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Abstract: We present a detailed study of the thermal properties of ultra-
high quality factor (Q) microdisk resonators on silicon-on-insulator (SOI)
platforms. We show that by preserving the buried oxide layer undernesath
the S resonator and by adding a thin S pedestal layer at the interface
between the resonator and the oxide layer we can increase the overall
thermal conductivity of the structure while the ultrachigh Q property is
preserved. This allows higher field intensitiesinside the resonator which are
crucial for nonlinear optics applications.
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1. Introduction

The quest for the integration of optical functionalities in silicon-on-insulator (SOI) platformis
emerging into new directions to bring photonics and electronics in a monolithic chip [1-4]. A
variety of Si-based optical components has shown promising compatibilities with SOI
technology, which is aso the host for CMOS electronics [5-9]. Among the optical
components, microresonators have had a large impact on different applications such as
filtering, sensing, delay, and enhancement of light-matter interactions [ 10]. Recent advances
in the design and improvements in the fabrication of Si-based microresonators have
demonstrated cavities with quality factors (Qs) above 1 million in both standing wave
resonator (e.g. photonic crystal cavity [11]), and traveling wave resonator (TWR) (e.g.
microdisk resonator [12,13] ) architectures. High Q and low electromagnetic mode volume of
these resonators can build up a strong electromagnetic field inside them, even at low optical
powers. As a result, strong interaction of electromagnetic field with the material (S in this
case) can occur inside the resonator [14, 15]. This may proceed to nonlinear effects such as
two photons absorption (TPA) which accordingly generates a large number of free carriers
(FC) inside the resonator [14]. The effect of these free carriers on the properties of the
microresonators are: 1) Mode energy of the resonator can be absorbed and converted into heat
energy which accordingly degrades the Q. 2) The resonator temperature rises up due to the
generated heat which consequently changes the refractive index of the resonator in the
positive direction. Hence, a thermally induced linewidth broadening occurs in the spectrum of
the resonator [14-16]. 3) Refractive index of the resonator changes in the negative direction
due to the free carrier dispersion effect [14], thereby, a blue shift in the resonance frequency
of the resonator occurs.

Hence, increasing the optical power, in alot of high Q resonator applications, can degrade
the performance and sensitivity of the device due to the linewidth broadening. Therefore, the
structure of the resonator should be functionalized or modified to suppress or at least
minimize these non-idealities on the spectral response of the resonator.

In most of the recent reports on Si microresonators, the oxide substrate undernesth the
resonator is removed to guarantee obtaining an ultra-high Q [11, 12, 14, 15]. The main
disadvantage of this substrate removal is that the cavity structure becomes thermally isolated
from the undernesath Si layer. Accordingly, the effective thermal conductivity of the resonator
becomes very small [12], resulting in big rise of the temperature. In the case of an undercut
microdisk resonator [12], the existence of a narrow oxide micropost for holding the microdisk
on the underneath Si bulk layer is not too effective in reducing the temperature as it is far
from the active region that energy mode profile of the resonator and consequently the peak
temperature rise exist. This results in a large thermal resistance from the active microdisk
cavity to the underneath Si bulk layer which results in thermal broadening, bistability, and
other unwanted effects as we increase the input optical power impinging on the microdisk
cavity [14, 15].

In a recent work, we performed a detailed theoretical and experimental study on the
impact of the oxide substrate on the Q of the S microdisk structures, and we showed that
substrate is not a main factor in limiting the Q. In fact, experimental values of more than 1
million for the Q of a S microdisk on substrate were achievable [13]. Hence, preserving the
oxide layer underneath the resonator, besides preserving the ultra-high Q properties, provides
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alarger heat sink area to transfer the heat away from the resonator, and therefore, to improve
the net thermal conductivity of the structure. Consequently, when the SIO, layer is preserved,
non-idealities due to thermal effects are significantly reduced even at high optical powers,

