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A GaAs/AlO, high index contrast subwavelength grating with TE polarization is presented for the GaAs-
based vertical cavity surface emitting laser (VCSEL). The rigorous coupled wave analysis (RCWA) method is
employed to simulate the dependence between its reflection characteristics and grating parameters. Espe-
cially, the effects of the stress buffer layer, shape errors, and angle of incidence on refractivity are also analyzed
in detail. The high index contrast subwavelength grating has a large reflection bandwidth up to 97 nm with
good polarization selectivity, and exhibits large tolerance in preparation, which makes it easier to integrate
with the VCSEL. What’s more, its sensitivity to angle of incidences facilitates the single-mode VCSELSs’

implement.
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Vertical cavity surface emitting laser (VCSEL) is
widely used in many applications because of their
superior performances, such as low threshold current,
small divergence angle, circular beam profile, two-
dimensional array configuration and low power con-
sumption [1—5]. Nowadays, VCSELs are attracting
more attentions in the fields of free space optical com-
munication, optical information processing, all-opti-
cal communication and laser pumping [6—9]. How-
ever, VCSEL has some defects, such as multimode
operation and unstable polarization, which seriously
affect its actual performance. Therefore, some meth-
ods were introduced in order to improve its mode and
polarization properties. Polarization in VCSELSs can
be controlled given polarization-dependent gain/loss
regions in VCSELs, such as surface relief [10], exter-
nal-cavity feedback [11], and subwavelength grating
[12]. Also, high index contrast subwavelength grating
(HCQG) attracts attention for its ability to control both
mode and polarization.

The period of subwavelength grating is less than the
incident wavelength, so there is only zero order dif-
fraction. The predominant characteristic of a HCG is
that the fringes of high index grating are completely
surrounded by low index medium (generally air or sil-
icon dioxide), which forms a large index difference. By
adjusting the grating material, thickness, duty cycle
and other parameters, its reflectivity can reach more
than 99%. It can be used to replace the P-type distrib-
uted Bragg reflectors (DBRs) of a VCSEL, which can
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greatly reduce the series resistance and absorption loss
of the device. The HCG mirror can not only decrease
the thickness of VCSEL, but also fix polarization. In
2004 [13], Michael C. Y. Huang et al. reported a sub-
wavelength grating with very broad reflection spec-
trum. Their work presented its potential application in
VCSEL. Three years later, they demonstrated for the
first time a VCSEL integration with HCG [14]. The
HCG is composed of freely suspended periodic stripes
of Al (Ga, 4As with air as the low-index sublayer. In
2010, Vadim Karagodsky et al. analyzed the ultra-high
reflectivity feature of subwavelength dielectric gratings
[15]. They explained the origin of ~100% reflectivity
of HCG. In 2020 [16], Asa Haglund and Tien-Chang
Lu jointly developed the first electrically injected
GaN-based VCSEL with TiO, HCG.

The typical HCG for VCSEL based on GaAs is
mostly composed of GaAs/air or Si/SiO, [14, 17]. The
suspended GaAs/air HCG has some disadvantages,
such as complicated fabrication process and poor
mechanical stability, while for the HCG with Si/SiO,
it is difficult to achieve a precise control of its thick-
ness. GaAs/AlO, HCG for a mid-infrared VCSEL
based on GaSb has been proposed in [18, 19]. How-
ever, a metamorphic growth deteriorates the HCG
performance, and the device laser operation couldn’t
be observed because of a lack of reflectivity of HCG
[19]. The GaAs/AlO, HCG with the same material
system as the half~-VCSEL can be integrated with
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VCSEL through one-time epitaxial technology, which
is of great significance to obtain high quality wafers.
Furthermore, the low stress between HCG and the
half-VCSEL is crucial to keep the long-term stability
of the device. In order to match HCG with VCSEL
perfectly, the reflectivity of HCG is numerically com-
puted by rigorous coupled-wave analysis (RCWA). In
addition, the influences of stress buffer layer, grating
morphology and the incident light angle on reflectiv-
ity are studied in detail.

HCG MIRROR DESIGN

Figure 1 shows the schematic diagram of a HCG,
including grating layer, stress buffer layer and low
index sublayer. HCG is composed of GaAs and AlQO,.

