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Inducing Photonic Transitions between Discrete Modes in a Silicon Optical Microcavity
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We show the existence of direct photonic transitions between modes of a silicon optical microcavity
spaced apart in wavelength by over 8 nm. This is achieved by using ultrafast tuning of the refractive index
of the cavity over a time interval that is comparable to the inverse of the frequency separation of modes.
The demonstrated frequency mixing effect, i.e., the transitions between the modes, would enable on-chip
silicon comb sources which can find wide applications in optical sensing, precise spectroscopy, and
wavelength-division multiplexing for optical communications and interconnects.
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With advances in nanotechnology, optical microcavities
[1,2] have recently enabled optical functional devices
which achieve strong light-matter interactions by high
confinement of light [3—7]. The modes of an optical cavity
are quantized, their separation in frequency being inver-
sionally proportional to the size of the cavity. It has been
shown recently that if a cavity is tuned while light is
trapped in the resonator, i.e., in a time scale shorter than
the photon lifetime, the properties of light, such as band-
width and wavelength will follow the properties of the
cavity [8—11]. In these works, however, the modes of the
cavity remain independent, i.e., light propagates in only
one of the modes of the (tuned) cavity. When light is
trapped in the cavity and the cavities refractive index is
tuned quickly enough, not only relative to the photon life-
time but also relative to the inverse of the frequency spac-
ing of the cavities modes, it is possible to induce photonic
transitions between the modes of the cavity. Transitions
between optical modes were previously observed using a
modulator in large optical cavities, for example, in fre-
quency comb generators [12] and mode-locked lasers [13];
however, the spacing between the modes is usually small,
typically less than 50 GHz. Here in contrast we show the
effect for the first time in ultracompact cavities in which
the modes are very far from each other, approximately 1
order of magnitude farther in wavelength than in previ-
ously demonstrated macroscopic systems. We induce the
transitions using an ultrafast modulation of the cavities
refractive index that in the frequency domain overlaps
with more than 15 modes of the compact structure.

In this work the optical microcavity is realized using a
silicon-on-insulator ring resonator with a 450-nm-wide by
250-nm-high rectangular cross section. The ring is coupled
to two straight waveguides, one acting as an input port, and
the other acting as a drop port, as seen in the inset of Fig. 1.
The optical resonance condition is satisfied when the cir-
cumference of the ring corresponds to an integer multiple
of guided wavelengths. Under this condition the light is
strongly localized in the ring and collected by the drop
waveguide. The quasi-TM transmission spectrum shows
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that the free spectral range of this ring is 0.82 nm at a
wavelength of 1540 nm for a ring resonator with a 100 um
radius. Here we use a relatively large ring to show the
transition between a large number of modes due to the
small free spectral range in the structure. We use the free-
carrier plasma dispersion effect [14] to produce an ultrafast
change in the refractive index of the ring resonator. The
free carriers are generated by illuminating the top of the
ring with a femtosecond pulsed laser (the pulse duration is
200 fs) centered at a wavelength of 412 nm and a repetition
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FIG. 1 (color). (a) Spectrum of the drop port measured for a
ring resonator with a radius 100 pwm. A band-pass fiter is used to
eliminate amplified spontaneous emission of the input probe
laser. The green line shows the reference spectrum when pump
is off, and the probe beam is on resonance. The red line shows
the spectrum following the pump pulse where 15 new wave-
lengths are generated simultaneously. Inset, the top-view micro-
scope image of the fabricated device. (b),(c) The diagram of the
discrete cavity modes of an optical microcavity before (b) and
after (c) pump is incident on the sample.
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rate of 76 MHz [15]. At this wavelength the laser is
strongly absorbed by the silicon layer and free electron-
hole pairs are generated in a time approximately equal to
the pulse duration of the pump, which is much smaller than
the photon lifetime of the cavity. The generated electron-
hole pairs modify the dielectric function of the cavity [14].
Thereafter, they are subjected to dynamic recombination
processes on a time scale of ~450 ps [15]. A continuous-
wave (cw) laser provides the probe signal, which is con-
fined in the ring resonator and then is converted to new
frequencies by the pump induced dynamic change in the
cavity’s dielectric function. Afterwards, the converted light
is coupled out to the drop port and detected using an optical
spectrum analyzer.

In Fig. 1(a) we show the spectra of the transmitted light
initially resonant with one of the ring’s resonance wave-
lengths when the pump is off (green line) and when it is on
(red line). It is seen that when the pump laser is turned on,
15 new wavelengths are generated, all of which are located
at the new resonances of the ring resonator. This uniquely
demonstrates that photonic transitions between different
cavity modes have been realized in this silicon microcav-
ity. The furthest mode has a wavelength blueshift of more
than 8 nm from the initial wavelength. A schematic draw-
ing of this process is shown in Figs. 1(b) and 1(c) illustrat-
ing that light is directly transitioned from the initially
excited cavity mode to the 15 other modes by the dynamic
tuning of the cavity’s refractive index.