In this paper, we report a detailed quantitative study of the effect of the SO, substrate on
improving the thermal conductivity of microdisk resonators on SOI platform, and the results
are compared with the ones for the undercut microdisk structures. Experimental evidence for
the effect of high power on the linewidth of the microdisk structure is presented in section 2.
A general model for the thermal broadening of the cavity linewidth is described in section 3,
and its application to the thermal analysis of microdisk resonators is explained in section 4.
The simulation results for the detailed comparison of therma properties of S microdisk
resonators with and without the underneath SIO, layer is presented in section 5. Final
conclusions are made in section 6.
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Fig. 1. (8) SEM image of a S microdisk resonator with radius 20um and thickness 250nm
coupled to a waveguide with the width 550 nm. (b) The resonance spectrum of one of the
microdisk modes at the critical coupling regime for different values of input optical power.
The blue curve and the orange curve correspond to the lowest power and the highest power,
respectively. By increasing the power, thermally-induced linewidth broadening as well as
oscillation appears in the spectrum. The input power from the laser source for these four cases
is 100uW: blue, 1.1mW: green, 1.6mW: red, 2.4mW: orange and the insertion loss of the
waveguide is about 25 dB. The unloaded Q of this resonance mode is Qu~1.2x10°.

2. Experimental results

In order to observe the thermal non-idealities at high powers in S microresonators, we
fabricated an ultra-high Q microdisk and characterized its spectrum at different levels of input
power. In Fig. 1(a) the scanning electron microscope (SEM) image of a S microdisk
resonator with radius 20 #m and thickness 250 nm, coupled to a waveguide with a width of
550 nmis shown. The spacing between the waveguide and the resonator is 200 nm. A shallow
S pedestal layer with a thickness of about 50nm is at the interface between the oxide layer
and the microdisk. As will be discussed later, the presence of this layer improves the thermal
conductivity of the structure in addition to enabling the integration of p-n junction next to the
microresonator to remove the free carriers from the active region. The Q of this resonator was
measured using the technique described in [13]. The details of the fabrication of this structure
are explained in [13]. Figure 1(b) shows the spectrum of one of the resonance modes of this
microdisk measured at different levels of input optical power in the waveguide. As seen from
Fig. 1(b), the broadening of the spectrum is observed at higher powers, where the spectrum
deviates from a Lorentzian shape and becomes asymmetric. As shown in Fig. 1(b), by orange
curve, further increase in the optical power results in thermal-FC oscillations. This is a
cycling dynamic between the blue shifting of the resonance due to TPA-induced FC
generation, and red shifting of the resonance due to the temperature rise as a conseguence of
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FC absorption and heating generation. The detailed study of this self-induced optical
oscillation phenomenon has been discussed in[14] and is not the scope of this paper.

3. A general model of thermal broadening of the resonator linewidth

As thoroughly discussed in [16], for a traveling wave resonator (TWR) such as a microdisk
that is coupled to a waveguide, the heat generated inside the resonator can be expressed as
follows:

. Q 1 _ 1
qm—(@)nP(ﬂp_ﬂr)zﬂ—Ph FREPR ()
ALI2 (Aﬂ/Z} *
Q
P =Pp—
=Prg ?
A = A,(1+aAT) 3)

In the above equations(, is the rate of heat energy generated inside the resonator with respect

to time; P is the light input power inside the waveguide; 7 is the energy coupling rate from
the waveguide to the resonator; Q is the loaded resonator quality factor (due to the intrinsic
quality factor of resonator (Qp ) and the loading effect by the waveguide), Qqs IS the cavity
quality factor due to absorption of energy by FCs and converting it to heat generation; A, is
the pump wavelength in the waveguide; A is the resonator wavelength (which is temperature
dependent); A, and A4 are the resonance wavelength and linewidth of the cold resonator,
respectively; AT is the temperature rise of the cavity; and a is thermal shift coefficient of the
cavity resonance wavelength.

As discussed in [12,13], in ultra-high Q microdisk resonators, the light absorption by FCs
(generated by the cavity light energy because of the presence of the electronic surface states
at the surfaces of the S resonator) is the main factor to limit the Q,, and other effects such as
surface scattering and radiation have a weak role in limiting the Q,. Therefore, with a very
good approximation, the intrinsic quality factor of the resonator (Qo ) is Qans. CoOnsequently,
in the critical coupling regime, 17=2, Q = 0.5 Qqs, and therefore, P~ P.

