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Abstract: We demonstrated GaN-based photonic crystal (PC) nanobeam
cavities by using the e-beam lithography and the suspended nanobeams
were realized by focused-ion beam (FIB) milling. One resonant mode was
clearly observed at 411.7 nm at 77K by optical pumping. The quality factor
was measured to be to 7.4 x 10%. Moreover, the degree of polarization value
was measured to be 40%. The temperature-dependent characteristics were
measured and discussed, which unambiguously demonstrated that the
observed resonant peak originated from the band-edge mode of the one-
dimensional PC nanobeam.
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1. Introduction

Since photonic crystals (PCs) which can manipulate the light propagation direction and well
confine photons were proposed in 1987, they have been widely investigated and applied in
different optoelectronic devices such as lasers and light-emitting devices [1-3]. Basically, two
kinds of PC lasers including band-edge and defect lasers have been studied and demonstrated
[4-11]. For the PC band-edge lasers, the specific Bragg diffraction conditions were occurred
at the photonic band-edge positions to achieve the laser threshold condition over a large
lasing area. Meanwhile, the surface emitting condition can be met by specifically choosing
the proper photonic band edges to form so-called photonic crystal surface emitting lasers [4—
9]. As for the PC defect lasers with suspended membrane structures, the photonic band gap
was created to confine photons in the defect cavity. The small mode volume (V) with a high
quality (Q) factor can be observed in such kind of PC nanocavities [10, 11]. In recent years,
PC nanobeam cavities, with further scaling the device footprints down but also maintaining
the high Q factors, have attracted much attention and intensively researched [12—18]. Up to
now, several reports of PC nanobeam cavities have been addressed such as PC nanobeam
lasers with an ultralow threshold condition [15], observation of cavity quantum
electrodynamics [16], optical switching devices [17] and photonic integrated circuits [18].
Usually, PC nanobeam cavities with suspended structures were realized in GaAs or InP-
based material systems using selectively chemical etching [12—18]. In recent years, GaN and
its ternary and quaternary alloys are very popular material system for novel optoelectronics
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due to their large exciton binding energy (~26 meV) and wide range spectra tuning capability
at the ultraviolet-visible region, which are attractive in the single photon emission [19] and
strong coupling effect to tailor the exciton-polariton emission at room temperature [20] as
well as the luminescence based bio-sensing application at the ultraviolet-visible region [21].
Very recently, defect type high Q AIN nanobeam PC cavities embedded with GaN quantum
dots have been demonstrated using photo-electrochemical (PEC) etching [22, 23]. However,
in GaN-based systems, the fabrication technologies of suspended structures are still
challenging due to the specifically epitaxial structures and difficult etching process [24-26].
In this report, we demonstrated band-edge type GaN-based PC nanobeam cavities with
suspended structures. The PC patterns and suspended nanobeam structures were fabricated by
using the e-beam lithography and focused-ion beam (FIB). The plane wave expansion method
(PWEM) [14] and finite element method (FEM) [27] were carried out to calculate the
resonant wavelengths, quality factors and cavity heights of suspended GaN-based PC
nanobeam cavities. Furthermore, the resonant mode of GaN-based PC nanobeam cavity was
observed at 77K to 180K. Finally, the degree of polarization and temperature dependent
micro-photoluminescence (u-PL) properties of GaN-based PC nanobeam cavities were
characterized and discussed.

2. Design and fabrication

Figure 1(a) shows the scheme of the suspended GaN-based PC nanobeam cavity. For
designing the parameters of GaN-based PC nanobeam cavities, the corresponding band
diagram was calculated by PWEM. Figure 1(b) shows the calculated band diagram of the
GaN-based PC nanobeam cavities and solid lines represent the photonic bands. The first band
(black curve) at the lowest frequency can be identified as the dielectric band and the other
bands (blue and green curves) are the air-bands at higher frequency. On the other hand, when
the in-plane wave vector k, is close to band-edge positions, the group velocity of photons
almost approached to zero. In this case, the Q factor of the cavities will increase and the
photons will have higher probability to interact with the gain medium provided by
InGaN/GaN multiple quantum wells (MQWs). Furthermore, the dielectric band is better for
light-emitting devices due to good field overlapping with the gain medium [14]. Therefore the
normalized frequency (a/A, where a is the lattice period and A is the wavelength) of our
nanobeam was set to be around 0.44 locating at the center emission wavelength of the
InGaN/GaN MQWs. However, the exact value of lattice period still depended on the
nanobeam width (w), radius (r) of the PC hole and nanobeam cavity height (h).

