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Abstract—We demonstrate bottom-emitting GaAs vertical-
cavity surface-emitting lasers (VCSELs) incorporating a buried
subwavelength grating in the top, highly reflective distributed
Bragg reflector (DBR), with oxide aperture diameters ranging from
2 to 6. The buried grating successfully pins the polarization for aper-
ture diameters up to 4µm, and the 3µm aperture VCSELs achieve
single-mode, single-polarization operation, delivering 3.9 mW of
output power with a side-mode suppression ratio exceeding 30 dB
and an orthogonal polarization suppression ratio (OPSR) of 20 dB.
Simulations and measurements indicate that the buried surface-
etched grating can only weakly influence the lasing mode in the
bottom-emitting configuration, thereby preventing polarization
pinning of higher-order modes in larger-aperture VCSELs. The
surface-etched gratings introduce minor degradation in threshold
current, slope efficiency, and beam profile.

Index Terms—Vertical-cavity surface-emitting laser, subwave-
length gratings, monolithic integration, polarization pinning.

I. INTRODUCTION

THE vertical-cavity surface-emitting laser (VCSEL) is to-
day an ubiquitous device. The low threshold current, high

efficiency, circular emission beam, excellent high-speed perfor-
mance, and the possibility of packing the laser in dense 2D
arrays have established the GaAs-VCSEL as one of the primary
light sources for driving short-range sensing and short-reach
fiber-optic communications [1]. Moreover, there exists a con-
tinuously expanding range of more demanding applications for
the VCSEL, requiring a single-mode output in a fixed linear
polarization at several milliwatts of power, such as for miniature
gyroscopes [2], sensing [3], atomic clocks [4], optical comput-
ing [5], [6], medical diagnostics [7].
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The polarization state in oxide-confined GaAs-VCSELs is
generally unpredictable due to the material’s weak anisotropy
and the cavity’s rotational symmetry. Every individual transverse
mode of the VCSEL has a linear polarization state lying in
the plane of the epitaxial layer. Due to the electro-optic ef-
fect, the electric field vector of the lasing modes is typically
oriented along the [011] or [011]-crystallographic directions for
a VCSEL grown on a (100) oriented GaAs substrate [8]. Dur-
ing VCSEL operation, changes in temperature, charge-carrier
density, and optical feedback lead to competition between the
two orthogonal states, resulting in an unpredictable polarization
switching of the emitted beam. Pinning the polarization to a
single linear state has been extensively studied through various
modifications to the VCSEL cavity. The aim is to distinguish
the lasing conditions between orthogonal polarization states by
altering the waveguiding or by introducing anisotropic gain
or loss. A common approach is to integrate or replace the
DBR with subwavelength structures, such as surface-etched sub-
wavelength gratings [9], surface-etched photonic crystals [10],
subwavelength guided-mode resonance gratings [11], replacing
the top DBR [12] or both DBRs with suspended high-contrast
gratings [13]. Among these, the surface-etched subwavelength
grating stands out due to its straightforward fabrication pro-
cess [14], its ability to achieve a high orthogonal polarization
suppression ratio (OPSR), and its minimal degradation of overall
lasing performance

The subwavelength grating creates a layer with an anisotropic
effective refractive index, which introduces different reflections
from DBR for the two orthogonal polarization states. Depending
on whether the reflections are in phase or out of phase with
the optical standing wave, the result is either a low or a high
overall modal loss. Thus, the state experiencing a higher loss
will require a larger gain to reach the lasing threshold than the
orthogonal state does. Moreover, the subwavelength grating has
been demonstrated to pin the polarization along either the [011]
or [011] directions, overcoming unintentional weak anisotropies
induced by operation, fabrication, or epitaxial growth. In addi-
tion, the transverse extent of a subwavelength grating can be used
to radially vary the mirror reflectivity, thereby enabling higher
single-mode output power with a pinned polarization state [15],
[16], [17].