In order to understand the mechanism of the photonic
transitions, one can follow a derivation similar to the time-
dependent theory of electronic transitions in quantum me-
chanics, thanks to the similarity of Maxwell’s equations
and the Schrodinger equation, to obtain the probability
amplitudes for the optical modes [16,17]:

i%anl(t) = ZVmFl(t)an(t) eXp[i(a)m — wn)l]. (1)

Here a,,(7) is the amplitude of the mth-order cavity mode
of the resonator associated with an eigenvalue of angular
frequency w,,. Furthermore, we assume here that the per-
turbation of index will not modify the unperturbed cavity
modes. The matrix elements V,,,(#) describe the coupling
between different modes when a perturbation is applied on
this system. These are given by [16,17]
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Here H,, is the magnetic field of the mth-order cavity
mode, w is the permeability constant, € is the dielectric
function of unperturbed system and S&(r, ) is the time and
spatial dependent perturbation of the dielectric function.
We see that in order to induce photonic transitions, the
spatial part of Se(r, f) must produce a nonvanishing inte-
gral in Eq. (2). Since H,,, and H,, are orthogonal for m #
n, this can only be realized by a nonuniform spatial dielec-
tric change. In order to satisfy the condition of nonuniform

spatial dielectric change, when the ring is illuminated by
the pump care is taken to ensure that the spot size of the
pump beam does not overlap completely with the ring.
Additionally, as deduced by Eq. (1), the temporal variation
of Se(r, ) must have a nonzero Fourier component near
the transition frequency (defined as Aw = w,, — w,,). To
achieve this condition, one can modulate the index at a
frequency equal to Aw resulting in resonant transitions
[15], which is exactly the case of comb frequency gener-
ators [12] and interband transitions in photonic crystals
[16]. Alternatively, one could use an ultrafast index change
where the frequency bandwidth of the time-dependent
index change overlaps A w. This condition can be approxi-
mated as 7, ~ 1/Aw, where 7, is the time to complete the
index change. Here we achieve an index change in a time
scale of the order of 100 fs, corresponding to the inverse of
a frequency of the order of 1 THz, spanning a number of
modes separated by ~100 GHz.

In order to analyze the dynamics of the cavity and the
efficiency of the process, we measure the photonic tran-
sitions using a ring resonator with a radius 50 um that has
a larger free spectral range of 1.9 nm at wavelength around
1569 nm for quasi-TM mode. The full width at half maxi-
mum bandwidth of the resonance is 0.13 nm, which results
in a quality factor Q = 12000. This quality factor corre-
sponds to a photon lifetime of approximately 10 ps. In
Fig. 2(a), we show the spectrum of the transmitted light
when the pump is off and the probe wavelength is set to be
on resonance. The large peak near 1567.5 is the initial
mode of the cavity directly excited by the cw laser; the
other peaks are a result of the background amplified spon-
taneous emission (ASE) of the cw laser. These peaks
provide a reference for all of the initial cavity modes in
the spectral range under consideration. In Fig. 2(b) the
pump is turned on with pulse duration of 200 fs, however
the incident light is tuned to be off-resonance with the ring
resonator. Here we see no sign of conversion to new wave-
lengths despite the modulation of the cavity’s dielectric
function by the pump beam. This is due to the fact that
since no resonant mode is excited by the input wavelength,
there can be no transition to other states (ASE excitation of
the resonances is too weak). However, as we tune the input
wavelength to be on resonance with the ring, seven new
wavelengths appear at the new resonances of the cavity,
indicated by green arrows in Fig. 2(c). This uniquely
demonstrates that all of the new wavelengths are generated
by conversion of the initial probe state to the new photonic
states. Note in Fig. 2(c) that the new wavelengths appear at
the resonances of the perturbed ring which are slightly blue
shifted from the initial states by the induced refractive
index change [14]. Since the photon lifetime (10 ps) is
much smaller than the carrier recombination lifetime
(450 ps) the converted photons leak out from the resonator
(and are measured) before the ring returns to its unper-
turbed state. The Oth order conversion comes from the
adiabatic transition of initial mode to the perturbed mode
of the same order. This adiabatic frequency conversion has
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FIG. 2 (color).
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(a) Spectrum of the drop port. The input wavelength of the cw laser is on resonance with the ring cavity (large peak).

