effect
reads

o
Aeg = ”%(Z)PME/ 3)

where pgy = 0.072 [21]. The overall anisotropy Ae = Aegog +
A€y can be evaluated as the sum of the two effects.

Experimental characterization. The VCSEL characterization
setup features a temperature-cooled copper plate that also serves
as the n-electrode on which the device under investigation is
placed. The p-side of the VCSEL is contacted via a probe nee-
dle controlled by a micromanipulator. The setup further uses
an optical telescope arrangement consisting of three lenses for
collimating and guiding the VCSEL emission towards the mea-
surement head of a Newport 1830-C powermeter. In order to
determine the Stokes parameters, the methode of the rotating
quarter wave-plate is applied [18, 26, 27]. For this purpose a
quarter wave-plate on an automatized rotation mount and a
linear polarizer are inserted into the optical path in front of the
powermeter head. A mechanical stop is used to ensure a fixed
orientation of the VCSEL chip for all measurements. While the
polarizer is kept fixed, the quarter wave-plate is rotated and
the intensity on the powermeter head detected. The intensity
detected on the powermeter head in dependence of the quarter
wave-plate rotation angle 6 follows

= % (A + Bsin (20) + Ccos (46) + Dsin (46)), @

where the Stokes parameters Sg, S1, Sy and S3 are obtained from
according to

So=A—-C,S=2C, S, =2D, S3 = B. (5)

Results and discussion. The structure reported in Fig. 2 is
simulated by means of our DD model. Its band diagram under
an applied bias voltage of 3 V is reported in Fig. 3. We sketch
with different colors the longitudinal extension of the cap layer,
the p-DBR, the cavity, the n-DBR and the substrate, from left to
right. The electrostatic field distribution is characterize by strong
peaks at the hetero-interfaces of the DBR (mitigated in the top
p-DBR by the compositional grading) and is independent from
the applied voltage. This profile induces an EOE anisotropy
that depends solely on the aluminum molar fraction and dop-
ing profiles. As a result, the emitted polarization is unaffected

183
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Fig. 5. Stokes parameters as function of ¢gat, both simulated
(solid) and experimental (dotted). Insets represent the Stokes
parameters on the Poincaré sphere (bottom left) and a zoom of
S3 (top right).

by the DC bias point. At this stage, optical simulations can be
carried out. Before incorporating the grating effects, we focus
exclusively on the EOE using Eq. (2). The resulting SW can be
superimposed with the anisotropy profile, Aegog, as shown in
Fig. 4. This analysis is important for understanding the signifi-
cant impact of the EOE on device performance. Despite the null
average of E(z), the positive peaks within the DBRs are aligned
with the nodes of the SW and, consequently, minimally interact
with the optical mode. Conversely, negative peaks coincide with
the antinodes of the SW, resulting in an averaged anisotropy
calculated as:

[ dzAegog(z) - SW(z)

(Aeror) = [ dzSW(z) ’

(6)

amounting for this structure to —3.55 x 1074,

This anisotropy is aligned with the crystal axes defined in
Fig.2 and can interact with the misaligned anisotropy of the
grating, effectively forming a 3D chiral cavity that induces el-
liptical polarization [16]. This phenomenon is confirmed by
analyzing the calculated output Stokes parameters of the lasing
polarization, see Eq. (1d), and comparing them with measure-
ments obtained for varying tilting angles ¢grat, as shown in Fig. 5.
When ¢grat = 0°, 90°, 180°, S3 = 0 so the polarization is purely
linear, as all anisotropies are aligned with crystal axes, while for
intermediate angles polarization is elliptical.

The excellent agreement between computed and experimen-
tal Stokes parameters proves that VCSELs with SWG tilted to
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Fig. 6. Left: S3 component of the lasing output polarization
varying tgrat and ¢grat, the red dashed line associated to the
grating thickness for which S3 is largest in magnitude. Right:
S3 component of the output polarization varying o and ¢grat
keeping tgrat = 310 nm, the black solid line is associated to o
and linear output polarization.

the crystal axes can emit elliptical polarization without modify-
ing the state-of-the-art manufacturing processes. When strain is
applied, the averaged anisotropy in Eq. (6) is modified and it is
possible to obtain a linear dependence as:

_ [ dz (Aepog(2) + A€y (2)) - SW(z)

AY =

(ae) JdzSW(z)

_ pas [ dzn}(z)SW(z)

= (Aepog) + 0o ( 2 [d=SWE) @)
For the device under study, it holds (Ae) = —3.55 x 10~ +

3.770. This formula implies that the overall averaged intrinsic
anisotropy can be zero when an external strain oy = 9.4 x 1075
is applied, thus eliminating the competition between the tilted
grating anisotropy and the intrinsic ones. In this special case,
the output polarization is always linear and oriented according
to (Pgrat-

Our model, as proved by the excellent comparison with the
experimental results, allows to understand how lasing polariza-
tion depends on geometrical parameters such as ¢grat, tgrat and
mechanically applied strain ¢ [28]. A simulation campaign is
reported in Fig. 6. On the left map the Stokes parameter S3 is
reported as a function of grat and tgrat, reaching a large negative
value for fgrat =~ 310 nm. Fixing this value, the right map dis-
plays the behavior of S3 for varying ¢grat and ¢, showing how a
complete custom polarization control is possible in real-world
standard grating VCSELSs, including S3 = +1 at the red stars. As
expected from Eq. (7), o = op implies S3 = 0, allowing for linear
polarization control oriented along the grating angle, suitable
for quantum key distribution applications [29].

Conclusions. In this work, we theoretically and experimen-
tally demonstrated how the interaction between tilted optical
anisotropies enable VCSELs custom polarization states. Our
results highlight the value of fast and efficient simulation cam-
paigns in understanding how polarization depends on geometric
and technological parameters, paving the way for the design
of CP VCSELs. A key advantage of this approach over other
meta-structured chiral layers is its reliance on well-established
grating VCSEL technology, ensuring compatibility with existing
fabrication processes.
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