The most common VCSEL is top-emitting, with a lower
reflective outcoupling DBR at the wafer surface. The opposite
bottom-emitting VCSEL, as seen in Fig. 1, has not yet been
as widely utilized, but can offer improved thermal management
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Fig. 1. (A) Schematic of the fabricated bottom-emitting VCSEL with a buried
subwavelength grating for polarization pinning. The diameter of the oxide
aperture, dox, sets the extent of the transverse waveguide and thereby the
transverse mode distribution for the VCSEL. (B) Microscope image of the fully
processed bottom-emitting polarization-pinned VCSEL. (C) SEM image of the
VCSEL mesa with the buried subwavelength grating before the metallization of
the probe pads.

due to fewer ternary layers between the active region and the
substrate, as well as the possibility of integration via flip-chip
bonding [18], [19]. Moreover, the substrate of the bottom-
emitting VCSEL is well-suited for on-chip integration of micro-
or metaoptics, leveraging the small footprint of the VCSEL to
deliver an extremely compact laser source with a tailored on-chip
beam profile [20], [21]. However, the bottom-emitting VCSEL
has a highly reflective DBR (> 99.9%) at the wafer surface.
This implies that a surface-etched subwavelength grating will
interact less strongly with the lasing modes since the optical
field intensity at the surface is lower than in a top-emitting
VCSEL. The low optical intensity has led to the development
of alternative techniques to pin the polarization of the bottom-
emitting VCSEL, such as depositing a metal grating on the top
DBR [22], [23], or deeply etched grooves in the vicinity of the
VCSEL mesa [24]. However, these techniques exhibit low OPSR
or an inability to pin the polarization to either orthogonal state,
suggesting that they can only weakly affect the lasing mode.

The driving factor for pinning the polarization state with
the subwavelength grating is the induced difference in modal
cavity loss between the two orthogonal polarization states. For
the top-emitting GaAs-VCSEL, a typical difference reaches
Δαloss > 20 cm−1, depending on the epitaxial structure and
grating parameters [17], [25]. In comparison, the fabricated
bottom-emitting VCSELs for this demonstration showed a max-
imum modal cavity loss difference of Δαloss = 10.4 cm−1.
Here, we demonstrate that, despite this lower loss difference,
the subwavelength grating can effectively pin the polarization
for aperture diameters up to 4µm, with a minor degradation
in the lasing performance. Moreover, the polarization pinning
remains robust after burying the grating, which is important for
protecting the VCSEL during integration of micro- or metaoptics
in the bottom-emitting device substrate.

Fig. 2. (A) Schematic of the effective permittivities used in the simulations
for the buried subwavelength grating. The duty cycle is defined as the grating
ridge-to-period ratio, d = a/P . (B) Effective refractive index of the subwave-
length grating according to (1). The lasing modes will experience different
refractive indices depending on whether the electric field is parallel (filled lines)
or perpendicular (dashed lines) to the grating lines.

II. POLARIZATION-PINNED VCSEL DESIGN

A. Subwavelength Grating Simulations

To design the subwavelength grating, cold-cavity simula-
tions were performed with the well-known effective index
method [26], [27] with refractive index data for the AlxGa1−xAs
layers from the Afromowitz model [28]. The gratings were
designed with a subwavelength periodicity, P = 260 nm, which
eliminates all nonzero diffraction orders in both transmission
and reflection. In Fig. 2(A), the schematic of the grating pa-
rameters and the effective permittivities of the layers used to
simulate the grating are presented.

Since the wavelength is larger than the grating period, it inter-
acts with the grating as if it were a medium with an anisotropic
effective permittivity. This can be estimated analytically using
the boundary conditions and spatial weighting of the electric and
displacement fields, as

ε|| = dεg + (1− d)εf, ε⊥ =
εgεf

dεf + (1− d)εg
, (1)

where ε|| and ε⊥ are the permittivities experienced by an elec-
tric field parallel or perpendicular to the grating lines, respec-
tively [29]. εg is the permittivity of the grating ridge, εf is the
permittivity of the material filling the grooves of the grating, and
d is the duty cycle of the grating, defined as the ridge-to-period
ratio, d = a/P .

