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We investigate the lasing dynamics of optically-pumped submicrowatt-threshold Raman silicon lasers
that employ a high-quality (high-Q) nanocavity design. The measurements reveal that free carriers gener-
ated by two-photon absorption induce dynamic effects during the initial lasing process, even at the very
low threshold power of 0.12 uW. At higher excitation powers, the Raman laser signal exhibits a significant
reduction within a few hundred nanoseconds after the initial rise, followed by clear oscillations. We find
that the temporal behavior of the laser signal strongly depends on the excitation wavelength. However, the
Raman laser signal converges to a stable continuous operation within a few microseconds after the initial
rise for any excitation power employed in this work. Numerical simulations indicate that the oscillations
reflect the dynamic shift of the resonant wavelength due to the thermo-optic effect and the carrier-plasma
effect, which are induced by free carriers generated via two-photon absorption. These results are useful for

understanding the correct design of future devices that employ Raman silicon nanocavity lasers.
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I. INTRODUCTION

The development of silicon (Si)-based lasers has been
very challenging during the last half century, because Si
has an indirect band gap, which results in very low gain
factors [1,2]. To solve the problem of the lack of optical
gain in bulk crystalline Si, the use of stimulated Raman
scattering (SRS) has been proposed [3—12]. Since Raman
Si lasers enable continuous-wave (cw) operation at room
temperature in the telecommunication wavelength regime
[13—15], they are attractive for information technologies.
We have developed a Raman Si laser based on a high-
quality- (high-Q)-factor photonic-crystal (PC) nanocavity
with a resonator size of 10 um that enables an ultralow
threshold of approximately 1 uW [16,17]. Such a small,
low-threshold device is suited for dense integration on
Si photonic circuits, which can be employed for applica-
tions such as cw laser sources and all-optical switching
devices. However, the optical responses of the cavity need
to be investigated before a suitable device structure can be
designed. In particular, it is important to study the lasing
dynamics with time-domain measurements to obtain infor-
mation about initial lasing behavior, lasing stability, and
carrier dynamics.

It is known that the output of the Raman Si laser tends
to saturate for increasing excitation power because of
free-carrier absorption (FCA). In high-Q cavity structures,
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free carriers can be easily generated via two-photon
absorption (TPA) of incident light with energy less than
the band gap of Si. The resulting free carriers induce
loss by additional absorption. The effects of FCA on the
laser performance have been intensively studied for Raman
Si lasers that employ racetrack and Fabry-Perot cavities
consisting of rib waveguides [18-21]. Compared to the
abovementioned device structures, the SRS and other non-
linear optical effects are significantly enhanced in Raman
Si lasers based on high-Q nanocavities, because the mode
volumes of the nanocavities are about 4 orders of mag-
nitude smaller [22—24]. Various dynamic effects that are
induced by the thermo-optic effect, the carrier-plasma
effect, and the Kerr effect have been reported for high-Q
Si nanocavities [25-27]. They originate from TPA carriers
and may affect the Raman lasing dynamics. Furthermore,
such nanocavities have carrier lifetimes of about 1 ns
[28,29], which is more than ten times shorter than those of
cavities based on rib waveguides [12,14]. The short life-
time is a result of a high surface recombination rate due to
the large ratio between the surface area and volume of the
nanocavity. Therefore, the magnitude of the influence of
TPA carriers on the laser performance should be different
from that for the rib-waveguide Raman Si lasers.

In this work, we perform time-domain measurements on
ultralow-threshold Raman Si nanocavity lasers. Our mea-
surements reveal that the various nonlinear effects induced
by TPA carriers determine the initial lasing dynamics even
at low excitation powers. At high excitation powers, the
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laser signal shows a significant reduction after the initial
rise and exhibits large oscillations in the following. These
experimental results are well explained by the shift of the
resonance peak caused by the thermo-optic effect and the
carrier-plasma effect that accompany the TPA. Although
the laser dynamics and the output strongly depend on the
excitation wavelength, it is demonstrated that the Raman
laser signal converges to a stable continuous operation for
any excitation condition employed in this work.

II. SAMPLE STRUCTURE AND EXPERIMENTAL
METHOD

The nanocavity-based Raman Si laser utilizes two high-
O nanocavity modes to confine the pump light and
the Stokes Raman scattered light. Figure 1(a) shows a
schematic of the heterostructure nanocavity utilized for the
Raman laser, which is formed by the line defect of air
holes [24]. The distance (a) between the air holes in the
x direction is increased in steps of 5 nm, with the largest
distance being at the center. The wider air-hole distance
locally increases the effective refractive index and thus
lowers the resonance frequencies of the two propagation
bands in the line defect [Fig. 1(b); formation of a multi-
heterostructure]. As a result, the two high-Q nanocavity
modes are formed by the confinement [17]. We utilize the
nanocavity mode arising from the second propagation band
(blue) to confine the pump laser light and the mode arising
from the first propagation band (red) to confine the Stokes
Raman scattered light. They will hereafter be referred to
as the pump mode and the Stokes mode, respectively. Fig-
ures 1(c) and 1(d) show the calculated y components of the
electric field distributions of the pump mode (£, pump) and
the Stokes mode (£, siokes), respectively. Each distribution
is normalized by its maximum electric field value.

We fabricate the Raman laser on a (100) Si-on-insulator
(SOI) substrate, which has a top Si layer thickness of
220 nm and a buried-oxide (BOX) layer thickness of 3 um.
By removing the BOX layer underneath the PC-patterned
region we obtain an air-suspended structure. In order to
enhance the Raman gain, the x direction of the nanocav-
ity is chosen along the [100] crystalline direction of the
substrate and the air-hole radius is set to about 130 nm
to obtain a frequency spacing (Af") of nearly 15.606 THz
between the two modes, which is the Raman shift of Si
nanocavities. We experimentally and numerically confirm
that Af can be tuned to the Raman shift by varying the
air-hole radius with a rate of 0.15 THz/nm [13]. We fabri-
cate several cavities with different hole radii with 0.3 nm
spacing on the same chip and use the cavities with Af
close to 15.606 THz. Further details of the laser struc-
ture, the fabrication procedure, and the Raman shift can
be found in previous reports [16,17,30]. The theoreti-
cal Q factor for the pump mode (O theory) calculated by
the three-dimensional (3D) finite-difference time-domain
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FIG. 1. (a) Schematic of the heterostructure nanocavity used
for the Raman laser. (b) Band diagram of the nanocavity. The
pump nanocavity mode and Stokes nanocavity mode arise from
the two propagation bands. White areas present the mode gap
frequency regions. (c) Calculated electric field distributions for
the pump nanocavity mode and (d) the Stokes nanocavity mode.
The color scale represents the normalized intensity of the elec-
tric field. (e) SEM top view of the core region of one fabricated
sample. The x direction is along the [100] crystalline direction
of the (100) SOI wafer. (f-h) Nanocavity under different excita-
tion conditions to measure the properties of (f) the pump mode,
(g) the Stokes mode, and (h) the Raman laser. A long (short)-pass
filter is used to measure the Raman (pump) emission.
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(FDTD) method is 5.40 x 10° and that for the Stokes mode
(Os theory) 18 5.50 x 10°. The form of E, in the x direction
should slowly vary in order to increase the QOtneory [23,24].
As shown in Figs. 1(c) and 1(d), the distribution of £}, ,ymp
is closer to the air holes than that of £, sikes and therefore
the form of E,, yump along the x direction tends to deviate
from a gentle envelope function (Gaussian curve), which
results in a low O, theory When compared with Og theory-

