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Mode radiation loss for microdisk resonators with pedestals is investigated by three-dimensional (3D)
finite-difference time-domain (FDTD) technique. For the microdisk with a radius of 1 pum, a thickness of
0.2 pm, and a refractive index of 3.4, on a pedestal with a refractive index of 3.17, the mode quality (Q)
factor of the whispering-gallery mode (WGM) quasi-TE7 1 first increases with the increase of the radius of
the pedestal, and then quickly decreases as the radius is larger than 0.75 pm. The mode radiation loss is
mainly the vertical radiation loss induced by the mode coupling between the WGM and vertical radiation
mode in the pedestal, instead of the scattering loss around the perimeter of the round pedestal. The WG

M can keep the high Q factor when the mode coupling is forbidden.
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Semiconductor microdisk lasers!! are extensively stud-
ied due to their advantages, such as ultrasmall vol-
ume and high quality factors. Although there are no
real transverse electric (TE) and transverse magnetic
(TM) modes in three-dimensional (3D) resonators, the
modes in the microdisk resonators can be assigned as
quasi-TE and quasi-TM modes based on their main
polarization. Usually, the microdisk lasers are sup-
ported by pedestals to form the strong vertical waveg-
uide, and quasi-TE modes are dominant modes in the
microdisk. The finite-difference time-domain (FDTD)
technique is widely used in the simulations of circular!?!
and double-notched-shaped microdisk resonators!?, pho-
tonic crystal waveguides!® | although it still has a few
deficiencies(®7l.  The simulated scattering loss of the
pedestal is small for the microdisk with a small pedestal
by a two-dimensional (2D) method, because the distri-
bution of the whispering-gallery mode (WGM) is con-
centrated near the circumference?. However, the verti-
cal radiation loss is neglected in the 2D simulation, and
the decrease of quality (Q) factor is caused by the en-
hancement of the scattering loss in the horizontal plane.
Recently, we have analyzed the mode characteristics for
microcylinder resonators with weak vertical waveguide
by 3D FDTD technique, and found that the quasi-TM
modes can keep high Q factors® and a critical lateral
size is required for obtaining the high Q factor quasi-
TE modes!?!. In this letter, the influence of the pedestal
on the mode characteristics is investigated by 3D FDTD
technique.

A microdisk resonator, which is supported by a
pedestal and surrounded by air, is simulated by 3D
FDTD method®. Based on the circular symmetry, the
3D problem can be transformed into a 2D one with the
angular field dependence of exp(ivy), here v is the az-
imuthal mode number. The quasi-TE modes in the mi-
crodisk resonators are marked as quasi-TE, ;, where the
subsuript [ is the radial mode number. The radiation
modes in the pedestal are marked as HE,; and EH, i,
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here EH modes usually have a shorter cut-off wavelength
than that of HE modes, so only HE modes are considered
in this letter. Figure 1 shows the cross section of the mi-
crodisk with a calculating window bounded by I, I, I,
and I'y. Here Ry and Ry are the radii of the microdisk
and pedestal, d is the thickness of the center layer, n;
and no are the refractive indices of the microdisk and
the pedestal, respectively. The refractive indices n; and
ng are 3.4 and 3.17, which are close to those of InGaAsP
and InP, respectively. The perfect matched layer (PML)
absorbing boundary condition is applied on the bound-
aries I, I, and I, which are placed 1.0, 4.0, and 5.0
pm away from the microdisk’s upper, lateral, and lower
boundaries, respectively. We expect that the mode fields
E. and H, are Bessel functions when r approaches zerol3!.
The asymptote of the Bessel function as r approaches
zero is ¥(r) o V(v > 0). We apply the asymptote to the
field components E, and H, at the inner boundary Iy
at r = 4Ar. The spatial steps Az and Ar are 10 and
20 nm, respectively, and the time step At is chosen to
satisfy the Courant condition. In the FDTD simulation,
an exciting source with a cosine impulse is added to one
component of the electromagnetic at a point (xg, yo) in-
side the microdisk. The cosine impulse is modulated by
a Gaussian function

P(xo,y0,t) = exp|—(t — t0)2/t‘2ﬂ] cos(27 ft), (1)

where tg and t,, are the times of the pulse center and
the pulse half width, respectively, and f is the center fre-
quency of the pulse. Then the time variation of a selected
field component at some points inside the microdisk is
recorded as the FDTD output. The Padé approximation
with Baker’s algorithm![!%is used to transform the FDTD
output from the time-domain to the frequency-domain
and calculate the mode frequencies and Q factors. The
mode frequency f, and the Q factor are calculated from
the peak position of the spectrum and the ratio of the
frequency to the full-width at half-maximum (FWHM)
of the peak as Q = fu,/Af.
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Fig. 1. Cross section of a microdisk with a pedestal and the
calculation region.
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Fig. 2. Mode wavelength and Q factor of TE7 1 mode versus
the radius Rz of the pedestal in the microdisk with R; = 1
pm and d = 0.2 pum. The cut-off wavelength of HE7; mode
is also plotted as open circles.

Fig. 3. Field patterns of magnetic field component H, for
TE~7,1 mode in the microdisk with Ry = 1 pm and d = 0.2
pm obtained by FDTD simulation at (a) Rz = 0.4 pm, (b)
Ry = 0.75 pm, and (¢)R2 = 0.8 pum.