The effective anisotropic refractive index of the grating layer
from (1) is shown in Fig. 2(B) as a function of duty cycle for
the grating. In addition, to the unburied grating, with air in the
grooves (nf = 1), Fig. 2(B), it also presents the anisotropic index
when SiO2 (nf = 1.45), and SiNx (nf = 1.99) are filling the
grating’s grooves. The refractive index of the dielectric films
was determined by ellipsometry at λ = 980 nm, the designed
lasing wavelength for the fabricated VCSELs. As shown, the
contrast in refractive index between the orthogonal states can be
tailored by the duty cycle of the grating. When the field is parallel
to the grating lines, the refractive index is relatively high, closer
to the grating medium. Whereas, for the perpendicular case, it
is lower, closer to the index of the material in the grooves of the
grating. As a consequence, the refractive-index contrast between
the states is significantly reduced when the grating is filled with
a material that has a refractive index between air and that of the
grating, such as SiNx or SiO2.
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Fig. 3. The simulated modal cavity loss as a function of the grating etch depth,
h, and the duty cycle of the grating, d, for the modes with an electric field (A)
perpendicular to the grating lines, and (B) parallel to the grating lines. The
simulation for a grating with air in the grooves, nf = 1.

Fig. 4. Difference in modal cavity loss simulations as a function of the grating
etch depth, h, and the grating duty cycle, d. (A) Shows the difference in modal
cavity loss across all duty cycles when the grating grooves are filled with air
(nf = 1). (B) Shows the difference in modal cavity loss for the duty cycle, d =
0.6, when the grating grooves are filled with air, (nf = 1), SiO2 (nf = 1.45),
and SiNx (nf = 1.99).

Fig. 3 presents the simulated cold-cavity modal losses, αloss,
as a function of the grating etch depth, h, and the duty cycle,
d. In Fig. 3(A) the modal cavity loss is seen for the state with
the electric field perpendicular to the grating lines, αloss,⊥, and
in Fig. 3(B) the modal cavity losses for the state with the
electric field parallel to the grating lines, αloss,‖. The increase in
modal cavity losses is due to reflections from the etched grating.
Without the grating, the DBR is designed to produce constructive
interference from all the partial reflections at all the interfaces of
the epitaxial DBR. When the grating is etched down, it induces
new reflections that are out of phase, thereby decreasing the
total reflectance of the mirror and, in turn, increasing the modal
losses. The maximum modal cavity loss occurs when the grating
is etched to a depth such that the resulting reflection is antiphase
with the optical standing wave, the same effect as if one layer
of the DBR pair were etched away. In addition, the maximum in
modal cavity loss or the antiphase reflection occurs at shallower
etch depths for smaller duty cycles, shown in Fig. 3, since the
lower refractive index, from Fig. 2(B), results in a larger phase
shift relative to the unetched DBR (see Supplementary section 1
for details on the reflections from the grating).

In Fig. 4(A) the difference in the modal cavity between
the orthogonal states, Δαloss = αloss,⊥ − αloss,‖, is shown as a
function of the grating parameters for unburied grating with
air in the grooves, nf = 1. Due to the low optical intensity at
the surface in the bottom-emitting configuration, the maximum
difference in modal cavity loss reaches Δαloss = 10.4 cm−1 for
the duty cycle, d = 0.5. Since the modal losses introduced by
the grating are lower for the parallel state, it is the favored state

for lasing and the state to which the VCSEL emission will be
pinned. Moreover, as seen in Fig. 3(B), the modal cavity loss is
also significantly increased for the parallel state with a smaller
duty cycle. In contrast to the top-emitting VCSEL, the slope
efficiency of the bottom-emitting VCSEL does not increase with
the grating, since the increase in modal loss is primarily due to
increased mirror loss in the top mirror caused by the grating.
Thus, the modal loss of the parallel state should be kept as
low as possible to minimize the impact on the bottom-emitting
VCSEL’s performance (see Supplementary section 2 for full
simulation details).