The AlO, as the low index sublayer (n = 1.6) may be

obtained from AlAs by oxidation. The large index dif-
ference between the AlO, and GaAs grating layer

(n = 3.538) will be beneficial to increase the width of
the reflection band. Due to a large index contrast and
near-wavelength dimensions, there exists a wide wave-
length range where only two modes have real propaga-
tion constants in the z-direction. The two modes carry
similar energy but opposite phases at the HCG output
plane, thus causing destructive interference. Finally,
the transmission is canceled and all of the energy must
be reflected [20]. To improve the stability of the HCG,
the GaAs layer is not completely etched to form the
grating layer and the stress buffer layer.

HCG belongs to subwavelength grating, and its
equivalent index and energy band structure are differ-
ent in different polarization modes, so it can be
designed as a mirror with polarization. If a HCG is
chosen as the mirror of a VCSEL to replace the con-
ventional DBRs, the polarization mode with larger
threshold gain will be suppressed and the other with
smaller threshold gain will emit. The diffraction effi-
ciency of subwavelength grating can be calculated by
RCWA. The diffraction efficiencies corresponding to
reflection and transmission can be expressed respec-
tively as follows [21]:
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where, i is the diffraction order, 0 is the angle of inci-

dence, k, is the incident wave vector, n;, n; are the
indexes of the incident region and the transmission

region, k; ,;, ky; ,; are the wave vectors along the Z-axis
in the incident region and the transmission region. R
and 7, correspond to intensity of reflection and trans-

mission for TE mode respectively, and R,,;, T, are for

the TM mode. It can be seen that the reflectivity of the
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Fig. 1. (Color online) Schematic diagram of HCG: period A,
fill factor f, grating layer 4, stress buffer layer /,, low index
sublayer /3.

grating is not only related to the TE and TM compo-
nents of the incident light, but also related to the angle
of incidence 0 and parameters of the grating. There-
fore, the reflectivity can be improved at the corre-
sponding wavelength by optimizing relevant parame-
ters.

The HCG is set for 940 nm GaAs-based VCSELs
with TE polarization, so it should have more than
99.5% reflectivity for the TE mode, meanwhile keep-
ing the TM mode reflectivity below 90% at around
940 nm. In our simulation, the incident light is per-
pendicular to the surface of the low index sublayer.
Considering the feasibility of preparation, the HCG
should not only exhibit good performance, but also
have large manufacturing tolerance. So, we will dis-
cuss the effects of the grating parameters, topography
errors and angle of incidence on reflectivity in detail.

RESULTS AND DISCUSSIONS

The diffraction order of the grating is directly
related to the grating period and the incident wave-
length. It can be seen from Fig. 2 that the grating
period determines the location of the center wave-
length on the high reflection band, and the high
reflection band moves towards longer wavelength with
the increase in the grating period. Since the HCG is
used for VCSEL, it is necessary to avoid other high
order diffractions except zero order. As can be seen
from Fig. 3, only zero order diffraction exists around
the central wavelength when the period is 0.78 um,
and the reflection efficiency is even close to 100%. As
shown in the inset, there is almost no energy transmit-
ted through the gratings, which is a double-mode
destructive interference phenomenon [15]. Figure 4
shows that there is a broad high reflectivity band when
the period is in the range of 0.702 ~ 0.87 um. The
period can be controlled accurately by lithographic
method; thus, the mirror can be precisely fabricated.

Fill factor and grating thickness determine the
reflectivity and bandwidth [13]. Figure 5 shows the
effect of fill factor and grating thickness. The fill factor
appropriate range is 17.5—38.6%, which provides a
large tolerance for fabrication. According to the inter-
ference conditions among the Bloch modes, the grat-
ing thickness is the most important factor affecting the
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Fig. 2. (Color online) Reflectivity versus the wavelength
and period. The inset shows reflectivity exceeding 99.5%
for the TE mode.
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Fig. 4. (Color online) Reflectivity versus the period for the
TE mode.

reflectance. As can be seen, although the high reflec-

tion band is particularly sensitive to the change of 4,
the HCG still exhibits a broad high reflection band
when grating thickness is in range of 0.15 ~ 0.182 pum.
Its shallow depth and large tolerance are undoubtedly
very good for fabricating.

