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The enhancement of stimulated Raman scattering (SRS) with a GaAs/AlAs intermixed superlattice that
works as a x ®-quasi-phase-matched structure is studied, where such Kerr-induced effects as four-wave
mixing (FWM), self-phase-modulation (SPM), cross-phase-modulation (XPM), and two-photon absorp-
tion (TPA) are included. In particular, the efficiency of anti-Stokes generation is enhanced here; anti-Stokes
generation inherently has an extremely small efficiency due to a phase mismatch in the interaction of
the pump, Stokes, and anti-Stokes waves (while the efficiency of Stokes generation is sufficiently large
because of no such phase mismatch). The superlattice enhances the anti-Stokes efficiency up to the order
of 10° when compared with that without the superlattice, particularly at a small pump intensity. In this
enhancement, it is seen that there is an efficiency boost via simultaneous FWM. In this situation, it is
shown how much SPM and XPM degrade the efficiency enhancement. Furthermore, an optimal super-
lattice length is identified that provides the highest efficiency. The degradation of the efficiency at the
optimized length due to TPA is also analyzed. Finally, to gain more anti-Stokes efficiency (or control the

sizes of the Stokes and anti-Stokes efficiencies), a photonic-band-gap cavity structure is proposed.
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L. INTRODUCTION

Studies on the enhancement of stimulated Raman scat-
tering (SRS) have been attracting a great deal of attention
in recent years, aiming for its potential scientific and
technological applications; for example, probing, sensing
[1,2], optical on-chip [3—7], and telecom [8,9] applica-
tions. Among them, the realization of SRS in silicon
(Si) [3—7] gave a great impetus to the development of
Si on-chip optical devices at telecom wavelengths, which
provided a potential integrated optical source with Si pho-
tonics. However, there still remains an issue that large
two-photon absorption (TPA) in Si at around 1.55 p#m must
be avoided for practical applications and yet cannot easily
be resolved because the band-gap energy (1.1 eV) of Si is
much smaller than the TPA energy (2 x 0.8 = 1.6 eV) of
1.55-um optical signals.

*I.Tomita@soton.ac.uk

Published by the American Physical Society under the terms
of the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to the
author(s) and the published article’s title, journal citation, and
DOL

2331-7019/18/10(6)/064005(17)

064005-1

Semiconductor optical amplifiers [10] made of com-
pound semiconductors can avoid TPA via band-gap engi-
neering with composition-ratio and/or strain controls, but
their carriers, or electron-hole pairs, which give rise to
radiative recombination for optical signal amplification,
distort the signal waveforms via plasma effects, thus pre-
venting the operation speed from going beyond tens of
gigahertz without additional systems.

Fortunately, silica-glass optical fibers (SiO;, insula-
tor with no carriers) have a wide band gap that can
avert TPA at around 1.55 pum, but their Raman gain
coefficient g (cm/GW) is very small compared with
that of semiconductors [e.g., Si, GaP, Al,Ga;_,As] (see
Table I), thus requiring a very long fiber on the order of
kilometers.

Here we propose a compact device design that uses
compound-semiconductor superlattices that can avoid
TPA while using the third-order optical nonlinearity
enhancement, and examine the enhancement behaviors
from nonlinear optical physics, where the use of instanta-
neous nonlinear interactions (with no TPA) provides this
superlattice device with potential that goes beyond the
current operation limitations of Si photonic devices and
semiconductor optical amplifiers.
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TABLE I. Properties of Raman materials.

Material type Raman gain (cm/GW) Raman shift (nm) Pump wavelength (nm) Device length (mm) References
SiO, 0.0065 105.6 1433 5.6 x 10° [8]

Si 20 124.8 1427 18 [4]
GaP 27 27.6 825 5.1 [11]

H, 4.4 117.6 532 ~ 10° [12,13]
Ba(NO3), 47.4 29.6 532 ~ 10? [14,15]
A10_24Ga0'76As 10 70.8 1550 7.2 [16]

A. Research target, method, and applications

In this paper, we focus on a merit of our device that
can boost the output efficiency of the anti-Stokes waves
that originally have a vanishingly small efficiency due to
a large phase mismatch Ak = 2ky — k_; — k| that arises
in the interacting pump, Stokes, and anti-Stokes waves
of wavevectors ky, k_;, and Kk, respectively [17]. For-
tunately, the Stokes waves are strongly generated in this
device because of the absence of such a phase-mismatch
requirement. The ratio of the anti-Stokes-wave power to
the Stokes-wave power, for example, in Si waveguides,
is only 107°—1073 [18,19]. However, our proposed device
should provide the same order of output power for both
Stokes and anti-Stokes waves, as seen in Sec. IVB4.
An application of the anti-Stokes-wave amplification with
our device is that since it generates a short wavelength
(e.g., 1.49 pum) from an input pump beam (e.g., at 1.56
pm), it can amplify the downstream signals at 1.49 um
in gigabit-Ethernet passive optical networks [20]. It can
also be used for channel conversion and amplification in
wavelength-division multiplexing systems.