It has been experimentally estimated, by placing a VCSEL in a
T-shaped external cavity, that a difference of Δαloss ≈ 10 cm−1

is sufficient to pin the polarization [30]. Therefore, the duty
cycle of d = 0.6 was selected for the gratings, as presented in
Fig. 4(B). With an etch depth of h = 80 nm, the grating achieves
the relatively large difference in modal cavity loss, Δαloss =
9.9 cm−1. Simultaneously, it keeps the modal cavity loss low
for the pinned parallel state, αloss,‖ = 20.9 cm−1, which is a
minor increase, 0.96 cm−1, compared to an unetched VCSEL.
In addition, Fig. 4(B), shows the significant reduction in the dif-
ference if the modal cavity loss, where SiO2 (nf = 1.45), or SiNx

(nf = 1.99), fills the grooves of the grating. Moreover, since the
difference in modal cavity loss is relatively small compared to
that of the top-emitting VCSEL,Δαloss > 20 cm−1, we assessed
the pinning strength and fabrication tolerance of the buried
gratings by fabricating additional VCSELs with shallower and
deeper etched gratings (h = 60 and 100 nm, respectively) for
reference, as seen in Fig. 4(B).

B. VCSEL and Subwavelength Grating Fabrication

The fabricated bottom-emitting VCSEL consists of a 1λ-
cavity formed by two epitaxially grown DBRs, sandwiching an
active region with multiple InGaAs QWs designed to lase at
λ = 980 nm. The top p-doped DBR consists of 28 mirror pairs
of GaAs/Al0.90Ga0.10As and the bottom n-doped DBR consists
of 3 GaAs/Al0.90Ga0.10As + 18 AlAs/GaAs mirror pairs, with
graded-composition interfaces and modulation doping to mini-
mize electrical resistance. A microscope image of the fabricated
VCSEL is shown in Fig. 1(B), as well as a SEM image of the
VCSELs with the buried subwavelength grating in Fig. 5(A) (see
Supplementary section 3 for details on the epitaxial layers and
fabrication of the VCSELs).

The VCSELs are oxide confined, via a 20-nm-thick
Al0.985Ga0.015As layer in the top DBR. The significantly higher
aluminum content (98.5%) enables selective wet oxidation to
form an oxide aperture. The diameter of the formed aperture,
dox, is arguably the most significant parameter in the fabrication
of an oxide-confined VCSEL, since it determines the transverse
mode distribution and overall laser performance. In addition, the
fabricated VCSELs are referred to as weakly guided since the
oxide aperture is placed at a node of the optical standing wave,
resulting in the small effective index step, Δneff = 0.000352,
of the waveguide. Weak guiding enables the largest possible
aperture that only supports the fundamental transverse mode,
yielding the highest output power in single-mode operation.
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Fig. 5. (A) SEM image of the fabricated VCSELs with a buried subwavelength
grating before the metallization of the probe pads. The image shows a VCSEL
with oxide aperture diameter, dox = 2µm, with the corresponding grating
diameter, dgrating = 8µm. (B) SEM image of the etched subwavelength grating
atop the VCSEL mesa before deposition of SiNx. (C) SEM image of the
cross-section of the etched grating. D) SEM imagee of the cross-section of a
focused ion-beam etched VCSEL mesa, tilted at 70◦. The cross-section shows
that air pockets form along the grating lines after burying the grating in SiNx,
thereby maintaining a high refractive index between the grating ridge and groove.

The VCSEL cavity was grown on an undoped substrate to
minimize free-carrier absorption of the emitted beam as it prop-
agates through the substrate. In addition, a λ/4 anti-reflective
SiNx coating was deposited at the bottom of the substrate to
reduce the optical feedback to the cavity from the GaAs-air
interface.