Figure 1(e) is a scanning electron microscopy (SEM)
image of one fabricated sample. It can be seen that
the actual samples additionally contain two excitation
waveguides that are fabricated parallel to the cavity.
Figures 1(f)—1(h) illustrate the different measurement con-
figurations for the pump- and Stokes-mode excitations
used in the experiments. To measure the optical prop-
erties of the pump mode, the sample is excited through
the pump excitation waveguide using an external tunable
laser (SANTEC, TSL-510) and the light emitted from the
cavity in the direction vertical to the slab is detected as
shown in Fig. 1(f). Figure 1(g) shows the configuration
that enables measurement of the properties of the Stokes
mode. Figure 1(h) is essentially the same as Fig. 1(f),
but illustrates the Raman laser operation when the pump
mode is strongly excited. When we measure the emission
from the Stokes (pump) mode under laser operation, a long
(short) pass filter with a cutoff wavelength of 1500 nm is
inserted.

For the time-domain measurement, the samples are
placed in an isolation chamber in order to reduce the
temperature fluctuation. An electro-optical modulator pro-
duced rectangular excitation pulses, which are incident to
the facets of the excitation waveguides. The time evo-
lution of the emission from the nanocavity modes is
measured by a photomultiplier tube (Hamamatsu Photon-
ics, H1I0330A-75) using the time-correlated single-photon
counting (TCSPC) method. Each signal is integrated for
1 (in Sec. IV) or 3 (in Sec. V) minutes to assure a low
measurement error. Further details of this measurement
technique can be found in the literature [31,32].

III. SAMPLE CHARACTERIZATION

We utilize two laser samples (called A and B) for the
time-domain measurements. Table I shows that the 0, and
Qs of sample A are larger than those of sample B. In this
section, we investigate their optical properties under cw
excitation. In Sec. IV we discuss the time evolution of
the cavity emission from sample A under excitation with
intensities close to the threshold power (/). The TPA-
induced effects can be easily observed in sample A even
at Iy, due to the high Q. In Sec. V, the temporal response
from sample B under a high input power corresponding to
8 x Iy, 1s analyzed. As described later, the dynamic shift
of the resonant wavelength induced by TPA carriers is sig-
nificant for high input powers. The low O, of sample B is

TABLE I. Parameters of the laser samples.

Parameter Sample A Sample B
Ap (nm) 1417.7128 1423.9480
As (nm) 1530.6631 1538.0479
Af (THz) 15.600 15.614
0, 4.01 x 10° 1.66 x 10°
Qs 235 x 108 1.59 x 10°
Threshold (nW) 120 440
Efficiency (%) 24.1 13.8

adequate to investigate the lasing dynamics in the strong
excitation regime with high reproducibility.

Figure 2 shows the optical properties of the two Raman
laser samples obtained under cw excitation. The details of
the cw measurement technique can be found in our pre-
vious publication [33]. Figures 2(a) and 2(b) show the
resonant emission spectra from sample A for the pump
mode and the Stokes mode, respectively. A sufficiently low
excitation power of 5 nW is chosen to avoid influences
from TPA. The Q values for the pump mode (Q,) includ-
ing the influence of the coupled excitation waveguides can
be estimated from the resonant wavelengths (A¢) and the
linewidths (AX) according to the definition Q = A¢/AX. To
obtain the Q for the Stokes mode (Qs) with a value larger
than 2 million, we employed a time-domain measurement,
which is described in the next section. For sample A, we
find 0, =4.01 x 10° and Qg5 =2.35 x 10°. These values
are larger than those for the Raman laser that has previ-
ously been reported [16]. The Af of the two modes is
15.600 THz, which is very close to the Raman shift of the
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FIG. 2. Resonant spectra of (a) the pump nanocavity mode, (b)
the Stokes nanocavity mode, and (c) laser output power as a func-
tion of pump power coupled into the nanocavity for sample A.
(d—f) Results for sample B.
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Si nanocavities [30]. Figure 2(c) shows the input/output
characteristic of sample A for excitation of the pump mode
with the cw laser. The x axis represents the power cou-
pled into the pump mode (Pinpu) While the y axis is the
Stokes Raman output power (Poytput). The threshold power
is 120 nW and the maximum efficiency of 24.1%. This
exceptional performance is possible because of the high
Q factors of the two nanocavity modes and a very small
detuning between Af and the Raman shift.

Figures 2(d) and 2(e) show the resonant emission spec-
tra from sample B for the pump mode and the Stokes mode,
respectively. For this sample we find 0, =1.66 x 10°,
Os=1.59 x 10°, and Af' = 15.614 THz. Figure 2(f) shows
the input/output characteristic of sample B. The thresh-
old power is 440 nW, which is higher than that of sample
A. The maximum efficiency is 13.8%, which is signifi-
cantly lower because of the lower Q values and the larger
detuning.

We note that the measured Q values are lower than the
Otheory because the radii and positions of the air holes in
the sample vary randomly on a subnanometer scale [34].
The Pinput and Py for Figs. 2(c) and 2(f) are estimated
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FIG. 3.

from the light emission intensities of the corresponding
nanocavity modes as illustrated in Fig. 1(h). Because the
collection efficiency of the emitted light varies for each
sample due to the random air-hole variations, the estimated
powers should include some error [34]. We also note that
Poupur depends on the excitation wavelength. When obtain-
ing the data in Figs. 2(c) and 2(f), the excitation laser
is tuned for each measurement point to the wavelength
where Poygpue 1s maximized. The optimum wavelength for
the maximum Py 1S slightly unstable due to various
experimental fluctuations. Because of these uncertainties,
a quantitative comparison between Figs. 2(c) and 2(f) and
other data is not considered appropriate.