The net heat, in the cavity, increases the cavity temperature as follows:

CAT(t)=4d,~ 0, =6, - KAT(t) ©)
where C, and K are the net constant-pressure specific hest capacity and the thermal

conductivity of the resonator, respectively, and ¢, is rate of the thermal energy flux that

leaves the system, which is proportional to AT and K. Combining Egs. (1)-(4) and assuming a
steady state condition (i.e. AT (t)=0) we obtain the following:

0-R—1 ——Kk-1/a
A=A, A, ©)
I
A2

By solving Eq. (5) we can obtain the A, for different levels of input power and different
values for the input light wavelength (4,). Correspondingly, the power transmission through
the waveguide in the critical coupling regime can be obtained as follows [18]:

#88647 - $15.00 USD  Received 16 Oct 2007; revised 17 Nov 2007; accepted 17 Nov 2007; published 10 Dec 2007
(C) 2007 OSA 10 December 2007 / Vol. 15, No. 25/ OPTICS EXPRESS 17308



A=A

P T

i(w — J
a, — o, ) ) 2Q 24
T :| J( P ) | :| A//i,/ 2 | (T — — )

i(w-w)+lUr . A4 11 o Al
AAI2
where a}, and @, are the pump and cavity frequencies, respectively, and risthe lifetime of the
loaded cavity.

Figure 2(a) shows the transmission through the waveguide for a wavelength range around
the resonance (Ao) at different input pump power levels (P). Increasing the input power can
even make the transmission response into a bistable shape as shown by the orange curve in
Fig. 2(a). In experiments, this bistability is observed by obtaining large transmission changes
(or jumps, shown by dash lines in Fig. 2(a)) when the sweeping laser wavelength passes
through the wavelengths corresponding to the edges of the bistability region. This fact is
shown in Fig. 1(b), where the big jump in the orange curve corresponds to passing through
one edge of the bistability region.
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Fig. 2. (a). Transmission response of a coupled waveguide-resonator structure, with a loaded
Q=105, in the critical coupling regime, at different levels of input optical power P=[0.1, 0.33,
0.77, 3] K/Qa, as shown by different colors (blue, green, red, and orange curves, respectively).
At higher powers, besides broadening, the spectrum shows a bistable-type behavior, as shown
by the orange curve. In experiments, a sharp transition in the transmission (as shown by dash
lines) is observed at one of the edges of the bistability region depending on the direction of
sweeping. (b) The threshold (red curve) to observe bistable behavior in the spectrum. No
bistable behavior is observed in the shaded region.

Using Eq. (5), a threshold for the generated heat power (P,) and accordingly the input
power can be obtained below which the resonance spectrum dose not show a bistable shape.
This threshold is obtained by solving Eq. (5) and applying the mathematical conditions to
obtain A, as a one-to-one function of A,. Therefore, no bistability in A and consequently in T
is observed below this threshold. Figure 2(b) shows this threshold curve as a function of the
loaded Q of the resonator. The shaded region in Fig. 2(b) corresponds to the conditions for Q,
and P/K for which no bistable behavior is observed in the spectrum. In addition, moving far
below the threshold reduces the broadening. In fact, as shown in Fig. 2(b), for larger thermal
conductivities (K), larger optica power (P) can be coupled into the resonator while no
bistability and less broadening is observed in the resonance spectrum. Moreover, for ultra-
high Q cavities, the threshold power scales linearly as the thermal conductivity and an
increase in thermal conductivity directly translates into a higher coupled power into the
cavity, thereby enabling high-power and potentially nonlinear applications.
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4. Thermal analysis of microdisk resonator

In the steady state condition the following heat equation can be considered for the simulation
of the microdisk structure:

