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Abstract: Changing the color of light in a small mode volume is essential for applications that require on-chip operation.
Microcavities are profound structures given their property to confine light in a small mode volume. Here, I numerically
investigate the frequency conversion of light in a microcavity and show that the frequency converted light intensity is
distinguished from an open medium such as an optical fiber or a nonlinear crystal. I observe that the frequency converted
light intensity increases with increased rate of change of the refractive index of the microcavity. Notably, this study shows
that the intensity of the frequency converted light is maximized when the duration of the index perturbation is matched
to the cavity storage time. The results provide a set of optimum parameters for increasing frequency conversion efficiency

inside a microcavity.
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1. Introduction
Changing the color of light is drawing constant attention in applications such as supercontinuum generation
[1], tunable laser sources [2], and spectroscopy [3]. The frequency of light is commonly converted via nonlinear
crystals [4] or optical fibers [5]. In optical telecommunication technologies, high bandwidth communication lines
also require frequency conversion of light with small footprints [6,7]. Optical microcavities that confine light in
small mode volumes provide the required small footprint for controlling the frequency of light on-chip.

Frequency conversion of light inside a microcavity is distinguished from nonlinear frequency conversion in
an open medium such as an optical fiber. For instance, the time light spends in an open medium is given by the
physical size of the medium. On the other hand, a cavity behaves like a folded medium and thereby increases the
interaction time of the light with the matter. Moreover, an open medium sustains a broad range of local density
optical states, whereas an optical microcavity comprises an increased local density of optical states within a
narrow frequency range [8]. For the reasons above, the frequency conversion of light inside a microcavity should
be treated discretely from that in an open medium. To date, there has been no study reporting on the effect
of the magnitude and duration of the induced nonlinear index change on frequency conversion of light inside a
microcavity.

Here, I numerically investigate color conversion of light inside an optical microcavity at various refractive
index change amplitudes and durations. I observe that the color of light changes when the refractive index of

the microcavity is switched within a short time period in line with previous theoretical and experimental studies
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[5,6,8-10]. As predicted, I observe that the frequency converted light intensity increases with increased rate of
change of the refractive index of the microcavity. Surprisingly, I observe that the intensity of the frequency
converted light is not maximized at short time scales but peaks when the duration of the index perturbation is
matched to the cavity storage time.

2. The methods and model

The cavity that is employed in this study is composed of alternating Bragg layers and is a 1D structure as shown
in Figure 1. The refractive index of the high-index material is chosen as n; = 3.51 and the low-index material
as ny = 2.95, which are typical values for GaAs and AlAs at telecom wavelengths, respectively. The thickness
of quarter layers is set to 91.9 nm and 108.0 nm for layers with indices n; and ngy, respectively. The A-layer
with a thickness of 363.87 nm is sandwiched between 7 pairs of top mirror and 19 pairs of bottom mirror. The
asymmetric design of the cavity allows more leakage of light from the front mirror and increases output from
the front mirror [11,12]. As shown in Figure 1, air layers of 1-pm thickness are positioned before and after the
cavity. With the arrangements above, the cavity possesses a quality factor of @@ = 424, which corresponds to a

storage time of 7.., = 288 fs at a resonance frequency of w = 7807 cm ™.
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Figure 1. The structure of the cavity and the surrounding media. The A-layer with a thickness of 363.7 nm is sandwiched

between 7 and 19 pairs of alternating quarter layers at the top and at the bottom. The thickness of the air layer before
and after the structure is 1 pm.

The time resolved reflected spectra from the microcavity are calculated using the model detailed by Yiice
et al. [12]. For this reason, here I provide the necessary steps in our model. An electric field is launched at the

structure at to = 0 with a form given in Eq. (1).
E(z0t) = By (20) e e 0/7), (1)

where FEj is the amplitude of the incident field, w the angular frequency, ¢ the time, z the position, and 7 the
duration of the Gaussian pulse that is launched at ¢g. The field propagates through the structure for which the
refractive index of the n; layers is set to be time-dependent and the index of the no layers and the air layers
is invariant during the calculation. For this reason, when the field is within the n; layers the electric field is

reexpressed as in Eq. (2) using the relation ¢t =n () - z — zo/c.