It had been shown that the large nanobeam width would reduce the refractive index
contrast between the dielectric medium and air hole and the small nanobeam width would
result in higher scattering loss due to the more evanescent tail of the guided mode penetrating
into the air [14]. To maintain a reasonable high quality factor of the nanobeam, the nanobeam
width was determined to be 300 nm, corresponding to approximately 1.5a. Then, we used the
finite element method (FEM) to calculate the Q factor depending on the r over a ratio (1/a) in
order to select a proper radius of the PC air hole. Figure 2(c) shows the top view of the
simulated electric field mapping in one unit cell. The modes we were monitoring were
selected to be in the dielectric band as shown in the Fig. 2(c). The calculated Q factor versus
the r/a ratio is shown in the Fig. 3(a). The different r/a ratio would influence the optical
feedback mechanism in the nanobeam cavity. We observed that the best Q value was
occurred when the r/a ratio was 0.25. Therefore, the parameters such as the radius, period of
the PC and width of the nanobeam were selected to be 50, 200 and 300 nm, respectively.

Since that the width, period and the radius of the nanobeam were fixed, the cavity height
was again optimized by using the FEM. The cavity heights from 1\ to 2.5\ were chosen to
calculate the corresponding Q factor and confinement factor, respectively. Since the MQW
region was embedded in the nanobeam cavity, the overlap ratio between the optical field and
the MQW area had to be considered. Figure 1(d) shows the simulated electric field mapping
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in one unit cell at z-x plane. The extracted transverse electric field along the z direction is also
shown in the Fig. 1(d). Since the electric field distribution in the x-y plane was almost
unchanged, the confinement factor was defined as the percentage of the squared electric field
in the MQW region along the z direction. Figure 2(b) shows the calculated Q factor and
optical confinement factor with respect to the cavity heights. The curves of quality factors and
confinement factors showed different tendency. The Q factor would increase as the cavity
height became larger, which is similar to the two dimensional PC slab for the first guided
mode [28, 29]. However, when the cavity height became larger, the optical field would
further stretch out of the MQW region and lower the confinement factor. With considering
both the quality factor and the confinement factor, the optimized cavity height was between
1.5\ and 2\. The calculated confinement factors of the cavity height 1.5\ and 2A were similar.
However, the quality factor of 2\ cavity height was higher than that of 1.5A. Therefore, the
cavity height was selected to be 2A in our experiment which was around 320 nm.
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Fig. 1. (a) Scheme of the GaN-based PC nanobeam cavity, where w is the nanobeam width, h
is the nanobeam cavity height, a is the lattice period, and r is the radius of one PC hole. The
MQW region is sandwiched by two GaN layers with identical thickness. (b) The band diagram
of GaN-based PC nanobeam cavity. The red dashed line represents the light line. The gray area
above the light line represents the radiation modes. The black, blue and green curves represent
the photonic bands with different guided modes. (c) Top view of the simulated electric field
mapping in one unit cell. (d) Left: Cross sectional view of the simulated electric field mapping
in one unit cell at the z-x plane. Right: Extracted electric field along the dash line in the left
figure.
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The suspended GaN-based PC nanobeam cavities were firstly grown on a c-plane 2-in
sapphire substrate by the metal organic chemical vapor deposition system. The epitaxial
structure consisted of a 2 um-thick un-doped GaN layer, 10 pairs of InGaN/GaN MQWs, and
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a 100 nm-thick un-doped GaN layer. The detailed growth parameters were similar to the
previous report [7]. In the beginning, the hard mask 300 nm-thick SiN, was deposited by the
plasma enhanced chemical vapor deposition (PECVD). Then the 300 nm-thick poly-methyl
methacrylate (PMMA) photoresist was coated by the spin coater. The one dimensional PC
and nanobeam patterns were defined by e-beam lithography. Subsequently, the pattern was
transferred to the SiN, film by using reactive ion etching (RIE). Then the pattern on the hard
mask was transferred to the GaN layer by using inductively coupled plasma (ICP). After that,
the sample was cut and carefully polished from the wafer edge by chemical mechanical
polishing (CMP) to form a flat plane quite close to the nanobeam pattern for preparing the
undercut process to suspend the GaN thin film in the air. Finally, the underneath GaN layer
was removed by FIB to accomplish the suspended nanobeam structures. The etching
conditions of FIB had to be carefully controlled to prevent the distortion of the nanobeam
cavity. Figures 2(c)-2(e) present the scanning electron microscope (SEM) images of the GaN-
based PC nanobeam cavities. The PC nanobeam shape was carefully preserved and
parameters including the period, radius, height and width were estimated to be 180 nm, 50
nm, 320 nm and 300 nm, respectively. A slightly upward protrusion of the PC nanobeam
observed in Fig. 2(e) could be due to the partial compressive strain relaxation of the GaN and
MQW layers suspended in the air. GaN-based PC nanobeam cavities were excited at 77K by
a He-Cd 325 nm continuous wave laser. The laser beam with a spot size of about 7 um was
normally incident onto the devices. The p-PL signal was collected by a 100X objective lens
perpendicular to the devices surface or by a fiber with a 600 pm core in the normal plane of
the sample. The collected signal was then fed into a spectrometer with a spectral resolution of
approximately 0.07 nm.
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Fig. 2. (a) The calculated Q factor versus the r/a ratio. (b) The calculated Q factor and
confinement factor versus the cavity height. The confinement factor was defined as the overlap
ratio between the optical field and the MQW area as shown in Fig. 1(d) (c) The top view, (d)
enlarged top view and (e) tilted angle view SEM images of the GaN-based PC nanobeam
cavity. The parameters such as period and radius of PC were 180 nm and 50 nm. The height
and width of nanobeam structure were 300 nm and 320 nm.
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3. Results and discussion

