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Microdisks Varying with Their Thickness

Gangyi Zhu(Z&NI%) ™, Mufei Tian(HASE)L, M. Almokhtar?, Feifei Qin(Z & &)!, Binghui Li(Z#k)3,
Mengyao Zhou(Fl &)L, Fei Gao(fidE)!, Ying Yang(##1)!, Xin Ji(45%)!,
Siqing He(fT#21#%)*, and Yongjin Wang( 7K i)!

! GaN Optoelectronic Integration International Cooperation Joint Laboratory of Jiangsu Province,
College of Telecommunications and Information Engineering,
Nanjing University of Posts and Telecommunications, Nanjing 210003, China
2Physics Department, Assiut University, Assiut 71516, Egypt

3State Key Laboratory of Luminescence and Applications, Changchun Institute of Optics Fine Mechanics and Physics,

Chinese Academy of Sciences, Changchun 130033, China

(Received 29 September 2022; accepted manuscript online 3 November 2022)

Optical gain and loss of microcavity greatly affect the quality of lasing, how to improve optical gain and
decrease optical loss is of great significance for the preparation of laser. In this study, four types standard
microdisks with different thicknesses of 2.2 um, 1.9 um, 1.7 um, and 1.45 um were fabricated by micromachining
technology process to modulate optical gain and loss of microdisk lasing. The whispering gallery mode lasing
in the ultraviolet range of GaN microdisk devices was investigated for these devices in order to clarify the effect
of microdisk thickness on device characteristics. The quality factor @ and lasing mode number for different
thicknesses are calculated from the stimulated spectra. The lifetimes of the exciton combination properties of the
devices were observed using time-resolved PL spectroscopy. The lasing modes are modulated, and the lifetime
decreases, while the @ factor of the devices first increases and then decreases with decreasing thickness. All these
results are induced by optical gain and loss competition.
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GaN is attracting increasing attention because of its
room-temperature wide direct band gap (up to 3.4eV)
and is a promising candidate for optoelectronic device
applications,[lﬁ] especially for ultraviolet (UV) lasers. In
recent years, optical microcavities have attracted much at-
tention owing to their huge application potential and sci-
entific significance and have been extensively researched.
Various shapes of optical microcavities!*™® have been in-
vestigated, including micro-ring cavities, microdisk cav-
ities, microsphere cavities, and microcore ring cavities.
These devices were form-dependent optical resonant cavi-
ties. Lasing devices are classified into random lasers, [7-11]
Fabry—Pérot (FP) lasers!'? 1% and whisper-gallery mode
(WGM) lasers. 271 Among these devices, WGM lasing
has the highest quality factor @ and a low lasing thresh-
old because of the extremely weak optical loss resulting
from total internal reflection at the boundary of the micro-
cavity. WGM microcavities have been applied in nonlinear
effects, ultra-low-threshold lasers, and high-sensitivity bio-
chemical sensing.?* 3% Performance of WGM is directly
controlled by the size of the cavity, the shape of boundary
of the cavity, and the refractive index of the medium inside
and outside the cavity. Therefore, studying the limitation
effect of different cavity shapes, sizes, and refractive in-
dices on lasing is of great significance for discussing and
predicting cavity properties, as well as designing micro-

*Corresponding authors. Email: zhugangyi@njupt.edu.cn
(© 2022 Chinese Physical Society and IOP Publishing Ltd