IV. TIME-DOMAIN MEASUREMENTS CLOSE TO
THE THRESHOLD

Figures 3(a) and 3(b) show the time evolution of the
emission from the pump mode and the Stokes mode,
respectively, for Sample A under pulsed excitation of the
pump mode. The experimental configuration is shown in
Fig. 1(h). For this measurement the excitation wavelength
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(a) Time-resolved signals of the pump mode and (b) the Stokes mode under Raman laser operation with various Pipput. Pinput

is normalized by /y,. The excitation wavelength is set to A,. (c) Time-resolved signals of input pulse (black curve) and Stokes light
(red curve) when the Stokes mode waveguide is excited. (d) Dependence of Og on Pjn,y under Raman laser operation. The x axis is
normalized by /¢,. The inset shows the time-resolved signals of Fig. 3(b) in a logarithmic scale.
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is set to A,, which is the intrinsic resonance wavelength of
the pump mode presented in Table I. The measurements
for the pump mode and the Stokes mode are performed for
various Py, For excitation, a pulsed light with a tempo-
ral width of 30 ns and a repetition rate of 2 MHz is used.
The slow repetition rate is required to suppress any possi-
ble pile-up effect that can be induced by the TPA carriers.
The origin of the x axis indicates the start of the excitation
pulse. The black line in Fig. 3(a) shows the scattered light
at the facet of the waveguide, which represents the shape
of the input pulse.

For Piypu =0.68 x Iy, we observe a sharp initial rise
of the pump mode emission [Fig. 3(a); dark blue curve]
at the start of the excitation pulse and then the intensity
is constant until 30 ns, while the Stokes signal is almost
zero [Fig. 3(b); dark blue curve]. For Py =1.07 x I,
the pump signal slowly decreases between 10 and 30 ns
[Fig. 3(a); light blue curve] while the Stokes signal
[Fig. 3(b); light blue curve] starts to increase for times
later than 10 ns. These opposite responses clearly indicate
the wavelength conversion by SRS. For a higher Piypy,
the slope of the initial rise for the Stokes signal increases
because the Raman gain increases. The Stokes signal for
Pinput = 1.07 x Iy, shows no saturation at 30 ns. It reaches
its maximum intensity at 25 ns for Pjpy =1.53 x Iy, and
between 25 and 30 ns the signal decreases slightly. This
reduction is due to the wavelength shift of the pump mode,
which is described in Secs. V and VI.

It is noted that for any excitation power the Stokes
signal in Fig. 3(b) rises a few nanoseconds after the
input pulse. This delayed onset mainly originates from
the high Qg value of more than a million. In fact, the
initial rise of the pump mode shown in Fig. 3(a) is also
slightly delayed from that of the input pulse due to the O,
of 4.01 x 10°.

It is important to note that for times later than 30 ns, after
the pump light is switched off, the Stokes signals decay
slowly as shown in Fig. 3(b). These decays reflect the
Oy values including the losses through TPA-induced FCA
[18-21]. Therefore, a comparison between these values
and the intrinsic Qg value enables a prediction of the mag-
nitude of the FCA influence [35]. Figure 3(c) shows the
experimental result from which the intrinsic Qg is deter-
mined. The Stokes mode is directly excited at Ag with a
low input power (<0.04 x Iy,) as illustrated in Fig. 1(g).
The input pulse is set to a width of 10 ns and a repetition
rate of 10 MHz is used. The black curve shows the input
pulse signal in a logarithmic scale. After 10 ns, a fast decay
with a time constant of 370 ps can be observed, which
is the time resolution of the system. The red curve repre-
sents the signal of the Stokes mode, and the photon lifetime
(7) estimated from the decay for times later than 10 ns is
1.91 ns. Thus, the intrinsic value of Qg is estimated to be
2.35 x 10° according to the relationship O = wt, where @
is the angular frequency.

Figure 3(d) shows the dependence of Qg on Piypy
under Raman laser operation. The inset shows the data
of Fig. 3(b) on a logarithmic scale to clarify the differ-
ence of the decays after 30 ns. We estimate the Qs values
from the photon lifetimes that are obtained from the decays
between 33 and 35 ns (the photon lifetimes are slightly
overestimated since the signal is convoluted with the car-
rier lifetime of the Si nanocavity, which is about 1 ns
[28,29]). We find that the Qs is reduced to 1.66 x 10° at
Pinput =1.07 x Iy, due to the FCA loss and it monotoni-
cally decreases with the increase of Pjnpy. These results
indicate that FCA induced by TPA is significant even at
low excitation powers (I, =120 nW). This is possible
because Qs is very high in sample A and enhances nonlin-
ear effects, and therefore the FCA influence rapidly grows
above Iy, with the start of lasing. It is interesting that the
magnitude of the Qg drop is not large enough to stop the
lasing operation, probably due to the short carrier lifetime
of approximately 1 ns. This is an advantage of the nanocav-
ity device, which enables a large ratio of surface area to
volume compared to cavities based on rib waveguides.

From the experimental results shown in Figs. 2(a)-2(c)
and 3, we can conclude that the high Qg is important for
Raman Si lasers to reduce the threshold, but on the other
hand the high Qs implies a delayed rise of the Stokes signal
and significant influence of the FCA at higher excitation
powers. Therefore, the appropriate magnitude of Qg has to
be determined for each application. The delay of the Stokes
signal’s rise and the nanosecond lifetime after the pump
pulse end are features of Raman Si lasers using high-Q cav-
ities. Thus, it will be difficult to directly utilize the Raman
Si nanocavity lasers for the duplication of short pulse sig-
nals with approximately100 Mbps or for the generation of
ultrashort pulses.

For future device design it is important to estimate the
free-carrier density at the threshold intensity /. The addi-
tional loss factor due to the FCA (Qrca) for excitation with
I, 1s estimated from the following relation:

1 1 1
Orca @ - @ M

Here, Oy, is the Qg factor at the threshold intensity, i.e.,
1.66 x 10°, and Qg is the intrinsic value (2.35 x 10°). With
these values we obtain a Orca of 5.65 x 10°. The absorp-
tion coefficient that determines the strength of the FCA
(apca) can be evaluated using [36]

27T Ry

@

Orca = ,
apcats

where ng is the refractive index. This equation assumes
that the light confined in the cavity travels with phase
velocity and is absorbed according to the absorption
coefficient. By substituting 5.65 x 10® for QOpca, we
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obtain arpca =2.51 x 1072 cm™'. Finally, we evaluate the
free-carrier density (Ngca) with the following relation:

aFcA = NFCAOFCA- (3)

Here, the absorption cross section for FCA, ogca, is
1.06 x 1077 cm?, according to a previous report [37].
Therefore, the free-carrier density Ngca at the threshold
intensity is estimated to be 2.36 x 10" cm~3. Adding
a lateral p-i-n diode structure with reverse bias to the
nanocavity-based Raman Si laser can be a promising
method to decrease the Ngca since it shortens the carrier
lifetime [12—15]. However, the doping density required to
form the p-i-n structure is larger than 10'® cm™3 and the
doped area should be close to the nanocavity [38]. There-
fore, we also have to consider the FCA loss originating
from the dopants in the p and » regions in such devices
[39]. An important alternative method to shorten the car-
rier lifetime in the nanocavity laser would be a decrease
of Npca by modifying the surface condition or cavity
structure.