Before the etching of the VCSEL mesa, the subwavelength
grating was integrated in the top surface of the highly reflective
DBR. As shown in Fig. 5(A) the grating covers the mesa to
the edge of the metalized ring contact. The diameter of the
integrated gratings was 6µm larger than the oxide aperture
diameter of the VCSEL, as illustrated in Fig. 5(A) by a 2µm
oxide aperture VCSEL with the corresponding 8µm diameter
grating. The large grating diameter, relative to the aperture, was
intentional so as not to affect the transverse waveguiding of the
VCSEL. The subwavelength grating was fabricated by sputter-
ing a 100-nm-thick SiO2 film and patterning AR-P 6200 resist by
electron-beam lithography (EBL). The pattern was transferred
into the SiO2 with a CF4-O2 reactive ion etch, followed by
etching the grating into the AlGaAs layers of the DBR with a
switched Ar-SiCl4 and O2 reactive ion etch with an inductively
coupled plasma [31]. Fig. 5(B) shows an SEM image of the top
view of the etched subwavelength gratings atop the VCSEL mesa
before they are buried in SiNx. The sidewall roughness, seen in
Fig. 5(C), on the grating ridges was caused by scallops due to
the switched etching process. However, sidewall roughness has
a negligible effect on the anisotropic effective refractive index
needed for the polarization pinning (see Supplementary section 4
for fabrication details).

As described in the previous section, the maximum difference
in modal cavity loss, Δαloss, was achieved with the grating

Fig. 6. Current-power-voltage (IPV) measurements for dox = 2-6µm VC-
SELs with integrated buried subwavelength gratings. (A) Optical output power
as a function of the bias current. The inset shows the ripple in the output power
due to the back reflection from the substrate. (B) The corresponding voltage as
a function of the bias current.

depth h = 80 nm, as seen in Fig. 4(A), for an unburied grat-
ing air in the grooves of the grating. Since etching 80 nm,
exposes the second DBR layer, with a high aluminum content
Al0.9Ga0.1As, the subwavelength grating was buried in a thick
layer of sputtered SiNx to protect it from the subsequent aperture
oxidation. In addition, burying the grating protects it from any
further substrate fabrication. Since the difference in modal cavity
losses is drastically reduced by filling the grating with a higher
refractive index material, as seen in Fig. 4(B), the protective SiNx

was sputtered onto the SiO2 etching mask, forming air pockets
along the grating lines. This maintains the high refractive index
contrast between GaAs and air in the grating region. To verify
the presence of air along the grating lines, the VCSEL mesa with
a buried subwavelength grating was cut using focused-ion-beam
etching. Fig. 5(D) shows the cross-section of the cut mesa,
tilted at 70◦, where teardrop-shaped air-pockets along the grating
grooves can be seen.

III. POLARIZATION-PINNED VCSEL PERFORMANCE

A. Polarization-Resolved Current-Power-Voltage
Characteristics

The light emitted by the bottom-emitting VCSELs was col-
lected by an integrating sphere (Ophir IS6-D-UV) placed 1 cm
from the substrate surface, close enough to capture the entire
divergent beam. The emission from either polarization state
was measured as a function of the bias current by inserting a
linear polarizer in front of the integrating sphere. The OPSR
was calculated as OPSR = 10 log (

P||
P⊥

), where P|| and P⊥ are
the optical power from the mode with an electric field paral-
lel and perpendicular to the grating lines, respectively. Fig. 6
shows the current-power-voltage (IPV) measurements for the
full range of oxide aperture diameters examined, dox = 2 –6µm.
The ripple evident in all measurements, seen magnified in the
inset of Fig. 6(A), was attributed to back reflection from the
GaAs-SiNx -air interface at the bottom of the substrate with
an estimated residual power reflectivity of about 3%. In Fig. 7
the polarization-resolved current-power (PRIP) measurements
can be seen for gratings aligned with either of the polarization
states for VCSELs with 3 and 4µm aperture diameters. In
Fig. 7(A) and (B) the grating pins the polarization state in the
[011]-crystallographic direction, and Fig. 7(C) and (D) to the
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Fig. 7. Polarization resolved current-power (PRIP) measurements for the
VCSELs with a pinned polarization. A, B) PRIP measurements when the grating
lines are aligned with [011]-crystallographic direction for the 3 and 4µm
aperture VCSELs. C, D) PRIP measurements when the grating lines are aligned
with the perpendicular [011]-direction for the 3 and 4µm aperture VCSELs.
Depending on the grating orientation, the polarization can be pinned to either
polarization state over the entire biasing range with OPSR= 20 dB.

