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Abstract Ring-based photonic crystal (PhC) structure for Raman amplifier is
investigating in this article. Then using optofluidic materials in the holes on the
sides of the signal path, pump and signal group velocity reducing that cause Raman
gain increase. In order to achieve bigger Raman gain, we use two-ring structure.
The time evolution and propagation of picosecond signal pulses and dispersion
inside the device are analyzed and Raman gain, Raman bandwidth and bit rate are
studied in one-ring and two-ring structures. Maxwell equations are solved by finite
difference time domain (FDTD) method and considering the optical nonlinear
parameters of two photon absorption, free carrier absorption, Kerr effect and
self-phase modulation in PhC structure. From a structure with a length of 100 pum,
Raman gain of 19.01 dB and bit rate of 0.6493 x 10'* pulse/sec are achieved.

Keywords Raman amplifier - Ring-based - Photonic crystal - Optofluidic mate-
rials - Bit rate - Maxwell equation

1 Introduction

Recently, we observe a significant development in use of silicon (Si) based fast
modulators, photo-detectors, optical amplifiers and sources. Silicon photonics is
turning out as low-cost optoelectronic solutions for a variety of applications from
telecommunications and interconnects to optical sensing and biomedical applica-
tions. Stimulated Raman scattering has been used as a successful approach for
optical amplification and lasing in Si [1].

In Raman spontaneous scattering, thermal vibration of lattice at frequency w,,
produce a sinusoidal modulation in optical susceptibility. This frequency is
15.6 THz in Si. With a collision of input pump field (e;), with optical susceptibility
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(w,), some polarizations create at the sum frequency (, + w;), and at the differ-
ence frequency (w; — ,). The radiation produced by these two polarization
components, respectively called anti-Stokes and Stokes waves. In stimulated
Raman scattering, atomic vibration can be excited by simultaneous propagation of
pump and Stokes field, which amplifies the Stokes field [2].

In recent years, Raman gain in Si waveguides has been extensively studied [3—
5]. For improve the efficiency of Raman amplifiers, Si nano waveguides [6], SiGe
waveguides [7], PhC [8, 9], and hybrid PhC (HPhC) waveguides [10] and
slow-light grating waveguides [11] have been used. Some rules have been devel-
oped to design Raman amplifiers, using analytical and semi-analytical methods [12]
and geometric waveguides parameters have been optimized to improve Raman
amplifiers performance [13].

On the other hand, in slow-light regime, where light moves slower through the
material, light-matter interaction time is increased and nonlinear effects will be
intensified. As well as reduction of group velocity reduces the pump power or
physical length required to appear nonlinear effects. For this reason, to reduce the
size and increase the intensity of nonlinear effects, slow light is employed [14, 15].

PhC waveguides, provide strong mode confinement and low-group velocities
through structural Bragg reflections. Such properties account for enhancing non-
linear optical phenomena such as Raman scattering and therefore larger Raman gain
will be obtained with smaller input pump power [16].

To make efficient use of the pump power, we have already presented a new
configuration of ring-based Raman amplifier [17], PhC ring-based Raman amplifier
and HPhC ring-based Raman amplifier [18]. The resonance effect enhances the
effective pump power and thus can achieve the same level of Raman gain at a much
lower input pump power.

In this paper, using optofluidic materials [19, 20] in the holes on the sides of the
signal path, we reduce the group velocity for signal and pump wavelength and
increase the matter and light interaction time which consequently results in stronger
nonlinear effects. In this way, by decreasing group velocity in PhC ring-based
structure, input pump power can be reduced and higher Raman gain can be achieved.

This paper is organized as follows. In Chap. 2 Using Maxwell equations, we
model Raman amplification in PhC waveguides considering nonlinear effects of
two photonic absorption (TPA), free carrier absorption (FCA), Kerr effect and
self-phase modulation (SPM) effect. Chap. 3 deals with Raman amplification
simulation results in PhC ring-based structure and improved PhC ring-based
structure. We summarize the results of the paper in Chap. 4.

2 Modeling Theory

As a consequence of Kerr nonlinear effect, two photon absorption effect and other
nonlinear effects, the refractive index of a material is dependent on the optical
power. When a strong light pulse passes through a medium, it will induce a phase
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shift A¢ due to optical nonlinearities. When ultra short pulses are used, the intensity
rapidly varies in time which results in phase change. The time derivative of the
phase change yields a frequency shift 4w across the pulse defined by (1)

Aw(x,y,t) = —W (1)

That A is given by (2) [21].