V. TIME-DOMAIN MEASUREMENTS IN THE
HIGH EXCITATION REGIME

In this section, we present the time-resolved results
obtained from sample B under strong excitation of the
pump mode. Figures 4(a) and 4(b) show the time evolu-
tion of the emission from the pump mode and the Stokes
mode, respectively, for four different excitation intensities
(Pinput = 1.3 x I, 2.7 x I, 5.3 X I, and 8.0 x Iyy,). The
width of the pulsed light is 9 us and the repetition rate
is 83.3 kHz. The low signal-to-noise ratio in Fig. 4(a)
is due to the neutral density filters that are inserted to
reduce the emission power entering the photomultiplier.
This procedure is necessary to ensure an accurate TCSPC
measurement. Before we discuss the details of the transient
responses in Figs. 4(a) and 4(b), we note that in these mea-
surements A, is fixed at A, + 3.6 pm in order to include the
shift of the resonant wavelength under high powers, which
is explained in the following.

Figure 4(c) shows the resonant emission spectra of
the pump mode for Pjpu=1.0x 1y (solid line) and
Pinput =0.07 x Iy, (dashed line) obtained in the cw mea-
surements. The resonant peak for 1.0 x /g, exhibits a red-
shift of 3.6 pm compared to the A, obtained for 0.07 x /.
The redshift can be explained with the change of the refrac-
tive index via the carrier-plasma effect and the thermo-
optic effect induced by TPA carriers [26]. The plasma
effect lowers the refractive index, which is immediately
reflected in the carrier generation rate. On the other hand,
the thermal effect gradually increases the refractive index.
For Pjyput > I, the influence of the thermal effect is larger
than that of the plasma effect and thus the resonant peak
shows a redshift. Therefore, the power coupled into the

cavity gradually increases during intense pulsed excitation
(where effective redshift due to heating occurs as explained
in the next paragraph) when Ay, is set to a longer wave-
length than A,,. As a result, Poypu also becomes larger.

In the following we discuss the time-resolved responses
in Figs. 4(a) and 4(b). The pump emission for 1.3 x /¢, in
Fig. 4(a) gradually increases within a time of more than
1000 ns, which suggests that the resonant peak of the pump
mode gradually redshifts toward Ay, due to the increase of
the cavity temperature. On the other hand, the correspond-
ing Stokes signal in Fig. 4(b) starts to rise at 600 ns, which
indicates that the photon density in the pump mode exceeds
the threshold density at 600 ns. It is important to note that
the rise behaviors of the pump and the Stokes emissions
are different from those shown in Figs. 3(a) and 3(b). This
difference is assigned to the change of Ay,. Furthermore,
the Stokes signal for 1.3 x Iy, in Fig. 4(b) shows a maxi-
mum intensity at about 1300 ns, which indicates that the
resonant peak of the pump mode matches Ai, at 1300 ns.
After 1300 ns, the intensity gradually decreases and con-
verges to a stable level. This slow drift suggests that the
redshift of the resonant peak of the pump mode proceeds
due to further heating until thermal equilibrium is reached
about 1 us later. As explained above, the continued redshift
across the optimum value, that is Aj,, results in a decrease
of the photon density and the Stokes signal. The decrease
of the Stokes emission after 1300 ns is more evident com-
pared to that of the pump emission because of the nonlinear
response of SRS to the pump photon density [see Egs. (4)
and (5)].

The Stokes signal for Pjp,u=2.7 x Iy, shows a faster
response time for the initial rise and a larger reduction
after the initial rise compared to the data for 1.3 x Iy,
because the higher excitation power increases the magni-
tude of the resonance peak shift. A very interesting trend is
observed for P,y =5.3 x I,. As expected, the response
time is faster and the reduction after the initial rise is more
drastic, but then a peculiar oscillating behavior is observed,
which slowly loses its amplitude until thermal equilibrium
is reached. These oscillations are explained with alternat-
ing redshifts and blueshifts of the resonant peak induced by
thermal and plasma effects. Such a behavior is possible for
a strong excitation, which creates a large nonequilibrium
(the detailed mechanism is explained in Sec. VI). The peak
shifts of the pump nanocavity mode are always accompa-
nied by a change of the photon density in the cavity, which
results in large variations of both pump and Stokes sig-
nals. Therefore, the oscillations can be observed in both
Figs. 4(a) and 4(b). We find that the oscillations completely
disappear about 1 us after the initial rise and the intensity
reaches a stable level.

We emphasize that this oscillating behavior is not
related to the relaxation oscillations observed for usual
semiconductor lasers with a picosecond response time
[40]. Further investigation of the picosecond responses of
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(a) Time-resolved emission intensities from the pump mode and (b) the Stokes mode for various Piu,y. The excitation

wavelength is set to A, + 3.6 pm. (c) Resonant spectra of the pump mode for Piypy =1.0 x Iy, (solid line) and Pjppue =0.07 x I,
(dashed line). (d) Averaged intensities of the pump emission data in (a) between 6.0 and 9.0 us. (¢) Averaged intensities of the Stokes
emission data shown in (b). (f) Power dependence of the response times for the initial peak of the Stokes signal shown in (b). Open
circles represent the onset delay. Filled circles show the temporal position of the peak maximum.

Raman Si nanocavity lasers may be interesting, since a
phenomenon similar to the relaxation oscillation could be
found [41]. We note that the resonant wavelength shift of
the Stokes nanocavity mode is not the primary cause for
the oscillation in this experiment, because the magnitude
of the shift (approximately 10 pm) is much smaller than
the Raman gain width (approximately 630 pm) [42]. We
observe such an oscillation behavior of the pump emis-
sion even for high-Q nanocavities without Raman lasing.
Similar oscillating behaviors have been also reported in
emissions from microring and microdisk cavities [43,44].
The critical slowing down and overshooting in bistable
systems are well-known phenomena that are related to
these oscillations [41,45]. It is noted that Fig. 4(b) is the
first observation of oscillations in the Raman nanocavity
laser emission.

