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Abstract: Nano-groove arrays incorporated into a freestanding GaN membrane are pro-
posed for coupling with visible light. The coupling of transverse electric mode light over the
entire visible wavelength region into and out of the planar membrane is thoroughly inves-
tigated herein by performing a finite element method analysis. Coupling can be regulated
by device parameters such as groove depth, membrane thickness, grating period, and duty
cycle. Single-band coupling featuring tunable coupling bands can be realized, with the peak
dual coupling efficiency reaching 0.55. This study paves the way for realizing planar pho-
tonics devices at specific single wavelengths. The proposed device is a suitable candidate
for use in optical filters, de-multiplexers, planar photonic sensors, and other devices.

Index Terms: GaN membrane, nano-grooves, single-band tunable coupling, visible
wavelength, FEM.

1. Introduction

Gallium nitride (GaN) is an active material representative of [lI-V compounds. It is the basic material
of the most popular blue light light-emitting diodes (LEDs) and laser diodes (LDs). GaN is also a
promising material for other optical applications, due to its wide transparent wavelength range, high
refractive index, outstanding mechanical and chemical properties, and chemical inertness [1]-[3]. It
can be made into high contrast grating (HCG) reflectors. By using the GaN-based HCG as reflector
for multiple quantum wells (MQWs), Wu et al. designed and fabricated surface-emitting lasers [4].
Lee et al. developed a one-dimensional sub-wavelength grating structure on a GaN surface that
behaves as a reflector for transverse electric polarized light in the blue wavelength range [5]. The
etched gratings on GaN act as mirrors in GaN-based LDs and promote external quantum efficiency
for LEDs [6].
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Another important application of GaN is in planar photonics, where it can be employed in a
variety of fields and exhibits outstanding properties. GaN-based planar photonic devices have
been widely reported because of their high coupling efficiency when incorporated into waveguides
[7]. Trivino et al. [8] reported GaN self-supported planar structures consisting of free-standing
waveguides coupled to photonic crystal waveguides. Zhang et al. [9] discussed the fabrication of
rib GaN waveguides on a sapphire substrate using inductively coupled plasma etching. Hui et al.
[10] designed, fabricated, and characterized single-mode ridged optical waveguide devices using
GaN/AlGaN hetero-structures for operation at 1550 nm wavelength.

Nonetheless, studies regarding GaN planar photonics in the visible region have not been a focus
compared to those of the near-infrared band. Nevertheless, visible band photonics is promising
for various applications such as signal processing [11], communication [12] and sensing [13], [14].
The excellent properties of GaN also make it a suitable candidate for planar photonics devices
in the visible region. Dylewicz et al. [15] achieved grating-assisted coupling into/from GaN planar
waveguides on sapphire at 632.8 nm. Suspended GaN-based nanostructure visible wavelength
planar photonics devices were obtained by exciting an InGaN/GaN MQWs active layer while some
of the emitted light was confined inside epitaxial films [16].

To the best of our knowledge, no previous studies have considered the entire visible region in
the production of single-band photonics devices and to de-multiplex white input light. Previously
reported devices are also not capable of being used as optical filters and do not have tunable
features. Previously, we reported a free-standing GaN membrane grating coupler and waveguide
at visible wavelengths [17]. When white light was irradiated, some wavelength bands exhibited
high coupling efficiency. The device was fabricated using a double-sided fabrication process on a
GaN-Si platform. By employing the same technique, freestanding GaN devices have been reported
in applications featuring excited light extraction promotion, reflectance, and emitter modulation
[18]-{20]. This platform and fabrication method is capable of tuning nano-parameters, particularly
the GaN thickness, which is crucial to satisfying the single-band condition. Therefore, GaN photonics
with more outstanding features at visible wavelengths can be developed using this strategy.