cavities with specific properties. This study investigate
the influence of microdisk thickness on its characteristics.
In this work, we fabricated a floating GaN microdisk
with a diameter of 5um by inductively coupled plasma
(ICP) etching and isotropic wet-etching silicon methods,
and investigated WGM lasing in the ultraviolet range of
a GaN microdisk. To clarify the effect of the microdisk
thickness on the device characteristics, we used dry etch-
ing to further etch the devices for 30, 60, and 90s. Thus,
a cavity thickness-controlled device was fabricated. The
optical performances of four devices with different thick-
nesses, including the quality factor @, exciton combination
lifetime, and lasing mode number, were studied.
Materials and Methods. A floating GaN microdisk was
fabricated on a commercial GaN/Si substrate. The wafer
consists of a 2.2 um GaN layer and a 1600 um silicon sub-
strate. The fabrication process for the floating GaN mi-
crodisks is shown in Fig. 1. First, SiO2 microspheres were
spin-coated on the GaN layer (step a), and then the top
surface of the wafer was etched down to the silicon layer
by ICP etching (step b). The parameters of ICP etch-
ing were as follows: Chlorine flow rate is 40 sccm, boron
trichloride flow rate is 4 sccm, power is 300 W, pressure is
4mTorr, etching time is 8 min, etching rate of GaN is ap-
proximately 0.575 pm/min, and etching thickness of GaN
is approximately 2.2 um. After removing the SiO2 micro-
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spheres (step ¢), HNF solution (HF:HNO3 = 1:9) isotropic
wet etching of silicon was used to undercut the GaN mi-
crodisk and generate an air gap under the GaN microdisk
(step d). When silicon was etched, a suspended GaN mi-
crodisk was created. The relative refractive index of the
floating GaN microdisks was significantly improved (2.6/1)
compared with that of the non-suspended GaN microdisks
(2.6/3.4). Light confinement was improved in the verti-
cal direction of the manufactured floating GaN microdisk
owing to the low light loss caused by the removal of the
silicon substrate. After the fabrication of GaN cavity, fur-
ther ICP etching was used to control the thickness of the
cavity (step e). Thus, four standard devices with different
thicknesses of 2.2 pum, 1.9 um, 1.7 pm, and 1.45 pm were
fabricated with etching time of Os, 30s, 60s, and 90s.

(a)

(b)

(a)—(b) MESA SiO, MASK
(b)—(c) ICP ETCHING

(¢)—(d) FLOATING MICRODISK
(d)—(e) REDUCTING THICKNESS

Fig. 1. Schematic fabrication process of the floating GaN
microdisk: (a) Si based GaN epitaxial wafer, (b) spin-
coated SiO2 microspheres, (c) etching the GaN layer to
the silicon layer by ICP and removing SiO2 microspheres,
(d) wet isotropic etching of silicon using the HNF etchant
solution, (e) reducing the thickness of GaN with ICP etch-
ing.

A confocal micro-photoluminescence (u-PL) spec-
troscopy system with a laser source and spectrometer
(Princeton Instruments Acton SP2500i) was used to study
the lasing emission characteristics of the floating GaN mi-
crodisks at room temperature. A neodymium-doped yt-
trium aluminum garnet (Nd:YAG) pulsed laser (355nm,
10Hz, 6ns) was used as the excitation light source. The
focused spot size of the laser beam is approximately 30 pm.
A 325 nm laser (1000 Hz, 150 fs) was used to conduct time-
resolved PL (TRPL) spectroscopy measurements with an
Optronis GmbHSC-10 camera system.

Results and Discussion. Figure 2 shows the SEM (Hi-
tachi SEM SU-8010) images of the GaN structures and the
corresponding lasing performance. The un-etched floating
GaN microdisk shown in Fig.2(a) has a symmetric disk
structure with a diameter and thickness of approximately
5um and 2.2 um, respectively. The side wall of floating
GaN microdisk is relatively smooth, and as we can see,
the side wall of floating GaN microdisk is not steep but
smooth, and the diameter on the top is smaller slightly.
Under optical pumping, a broad spectrum was observed

at a low pump power of 0.3 uW for the unetched sam-
ples [Fig.2(e)], which was attributed to the spontaneous
emission of GaN. As the excitation power is increased to
0.4 uW, a clear lasing mode can be observed. The center of
the strongest lasing peak was at 376.3 nm with a full width
at half maximum (FWHM) of 0.5nm. A clearer resonant
mode appears for a higher pumping power. The quality
factor ) can be defined as

Q=A/AN (1)

where A and A represent the central wavelength and the
FWHM of the lasing peak, respectively. Therefore, the
lasing @ of the strongest peak was approximately 750 at
an excitation power of 1.1 uW. After 30s of ICP etching
of the GaN, the thickness of the floating GaN microdisk
was reduced [Fig.2(b)]. The diameter of the floating mi-
crodisk was 5 um, its thickness was approximately 1.9 pm,
the side wall steepness was improved, and the surface re-
mained comparable smooth. As for the corresponding las-
ing performance, after etching for 30s, the center of the
strongest lasing peak was at 378.4nm and the FWHM was
at 0.33nm [Fig. 2(f)]. The lasing @ of the strongest peak
was approximately 1150 at an excitation power of 1.3 uW.
It increased after 30s of etching, and the spectrum ap-
peared with red shift.
in cavity thickness, and the light confinement effect is in-
creased in this situation. After 60s of ICP etching of GaN,
the thickness of the floating GaN microdisk was reduced
further to approximately 1.7 um [Fig.2(c)], and the side
wall steepness was further increased. However, the surface
of the sidewall became poor and the diameter decreased
slightly. The poor sidewall condition will decrease the