The Stokes data for the highest excitation in Fig. 4(b)
(8.0 x Iy,) reveal that the amplitude and the duration
(>1 us) of the oscillations in the Stokes signal increase
upon stronger excitation. It is interesting that the peak
intensity of the initial peak is the same as that for 5.3 x Iy,
which suggests that the optical loss due to FCA can be
comparable to the Raman gain when the resonant peak of

the pump mode matches Ay,. In other words, the net gain
is saturated for this excitation intensity. This observation
agrees with the Pippui-Poupu relation shown in Fig. 2(f).
Therefore, no improvement of the output power can be
expected for higher values of Piypy.

Figures 4(d) and 4(e) show the input power depen-
dence of the averaged intensities for the pump and Stokes
mode emissions shown in Figs. 4(a) and 4(b), respec-
tively. The averaging is performed over the stable time
range extending from 6.0 to 9.0 us. The pump intensity in
Fig. 4(d) increases monotonically while the Stokes inten-
sity in Fig. 4(e) has its maximum at P,y = 5.3 X Iy,. The
drop observed for Pinpu = 8.0 X I, can be suppressed to
some extent by optimizing i, as shown in Fig. 5, which
will be explained later. Figure 4(f) summarizes the onset
delay and the temporal position of the first peak in the
Stokes signal. It is evident that the responses of the initial
lasing signal become drastically faster for higher excita-
tion powers. The response times also depend on Aj, as
demonstrated later in Fig. 5.

The above discussion clarified that the power-dependent
dynamic shift of the resonant peak has various conse-
quences for the Raman laser dynamics. We consider that
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FIG. 5. (a) Time-resolved emission intensities from the pump
mode and (b) the Stokes mode of sample B for various excitation
wavelengths. The excitation power is 8 x Iy,. The inset shows
the relation between the excitation wavelengths and the intrinsic
resonant emission spectrum of the pump mode.

the dynamic shift is one of the major reasons for a reduced
Raman laser output, because the peak intensity that is
observed when the resonant peak matches Ay, during the
initial rise is larger than the intensity observed for the
equilibrium state at late times, as shown in Fig. 4(b). We
consider that this explanation can be also applied to other
types of Raman Si lasers using high-Q cavities.

To confirm the above conclusions, we investigate the
influence of Ay on Poyiput for Pippu = 8.0 X Iy,. We mainly
focus on the discussion of the Stokes signal. The A, depen-
dence of the pump signal is similar to that of the Stokes sig-
nal. Figures 5(a) and 5(b) show the time-resolved signals
of the pump and Stokes emission, respectively. The purple
lines represent the signals for A;, = A, + 3.6 pm, the green
lines correspond to Aj, = A, + 9.9 pm, and the orange lines
are for Aj, = A, + 11.7 pm. The inset in Fig. 5(b) shows the
relation between the intrinsic resonant emission spectrum
of the pump mode and the three excitation wavelengths.
The purple data are the same as the data for the highest
excitation shown in Figs. 4(a) and 4(b).

When i, is set to A, +9.9 pm, the Stokes signal
[Fig. 5(b); green curve] starts to rise at 400 ns and shows
a maximum at 660 ns. Then it decreases and converges to

a stable emission level, which is reached at approximately
2 us. These characteristic response times are delayed com-
pared to those for A, 4 3.6 pm [Fig. 5(b); purple data]. In
addition, an oscillation is not observed because the detun-
ing between A, and A, is too large to create a strong
nonequilibrium, which will be discussed in Sec. VI. The
Stokes intensity under thermal equilibrium is 1.5 times
larger than that observed for excitation with A, +3.6 pm,
which suggests that the resonant peak of the pump mode
in the thermal equilibrium is closer to A, + 9.9 pm.

When A;, is set to A, +11.7 pm, the Stokes signal
begins to rise at 1500 ns. It gradually becomes stronger
as the temperature increases and converges to a stable
intensity at approximately 4 us. It is interesting that the
signal exhibits no reduction after the initial rise, which
indicates that the resonant peak of the pump mode stayed
below Aj,. Consequently, an oscillation is not observed.
The intensity at the equilibrium condition is smaller than
that observed for excitation at A, +9.9 pm but larger than
that at A, +3.6 pm. We confirm that for this Pj,,, no
Raman lasing is observed for excitation wavelengths above
Ap +11.7 pm.

Figure 5 demonstrates that the initial lasing behavior
strongly depends on Ai,. It should be emphasized that the
Raman laser converges to a stable cw operation for any
excitation condition that is employed in our experiments.
This feature will be important for the application as a cw
laser source in photonic circuits. On the other hand, the
instable regime may allow a self-pulsating operation of
our Raman laser device, which is useful for certain appli-
cations [43]. In order to maximize Poypy, We have to
appropriately tune Ay, to take into account the dynamic
shift. To reduce the response time of the Stokes signal
shown in Fig. 4(f), which is useful for application in all-
optical switching devices, Ai, should be tuned close to X,
because the pump photon density can exceed the thresh-
old faster due to a higher coupling efficiency. However,
the intensity drops after the initial rise due to the dynamic
shift, which is enhanced in such a case. Practically, it can
be difficult to tune A, close to A, and instead it may be
more convenient to tune A, with an additional microheater
near the cavity [35,46].

From the results of Figs. 35, we consider that Py
can be significantly enhanced if we reduce the TPA carri-
ers by adding a lateral p-i-n diode, increasing the operation
wavelength to mid-infrared or utilizing other materials
with higher band-gap energies [47]. This will decrease the
loss through FCA as well as the intensity drop of Poygpu
after the initial rise caused by the dynamic shift. Fur-
thermore, the oscillating behavior will also be reduced,
which is important for the practical application of the
Raman laser. We consider that use of a superluminescent
diode for the excitation may solve the problem of the
dynamic wavelength shift because of its broad emission
spectrum.

024039-8



LASING DYNAMICS OF OPTICALLY-PUMPED...

PHYS. REV. APPLIED 10, 024039 (2018)

VI. THEORETICAL INVESTIGATION OF THE
LASING OSCILLATIONS

In this section, we numerically investigate the mech-
anism of the lasing oscillations observed in Fig. 4(b)
by employing a calculation framework that is based on
coupled mode theory (CMT) [48,49].