E (Z, t) = Ey (Zo)e—iw(n(t)»z—zg/c)e—((n(t)-z—zo/c)—to/r)‘ (2)

222



YUCE/Turk J Phys

When the electric field impinges on an interface a certain portion of the electric field is transmitted and the
remaining portion is reflected, providing the Fresnel coefficients. Here the Fresnel coeflicients are taken into
account in order to calculate the reflected and transmitted ratios, giving the amplitude of forward and backward
propagating electric fields at a given position. As a result, the electric field at position z is expressed as the sum

(Egum) of the forward and backward propagating electric field, given in Eq. (3).
Egum = E¥ (20, n(2,t) - (z — 20)/c) - t + E®(20, n(2,t) - (z — 20)/c) - T, (3)

where ¢t and 7 are the Fresnel reflection and transmission coefficients from the relevant interfaces, and Ef the
amplitude of the forward and E? the amplitude of the backward propagating field. The resultant spectrum is

calculated using Eq. (4) at a given position.

|Esum (Zv w)|2 = Z Eoum (27 t) : ei(iQﬂ—w&) . (4)

3. Results and discussion

The unswitched reflection spectra from the cavity structure are calculated using the arrangement given in Figure
1 and the result is provided in Figure 2. As can be seen in Figure 2, the resonance frequency of the unperturbed
cavity is centered at wyes = 7807.0cm ™! (Ares = 1280.9 nm) . The reflectivity at the stop band is 0.999 and is

flat within the frequency range provided in Figure 2.
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Figure 2. Reflection spectra of a microcavity. The dashed black line shows the spectrum for an unperturbed microcavity
and the red solid line shows the spectrum for a switched microcavity.

The refractive index of the cavity is switched via an ultrashort pulse with a duration of 7,, = 100fs.
The refractive index of the n; layers is assumed to increase linearly via the relation n = nq + 1y - Iy, where
ny is the unperturbed refractive index, n,; the nonlinear index coefficient, and I, the intensity of the switch
pulse (pump pulse). The switching of the cavity refractive index is considered instantaneous, which is typical
for the electronic Kerr effect as previously reported in our experimental research [11]. The nonlinear index
coefficient in calculations is taken as ny = 1.5 x 107" ¢cm?/GW [13] and the intensity of the pump pulse is set

to I, = 162GW /em? for the switched spectra presented in Figure 2.

In Figure 2, the resonance frequency of the cavity shifts to a lower frequency (w/ = (7802.3cm™1) due

to the increased refractive index. The change in resonance frequency (w = 4.7c¢m™!) corresponds to an index
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change of dn = 0.06%. Due to a fast index change within 100 fs the phase of light inside the cavity changes
abruptly, which results in frequency change given by Eq. (5) [5,13]. In Eq. (5), it can be seen that the rate
of change of phase (¢) results in frequency conversion of light. It should be noted that the phase change is
proportional to the change in refractive index on [5].
¢

o) = =57 (5)
Frequency conversion of light can be observed from the switched spectra presented in Figure 2. When the
structure is switched, the reflectivity goes beyond unity, which indicates that there are new frequencies inside
the cavity that did not exist before the switch event. The extra light that exceeds unity is a strong indication
of frequency converted light but may not provide solid proof. Below I will define solid criteria for determining
frequency conversion of light. From the switch spectra it can be deduced that at frequencies lower than the
cavity resonance the intensity has decreased and at frequencies higher than the cavity resonance the intensity
has increased.

Next, I simulate a pump/probe technique in my calculations in order to provide time resolved spectra at
different times. In Figure 3, the resonance frequency of the cavity is plotted as function of time delay between
the pump pulse (switch pulse) and the probe pulse. In Figure 3, at zero delay the pump and probe signals
arrive at the cavity at the same time. The switching of the cavity refractive index happens within 1 ps as can
be seen in Figure 3. Although the duration of the pump pulse is 7,, = 100 fs, the cavity resonance recovers
to the unswitched resonance at longer time scales given the storage of the probe field in the cavity, which is
Teav = 288 fs [12]. At positive time delays the pump pulse arrives earlier than the probe pulse and at negative
time delays the probe pulse arrives earlier than the pump pulse. Depending on the arrival time of the pump
pulse the probe field inside the cavity has an increasing or decreasing refractive index. For this reason, the rate

of change of phase will be both negative and positive, which results in blue- and red-shifted light.
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Figure 3. Resonance frequency of the microcavity versus time delay between pump and probe source. At zero delay,
the pump and probe signals arrive at the cavity at the same time. At positive time delays, the pump pulse arrives earlier
than the probe pulse and at negative time delays the probe pulse arrives earlier than the pump pulse.