orthogonal [011]-direction. The VCSELs with a pinned polar-
ization achieve OPSR ≈ 20 dB over the entire biasing range,
limited by unpolarized spontaneous emission from the VCSEL
and ambient noise.

For devices with larger apertures, 5–6 µm, the polarization
undergoes at least one switch between threshold and thermal
rollover. This instability is due to the larger waveguides sup-
porting higher-order transverse modes, which exhibit greater
angular divergence than the fundamental mode. Because the
effective anisotropic index of the grating is angle-dependent,
this increased divergence diminishes the index contrast between
the parallel and perpendicular polarization states. As a result,
the differential modal cavity loss for higher-order modes is
reduced, preventing the polarization pinning. Additionally, the
1D effective-index simulations of modal cavity loss, shown
in Fig. 4(A), assume a perfectly vertical plane wave with no
transverse wavevector components, k⊥ = 0. Therefore, the 1D
model overestimates the modal cavity losses for higher-order
modes, which are composed of a broader range of transverse
wavevectors due to their increased divergence (see Supplemen-
tary section 5 for the polarization instability of the higher-order
modes).

Moreover, the VCSELs with etched gratings at shallower
(h = 60 nm) and deeper (h = 100 nm) depths exhibited an
unpredictable polarization state across the examined aperture
sizes. Consequently, the mirror-loss difference,Δα = 9.9 cm−1,
achieved by the h = 80 nm deep grating lies at the boundary for
pinning the polarization. In addition, filling the surface-etched
gratings completely with a higher-refractive-index film, such as
SiO2 or SiNx, would not create a large enough anisotropy to
pin the polarization, as seen in Fig. 4(B). (see Supplementary
section 6 for polarization switching details)

B. Spectral Characteristics

The VCSEL spectra were measured with an optical spectrum
analyzer (Yokogawa AQ6317 C) as a function of bias current.
The OSA resolution was 0.1 nm, and all spectra are normalized
to the maximum power measured at each bias current. Fig. 8
presents the spectra for the VCSELs with 3 and 4µm aperture

Fig. 8. Spectrum of the polarization-pinned VCSELs. A, B) Spectrum when
the gratings lines are aligned with [011]-crystallographic direction for the 3 and
4µm aperture VCSELs. C, D) Spectrum when the gratings lines are aligned
with the [011]-direction for the 3 and 4µm aperture VCSELs. All spectra are
normalized to the maximum power at each bias current. The suppression of
higher-order modes exceeds 30 dB across the entire biasing range for the 3µm
VCSELs.

diameters, with a pinned polarization. Fig. 8(A) and (B) shows
the typical spectrum for a 3 and the 4µm aperture VCSELs with
the polarization pinned to the [011]-crystallographic direction.
Similarly, Fig. 8(C) and (D), presents the typical spectrum for
the 3 and the 4µm VCSELs with the polarization pinned to
the perpendicular [011] -direction. For the 3µm aperture, the
emission is considered quasi single-mode, as the side-mode sup-
pression ratio (SMSR) exceeded 30 dB across the entire biasing
range. The 3µm aperture VCSELs were the largest aperture
operating in single mode and reached a maximum output power
of Pmax = 3.9 mW, seen in the PIPV from Fig. 7(A) and (B).
At lower bias currents, the 4µm aperture achieves a side-mode
suppression ratio exceeding 30 dB. However, as the bias current
was increased, higher-order modes contributed significantly to
the output power, reducing the side-mode suppression ratio. The
4µm aperture VCSELs reached an OPSR ≈ 20 dB despite the
presence of multiple transverse modes, with a maximum output
power of Pmax = 6.0 mW, as shown in Fig. 7(C) and (D). The
smaller redshift of the fundamental mode with increasing bias
current, observed in the 4µm aperture, is due to a smaller tem-
perature increase resulting from the lower differential resistance
of the larger aperture.