Other resonance peaks appear, resulting from amplified spontaneous emission of the laser. (b) Spectrum of the drop port when the
pump is present. The input probe wavelength is detuned from the ring resonance. (c) Same as in (b) when the input wavelength is on
resonance with the ring cavity. Seven new wavelengths appear in the spectrum. The black arrows indicate the original modes and the
green arrows indicate the newly generated wavelengths. (d) The amplitudes of the generated wavelengths versus the probe power. The
dashed lines are linear fittings of the data. (e) The wavelength shift for the 0-order mode versus the pump energy. (f) Total conversion
efficiency (the sum of all efficiency for new generated waves) versus the pump energy. In (e)—(f) the dashed lines serve as a guide to

the eye.

been investigated in several references [10,11,18,19], how-
ever, its frequency shift is limited by the index change. In
contrast, here the transitions between the modes of differ-
ent orders do not suffer from this limitation. From
Fig. 2(c), the maximum wavelength shift is —6.3 nm,
and the absolute conversion efficiencies for the Oth order
and —1st order are 0.016% and 0.003%, respectively.
These conversion efficiencies seem low because the cw
probe light is only converted whenever a pump pulse
occurs (every 13 ns). Taking this into account and the
photon lifetime of the cavity we determine the conversion
efficiency per pump pulse to be approximately 20% for the
Oth order mode and 4% for the — 1st order (The conversion
efficiency per pump pulse can be extracted from the mea-
sured efficiency multiplied by T/7,;,, where T is the period
of the pump pulses and 7, is the photon lifetime.). In
addition, we measure the effect for various probe and pump
powers. The results of these measurements are shown in
Figs. 2(d)-2(f). It is seen that the conversion efficiencies
remain constant as we vary the probe power (the pump
energy is fixed at 0.28 nJ), demonstrated by Fig. 2(d). The
wavelength change varies linearly with pump power as
would be expected with linear absorption of the pump. It
is also seen that the total conversion efficiency decreases

with increasing pump power in Fig. 2(f) due to increased
free-carrier absorption [14].

In order to verify that high-speed refractive index modu-
lation is necessary to achieve the transitions between
modes of different orders, we measure the spectrum at
the drop port obtained under different pump pulse dura-
tions. The input wavelength is tuned to the initial reso-
nance of the cavity. The pump pulse duration is varied by
using a two-grating system, in which grating dispersion is
introduced to temporally expand the pulse [20]. We see in
Fig. 3, where the spectra for different pulse durations is
shown, that the transition probabilities for —1-order and
1-order transitions increase as the pulse duration decreases.
This is the case because as the pulse duration decreases the
frequency bandwidth of the dynamic index change in-
creases, allowing more efficient conversion to modes of
different orders according to Eq. (1).

In conclusion, we experimentally demonstrate the gen-
eration of new frequencies by inducing photonic transi-
tions between discrete modes of a silicon optical
microcavity, in analogy to electronic transitions. In this
work, the efficiency of conversion is limited by the quality
factor of the micro-ring resonators used. Since the optical
energy trapped in a cavity is linearly proportional to its
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FIG. 3 (color). (a) Spectra with different pump pulse durations.
It is evident that the probability of nonadiabatic transitions
increase as the pulse duration becomes shorter.

quality factor, the use of other types of high-quality-factor
microcavities such as photonic crystal structures and sus-
pended micro disks or toroids [2,3] may increase the
efficiency of the process. The demonstrated device allows
the generation of new wavelengths of light in materials
such as silicon which are generally not optically active
[21,22]. In particular, a miniaturized optical comb source
on silicon could revolutionize optical communications,
optical interconnects for high performance computing,
optical sensing and lab-on-chip devices. In recent years,
a coherent light source on silicon has been intensively
sought, however until today, only narrow band sources
based on nonlinear effects such as Raman, requiring high
power pump sources, have been successfully demonstrated
[21]. Note that in order to ensure that the device can be
used as on-chip optical sources, a compact pump is re-
quired. We have recently demonstrated that using carrier
plasma dispersion effect one can alter the refractive index
of silicon with ultrafast time response (~50 ps) by a for-
ward PIN structure [23]. As the saturated speed of free
carriers in silicon is ~107 cm/ sec [24], one can funda-
mentally achieve ~1 ps transition time for a 0.1 pwm de-
pletion length in a ring resonator. This can be used to
demonstrate electrically pumped comb sources with the
overall bandwidth of a few nm. In addition, in recent years,
mode-locked semiconductor lasers have been successfully
demonstrated with a pulse duration in the order of 100 fs
[25-27]. This would enable on-demand hybrid integrated
silicon comb sources distributed on chips using a single
external and compact light source as pump.
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