Figure 4a gives the reflectivity spectra of the cavity at different time delays between the pump and probe
pulse. Indeed, the unswitched spectrum shown in Figure 2 is a cross-section of Figure 4a at 6t = 1 ps and the
switched spectrum is a cross-section at 0t = —0.1ps. As can be seen in Figure 4a, the transient reflectivity
goes beyond unity and both the magnitude and frequency of the light exceeding unity change with the arrival

time of the pump pulse.
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Figure 4. The transient reflectivity of a microcavity at different time delays between the pump and probe pulse. The
vertical scale shows the frequency, the horizontal scale the time delay, and the color scale transient reflectivity. (b)
Frequency converted light at different time delays. The vertical scale shows the frequency, the horizontal scale the time
delay, and the color scale normalized converted light intensity.

Figure 4b shows the normalized intensity of the color converted light, which is calculated by 1-T-R at
each time delay. Here R stands for reflectivity and T for transmission. Using this definition, I can provide solid
proof for color conversion. In the absence of absorption or gain, 1-T-R should be 0. The values exceeding zero
can only be due to new colors that are generated during the switching of the cavity. In Figure 4b at time delays
between 6t = 0 and dt = 0.2 ps the light is red-shifted given the increasing refractive index. At negative time
delays beyond 0t = 0.2ps the light is mainly blue-shifted. The results are in line with the definition that is
provided in Eq. (5). The fringes that are observed at negative time delays are due to interference of light that
is reflected from the front face and light that is frequency shifted in the cavity; see Ref. [8,12,14] for details.

Figure 5a shows the color converted light intensity spectra at different pump powers. The time delay
between the pump and probe pulse is set to 6t = —0.1ps, and the pump pulse duration is set to 7,, = 100 fs
to calculate the spectra in Figure 5. In Figure 5a, it can be seen that the peak intensity of color converted
light increases with increasing pump power. Figure 5b shows the integrated color converted light intensity as a
function of pump power. The increased intensity of the pump results in increased rate of change of the refractive
index and thereby results in increased frequency shift as can be seen in Eq. (5). The results are in agreement
with previous predictions and observations [5].

Figure 6a shows the color converted light intensity spectra for different pump pulse durations. As before,
the time delay between the pump and probe pulse is set to 0t = —0.1ps, and the pump power is set to
I, = 162GW /em? to calculate the spectra in Figure 6. In Figure 6a it can be seen that the peak intensity
of color converted light increases with increasing pump pulse duration and the bandwidth gets narrower as
expected from Eq. (5). Figure 6b shows the integrated color converted light intensity as a function of pump
pulse duration. We can see that the total intensity of color converted light increases up to 260 fs and starts
to decrease beyond this point. Although the rate of change of phase is increasing with decreasing pump pulse
duration, the total intensity of the frequency converted light does not increase. From Figure 6b we can see that
the maximum amount of color converted light is obtained when the pump pulse duration is matched to the
cavity storage time (7.4, = 288 fs). We can conclude that color conversion inside a microcavity shows distinct

behavior when compared to that in an open medium.

4. Conclusion

The results that focus on nonlinear frequency conversion of light inside a microcavity reveal that frequency

converted light intensity inside a microcavity increases with increased rate of change of the refractive index
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Figure 5. (a) Frequency converted light at different pump
powers calculated at time delay 6t = —0.1 ps. The vertical
scale shows the frequency, the horizontal scale the pump
power, and the color scale the intensity of color converted
light. (b) Integrated intensity of the color converted light
as a function of pump power.
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Figure 6. (a) Frequency converted light at different pump
pulse durations. The vertical scale shows the frequency,
the horizontal scale the pump pulse duration, and the color
scale the intensity of color converted light. (b) Integrated
intensity of the color converted light as a function of pump
pulse duration.

of the microcavity. More importantly, this study shows that the intensity of the frequency converted light is

maximized when the duration of the index perturbation is matched to the cavity storage time. The results

provide optimal parameters for changing the color of light inside a microcavity, which is pursued for on-chip

optical telecommunication technologies [15]. Cavities are correspondingly profound structures for controlling

quantum light sources that are widely employed in quantum optics.

The results will consistently support

fundamental studies that aim to control the frequency of single photons [16] using a cavity.
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