C. Far-Field Characteristics

The far-fields were captured by illuminating a diffuse screen
(Ophir WB-I SWIR) and imaging it onto a CCD camera (Ophir
SP932 U). To average out the spatial speckle arising from
coherent illumination of the diffusive plate, all presented far
fields are averages of 10 measurements with slightly varied bias
currents, ΔIb = ±0.05 mA. In Fig. 9(A) a line profile of the
far-field for the 3µmVCSEL with the polarization pinned to the
[011]-crystallographic direction is presented over the full bias-
ing range, with an inset of a cross-section at bias current 1 mA.
The divergence angle was measured to 26.6◦ (1/e2 -full width) at
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Fig. 9. (A) Line section of the far-field emission for the polarization-pinned
3µmVCSEL, with an inset a cross-section of the far-field at 1 mA. (B) Similarly,
shows a line section with an inset showing the far-field cross-section at 1 mA
for the 4µm VCSEL. The far-fields show that the subwavelength grating does
not distort the emitted beam.

1 mA, which corresponds to a beam waist of 2.6µm in the active
region of the VCSEL and a beam width of 83.1µm (1/e2-full
width) at the bottom GaAs-SiNx-air interface. The divergence
angle increased to 31.2◦ when the current was increased to
10 mA, due to thermal lensing. In Fig. 9(B) a line profile of
the far-field for the 4µm VCSEL, with the polarization pinned
to the [011]-crystallographic direction, is presented over the full
biasing range, with an inset of the cross-section of the far-field
at bias current 1 mA. The divergence angle was measured to
25.6◦ (1/e2-full width) at 1 mA. The far-fields from both the 3
and 4µm show that the subwavelength grating does not distort
the emitted beam, as it does not introduce side lobes.

D. Subwavelength Grating Influence on Lasing
Characteristics

To investigate the impact of the subwavelength grating on
lasing performance, we measured five VCSELs with integrated
gratings, pinning the polarization to either the [011] or [011]
directions, alongside five unetched reference VCSELs across
the aperture range 2–6µm. The extracted lasing characteristics,
threshold current, slope efficiency, and maximum output power,
are summarized in Fig. 10. The threshold current was identified
as the bias current at which the output power exhibited a distinct
kink. The slope efficiency was determined by the slope of
the optical power, from threshold to half the maximum output
power. The maximum output power was measured at the thermal
rollover point.

As illustrated in Fig. 10, the integration of the subwavelength
grating resulted in a minor degradation across the measured
lasing characteristics. The variance of the oxide aperture diam-
eter in Fig. 10 is attributed to the oxidation rate gradient across
the fabricated chip. As seen in Fig. 10(A), the minor increase
in threshold current for the VCSELs with the gratings was
anticipated, given the estimated increase in modal cavity loss,
0.96 cm−1, for the pinned polarization state with electric field
parallel to the grating lines, Fig. 3(B). In Fig. 10(B), the increased
losses from the highly reflective top mirror do not enhance
slope efficiency for the bottom-emitting VCSELs, in contrast
with top-emitting VCSELs, since light is extracted through the
substrate. The minor reduction of the slope efficiency is also
due to the small increase in modal cavity loss for the pinned
polarization state. As seen in Fig. 10(C), the combination of a

Fig. 10. Summary of lasing characteristics for VCSELs with and without
subwavelength gratings. For each aperture diameter, five reference devices and
five devices with gratings aligned along the [011] and [011] directions were
measured. (A) Threshold current, (B) slope efficiency, and (C) maximum output
power versus oxide aperture diameter.

higher threshold current and a reduced slope efficiency leads to
a lower maximum output power.