The time evolution of the number of photons confined
in the two nanocavity modes can be calculated with the
differential equation for the amplitude of the pump light

(ap) [48],

da, < 1 , )
— == + i, |a, — g’ (Ns + Da
dt 2tp,total i ’ &k ’

4 Pin &'@int 4)
2Tp,in

and that for the number of photons in the Stokes mode (Ny)
[49],

dNg N
= + 2glce?,l(\i/etuning (Ns + I)Nl’ : (5)
dt TS total

The amplitude and the photon number are related via
N; = |a;|*/hw; where the index i can be replaced with
either p or § for the pump or Stokes mode, respectively.
It is noted that the pump mode needs to be represented
with an amplitude because the pump mode is coherently
excited by a monochromatic light. 7; 1, is the photon life-
time of the cavity mode, which includes both the photon
leakage from the cavity and the losses due to TPA [see
Appendix, Eq. (Al)]. @, is the angular frequency of the
resonant peak for the pump mode that shifts according
to the refractive index determined by the carrier-plasma
effect, the thermo-optic effect, and the Kerr effect [see
Appendix Eq. (A8)]. These effects, which are induced by
TPA carriers, are also taken into account for the resonance
frequency of the Stokes mode, ), although we obtained
almost the same results without the dynamic shift of w;.
The Raman gain coefficient of the nanocavity is gi¥ [see
Appendix Eq. (A14)] and g}f‘getumng is the Raman gain coef-
ficient considering the detuning between the peak of the
spontaneous Raman scattering and the resonant peak of
the Stokes mode [see Appendix Eq. (A16)]. Accordingly,
the terms gz" Nsa, and gz"¥a, in Eq. (4) describe the SRS
and spontaneous Raman scattering, respectively. The terms
28R detuningVsNp and 2g5% 5 ninsNp 10 Eq. (5) represent the
same mechanisms, since a, and N, are interchangeable.

The last term in Eq. (4), /Pin /ZTp,ineiwint, represents the
excitation light that is coupled into the pump mode. Here,
1/7, in is the coupling strength between the propagating
light in the pump excitation waveguide and the pump
nanocavity mode, Pj, is the input power of the excitation
light in the pump waveguide, and wi, =27 c/Aiy.

The temporal evolution of the free-carrier density in the
nanocavity, N, is expressed with

N
dt

+ Gcarrier, (6)

Tcarrier

where T ,uier 1S the dissipation time of the free carriers in
the nanocavity, determined by nonradiative recombination
and carrier diffusion. Geaier 18 the generation rate of free
carriers, i.e., the free carriers generated by the TPA pro-
cess [the equation that governs these processes is given in
the Appendix Eq. (A17)]. The energy of the light absorbed
by TPA and FCA is finally converted into heat through
three processes [Appendix Eqs. (A18)+A21)] and induces
a temperature rise of the cavity material. Here, the heating
effect due to phonons generated by SRS is not considered
because this effect should be minor.

In order to properly evaluate the temperature change
of the nanocavity, we considered the cavity and the PC
surrounding the cavity. The heat generated in the cav-
ity diffuses to the surrounding PC. The changes in cavity
temperature and surrounding temperature are described as
ATcay and A Tgyrround, respectively. They are evaluated by

dA TcaV A Tcav - A Tsurround

= — + Gthermala (7)

dt Tthermal, cav

and
dA Tsurround _ A Tsurround
dt Tthermal,surround
T Cf)av ATcav - ATsurround (8)
b
Ciurround Tthermal,cav

where Ginermal [se€ Appendix Eq. (A18)] and 1/7 hermar are
the heat generation rate and the temperature decay rate,
respectively. Equation (8) shows that the surrounding PC
is responsible for allowing a thermal equilibrium with the
thermal reservoir (environment) according to the time con-
stant Tnermal surround- 10 heat capacities of the cavity and
the surrounding PC are C%* and C?"™"d, respectively.
Figure 6 shows the calculation results for an excita-
tion power of 11 x Iy, and an excitation wavelength of
Ain = A, + 3.6 pm. These conditions are almost the same as
those for Fig. 4. The initial process is divided into four time
domains, (i}~(iv), shown with different colors. The detailed
parameters are summarized in Table II in the Appendix.
The blue and red curves in Fig. 6(a) show the normal-
ized time evolution of the number of photons in the pump
mode, N, = |ap|2/hwp, and the Stokes mode, Ng, respec-
tively. The curves are normalized with the corresponding
peak values at 124 ns. Both signals oscillate, and the oscil-
lation amplitude of the Stokes mode is larger than that for
the pump mode. Although the calculation results have a
longer response time for the initial rise when compared
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FIG. 6.

(a) Calculated normalized time evolution of the number of photons in the pump mode and the Stokes mode. (b) Total shift of

the resonance peak wavelength for the Stokes mode, as well as the individual contributions due to carrier-plasma effect, thermo-optic
effect, and Kerr effect. (c) Carrier density generated by TPA. (d) Temperature of the cavity and the surrounding PC.

with the experimental results, the oscillation period almost
agrees with that measured in the experiment. The calcula-
tion predicts that the amplitude of the oscillation gradually
decreases and that the emission converges to a stable level
within 1 us after the initial rise, in agreement with the
experiment shown in Figs. 4(a) and 4(b).

Figure 6(b) shows the shift of the resonant wavelength
(AA,) for the pump nanocavity mode. The total shift
(AXp tora) from the intrinsic value A, and the individual
contributions from the carrier-plasma effect (AA, plasma),
the thermo-optic effect (AA, thermat), and the Kerr effect
(AL, xerr) are shown in black, purple, orange, and green,
respectively. The dashed horizontal line represents the
position of Aiy. At 124 ns, AL, i1 reaches the value of A;,.
It is important to note that the magnitude of the oscillation
for AL, plasma is the largest among the three contributions
and thus the oscillation of AX, (a1 is almost synchronous
with that for AL, plasma €xcept for the time domains (i)
and (ii). It is apparent that the Kerr effect is much smaller.
Therefore, we omit the Kerr effect in the explanation of the
experimental part and the following discussion. We con-
firm that the resonant peak shift of the Stokes nanocavity
mode behaves similarly.

Figure 6(c) shows the TPA carrier density, N, which is
generated by TPA. Note that the oscillation of the carrier
density and the oscillation of N; [Fig. 6(a)] have the same
phase while the oscillation of the carrier density and the
oscillation of AL, plasma [Fig. 6(b); purple data] have oppo-
site phases. Figure 6(d) presents the temperature changes
of the cavity and the surrounding PC. The oscillations of
the cavity temperature and AM, hermal [Fig. 6(b); orange
data] have the same phase. The oscillation amplitude of
the cavity temperature is relatively small, and is obviously
not in phase with N;, AA, a1, and N. This unsymmetrical
behavior, which originates from the difference between the
response time of the carrier-plasma effect and that of the
thermo-optic effect, is the reason for the oscillations of the
pump and Stokes mode emissions, as explained below.

