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Structural and optical properties of Fabry-Pérot filters (FPFs) with GaN/air gap based distributed Bragg
reflectors (DBRs) were studied. Reflectance of GaN/air gap DBRs on sapphire substrate was calculated
from the standard transmission matrix method and results showed that 98% reflectance is achievable with
only 3.5 pairs at a center wavelength of 450 nm. The thickness of the GaN layer and the first AIN layer
was determined according to the deformation induced by the residual stress. In-plane strain corresponding
to growth conditions and the thickness of the GaN epilayer was considered for this analysis. Optical tun-
ing efficiency and spectral range were found to be 0.27 and 25 nm respectively for FPFs with GaN/air gap
(322 nm/113 nm) based DBRs and a (/2 air resonant cavity. The calculated pull-in voltage was 1.5 V.
Crack free AIN grown on GaN by in-house MOCVD showed an etching rate of 0.2 nm/min.
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1 Introduction Distributed Bragg reflectors (DBRs) are a key part in nitride optoelectronic devices
such as vertical cavity surface emitting lasers, resonant cavity surface emitting diodes and resonant cav-
ity detectors. AlyGa;_(N/GaN or Al,Ga;_N/AIN based DBRs are mainly used because they are transpar-
ent at visible wavelengths and ultra violet wavelength ranges. Although crack free DBRs with a reflec-
tance higher than 99% were presented at 467 nm and 380 nm [1, 2], the growth of this type of DBRs is
still challenging due to cracks and dislocations induced by lattice mismatch and different thermal expan-
sion coefficients. To overcome these issues, Al;_In,N/Al, Ga,N based DBRs have been investigated.
The advantage of this material system lies in its lattice-matched structure. A 40 period Aljg;Ing;7N/GaN
DBR and a 35 period AlygsIngsN/Aly,GaggN DBR were reported recently at 450 nm and 343 nm, re-
spectively [3, 4]. These DBRs are comparable to Al,Ga, , N/GaN or Al,Ga; N/AIN based DBRs men-
tioned above, but Indium segregation is a problem in this material system. GaN/air gap based DBRs are
considered in this work to overcome drawbacks of nitride semiconductor DBRs. Air gaps can, for exam-
ple, be formed by wet etching of a sacrificial layer. Dry etching can also be used as shown in several
papers. Steckl presented horizontally stacked GaN gratings fabricated by focused ion beam (FIB) mi-
cromilling [5]. In most of cases, wet etching of nitride materials is assisted by UV light since nitride
semiconductors are very robust to conventional chemical treatment. The corresponding method is called
photoelectrochemical etching (PEC). A three-period GaN based air gap DBR was reported using band-
gap-selective PEC etching with an InGaN sacrificial layer [6]. Although selective etching of nitrides is
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extremely difficult and rough surfaces resulting from etching are a problem, air gap based DBRs are very
attractive because only 3.5 periods are needed for 98% reflectance as shown in Fig. la. In addition,
Fabry-Pérot filters (FPFs) consisting of two GaN/air gap based DBRs can tune the resonant wavelength
by controlling the air cavity length electrostatically or thermally. Micro-opto-electro-mechanical
(MOEM) tunable FPFs have been reported with conventional III-V materials [7, 8]. These devices target
the application of optical communication and IR gas spectroscopy systems. Similar spectroscopy appli-
cations are expected for GaN based FPFs because some organic materials and chemicals are sensitive to
UV and/or to the visible region.

In this study, AIN was chosen as a sacrificial layer because it can be etched away by wet etching without
additional light. Since selective etching between Al,Ga; ,N and AIN is possible with small amounts of
Al content, it is feasible to realize Al,Ga, (N/air gap DBRs for wavelengths below the GaN absorption
edge. To determine design parameters of GaN/air gap DBRs, strain relaxation was considered for the
residual stress analysis. The optical and mechanical simulation results of the DBRs and FPFs with these
DBRs will be discussed together with experimental investigations of growth and etching of AIN on sap-
phire.
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Fig. 1 a) Number of GaN/air gap quarter-wave pairs vs. reflectance, b) simulated reflectance spectra of two 3.5-
period GaN/air gap based DBRs having different thickness and a 32-period GaN/AIN (46 nm/54 nm) DBRs.

2 Designs and results The DBR designs presented in this work employ thick AIN as the first layer
on a sapphire substrate so that cracks in the following layers can be prevented [9]. The thickness of this
first AIN grown layer should be optimised in consideration of the deformation of the GaN epilayer after
etching. The thickness of the GaN layer and the sacrificial AIN layer correspond to i*Ay/4n; and j*Ay/4n,
for A, = 450 nm where », and n, are the refractive indices of GaN and air respectively. i and j are odd
integers and they are chosen according to the optical and mechanical performance of the DBRs. Reflec-
tance simulations were performed by using the standard transmission matrix method [10]. The GaN
absorption edge is below 400 nm and absorption was therefore excluded in this simulation. The refrac-
tive index data for GaN were taken from Brunner [11] and the value of 1.78 was used for sapphire [12].
The incident light was assumed to be normal to the surface and the incident medium was taken to be air.
The reflectance spectra of two GaN/air gap DBRs with different thickness and a 32-period GaN/AIN
DBR are shown in Fig. 1b. In all cases, the air gap was fixed to 113 nm and 3.5 periods were used. Re-
gardless of GaN thickness, the maximum reflectance remained above 98% but the stop-band was re-
duced to 63 nm as the thickness of GaN was increased from 230 nm to 322 nm. However, this value is
still broader than that of a 32-period GaN/AIN DBR.