IV. DISCUSSION

Experimental results and supporting simulations demonstrate
that buried surface-etched subwavelength gratings within the
highly reflective top DBR effectively pin the polarization state
in bottom-emitting GaAs-VCSELs. This pinning was observed
for oxide apertures up to 4µm using a grating depth of 80 nm,
confirming that sufficient anisotropy was achieved despite the
low optical intensity at the top surface. However, devices with
60-nm and 100-nm grating depths exhibited unpredictable po-
larization states. This indicates that the influence of the grating is
relatively weak, resulting in a minimum fabrication tolerance of
±20 nm. To relax these tolerances and enhance pinning strength,
the first mirror layer of the top DBR could be blank-etched
prior to grating fabrication, thereby increasing the optical field
intensity at the surface and increasing the interaction with the
grating. However, the increased losses from the top mirror will
come with a larger penalty to the VCSEL performance. Another
approach to relax the fabrication tolerance is to design the
epitaxial structure so that the outermost DBR layer initially
provides an antiphase reflection and then etching down the
polarization-pinning grating [17]. In addition, by increasing
interaction with the subwavelength grating, the system could be
combined with a spatial-mode filter to further increase single-
mode output power by selectively increasing the cavity loss for
higher-order transverse modes.

An alternative approach involves forming an external cavity
by integrating a metasurface to design the optical feedback
from the substrate side [32]. Given the high degree of freedom
metasurfaces offer in tailoring the shape and polarization state of
a beam, this method can simultaneously pin the polarization and
enhance mode selectivity [33]. Nevertheless, fabricating a single
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metasurface to manage cavity feedback, pinning the VCSEL
polarization state, and simultaneously shaping the transmitted
beam into a desired profile poses a significant design and fabri-
cation challenge.

From a fabrication perspective, while electron-beam lithog-
raphy provides excellent dimensional control for defining sub-
wavelength gratings, its high cost and limited throughput make
it unsuitable for large-scale production. Nanoimprint lithogra-
phy presents an attractive alternative, offering nanometer-scale
resolution at the wafer scale [14]. Furthermore, to maximize
the difference in modal cavity losses, a high GaAs/air index
contrast could be achieved by etching the grating after oxidation
or by removing the protective film after VCSEL fabrication.
However, this approach would require an additional form of
protection for the top surface during any subsequent backside
processing. Therefore, the buried surface-etched grating pro-
vides a highly practical alternative for polarization control when
integrating micro-optics or metasurfaces on the substrate side
of a bottom-emitting VCSEL. The minor degradation observed
in threshold current, slope efficiency, and beam quality indi-
cates that the induced anisotropy primarily affects polarization,
leaving the backside pristine for integration with these nano- or
metaoptics.

V. CONCLUSION

We experimentally demonstrate polarization control in
980 nm oxide-confined, bottom-emitting VCSELs utilizing a
buried subwavelength grating etched into the highly reflective
top mirror. The grating induces polarization-dependent modal
cavity loss, effectively pinning the VCSEL into a state parallel
to the grating lines. For devices with a 3µm oxide aperture,
single-mode operation was achieved with a side-mode suppres-
sion ratio (SMSR) exceeding 30 dB, an orthogonal polarization
suppression ratio (OPSR) of approximately 20 dB, and an optical
output power up to 3.9 mW. At a 4µm aperture diameter,
polarization was successfully pinned to either orthogonal state,
with output powers reaching 6 mW, though with a reduced
SMSR of ≈20 dB. In devices with apertures exceeding 4µm,
the grating-induced threshold gain difference is insufficient to
maintain pinning, resulting in at least one polarization switch
before thermal rollover. Finally, the buried gratings provide a
straightforward fabrication route to polarization-stable VCSELs
with minimal degradation in threshold current and output power.
Crucially, this platform leaves the substrate pristine, enabling
monolithic integration with on-chip optical metasurfaces for
advanced spatial beam shaping and mode-selective photonic
applications.
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