The calculation results enable a detailed explanation
of the oscillation mechanism. First, we discuss the time
domain (i). Here, the blueshift of the resonant peak of
the pump mode occurs simultaneously with the excitation
due to the plasma effect as shown in Fig. 6(b). Then the
resonant peak redshifts due to the increase of the cavity
temperature. It is noted that the magnitude of the red-
shift is reduced by the increase of the plasma effect in this
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TABLE II. Parameters used for the calculations.

Parameter Symbol Value Source
Wavelength of pump mode Ap 1423.9480 Experiment
Wavelength of Stokes mode As 1538.0479 Experiment
Frequency spacing between the pump mode (f,) and the Stokes mode (fs)  Af 15.614 THz Experiment
Pump mode total Q 0, 1.66 x 10 Experiment
Pump mode in-plane Q Opin 1.03 x 10° Experiment
Pump mode vertical Q Oy 1.98 x 10 Experiment
Stokes mode total Q Os 1.59 x 106 Experiment
Stokes mode in-plane O Os.in 2.90 x 10° Experiment
Stokes mode vertical Q Os. 3.52 x 10° Experiment
Free-carrier lifetime T carrier 1.4 ns Experiment
Cavity temperature lifetime T thermal,cav 60 ns Experiment
Cavity surrounding PC temperature lifetime Tthermalsurrond 2000 ns Experiment
Heat capacity ratio between cavity and surrounding PC ceavjcsumround ) 2 Experiment
TPA mode volume of pump mode V, oA 0.35x 10718 m? FDTD
TPA mode volume of Stokes mode Vs tpa 0.33 x 10718 m? FDTD
TPA overlap mode volume between pump mode and Stokes mode Vo TPA 0.71 x 10718 m? FDTD
Volume of cavity Veav 0.40 x 10718 m3 ~LxWxH
Refractive index of silicon Ny (S) 3.46 [51]

TPA coefficient Bsi 44 %1072 m/W [4]
Relaxation time T relax 0.17 ps for electrons [51]

Effective mass

Temperature dependence of refractive index
Kerr coefficient

Bulk Raman gain coefficient

Raman mode volume

Raman shift of Si

Raman gain width

0.10 ps for holes

m* 0.30 my for electrons [51]
0.45 m for holes
my: electron rest mass

dn;/dT 1.85x 1074 K! [52]
"y 4.4 % 10718 m¥/wW [53]
g8 29 x 10710 m/W [5]

Vr 0.48 x 10718 m? FDTD
Af 15.606 THz [30]
A 0.08 THz [42]

domain, because the resonant peak is shorter than Ai,. In
time domain (ii), after the peak wavelength becomes larger
than Ay, at 124 ns, the carrier density decreases as shown in
Fig. 6(c) because the photon density in the cavity decreases
as shown in Fig. 6(a). The reduction of the carrier density
decreases the plasma effect and therefore the redshift of the
resonant peak accelerates. On the other hand, the reduction
of the carrier density stops the increase of the cavity tem-
perature and after a short delay the cavity begins to cool,
which suppresses the reduction of the plasma effect and
thus inhibits any further redshift. As a result, the resonant
peak redshifts to a wavelength that is 8.7 pm longer than
Ain. Then, in time domain (iii), AA, torar Starts to blueshift
at 190 ns, driven by the cooling. This is accompanied by
an increase of the plasma effect because the photon density
and carrier density start to increase as AX, toral approaches
Ain. Consequently, the blueshift is accelerated. On the other
hand, the increase of the carrier density stops the cooling of
the cavity temperature with a slight delay due to the heat
generation and the cavity starts to heat up again. Finally,
in time domain (iv), the redshift of A}, (o1 Occurs again
before the resonant peak matches Ay,. By repeating these

cycles of redshift and blueshift, the gap between AT,, and
ATguround 18 decreasing and the nanocavity converges to
the thermal equilibrium condition. Finally, the oscillation
disappears.

From these calculations, it is concluded that the key con-
dition for the existence of the oscillation is whether the
resonant peak can redshift to a wavelength much longer
than Ay, during the first redshift in time domains (i) and (ii)
or not. For this phenomenon, the large acceleration of the
redshift due to the decrease of the plasma effect is impor-
tant, which appears at the beginning of time domain (ii).
If the detuning between A, and Aj, is large, the oscillation
becomes weak or does not appear. Therefore, an oscilla-
tion is not observed in Fig. 5 for large detunings of 9.9 and
11.7 pm. It should be noted that such an oscillation may
occur even without the thermo-optic effect if the cavity and
the pump parameters are chosen differently [41].

VII. CONCLUSIONS

The time-domain measurements for nanocavity-based
Raman Si lasers reveal that TPA carriers induce various
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dynamic effects in the lasing process. The loss through
FCA as a result of efficient TPA is observed even for the
threshold excitation intensity, i.e., 0.12 uW, where we esti-
mate a free-carrier density of 2.36 x 10'> cm~3. The TPA
carriers cause a dynamic shift of the resonant wavelength
of the pump nanocavity mode via the thermo-optic effect
and the carrier-plasma effect. This dynamic shift causes a
reduction of the Raman laser output after the initial rise and
furthermore it can induce oscillations under certain con-
ditions, which are clarified theoretically. We find that the
optical responses strongly depend on the excitation wave-
length and the excitation power. An important point is that
the Raman laser converges to a stable cw operation within
a few microseconds after the initial rise for all excitation
conditions. These results will be useful to design suitable
device structures that employ the advantages of the Raman
silicon nanocavity lasers.
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APPENDIX

CMT Calculation and Parameters

Here we present the details of the equations in Sec. VI.
1/T;sota1 (i=p, S) is the rate of the energy loss in the
cavity. It has several contributions,

1/Titotal = 1/Tijn + 1/Tip + 1/Titea + 1/Tirca, (Al)
where 1/7;;, and 1/t;, are the rates of energy transfer
into the waveguide (in-plane direction) and into free space
(vertical direction), respectively, and are calculated via
1/T; inv) = @i/ O in(v)- In the coupled mode theory, Q; , can
be expressed as follows [50]:

Qin = Qi/VT:. (A2)
Here, T; is the transmittance at X;, which are 0.7 and 0.3
for the pump mode and Stokes mode, respectively. O;in
is determined from the relationship 1/Q; =1/Q;in + 1/0;
at a low-power excitation condition. These Q factors are
summarized in Table II.