It’s worth noting that a stress buffer layer intro-
duced in HCG to improve the stress problem caused
by oxidation shrinkage affects the reflectivity. Fig-
ure 6a shows its effects on the reflection of the grating.
The high reflection band changes periodically with the
increase in the stress buffer layer thickness. The layer
is selected in the range of 0.132 ~ 0.221 wm according
to central wavelength, high reflection bandwidth and
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Fig. 3. (Color online) Reflection spectra corresponding to
different diffraction orders with a period of 0.78 um and
the inset shows electric field intensity distribution.
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Fig. 5. (Color online) Reflectivity versus the fill factor and
grating thickness for the TE mode.

epitaxial technology. As shown in Fig. 6b, the low
index sublayer has little effect on the high reflection.
The HCG always has a wide band of high reflection

around central wavelength when /#; is above 46 nm.
Here the range of #4; is chosen as 0.14 ~ 0.22 um.

Figure 7a shows the reflectivity spectrum of
TE-HCG with ideal rectangular shape. It can be seen
that the high reflection band is located at 0.888 ~

0.985 um and AL/A, = 10%, with its TE reflectivity
more than 99.5% and the TM reflectivity lower than
90%. TE-HCG has the advantages of large period,
small fill factor and shallow groove depth, which can
greatly reduce the difficulty of its fabrication. The
above results are based on the model of rectangular
Vol. 116 2022
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Fig. 6. (Color online) Reflectivity versus the wavelength and grating parameters: (a) stress buffer layer thickness; (b) low index

sublayer thickness.

-_ (a) TE

™

e
%
T

<
N
m

<
=N
—

Reflectivity
S
n
T

0.998]

e
o
°
=

Reflectivity

0.996

09955786 0,90 0.94 098

Wavelength (um)

0.7 0.8 0.9 1.0 1.1 1.2 1.3
Wavelength (um)

Reflectivity

R0

o oo o
L AN 0
T T

0.7

0.8 0.9 1.0 1.1 1.2 1.3
Wavelength (um)

Fig. 7. (Color online) Reflectivity spectra of the TE-HCG. (a) Rectangular grating (A = 0.781 um, % = 0.166 um, i, =
0.189 um, A3 = 0.17 um, f = 25.4%). (b) Trapezoidal grating (A = 0.781 um, A = 0.166 um, 4, = 0.189 um, A = 0.17 um,

Jupper = 25.4%; fiower = 29.2%.

grating. However, the perpendicularity of grating side-
wall will be affected by mask shape and etching condi-
tions in actual processing, and the actual grating is
usually of a trapezoidal shape. Therefore, we consid-
ered the influence of grating shape on reflectivity. As
shown in Fig. 7b, although there is 5% difference
between the upper and lower fill factors, the trapezoi-
dal TE-HCG has a little deterioration in the shape of
its high reflection band, the central wavelength moves
towards the long-wavelength by 10 nm, and high
reflection bandwidth still keeps 96 nm. This greatly
reduces the difficulty of fabrication and deterioration
of the mirror performance. Figure 8 shows that the
HCG reflectivity is sensitive to the angle of incidence.
When the angle of incidence is 3°, the highest reflec-
tivity of TE mode is already as low as 95%. Therefore,
a VCSEL integrated with such a HCG will behave
good in the single-mode operation, and the other
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higher-order modes will be suppressed for their diver-
gence.

CONCLUSIONS

Based on the RCWA method, a GaAs/AlO,
TE-HCG mirror for GaAs-based VCSEL is simulated
and investigated numerically. The results show that the
fill factor and grating thickness are the most critical
parameters, because they determine the reflectivity
and bandwidth. Furthermore, the stress buffer layer
also affects the reflection properties of the HCG,
whose high reflection band changes periodically with
the buffer thickness. However, there is only a little
deterioration in the shape of high reflection band even
if the fill factor difference between the upper and lower
of the grating is up to 5%. Therefore, the GaAs/AlO,
HCG not only makes it easier to integrate with
VCSEL, but also can effectively avoid the deteriora-
tion of its reflection performance. Moreover, it can be
prepared with less difficulty due to its large period,
shallow etching depth and large morphology toler-
ance. Meanwhile, its sensitivity to the angle of inci-
dences is good for VCSEL to operate with single-
mode. The HCG has a large reflection bandwidth up
to 97 nm at around 940 nm (AA/A, = 10%) with its
TE reflectivity more than 99.5% and TM reflectivity
lower than 90%. VCSEL integrated with HCG will
undoubtedly have the characteristics of smaller size,
single mode, and polarization stability. It can match
perfectly the tunable diode laser absorption spectros-
copy for gas detection.
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