In this study, the freestanding membrane thickness and grating groove parameters controlling
visible light coupling were investigated by finite element method (FEM) simulation. The grating
coupler is an excellent solution for out-of-plane coupling and an effective way to realize planar
photonics devices [21]-[23]. It is suitable for use in applications such as fiber-chip-fiber coupling
[24]-{26], light sources and planar photonic integration [27], and wafer scale testing and sensing
[28], [29]. In this study, groove arrays were fabricated by single-step etching as the grating couplers.
The tunable groove parameters and waveguide thickness are favorable for realizing single-band
coupling in the entire visible band, making this device promising for realizing planar photonics
devices at specific wavelengths for use in optical filters, de-multiplexers, and other devices.

2. Prototype Structure and Modeling

Fig. 1 shows a prototype of the GaN membrane with nano-grooves as a pair of uniform gratings in
a freestanding GaN membrane. The device structure, as developed in our previous study [17], is
defined by the following crucial parameters: the membrane thickness K, groove depth d, uniform
groove period T, duty cycle A and grating bar width T x A. Because of the two-dimensional
simulation used in this study, the structure is a slab waveguide, and the membrane width was
not considered. Since the silicon-based platform is suitable for preparing the freestanding micro-
nano device structure, and because the silicon-based GaN wafer is commercially available, the
proposed structure can be successfully fabricated by starting with a GaN/AlGaN/AIN/Si platform.
The AlGaN/AIN intermediate layer is a buffer layer that alleviates crystal lattice mismatch between
GaN and Si.

The fabrication process, as shown in Fig. 1, uses mature silicon bulk micromachining combined
with traditional micro-nano fabrication. First, the uniform groove array was defined by electron beam
lithography (EBL) and etched by inductively coupled plasma reactive ion etching (ICP-RIE). Then,
after backside alignment photolithography, the silicon substrate was removed by deep reactive
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Fig. 1. Schematic illustration of the prototype structure and fabrication process. T: groove period, A:
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Fig. 2. Simulation model for the GaN grooves coupling.

ion etching (DRIE) to produce a freestanding Ill-V compound membrane. Afterwards, continuous
etching of the AIN, AlGaN and GaN layers was performed using the same etching process as in
the GaN grating groove etching. Finally, after releasing the mask, a pure GaN membrane with two
groove array regions was obtained.

The platform and the fabrication method produce unique freestanding planar structures featur-
ing controllable membrane waveguide thickness, groove depth and grating teeth width, which all
influence the light coupling.

To investigate the influence of nano-parameters on the coupling performance and to optimize the
coupling band and coupling efficiency, the finite element method (FEM) simulation was performed.
The influence of the groove depth, membrane thickness, groove period and duty cycle on coupling
was systematically analyzed. We used these tunable parameters to investigate and optimize the
single-band coupling in the entire visible region. Thus, this investigation can help inform the design
of an optical filter, a de-multiplexer and single-band planar photonics devices at visible wavelengths.

The 2D FEM simulation model based on COMSOL Multiphysics is shown in Fig. 2. There are
two grating regions on the GaN membrane to diffract light into and out of the membrane waveguide
separately. The light source was defined in the model boundary with a length of 10 um and was
considered to be a plane wave. We defined the electric field only along the direction parallel to the
groove lines for every wavelength. The incident angle was constant at 8° to break the diffraction
symmetry, eliminate reflection and reduce return loss [30], [31]. The detector was placed above
the out-coupling grating region. It is always 2 um longer than the length of the grating region,
which varies with grating period, and was positioned close to the grating at a distance of 400 nm.
The detector is just a position to make calculations, which has no effect on light. Considering
the out-coupling profile may not regular and features divergent in the propagation direction, the
detector design in the model guarantees the accurate detection of all the out-coupling energy, to
obtain theoretical results. Eliminating the influence of collection loss and calculating out the ideal
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theoretical values is important for systematically investigation and design of device parameters.
The coupling of transverse electric mode (TE) waves at 400—800 nm was investigated, and the
linear gratings were found to be strongly polarization-dependent. TE wave is an incident beam with
E-field polarization parallel to the groove lines. The grating has 26 periods, which guarantees all the
light source energy irradiate on the gratings region. Besides, the illuminated position is exactly fixed
as the same in each calculation. All boundaries were defined as the scattering boundary condition
which absorbs all the incident waves to imitate boundless space. The model is meshed by free
triangulation with a maximum and minimum element size of 150 and 4 nm, respectively, with a
1.2 times growth rate. The refractive index of the surrounding air was set as 1, whereas that of GaN
was defined as a function of the wavelength » = 0.4-0.8 um.