Simple square geometry with four beams was used for Fabry-Pérot filters with 3.5-period GaN/air gap
based DBRs. The length of the air resonant cavity (L) is about a A¢/2. SiO, should be deposited on the
backside of the sapphire substrate as anti-reflection coating. Four different designs were considered. The
design parameters are summarized in Table 1.
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Table 1 Various designs of FPFs’ membrane (unit: pm)

Membrane width, W 20 20 30 20
Beam width, BW 10 10 15 10
Beam length, BL 30 30 45 30
GaN thickness, d 0.23 0.32 0.32 0.32

* Strain relaxation data under Ga (sub)monolayer MBE growth condition [15].
** Strain relaxation data under Ga bilayer MBE growth condition [15].

Firstly, in-plane residual stress (c,) was estimated roughly according to the relationship given in [13].
For the calculation of bi-axial stress, two sets of plastic strain relaxation data of GaN on AIN epilayer
were taken from Bellet-Amalric [14]. Bottom 20 nm thick GaN was assumed to be removed during wet
etching. The following values were used for elastic constants of GaN: Cj; = 390 GPa, C;, = 145 GPa, Cj3
=106 GPa, C33 = 398 GPa [15]. Secondly, the deformation of GaN membranes of each design was simu-
lated by finite element method (FEM) with the estimated in-plane residual stress as above. Results are
shown in Fig. 2a. The smallest deformation of the 1 GaN membrane was about 0.8 pm for design B
while design D, with the same geometry as design B, was deflected as much as 1.1 pm. This difference is
due to the different strain relaxation mechanism corresponding to growth conditions. GaN epilayer
grown under Ga bi-axial growth condition (design D) contains higher gradient relaxation above 20 nm
thickness than under Ga (sub)monolayer growth condition (design B) and it leads to larger deformation
of the membrane. This result demonstrates that growth conditions are a very important factor together
with membrane geometry in design optimization. It is worth to note that stress in epilayers grown by
MOCVD is very different from that present in MBE grown layers. Since relaxation data of GaN on AIN
epilayer as a function of thickness are not available from MOCVD growth at this time, MBE data were
employed in this paper. These are expected to provide a first estimate of the trends and parameter de-
pendences applicable to the new scheme of GaN/air gap based MOEM FPFs discussed here. According
to the theoretical calculation of strain relaxation in 1xm GaN epilayer (with 100 nm AIN buffer layer) on
sapphire [16] is about 1GPa which is close to that of design B. The relaxation occurs more quickly in
epilayers grown by MOCVD than by MBE, more gradual relaxation is expected above 20 nm and this
would lead to less deformation of the GaN membrane; this is to be confirmed experimentally in the fu-
ture with our in-house MOCVD [17]. Deformation of consequent GaN membranes was 25 % less than
that of the 1 GaN membrane based on the layer by layer analysis [18]. The differences of deformation
between adjacent membranes are in the range of 2 to 15 nm.
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Fig. 2 a) The deformation of GaN membranes for different FPFs’ designs. GaN layers from the bottom to the top
were labeled from 1 to 4. b) Reflectance spectra of FPFs corresponding to air resonant cavity lengths.
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The reflectance spectra of FPFs with design B corresponding to air resonant cavity lengths are shown in
Fig. 2b. By controlling the resonant cavity length (AL) up to 70 nm, the peak wavelength shifted from
450 nm to 431.4 nm and FWHM is 0.04 nm and 0.42 nm, respectively. The optical tuning efficiency of
AMAL is about 0.27 and a pull-in voltage of 1.5 V was calculated.

Experimental investigation of the proposed concepts necessitates the growth of AIN layers which can be
selectively etched with respect to GaN. AIN layers were grown for this purpose with our in-house low-
pressure Organometallic Vapor Phase Epitaxy (LP-OMVPE). The TMAI flow rate varied from 7-67
pmol/min and ammonia flow rate varied from 20—70 mmol/min. Growth pressure was kept below 50
torr. A 0.5—1 pm thick AIN layer was grown between 1040 and 1080 °C after an about 10 nm thick low
temperature (LT) AIN nucleation layer grown at 700-900°C. The typical growth rate was 1 pm/hr as
determined by in-situ laser reflectance monitoring. Etching was attempted with a 4:1 H,0/AZ400K solu-
tion and an etching rate of 0.2 nm/min was measured.

3 Conclusion Designs of GaN/air gap based DBRs and Fabry-Pérot filters were proposed at the cen-
ter wavelength 450 nm based on strain relaxation data of MBE growth. FEM analysis indicates that
growth condition is an important factor together with membrane geometry. As the result, the thickness of
GaN and air gap was determined as 322 nm and 113 nm, respectively. Simulation results of FPFs with
the proposed design showed that optical tuning efficiency was about 0.27 and spectral range was 25 nm.
A pull-in-voltage of about 1.5 V was calculated with AL = 70 nm. This design should be adjusted in case
of MOCVD grown layers by considering the corresponding strain relaxation data. Absorption of a GaN
epilayer due to doping and deformation of each layer based on multiplayered heteroepitaxial structures
must also be taken into account for further design improvement. AIN epilayers were grown by in-house
MOCVD to evaluate of the feasibility of GaN/air gap DBRs and showed an etching rate of 0.2 nm/min.
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