~V.(KVT)=Q, @)

where K isthe thermal conductivity of different materials used in the structures, and Qy, is the
rate of heat energy generated in the structure. Considering the axia symmetry of the
microdisk resonator, Eq. (7) can be analyzed more simply in the cylindrical coordinate. Note
that the assumption of cylindrical symmetry is somehow approximate due to the presence of
the coupling waveguide in the vicinity of the resonator. However, the effect of this
waveguide-cavity coupling on the symmetry of the structure can be neglected due to the small
interaction length. Therefore, T is assumed to have axial symmetry, and Eq. (7) can be
represented in the cylindrical coordinate asfollows:
mKT 9, dT,

-, (K5)=Q, ®

— } i (rK al) +
ror or

In Eg. (8), r and z are radial and axia coordinates respectively, and my is azimuthally

harmonic number of temperature T in the microdisk resonator. As it will be explained below,

myr is in fact zero: For a S microdisk, Qy, is proportional to the electric mode energy

(proportional to |E[2, with E being the electric field inside the resonator) of the microdisk and

electrical conductivity (o) of S asfollows:

Q,=[c|EF 9

\

Although, at very higher powers, due to the TPA-induced FCs, o and its spatial distribution
becomes a function of the resonator mode energy, we can neglect this effect and consider a
uniform conductivity for the resonator by assuming the power to be reasonably low. The
electric field profile of the microdisk resonator with cylindrical symmetry can be represented
in cylindrical symmetry asfollows:

E = E(r, 2) exp(=img) (10)

Putting Eq. (10) into Eq. (9), it can be seen that no harmonic phase variation appears in Q
and therefore, the distribution of Qy, is axially symmetric and monotonic. Therefore, the only
available solution of Eqg. (8) isfor ny=0 and the resulting heat equation is:

10 oT, 9, 9T
—I(K)——(K=—) =

rar( ar) az( az) Q‘“
Eg. (11) can be solved for a given microdisk resonator to find the temperature distribution
inside the structure. In this paper, we use an in-house finite element code for solving Eg. (11)
in the COMSOL environment.

(11)

5. Simulation results

In order to assess the role of SO, substrate and the shallow Si pedestal layer on the thermal
conductivity of the microdisk resonator the following structures were considered for the
analysis: (1) an undercut microdisk held by an oxide micropost (shown in Fig. 3(a)), and (2) a
S pedestal disk with the thicknesses of the pedestal layer (t) which isin general covered by
either air or an oxide cladding (shown in Fig. 3(b)).

For the undercut disk, the radius and height of the underneath micropost oxide were 17um
and 1um, respectively. Using a finite element technique as discussed in [13] the
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electromagnetic mode profile of the structure is obtained. In this paper our focus is on the
fundamental radial mode of the disk, although the fina results for different modes regarding
the thermal properties are similar. After finding the mode of the resonator, the generated heat
energy that has a distribution proportional with the energy mode profile of the microdisk is
incorporated into Eg. (11). Using a finite element method and applying the cylindrical
symmetry conditions in the structure, the steady state temperature distributions of these
structures can be obtained by solving Eq. (11). Figure 4(a) shows the temperature distribution
for atypical pedestal microdisk with the dimensions given in the figure captions. As can be
seen from Fig. 4(a), the peak temperature location coincides with the position of the
maximum concentration of the electromagnetic energy, which is in the vicinity of the disk
edge. A similar simulation can be performed for the undercut microdisk shown in Fig. 3(a).
The results of these simulations show that the maximum temperature occurs when the electric
field energy of the resonator mode is maximum (i.e. in the vicinity of the disk edge).

Based on the thermal conduction of the two structures shown in Fig. 3, it is expected that
the undercut microdisk structure has the optical highest temperature rise at a given input
power. To investigate this fact more quantitatively, we calculated the maximum temperature
for both structures by solving Eq. (11).