1.75 x 22 41 x 22 \*°
) (1)

n =(3.6+ +
Gan ( 32— 02562 ' 22— 17.86°

The coupling can be roughly described by the Bragg condition. When the diffraction resonant
modes in the grating region match the waveguide mode, known as the phase-matching condition
(2), coupling occurs.

X/T:neff —nosine (2)

where T is the grating period, nys is the effective index of the grating region, A is the free-space
wavelength, n, is the refractive index of the surrounding air, and 6 is the incident angle of the light.
When the component of the +1 order diffraction vector along the propagation direction of the guided
mode matches that of the mth order waveguide mode, which is described by the phase-matching
condition, the propagation of the mth order waveguide mode can be excited in the waveguide.

Considering the very short waveguide length (only several micrometers long) between the two
grating regions in the simulation model, the transmission loss in the membrane waveguide was
assumed to be zero. After coupling in and out of the membrane waveguide, the dual coupling
efficiency can be calculated using the following equation:

nd = Eout/Ein (3)

where E;, and E,,; represent the total field energy emitted from the light source and out onto the
detector, respectively. Although the energy distribution of the light source and the detector is not
uniform, the coupling efficiency can be calculated by the line integration value of time-averaged field
energy of the detector divided by that of the light source. Thus, the calculated efficiency reflects
the summation of the out-energy of the detector divided by the summation of the in-energy of the
light source at every wavelength. The calculated coupling efficiency is theoretical value, which not
considering the actual loss when using specific detector to collect light.

The in-coupling and out-coupling for the two groove regions are symmetrical and have similar
coupling efficiency. Thus, the single coupling efficiency by one groove region can be calculated by

the following equation:
Ns = +/ Eout/Ein (4)
The data used in the following discussion were calculated using (3), unless specified otherwise.

3. Discussion on Nano Parameters Depending Coupling
3.1 Influence of Groove Depth and Membrane Thickness

Coupling occurs mainly due to light diffraction in the nano-grooves, and is strongly influenced by the
depth of the etched-groove [32], [33]. To investigate the effect of the groove depth d, the parameters
were defined as: T =0.5um, A = 0.7, K = 1.77 um, as previously determined [17]. Based on the
previously prepared device, the design of the device in this study is feasible and practical. Fig. 3
demonstrates the coupling efficiency contour map with varying groove depths and wavelengths.
The results show that, there are many coupling bands at each etched depth investigated. The
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Fig. 3. Coupling efficiency contour plot as a function of wavelengths and groove etched depth.
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Fig. 4. Coupling efficiency plot as a function of wavelength at an etched depth of 0.15 um.

etched depth has a limited influence on the coupling wavelength, because the coupling bands do
not have an apparent movement; however, the depth has a significant influence on the coupling
efficiency. The optimized etched depth was determined to be 0.15 um by only considering the
coupling efficiency as an indicator. The dashed line in Fig. 3 indicates the coupling efficiency plot
as a function of the wavelength at this optimized etched depth, shown in Fig. 4. Two high coupling
bands can be observed and the maximum coupling efficiency reached 0.47 at 708 nm and 0.45 at
660 nm.