The micro-PL (pu-PL) spectra of the as-grown planar sample with InGaN MQWs and the
suspended GaN-based PC nanobeam cavity were shown in Figs. 3(a) and 3(b), respectively.
The emission peak was around 407 nm in the planar sample with its full width at half
maximum (FWHM) of about 10 nm. However, it can be found that there is only one resonant
mode observed in the GaN-based PC nanobeam cavity. In order to further investigate the
linewidth of this resonant mode, the Lorentzian peak function was used to fit the measured
result, as shown in Fig. 3(b). The resonant wavelength was estimated to be 411.7 nm,
corresponding to the normalized frequency of 0.438. It indicates that the resonant mode
frequency was located at the dielectric band in the band diagram, matching to our design. In
addition, the corresponding Q factor was calculated to be 7.4 x 10°. Nevertheless, the Q factor
in the experiment was much lower than that in the simulation which could be due to several
factors: the protrusion of the PC nanobeam, finite length of the PC nanobeam, deviation of
the r/a ratio, scattering loss and defect states caused by the imperfect fabrication process and
the sidewall roughness of the GaN-based PC nanobeam cavity. Since the GaN epitaxial layer
was grown on the sapphire substrate with large lattice mismatch, forming the PC nanobeam
by removing the underneath GaN would release the compressive strain and deform the
nanobeam itself. To mitigate this problem, the compressive strain could be relaxed first by
inserting the superlattice or pre-strained layer before the MQW during the epitaxial growth
[30].
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Fig. 3. The p-PL spectra of (a) the planar sample and (b) the GaN-based 1D PC nanobeam
cavity. The resonant wavelength and quality factor were calculated to be 411.7 nm and 742,
respectively by using the Lorentz fitting in (b).

Figure 4(a) reveals the polarization characteristics of the GaN-based PC nanobeam cavity.
The degree of polarization (DOP) is defined as (Iax-Tmin)/(Imax + Imin) Where Iy and Ly, are
the maximum and the minimum intensity of the resonant mode peak. The polarization
direction was y-polarized as defined in Fig. 1(a) which is similar to the band-edge type
nanobeam lasers [14]. Besides, the degree of polarization (DOP) was measured to be 40%.

Figure 4(b) plots the evolution of p-PL spectra from the GaN-based PC nanobeam cavity
with increasing the temperature. One dominated mode can be clearly identified as the
temperature was increased from 77K to 160K. However, the high Q resonant mode vanished
while temperature was higher than 170K due to the increasing non-radiative recombination
rate and absorption at higher temperature. Besides, it can be found that high-Q resonant mode
showed the peak red-shift of 3.69 nm from 77K to 170K and the resonant mode peak red-shift
rate was calculated to be 0.03 nm/K. It indicates that the peak position of resonant mode
would be influenced by the temperature due to the refractive index variation and the
nanobeam length variation. The nanobeam length variation could be estimated by the thermal
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expansion coefficient of GaN [31] and the resonant mode peak red-shift rate was only in the
order of 10~ nm/K. On the other hand, based on the temperature dependent equation of the
refractive index of GaN [32], the resonant mode peak position could be calculated by using
the FEM and the peak shift value could be extracted to be 2.77 nm, which explained that the
red-shift was resulted mainly from the variation of the refractive index. Moreover, the
relatively larger mode peak red-shift rate observed in the experiment could be due to the
worse heat dissipation causing larger index variation in the suspended PC nanobeam cavity.
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Fig. 4. (a) Polarization characteristics of the GaN-based 1D PC nanobeam cavity. The degree
of polarization (DOP) was measured to be 40%. (b) Temperature-dependent p-PL spectra of
the GaN-based 1D PC nanobeam cavity. The red-shift rate of the resonant mode peak was
calculated to be 0.03 nn/K.

4. Conclusion

In conclusion, suspended GaN-based PC nanobeam cavities were realized and characterized.
The one dimensional PC pattern in a nanobeam was defined by e-beam lithography and the
suspended nanobeam structure was realized by the FIB system. The resonant mode in the
GaN-based PC nanobeam cavity was observed at 411.7 nm with a Q factor of 7.4 x 10* at
77K using the p-PL measurement. Finally, the degree of polarization and the temperature-
dependent characteristics of the GaN-based PC nanobeam cavity were measured and
discussed. The DOP value was measured to be 40% and the peak red-shift rate was calculated
to be 0.03 nm/K. By further optimized the structure parameters and fabrication conditions, the
GaN-based nanobeam cavities with small footprint, high Q and temperature dependent
characteristics could be promising for realization of room temperature single photon sources,
extremely low threshold lasers and integration to the luminescence based bio-sensing
application at the ultraviolet-visible region in the future.
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