27ILin
AQD(XJ’, t) = )P t(Ankerr(xay7 t)+AnFC(x7ya t)) (2)

L;, is the interaction length. Any,, is Kerr-induced refractive index change and
Angc is free-carrier induced refractive index change. 4, is center wavelength of the
pump pulse along the waveguide.

As a result of falling and rising edges of A¢, positive and negative changes
create in 4w. In addition, passing the pump pulse from anywhere on the waveguide,
causes carrier density to be increased, which consequently results in larger reflective
index. So, central wavelength will have blue shift. Center wavelength of the pump
pulse is given by (3) in each point [21].

)

Ap(X,y,1) =1 (Line/)-(dAn(x,y, 1) /dt)

3)

In this equation, An is the sum of the changes of reflective index arises from
nonlinear Kerr effect and FCA effect. 4, is initial wavelength of entrance pump
pulse, and c is light velocity.

By increasing pump power, the losses due to TPA and FCA are intensified. So
these two phenomena should be considered in simulation [22]. Raman effect and
TPA are modeled with 3rd order nonlinear optical susceptibility [23, 24]. TPA
causes some carrier density changes that affect the refractive index and gain
coefficient and therefore real and imaginary parts of the first order optical suscep-
tibility are changed [24]. SPM effect is modeled with real part of 3rd order non-
linear optical susceptibility. Considering these effects, the electric polarization for
the pump and signal are given by (4) and (5).

Ps = P(ws)
= X(ws)Es + 8()%531) (ws)Ep.Ei;.Es + 8()}{531) (ws)Es.Eg.Es + 80}{g> ((1)5, N)ES
(4)

Pp = P(wp) = X(CUP)EP + ?Olg;)(wp)EsEng + Foxgi)(wp)EpE;Ep
+ 07 (wp, N)Ep + 7. (p)Ep.Ep.Ep
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where E is signal electric field, E,, is pump electric field, & is permittivity of free
space. N is carrier density. wg and wp are signal and pump frequency, respectively.
% is the first order optical susceptibility and yg and /1(23e) are imaginary part and real
part of 3rd order nonlinear optical susceptibility, respectively. y? is the optical

susceptibility that models the FCA defined as (6) [24].

XEf) - Zno (nf” e ;Cf:l)) (6)
(N = -0 (L ] (7)
Ny ( Wy, = -
! 280”060[2, Mee  Mcp

s (on N) = —LN ( L, 1 ) (®)

= 2 2 2
éoCnowy \ 1My, Hpmy,

where the index v denotes S or P for signal or pump, respectively. ny is linear
refractive index, ny, is free carrier index change or rate of change in the refractive
index due to the carrier density changes and oy, is free carrier absorption or rate of
change in the absorption coefficient due to the carrier density changes. m ., m.;, [l
and uy, are effective mass of electron, effective mass of hole, electron mobility and
hole mobility, respectively [24].

Carrier density change caused by TPA is modeled as (9)

dN N Br(o5)l5 | Brlwp)lp

a1 2hwg 2hwp
eocn eocn

Is = 22 |Es) Ip = 2 |Epf? (10)

2 2

3)

3wy,

= Flm 11
Pa(w) Seocin (11)

where f3, is TPA coefficient and 7 is the carrier lifetime.
The Kerr effect causes the linear refractive index of a material to be linearly
dependent on the optical intensity, according to (12)

n=ng-+nlp (12)

where n, is Kerr coefficient [21].

We obtain the relative permittivity from electric polarization and substitute it
into Maxwell’s equations and solve them using the finite difference time domain
(FDTD) method. A perfectly matched layer boundary condition has been used.
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3 Results and Discussion

Schematic structure of proposed PhC ring-based Raman amplifier (SR) and
improved PhC ring-based Raman amplifier using optofluidic materials (SR-a) are
shown in Fig. la, b, respectively.

These micro rings have been made in Si hexagonal 2D PhC slab with air holes.
Structure period is a and holes radii are r. Structural parameters should be selected

(a)

—
Stgual .e L L Y

Fig. 1 Structure of a PhC ring-based Raman amplifier (SR), and b improved PhC ring-based
Raman amplifier using optofluidic materials (SR_a)
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such that pump wavelength (TM, 1.55 pum) and signal wavelength (TE, 1.686 pum)
propagate inside the PhC waveguide.