This is because of the reduction

lasing performance. The corresponding lasing behavior is
shown in Fig. 2(g), where the center of the strongest lasing
peak was at 378.64 nm and the FWHM was at 0.3 nm after
etching for 60s. The lasing @ of the strongest peak was
approximately 1300 under an excitation power of 1.0 uW.
The quality factor @ increased further after 60s of etch-
ing, while the lasing mode became unclear; here, the side-
walls became rough owing to the etching. The roughness
of the surface sidewall increased significantly with further
increase in the etching time of GaN. After 90s of ICP
etching of GaN, the thickness of the floating GaN mi-
crodisk was reduced to approximately 1.45 um [Fig.2(d)],
the surface and sidewall were rougher, and the diameter
was reduced to less than 5 um, which is advantageous be-
cause this device shows the best side wall steepness and
the lasing performance becomes stable. After etching for
90s [Fig. 2(h)], the center of the strongest lasing peak was
shifted to 371.56 nm and the FWHM was at 0.31 nm. The
lasing @ of the strongest peak was approximately 1200 un-
der an excitation power of 1.5 uW. Blue shift of the central
wavelength here was normal since the GaN materials were
grown on Si with AIN as buffer layer. With the decrease of
thickness of the GaN layer, the gain materials may change
to AIN (with higher bandgap), then gain spectra will be
blue shifted. The general conclusion in Fig.2 is that the
thinner the cavity, the greater the steepness of the struc-
tures. The @Q factor increases with the decreasing cavity

123401-2



Chinese Physics Letters 39, 123401 (2022)

thickness, whereas the lasing mode stability depends on
the diameter, thinness, and steepness of the cavity.

Intensity (arb. units)

365 370 375 380 385 390
Wavelength (nm)

Fig. 2. Cavity thickness dependent side view SEM images
of floating GaN microdisk and corresponding power depen-
dent lasing performances: [(a), (e)] the primary samples
with thickness of 2.2 pm, [(b), (f)] GaN microdisk with
thickness of 1.9 um, [(c), (g)] GaN microdisk with thick-
ness of 1.7 um, [(d), (h)] GaN microdisk with thickness of
1.45 um.

(a)

Fig. 3. (a) A simplified diagram of the GaN structure, (b)
top-view simulation of GaN microdisk, (¢) 3D simulation
of GaN microdisk.

The quality factor of WGM lasing is determined by
several factors®! Q! = Q;ii + Q&+ QL. +Qnl,, with
Qr_aa being the intrinsic radiative (curvature) loss, Q' the
scattering loss on residual surface inhomogeneities, Qc_olnt
the loss introduced by surface contaminants, @1, the ma-
terial loss. Because the sidewall of the microdisk was not
steep [shown in Fig. 3(a)], the @ value was expected to be

strongly affected by the scattering loss of the microdisk

sidewall. The scattering loss can be calculated by [31]
1 27%¢’B
= 2
o' =2, )

where o and B are the RMS size and correlation length
of the surface of the homogeneities, respectively, D is

the thickness of the cavity, and A represents the central
wavelength. The central wavelengths of the microdisk
are 376.3nm, 378.4nm, 378.64 nm, and 371.56 nm, respec-
tively. According to the SEM images of the floating GaN
microdisk, the values of unevenness of the cavity surface
were 170 nm, 180 nm, 190 nm, and 200 nm. The calculated
values of Q5! are 4.73x 1074, 5.2x 107, 5.23 x 10™%, and
5.71 x 10™%. The scattering loss increased with increasing
etching time, which can be used to explain the changes in
the @ factor.

Figure 3(a) shows the simplified diagram of the GaN
structure, the top and down diameters are not same. Sim-
ulated top view of the GaN microdisk [Fig. 3(b)], with a di-
ameter of 5 um, the light is well confined in the cavity and
surrounds the side wall of microdisk. Figure 3(c) shows a
three-dimensional top view of a GaN microdisk with a di-
ameter of 5 um and a thickness of 1.45 um. It can be seen
that there are three modes inside the microdisk, and the
light intensity of the middle mode is the strongest. The
reason for this phenomenon is that due to ICP etching, the
side wall of the microdisk is tilted, and multiple resonance
modes will be generated [Fig.3(a)]. The resonance mode
in the middle is the strongest.
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Fig. 4. The lasing spectra and calculated lasing mode
number of GaN microdisk with thicknesses of (a) 2.2 pm,
(b) 1.7 pm, (c) 2.2 um, and (d) 1.45 pm.