The planar waveguide thickness is an important parameter for the confined light mode [19], [34].
In our simulation model, the GaN membrane waveguide belongs to a three layer symmetric slab
waveguide with air as its cladding. The guided modes can be calculated as follows:

2 x K x (n%,y —n2)%°
m=int[ - X(‘j\aN s (5)

where m is the number of supported waveguide modes, K is the waveguide thickness, A is the
wavelength, n,;, is 1, and ngay can be obtained from (1).

The proposed planar photonics devices in this study are capable of achieving various membrane
waveguide thickness due to the wafer platform and fabrication process. The dual coupling efficiency
for different waveguide thicknesses from 0.2 to 2 um was investigated through simulations, while
the grating period T was set as 0.5 um, the duty cycle A was 0.7, and the etched depth d was
set to be 0.15 um from the optimization results. From (5), the membrane with a 2 um thickness is
a multi-mode waveguide in the entire visible range. The membrane with a 0.2 um thickness was
characterized as multi-mode at shorter wavelengths and single-mode at longer wavelengths. Fig. 5
shows the coupling efficiency and wavelength band variations as a function of membrane thickness.
According to the contour map, with thicker films, increased coupling is observed. This is because
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Fig. 5. Coupling efficiency contour plot as a function of wavelength and membrane thickness.
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Fig. 6. Coupling efficiency plot as a function of wavelength at membrane thicknesses of 0.2, 0.8 and
2 pm.

thicker membrane result in more waveguide modes, and the multi-order optical waveguide mode
can match the phase matching condition with a certain order of diffraction of multiple wavelengths.
It can be deduced that single-band coupling could be realized via controlling suitable GaN film
thickness. When the thickness is less than 0.4 um, only one high-efficiency coupling band exists.
Fig. 6 shows the coupling plot over the entire visible wavelength region at membrane thicknesses of
0.2, 0.8 and 2 um, demonstrating the phenomenon more clearly. Thinner membranes support fewer
modes and result in greater intervals between coupling bands. Thus, by regulating other parameters,
single-band coupling at different wavelengths within the visible region can be achieved.

3.2 Groove Period and Duty Cycle Regulated Single-Band Coupling

Based on the above results, the nano-parameters were fixed at d = 0.15 um, K = 0.2 um, A = 0.7
to investigate the groove period influence on the coupling wavelength. The simulated result shown in
Fig. 7 indicates that the coupling wavelength varies linearly with the period. The coupling wavelength
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Fig. 7. Coupling efficiency contour plot as a function of wavelength and groove period.
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Fig. 8. Coupling efficiency plot as a function of wavelength and electric field distribution at the peak
coupling wavelength when the groove period is 0.4, 0.45 and 0.5 um respectively.

experiences an obvious red shift as the groove period increases from 0.35 to 0.6 um. This can
be explained by the phase-matching condition (2), which exhibits the bigger T the bigger A. Every
period has only one or two high-efficiency coupling bands in the entire visible wavelength range
because the film is very thin. In addition, higher coupling efficiency occurs at periods of 0.4, 0.45 and
0.5 um. Coupling efficiency plots as a function of wavelength are shown in Fig. 8. The filling color
indicates to some extent the color of the out-coupling wavelength band with the highest coupling
efficiency. The central wavelength (CWL) for coupling at T = 0.4, 0.45 and 0.5 um is 660, 722 and
792 nm, respectively. The light field distributions at these peak coupling wavelengths are inset in
Fig. 8 and the arrows indicate the direction of the light.