For the microdisk with Ry = 1 pm and d = 0.2 um, the
mode wavelength and Q factor of quasi-TE7; mode are
calculated and plotted versus R in Fig. 2. The mode
wavelength and Q factor keep constant values as Ro<
0.4 pm, because the pedestal is not large enough to su-
perpose the main field intensity region of the WGM and
has almost no influence on the mode characteristics. The
mode wavelength increases from 1.543 to 1.650 ym as Ry
increases from 0.4 to 0.85 pym. The increases of the mode
wavelength and Q factor with the increase of the pedestal
can be understood as the result of the increase of the
effective refractive index of the cavity, which is also ob-

served in the square resonator with a pedestall’!l. The Q
factor increases from 1.6x10% to 2.8x10* as R, increases
from 0.4 to 0.75 pum, because the horizontal radiation loss
decreases with the increase of the effective refractive in-
dex and the vertical radiation loss is still absent. Finally,
the Q factor rapidly decreases to the order of 10% as Ry
> 0.75 pm. The cut-off wavelength of the vertical radi-
ation mode HE7; in the pedestal is also calculated and
plotted in Fig. 2, which can be obtained as their vertical
propagation constant 3 = 0. The mode wavelength can
be obtained from the 2D eigenvalue equation

J7(n2kR2)H§(2)(kR2) = n2J§(n2kR2)H§2)(kR2), (2)

where k is the wavenumber in vacuum, J7(x) is the
J-type Bessel function of order 7, and H§2) (x) is the
second-kind Hankel function of order 7. We find that
the mode wavelength of the WGM quasi-TE7; mode is
smaller than the cut-off wavelength of the vertical radi-
ation mode HE7 ; when Ry>0.75 pm, which means that
the mode coupling can happen between the two modes.
The mode coupling between the quasi-TE WGM and the
vertical radiation mode in the pedestal results in a ver-
tical radiation loss, and degrades the @Q factor of WGM
greatly. In the microcylinder resonators, the quasi-TE
WGMs also have the high @Q factors when their mode
wavelengths are larger than the cut-off wavelengths of
the vertical radiation HE modes!®. The mode wave-
length and Q factor of the microdisk with Rs > 0.9 pm
are not presented in Fig. 1, because the asymmetric
structure cannot support TE guide mode when Ry >0.9
pm.

In order to prove that the decrease of the Q factors
is caused by the vertical radiation loss, we calculate
the single mode field distribution using a long optical
pulse with narrow bandwidth to excite only one mode
by FDTD simulation. Figure 3 depicts the field patterns
of magnetic field component H, for quasi-TE7 ; mode in
the microdisk with Ry = 1 ym and d = 0.2 ym. Figure
3(a) shows the field distribution in the microdisk with
Ry = 0.4 pm. The pedestal does not superpose the main
field intensity region of the quasi-TE7; mode, so the
mode wavelength and Q factor of the quasi-TE7 ; mode
are the same with those in the microdisk without the
pedestal. Figure 3(b) shows the field distribution in the
microdisk with Ry = 0.75 pm. Although the pedestal su-
perpose the main field intensity region of the quasi-TE7 ;
mode, the vertical field distribution is still confined well,
and the Q factor of the quasi-TE7; mode is even larger
than that in the microdisk without the pedestal because
the horizontal loss decreases. Figure 3(c) shows the field
distribution in the microdisk with Ry = 0.8 pm. The
field distribution oscillates in the pedestal, correspond-
ing to the vertical radiation loss, so the Q factor of the
quasi-TE7 ; mode is very small. Conclusively, the vari-
ation of the field distributions verifies that the vertical
radiation loss degrades the mode Q factor of the quasi-
TE71 mode when the mode wavelength of quasi-TE7 ;
mode is smaller than the cut-off wavelength of the verti-
cal radiation mode HE7 ;.

To verify that the results presented above are general,
we also calculate the mode wavelength and Q factor for
the quasi-TEg ; WGM in the microdisk with Ry = 1.2 um
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Fig. 4. Mode wavelength and Q factor of TEg 1 mode versus
the radius Rs of the pedestal in the microdisk with R, = 1.2
pm and d = 0.2 pm. The cut-off wavelength of HEg ; mode
is also plotted as open circles.

and d = 0.2 pm, and plot the results in Fig. 4. The cut-
off wavelength of the vertical radiation mode HEg ; in
the pedestal is also calculated and plotted in Fig. 4. The
mode wavelength first keeps a constant value as Ry < 0.6
pm, and then increases from 1.535 to 1.652 pym as R in-
creases from 0.6 to 1.05 um. The Q factor also first keeps
a constant value as Ry < 0.6 um, and then increases from
2.4x10° to 4.2x10° as Ry increases from 0.6 to 0.95 pm,
finally rapidly decreases to the order of 10% as Ry > 0.95
pm. The variations of the mode wavelength and @ fac-
tor for the quasi-TEg ; WGM are similar to those for the
quasi-TE7 ; mode. The results show that the mode cou-
pling between the WGM and the vertical radiation mode
is a common phenomenon for the microdisk resonators,
which will induce the vertical radiation loss and degrade
the Q factor of WGMs.

In conclusion, we have investigated the mode charac-
teristics for the 3D microdisk resonators with pedestals
by 3D FDTD simulation. The mode coupling between
the quasi-TE WGM and the vertical radiation mode is
observed. The mode coupling results in the vertical ra-

diation loss for the quasi-TE WGMs and degrades the
mode Q factors. The results also show that the overlap
of the pedestal and mode field distribution does not in-
duce the scattering loss, and the quasi-TE WGMs can
keep the high Q factors when the pedestal size is smaller
than a critical value to keep the mode wavelengths larger
than that of the corresponding vertical radiation modes.
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