The third term on the right-hand side of Eq. (Al),
1/t; 1pa, 1s the loss rate due to TPA and is proportional to

the energy stored in the cavity. According to Ref. [48] the
loss rates in the pump and Stokes modes can be written as

1 Bsic? ) Bsic? 2
=— lap|” + ———2lasl”, (A3)
Tppa 15 VpeA n, Vo tpA
and
1 Bsic? 5 Bsic? 2
= 2 |aS| + P 2|ap| > (A4)
TsTPA  HgVsTPA ngV,trA

where the first terms represent the TPA due to two pump
photons or two Stokes photons. The second terms represent
the process where one pump photon and one Stokes photon
are absorbed simultaneously. Bs; is the TPA coefficient of
bulk silicon. The effective mode volume for TPA, V; pa,
is [48]

(S enE®ar)
St MIE@)*dr

Vo 1pa indicates the spatial overlap between the pump
mode and the Stokes mode, and we consider V, tpa = Vg,
which is provided in Eq. (A15).

The last term in Eq. (A1), 1/7;ca, is the loss rate due
to FCA and is proportional to the time-dependent carrier
density, given with

Vitea = (AS)

1 c
= —(0ie + o) N@).
TiFCA n;

(A6)
¢ is the velocity of light in vacuum. The absorption cross
sections for electrons and holes o; ./, can be written as

62

Oie/h = ; (A7)

2 *
Cniw; oM, Trelax,e/h

where e is the electron charge, € is the dielectric constant
in vacuum, m} and mj, are the effective masses of electrons
and holes, respectively, and Trelax /s is the corresponding
relaxation time.

w; (i=p, S) is the shifted resonance frequency for
the pump mode or the Stokes mode. The shift occurs
via three nonlinear effects: the carrier-plasma effect, the
thermo-optic effect, and the Kerr effect, which can be
written as

, A”li,carrier Ani,thermal Ani,Kerr
w;(H) = w; — w; — w; — w;.

n; n; n;
(A8)

The refractive index of Si for the pump mode and Stokes
mode is given with n; (i =p, §), and An; carrier, AR thermos
and An; gerr are the individual shifts of the refractive index
due to the carrier-plasma effect, the thermo-optic effect,
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and the Kerr effect, respectively. The individual shifts are
defined with [48]

A 2N ( 1 N 1 > (A9)
n fap = ——888 | — — 1,
preamet 280npa)i2n U
2N 1 1
AnS,carrier =5 2\ = + — 1> (AlO)
2eongwy \my  my,
di’l,’
A’/’i,thermal = EAT: (Al 1)
cny cny
Any Kerr = mmﬂ2 + 2V 2lasl’,  (Al12)
14 p,Kerr D o,Kerr
cnyp cnyp
Ansken = — las]” + 5——2la, . (A13)
ng Vs Kerr ng Vo,Kerr

In Eq. (A11), we introduce the temperature dependence of
the refractive index with dn;/dt. In Egs. (A12) and (A13),
ny is the Kerr coefficient of bulk Si for propagating light
and the effective modal volumes for the Kerr effect are
Vikerr = Vistea and Vo,kerr = Vo,1pA-

g7 is the Raman gain coefficient of the nanocavity and
is defined as [49]

hawin
cav __ bulk
&k = <2npn5VR Er

where 1, and ng are the refractive indices for the pump
mode and Stokes mode, respectively. g2'¥ is the Raman
gain coefficient of bulk Si. V; is the effective modal vol-
ume for Raman scattering, which determines the spatial

overlap between the pump mode and the Stokes mode,

(A14)

[epEpdV [ esESdV

Ve = .
R
Ep€s Zijkl J; Si XijklEP,iE;J ES,kE;,ld 4

(A15)

Here, ¢; (i=p, S) is the dielectric constant in Si and E;
(i=p, S) is the electric field of the pump mode or the
Stokes mode. X§k, is the fourth-order tensor correspond-
ing to the Raman effect in Si. It has to be noted that V'
depends on the crystal orientation and the overlap between
the electric fields of the pump mode and the Stokes mode.
By choosing the optimal crystal direction [100] for the
nanocavity-based Raman Si laser, we are able to realize
lasing operation [16]. gg'deruning 18 the Raman gain coeffi-
cient that considers the detuning between the peak of the
spontaneous Raman scattering and the resonant peak of the
Stokes mode,

(A /2))?
(@'s + Afx — ow)* + (A /2)7

cav __ scav
gR,detuning = 8r

(A16)

where A is the full width at half-maximum of the sponta-
neous Raman scattering in Si and Afy is the Raman shift
of the Si nanocavity.

Finally, we specify the generation rates introduced in
Egs. (6) and (7). The generation rate of the free carriers
Gamier can be calculated from the mode-averaged TPA loss
rate [48],

Bsic? Bsic?

Gearrier = —lap|4 + —|aS|4
2ha)inn[2) V;Z;,FC A 2he’ Sné Vg,Fc A
IBSiC2 2 2
C lagPlay|
Mo + @ S)np Vo,FCA
/3516’2 2 2
2|ap| las|”. (A17)

h(a)in + a)/S)né Vlz,,FCA

The effective mode volume for FCA is obtained from
VIZ,C A = Vrea x Vit The cavity volume for the free

carrier”
1 1 av ] av — 1
carriers is Vil... and is defined as V. = (cavity

carrier
length)-(distance between the air holes nearest to the center
of the cavity in the y direction)-(slab thickness) [26].

The heat generation rate Gnermal 1S given by

Gthermal = Gthermal,TPA-relax + Gthermal,FCA-relax

+ Gthermal,recomb~ (A18)
Ghhermal, TPA-relax 1S the heat generation rate due to relax-
ation of TPA carriers, Gthermal FCA-relax 1S the heat generation
rate due to relaxation of carriers generated by FCA, and
Ghhermal.recomb 18 the heat generation rate for nonradiative
interband recombination of TPA carriers. We can calculate
these terms as follows:

|a,|? g 2hwi, — E, 1

Gihermal, TPA-relax = X
Tp, TPA 2hwin Cgav
2
s>  2hws — E 1
+ £ x —— (A19)
TS, TPA 25(,()5 Cv
2 2
o A
thermal, FCA-relax = oy
T, rca  C®  tgpca  C
(A20)
av
carrier
Gthermal,FCA-recomb = — X Eg X — (A21)
Tone Ceav
carrier v

E, is the band-gap energy of Si. For simplicity we assume
that all carriers generated by TPA recombine in the sur-
rounding PC region. In this calculation, the values of
Tcarriers Tthermal,cavs T thermalsurround> and G/ Cf,urmund are
fitted to match the experimental results.
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