These structures have two separate entrances for pump and signal [18]. Upper
waveguide is the entrance of pump. The perimeter of the ring is optimized for the
resonance of pump wavelength. The geometric parameters have been selected such
that the structures have critical coupling for pump wavelength. Lower waveguide is
the entrance of signal which passes through the lower side of the ring.

Inside the waveguide before the ring and after that indicated by B and B’, several
air holes (nano defects) with specified radii and distances are designed such that
pump wavelength cannot pass. We call these two parts as pump filter. Thus pump
wavelength can resonate inside the ring causing its intensity to be increased. On the
other hand, inside the two sides of the ring that indicated by C and C’, air holes
(nano defects) with specified radii and distances that are called signal filter prevent
the signal entry. So, the signal only passes the direct path without any perturbation
inside the ring.

In Fig. 1b using optofluidic materials in the holes on the sides of the signal path,
the advantage of lower group velocity can be used more efficiently. The refractive
index of optofluidic material is 7.,

Geometric properties of these structures are presented in Table 1.

Transmission spectra of pump and signal filter, corresponding to B, B’ and C, C’,
are shown, respectively in Figs. 2 and 3. In these figures, part (a) corresponds to
around pump wavelength (TM, 1.55 pm) and part (b) is relevant to the signal
wavelength (TE, 1.686 um). As can be seen, pump filter does not pass pump
wavelength and signal filter does not pass signal wavelength, whereas pump
wavelength and signal wavelength pass respectively through the signal filter and
pump filter with very little loss.

There are different methods to improve the quality of passing through the bend
in PhC structures [19, 20, 25, and 26]. Due to the [25] to design the bends, the air
hole at the inner corner is made smaller, and one air hole is added at the outer corner
of the bend. The two air holes have the radii of r,,= 0.75 x r, and they are moved
0.3 x a oppositely along the symmetric axis of the bend.

T?E:fcl . Ph}l;sicacll I}){arameters SR SR a

of PhC ring-based Raman 2 (am) 160 260

amplifiers
r (nm) 165.6 165.6
rg(nm) 89.7 89.7
rfp1(nm) 147.2 147.2
fp2(nm) 69 69
Feo(nNm) 308.2 308.2
rpe(nm) 124.2 124.2
Nof - 1.5
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Fig. 2 Transmission spectra of pump filter around a pump wavelength and b signal wavelength
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Fig. 3 Transmission spectra of signal filter around a pump wavelength and b signal wavelength

The bend transmission spectra around pump wavelength (TM, 1.55 pm) of PhC

ring-based structure is shown in Fig. 4. As can be seen, pump wavelength pass
through the bend with little loss.
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Fig. 4 The bend transmission spectra around pump wavelength (TM, 1.55 pum) of PhC ring-based
structure

12

10} -——SRa

Raman gain (dB)

0 10 20 30 40 50 60
Distance reached by the signal (pm)

Fig. 5 Raman gain along signal path for 2 ring-based PhC structures (SR and SR-a) for pump
power of 0.3 W

Figure 5 shows Raman gain along signal path for these 2 structures (SR and
SR-a). Length of amplification region in these structures is about 35 um and pump
power is 0.3 W. Each of these curves has three parts. The first and the last parts
correspond to regions where the signal passes through them but the pump is pre-
vented to enter. Thus, no additional Raman gain is created. There is small amount
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of noise caused by structural scattering. The middle part is relevant to the region
where both signal and pump are simultaneously present which results in Raman
gain.

By filling the holes on the two sides of the signal path by optofluidic materials
(SR-a), pump and signal group velocity are reduced causing a higher Raman gain
compared with SR structure. So that, Raman gain in the output of SR-a structure is
almost 3 dB greater than obtained Raman gain of SR structure.

To achieve greater Raman gain we can add an extra ring along the first one, as
shown in Fig. 6. Here we assume that these two rings have no coupling with each
other.

Figure 7 shows Raman gain along signal path for two-ring Raman amplifiers
(SR and SR_a). Pump power is 0.3 W. As shown in this figure, for a specified

Signal

Fig. 6 Two ring-based PhC Raman amplifier structure

18 + ==SR
-——=SR-a

16
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Raman gain (dB)
-
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0 10 20 30 40 50 60 70 80 90 100
Distance reached by the signal (pm)

Fig. 7 Raman gain along signal path for two-ring Raman amplifiers (SR and SR-a). Pump power
is0.3 W
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amount of input pump power, Raman gain has almost doubled compared to the
single ring structures. As well as using optofluidic materials in SR-a structure has
caused Raman gain to be about 6 dB greater than Raman gain in SR structure for
input pump power of 0.3 W.