The 3 dB passband bandwidth (BW; 4g5) can be calculated from BW3 45 = W2 — W1, where W;
and W, are the wavelengths where the coupling efficiency drops 3 dB, by using the coupling
efficiency at the CWL as the benchmark. The BW3 4g of T0.4, T0.45 and T0.5 are as follows:

BWS34g(70.4) = 671 nm — 653nm = 18 nm
BW34g(70.45) = 736 nm — 715nm = 21 nm
BWj34g(70.5) = 799nm — 776 nm = 23 nm

In addition to the peak coupling wavelength, another coupling band at each period was observed.
In accordance with the peak wavelengths, three small coupling band wavelengths increased with
the period. To evaluate the filtering performance of the device, the extinction ratio was introduced
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Fig. 9. Coupling efficiency contour plot as a function of wavelength and duty cycle.

and defined as EXT = 10lg(Pc/Po)(dB), where Pc is the coupling efficiency of the coupling band
and Po denotes the background maximum coupling efficiency over the entire wavelength region.
The defined EXT can reflect the influence of other bands on the coupling band. Larger values of
EXT indicate better filtering performance. The calculated EXT values of 70.4, T0.45 and T70.5 are
listed below:

EXT(T0.4) = 10Ig(0.31/0.1) = 4.9dB
EXT(T70.45) = 10l9(0.34/0.13) = 4.2 dB
EXT(T0.5) = 101g(0.29/0.17) = 2.3dB

The duty cycle is another crucial parameter that regulates coupling. By combining period and duty
cycle regulation, clear single-band coupling can be achieved. According to the results of the period
investigation, a duty cycle from 0.1 to 0.9 was studied by fixing the period at 0.4 and 0.45 um. Fig. 9
shows the influence of the duty cycle on the coupling when the period is 0.45 um. The coupling
wavelength increases gradually with increasing duty cycle; a similar trend was observed at a period
of 0.4 um. The physics behind the effect of the duty cycle on the coupling wavelength is related to
changes in the effective index. Although the period was fixed, alteration of duty cycle changed the
effective index of the grating region. The effective index also influences the coupling wavelength
from the phase-matching condition of (2).

The coupling efficiency plot at A = 0.2 and 0.8 with a 0.45 um period is shown in Fig. 10. The
insets exhibit the light field distribution at the peak coupling wavelength with a CWL of 610 nm @ A0.2
and 762 nm@ A0.8.

The BW3 45 values of A0.2 and A0.8 are as follows:

BW34g(A0.2) = 622nm — 603nm = 19 nm
BW345(A0.8) = 769nm — 754nm = 15nm

Fig. 11 shows the coupling efficiency plot at A = 0.2 and 0.8 with a 0.4 um period and the
corresponding light field distribution at the peak coupling wavelength. The CWL is 567 nm@ A0.2
and 693 nm@ A0.8.

The BW3 gg values of A0.2 and A0.8 are calculated as follows:

BW348(A0.2) = 576 nm — 557 nm = 19nm
BWS3 45(A0.8) = 700nm — 687 nm = 13nm

From Figs. 10 and 11, it is clear that the device shows single-band coupling properties when
A = 0.2 at different coupling CWLs owing to the groove period regulation. Although there is another
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Fig. 10. Coupling efficiency plot as a function of wavelength and electric field distribution at the peak
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Fig. 11. Coupling efficiency plot as a function of wavelength and the electric field distribution at the peak
coupling wavelength when the duty cycle is 0.2 and 0.8, with a 0.4 xm period.

coupling band when A = 0.8, a thinner membrane can be produced to eliminate the other band and
to observe single-band coupling. From the electric field distribution in Figs. 10 and 11, weakened
out-coupling field along the grating region can be observed. It is because the output beam of the
uniform gratings has an exponentially decaying function along the direction of propagation.

The peak coupling efficiency shown in Fig. 11 is ny = 0.55. When considering a single region
grating coupling, a higher efficiency n; = 0.74 was obtained according to (4). However, with regards
to the optical filtering effect, dual coupling enhances the extinction ratio EXT compared to single
coupling.