: | d
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Fig. 3. (8). Cross section of an undercut Si microdisk resonator held by an oxide
micropost on a Si bulk layer. (b) Cross section of a Si microdisk resonator on an
oxide substrate. A shallow Si pedestal layer with thickness t is at the interface
between the microdisk and the oxide layer. The etched region that separate the
disk perimeter from the surrounding top silicon layer is d. In both (a) and (b) the
cross section of the generated heat energy, which has a distribution proportional
to that of the electromagnetic mode energy of the resonator, is shown.
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Fig. 4. (a). Cross section of the temperature distribution in a Si pedestal
microdisk resonator on substrate; the disk radius and thickness are 20 4m and
250 nm, the Si pedestal thickness is 50 nm; and the oxide substrate thickness is
1um. (b) The normalized peak temperature of the pedestal microdisk resonator
with air and oxide claddings are also shown with dash and solid lines,
respectively, for different value of d, which is the distance between the disk edge
and the surrounding silicon layer. The temperatures are normalized to the peak
temperature of the undercut microdisk under similar energy inside the microdisk
resonators.

#88647 - $15.00 USD  Received 16 Oct 2007; revised 17 Nov 2007; accepted 17 Nov 2007; published 10 Dec 2007
(C) 2007 OSA 10 December 2007 / Vol. 15, No. 25/ OPTICS EXPRESS 17311



Figure 4(b) shows the normalized peak temperatures rise of the pedestal disk with air
cladding and oxide cladding for pedestal thicknesses of t=0 nm and t=50 nm, respectively. As
shown in this figure, the temperatures are normalized to the peak temperature rise of the
undercut microdisk. These results show a dramatic reduction (over 3x) in the peak
temperature (proportional to the thermal resistance), by using the pedestal microdisk
architecture in comparison with undercut microdisk. For narrower micropost radii, the
simulations confirmed that the peak temperature was dramatically growing for the undercut
microdisk. From Fig. 4(b), it is observed that the pedestal microdisk with even an air cladding
has a lower peak temperature when compared with the microdisk without the pedestal layer
but covered with oxide cladding. In other words, the presence of the S pedestal layer aong
with the underneath oxide layer has a maor role in improving the overall thermal
conductivity of the resonator. Our simulations were performed for different pedestal widths
(d), which is the distance between the disk edge and the surrounding S region. From Fig.
4(b), it is observed that the peak temperature rise increases with increasing d and eventualy
saturates at large d, due to the competition with the underneath substrate Si/oxide effects.
Finally, the addition of the overall oxide cladding further improves the thermal conductivity
as expected and shown in Fig. 4(b).

Thus, depending on the application and the level of optical power used in the actua
experiments involving the Si microresonators, one can have different levels of thermal
conductivity improvements by adding different layers (i.e., underneath SO, layer, pedestal
layer, and the oxide cladding layer) to the resonator. The simulations show that a thinner
underneath oxide layer and a thicker S pedestal layer result in a better thermal conductivity
of the structure. However, the thicknesses of the underneath oxide and S pedestal layers
should be in a range to restrict the optical mode energy leakage of the microdisk to the
underneath bulk Si layer and the surrounding, respectively, in order to preserve the ultra-high
Q properties of the microdisk. In addition, with the presence of the cladding layer with an
appropriate thickness, a metal heat sink layer can be deposited on top of the structure to
extract larger heat energy from the structure without sacrificing the Q of the resonator. In fact,
the cladding layer can be any other high quality optical material with a better thermal
conductivity but with a refractive index much smaller than that of the resonator to preserve
the ultra-high Q properties of the resonator. These issues and the corresponding design
parameters are under more investigation.

6. Conclusion

We showed here that the thermal properties of high Q S microresonators highly depend on
the resonator structure. We showed that by preserving the oxide layer underneath Si in a
microdisk resonator we can considerably improve the thermal conductivity of the structure
without sacrificing Q (Qs above 10° are achievable with the oxide substrate and cladding
layers present). We further showed that the presence of a shallow S pedestal layer at the
interface between the microdisk and the oxide layer further improves the thermal conductivity
of the resonator by thermally connecting the S disk to the surrounding Si region, thereby,
suppressing the thermal instability issues at high optical powers while preserving the ultra-
high Q property of the resonator.
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