High Raman gain is one of the important parameters in choosing the structure of
Raman amplifier. Another important parameter for evaluation of Raman amplifier’s
performance is bit rate of input pulses which corresponds to the minimum time
distance between successive pulses. As the input pulse passes through the
waveguide and both the initial and final parts (pump filters) creates dispersion and
therefore signal pulse is broadened in time domain. Thus the minimum distance
between successive pulses increases and bit rate is reduced.

Figures 8 and 9 show the time evolutions of output signal for, respectively,
single-ring and 2-ring PhC-based Raman amplifier structures (SR and SR-a) for
propagation of 3 successive pulses.

(a) SR (b) SR-a
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Fig. 8 Single-ring PhC-based amplifiers output after sending three successive signal pulses.
Pump power is 0.3 W
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Fig. 9 2-ring PhC-based amplifiers output after sending three successive signal pulses. Pump
power is 0.3 W
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Fig. 10 Fourier transform of signal output pulses for a single-ring and b 2-ring PhC-based Raman
amplifiers. Pump power is 0.3 W
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Table 2 Results of Raman gain, bit rate and FWHM study in SR and SR-a Raman amplifiers

SR (single-ring) SR-a (single-ring) SR (2-ring) SR-a (2-ring)
Raman Gain(dB) 9.192 12.19 13.56 19.01
Bit rate (x10'*s) | 0.759 0.716 0.7077 0.6493
FWHM (nm) 0.79 0.77 0.69 0.64

The pump power is 0.3 W

Comparing the results of Figs. 8 and 9, we find that the short length path
traveled by the signal in single-ring based structures provides smaller dispersion in
the output. However, in two-ring Raman amplifiers, longer signal path gives larger
Raman gain. On the other hand, using optofluidic materials in SR_a structure
increases Raman gain significantly, but increases dispersion a little. Therefore,
SR_a has a proper bit rate besides having great Raman gain.

For better understanding of the dispersion effect on the output signal pulses,
Fourier transform of output pulses are shown in Fig. 10a, b for single-ring and
2-ring PhC-based Raman amplifiers, respectively. The results exhibit that disper-
sion reduces the pulse width in frequency domain. In single-ring structures the
dispersion’s full width at half maximum (FWHM) is larger than two-ring structure.

For better comparison, the obtained values of Raman gain, bit rate and FWHM
of single-ring and two-ring SR and SR_a structures are summarized in Table 2. As
can be seen, single-ring SR structure exhibits the lowest Raman gain and the largest
bit rate (the lowest dispersion). In two-ring Raman amplifiers, longer signal path
gives larger Raman gain and greater dispersion. The greatest Raman gain and
smallest bit rate is seen in two-ring SR-a structure.

4 Conclusion

PhC ring-based Raman amplifier (SR) and improved PhC ring-based Raman
amplifier (SR_a) have been compared in this paper. Using optofluidic materials in
the holes on the sides of the signal path in the improved PhC structure (SR-a) has
caused enhancement in Raman gain significantly, with same input pump power. So
that, the obtained Raman gain from SR-a structure is about 2.99 dB greater than the
Raman gain in SR structure, for input pump power of 0.3 W. To achieve greater
Raman gain we presented the two-ring Raman amplifier structures. Longer signal
path in two-ring Raman amplifier structures gives larger Raman gain. Obtained
Raman gain from 2-ring SR structure and 2-ring SR-a structure are 13.56 and
19.01 dB, respectively, for input pump power of 0.3 W.

On the other hand, passing the input pulse through the waveguide, creates
dispersion and therefore signal pulse is broadened in time domain. Thus, the
minimum distance between successive pulses increases and bit rate is reduced.



304 A. Seyedfaraji

Optofluidic materials in SR-a structure increases the dispersion and consequently
deteriorates the bit rate.

But the decline of bit rate against increasing the Raman gain is not so consid-
erable. Thus, using improved 2-ring PhC-based Raman amplifier (2-ring SR-a) is
suggesting for amplifying signal.
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