It should be noted that multiple resonance peaks are clearly observed in the coupling plot, which
can be attributed to the Fabry-Perot (F-P) resonant effect caused by the simulation model. Because
the simulation was performed by FEM, the membrane in the model has a specific length, which forms
a resonant cavity. The F-P effect also results from the high refractive index contrasts at the GaN/air
interfaces. Equation (6) describes the relationship between the waveguide length L, the effective
refractive index of the waveguide mode at the peak wavelength n,), the peak wavelength 1, and the
peak numbers i which counts from short wavelength to long wavelength [35]. From the equation,
longer waveguides results in an increased number of resonance peaks. Besides, the change in the
period or duty cycle of the gratings will affect n(;), thus affecting the resonant wavelengths. The F-P
resonance enhances the electromagnetic field intensity at the resonant wavelength.

i/L = —2n4y) /A (6)

The results presented herein indicate that the coupling wavelength is mainly determined by
the grating period and duty cycle. The number of the coupling bands is mainly determined by the
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Fig. 12. Electric field mode distribution at wavelength 600 nm in membrane without rib (a), with 1 xm
rib width while with 150nm etched depth (b), 100 nm etched depth (c), 50nm etched depth (d).
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Fig. 13. Schematic of the device application.

membrane thickness. The coupling efficiency has a strong relationship with all parameters including
the groove depth, membrane thickness, groove period, duty cycle and wavelengths. Single band
coupling regulated in the whole visible range can be realized through the composite controlling of
period T and duty cycle A. In order to guarantee high coupling efficiency while regulating coupling
band, only T0.45 and T0.4 was focused, for they were previously optimized by coupling efficiency.
Theoretically, any value of T and A can be selected to realize single band regulating at various
wavelengths.

Aside from coupling loss, the transmission loss is another important prerequisite for actual device.
The single-step patterning process is to realize gratings and rib waveguide in single etching step.
Waveguide rib reduces the overlap between the optical mode and the waveguide sidewalls, thus
the propagation loss can be effectively reduced. We designed 1 xm width rib structure for the above
planar device, which with 150 nm etched depth and 200 nm waveguide thickness. Fig. 12(a) and (b)
exhibits the mode profile at 600 nm wavelength in membrane without rib and with rib, respectively.
More constricted mode is observed when membrane waveguide has the rib, and the constrained
mode profile represents low propagation loss. Ribs with 100 nm and 50 nm etched depth were also
investigated. The simulated results are shown in Fig. 12(c) and (d). It can be deduced from Fig. 12
that, rib with bigger depths produce slightly more constrained mode profile, which means a little
smaller leakage in the direction parallel to the gratings.

There also exists lateral leakage on grating regions in the direction parallel to the grooves for
the actual device. The grating bars have certain length, that cause interface with different effective
refractive index between grooves region and non-grooves region. The leakage loss mainly occurred
on this interface. The loss also varied with the difference of effective refractive index which tuned by
grating parameters such as duty cycle. However, the loss is very limited due to the limited grating
region length in the direction perpendicular to the grating and the orthogonal diffraction direction
raised by gratings. Especially in this investigation, the gratings in the two-dimensional simulation
model devotes to ideal gratings, which have infinite groove length in the direction parallel to the
grooves. So there is no loss caused by lateral leakage in grating region.

In conclusion, the tunable characteristics undoubtedly endow outstanding properties of this novel
device, which is a candidate for realizing planar photonics at specific wavelengths and for use
as optical filters and de-multiplexers to extract particular wavelengths. Fig. 13 shows an example
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scenario for the related device applications. The light is applied on the groove arrays with differ-
ent parameters, and after experiencing dual coupling, light with different wavelengths/colors are
separated.

4. Conclusion

We investigated the out-of-plane coupling of the TE mode over the entire visible region into and out
of the GaN membrane waveguide by nano-groove diffraction. Based on the FEM simulation results,
single-band coupling can be realized, and the coupling wavelength and efficiency are regulated
by the nano-parameters of the device. The device can be used to implement planar photonics
of particularly visible wavelength bands, and has the potential for incorporation into devices for
applications such as optical filters, de-multiplexers and sensors.
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