To demonstrate the influence of diameter uneven-
ness on mode evolution, diameter-related mode analysis
was performed. The refractive index of GaN for TE-
polarized light can be described by the Sellmeier dispersion

equation: (32]

1.75)\% 4.1\° @)
A2 —0.2562 A2 —17.862°
The lasing module equation of WGM lasing in the GaN

n% =3.60 +
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circular microdisk is expressed as!?%31

N = mdn/X, (4)

where n is the refractive index of GaN at a wavelength A,
d is the circular diameter of the GaN microdisk. Because
the circulation path of light in the microdisk is slightly
different, the diameter d corresponding to different lasing
modes varies. Figure 4 shows the mode number N versus
A curves of the WGM lasing spectra before and after etch-
ing. The vertical dotted lines representing the intersection

of the lasing spectra and the N—\ curves show integer num-
bers that correspond exactly to the lasing mode number of
the WGM lasing peak. As can be seen in Fig. 4(a), for the
un-etched sample under pumping power of 1.1 uW, reso-
nant mode numbers of 108-111 for diameters of d; to ds
can be obtained. When taking the sample after etching for
30s, the resonant mode number changes to 104-109. The
details of the lasing modes and diameters of each cavity
are summarized in Table 1. The lasing mode number was
in the range from 108 to 112.

Table 1. Summary of calculated lasing mode number and correlative diameters.

Unetched floating GaN
microdisks pump power 1.1 pW

Etching time 30s
pump power 1.1 uyW

Etching time 60s
pump power 0.6 pW

Etching time 90 s
pump power 1.5 uyW

Diameter (pm) Modes Diameter (pm) Modes Diameter (pm) Modes Diameter (pm) Modes
d1 = 4.9999 110, 108 di =4.797 105, 104 d; =4.978 110, 109 dy =4.984 111, 110
dy = 5.015 111, 109 do = 4.995 109, 107 do = 4.992 110, 108 do = 5.003 112
d3 = 4.987 109 d3 = 5.014 108 d3 = 4.9642 108
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Fig. 5. (a) Stripe camera picture for the device thickness
of 2.2 um (before etching). (b) Stripe camera picture for
the device thickness 1.45 pm (etching for 90s). (c) Nor-
malized TRPL spectra and single exponential fitting of the
sample for pump power 220 uW. (d) Lifetime summary of
the floating GaN microdisk with different thicknesses at
different pump powers.

ICP etching can change cavity size, steepness, and
surface conditions. All these parameters can influence
the light emission performance of microdisk. To further
demonstrate the influence of ICP etching on the lasing
performance, pumping power-dependent excitation of the
combination properties of samples before and after ICP
etching was performed. Figures 5(a) and 5(b) show the ex-
citon combination properties obtained by the streak cam-
era for the samples before and after etching for 90s un-
der the same pumping power (325nm fs laser at 220 pW).
The resonant mode is observed in the stripe camera im-
age in Figs.5(a) and 5(b). The normalized TRPL spectra
of the peak wavelength are presented in Fig.5(c). Under
single exponential fitting, the excitation combination life-
time is 40.5 ps for the primary sample, and 35.6 ps for the
sample after etching for 90s. As shown in Fig.5(d), the
lifetime was shortened after etching, and this conclusion

did not change for other pumping powers. The increase
of quality factor @) is the reason for this, and the under-
lying mechanism is the improvement of light confinement
effect for thinner cavities. In fact, ICP etching reduces
the thickness of microdisk. For example, the thickness of
the primary sample was approximately 2.2 um while it will
be decreased to 1.45 um after 90s of etching, as shown in
Fig. 2.

In summary, we have prepared a floating GaN mi-
crodisk with diameter of 5 um and thickness of 2.2 um by
dry etching GaN and HNF solution isotropic wet etching
silicon, and obtained WGM lasing in the ultraviolet range
of the GaN microdisks. The thickness of GaN microdisk
can be further etched using dry etching. The thickness of
microdisk is reduced to 1.9 um, 1.7 um, and 1.45 um after
ICP etching. Lasing performance, including the quality
factor @, lifetime, and lasing mode number, is influenced
by the thickness of microdisk. The resonant mode series
were similar, and the @ factor first increases and then de-
creases, however, the lifetime decreases with decreasing
the thickness of the microdisk. Overall consideration, the
GaN microdisk with thickness of 1.7 um has the highest
lasing performance. Our research may benefit future de-
velopment of high-quality optical active microcavities.
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