To attain high amplification by removal of Ak, we
use quasi-phase-matching [21] for x® processes in a
collinear beam configuration (e.g., in a waveguide) that
gives a strong field coupling among those three waves and
thus achieves high output efficiency. In this paper, instead
of quasi-phase-matched (QPM) structures proposed in
Si0,, Ba(NO3),, and H, [12,14], which are not easily
fabricated, we use a GaAs/AlAs intermixed superlattice,
which was originally developed as a x®-periodic QPM
structure [22]. This has a small refractive-index change
(approximately 0.01) in x® domains (i.e., only a 0.3%
change compared with the average refractive index in the
periodic structure) [23], and has an advantage of avoid-
ing significant additional optical scattering loss caused by
interface roughness between the discrete x® domains;
for example, in orientation-patterned Al,Ga;_,As struc-
tures [24].

An important aspect in the GaAs/AlAs intermixed
superlattice is that it also works as a y ®-periodic QPM
structure because a x ) change is also induced in a similar
way to the x® change caused by blueshifted resonance in
nonlinear susceptibility [25]. The removal of Ak with this
x®-periodic structure realizes strong anti-Stokes-wave

generation. Although the aforementioned x®-periodic
superlattice still has x @ periodicity, the anti-Stokes waves
are not influenced, for example, by difference-frequency
generation (DFG) with x@, when the x® period A
is set such that |2ky — k_; — k;| = 27 /A, because DFG
requires |kg — k_; — k;| = 27 /A [26].

Although the above discussion does not include a back-
ward scattering of the beams caused by the periodic
refractive-index structure, its omission is justified by the
calculations given in the Appendix, and the phase match-
ing using Bloch harmonics that arise from the same peri-
odic structure is not used here because of no usefulness due
to the very small refractive-index difference (0.3%) in the
periodic structure.

B. Device physics research

In our semiconductor x ®-periodic structure, we care-
fully examine the anti-Stokes-wave generation in terms of
the pump intensity and the device length because of our
interest in highly efficient output with a moderate pump
intensity and a reasonable device length.

Furthermore, we carefully examine other nonlinear
effects (Kerr-induced effects), such as four-wave mixing
(FWM), self-phase-modulation (SPM), and cross-phase-
modulation (XPM), because these are much greater than
those in Si. With regard to TPA, since the band-gap energy
in the GaAs/AlAs superlattice is comparable to the TPA
energy (1.6 eV), TPA can be avoided by subtle input-
wavelength adjustment or band-gap engineering, which
can be done easily when compared with the Si case.

The influence of stimulated Brillouin scattering (SBS)
coupled with low-frequency acoustic-phonon modes is
ignored here because, for example, in GaAs [27], the
Brillouin-shifted frequency and its linewidth are only
fsBs ~ 20 GHz and Afsgs ~ 170 MHz, respectively. Thus,
if we use relatively short input pulses (e.g., with a width
of approximately 10 ps or a spectral width of approxi-
mately 100 GHz as used often in optical communications),
SBS nearly ceases to occur because most of the spec-
tral components are out of the SBS gain linewidth Afsgs.
This SBS-stopping phenomenon is well known in optical
fibers for short pump pulses [28]. On the other hand, since
SRS coupled with high-frequency optical-phonon modes
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has a much wider gain linewidth Afsgs ~ 100 GHz, SRS
can keep its large gain (e.g., for the 10-ps pulses) at the
Raman-shifted frequency fsgs ~ 9 THz [16].

In this way, while including such nonlinear interactions
as optical Raman and Kerr effects in the proposed periodic
structure, we examine the SRS efficiency; more specifi-
cally, we examine the SRS efficiency of anti-Stokes waves,
with a far smaller efficiency than Stokes waves.

C. Paper structure

After this introduction, we describe a model for the peri-
odic GaAs/AlAs intermixed superlattice in Sec. II. We
then derive coupled nonlinear equations that deal with the
interacting pump, Stokes, and anti-Stokes waves in the
superlattice in Sec. III. In Sec. IV, we obtain analytical
solutions with some approximations to the coupled equa-
tions to see the properties of those nonlinear effects on
the output efficiency. Furthermore, we obtain numerical
solutions that contain no such approximations, and com-
pare them with the analytical solutions to check numerical
accuracy. The numerical computations give the efficiency
when there is a superlattice, which is compared with the
efficiency without the superlattice, and improvements are
discussed. Finally, Sec. V is devoted to a summary.

II. MODEL FOR A x ®-PERIODIC
SUPERLATTICE

We show our device model, which contains a periodic
GaAs/AlAs intermixed superlattice, in Fig. 1, where the
pump, Stokes, and anti-Stokes wavelengths are greater
than the half-band-gap wavelength of the superlattice,
which prevents TPA. (The influence of TPA is examined
in detail in Sec. IVB7.)

In the case where one of those three wavelengths is
shorter than the half-band-gap wavelength, strong TPA

As-grown
region \
Intermixed

region

FIG. 1. Device structure. A GaAs/AlAs superlattice waveguide
containing periodic as-grown and intermixed regions is sand-
wiched between buffer layers that have a lower refractive index
than the waveguide to confine light in it, where the thickness
of the buffer layers is adjusted to strongly confine the light, and
the waveguide together with the buffer layers is also sandwiched
between p-type GaAs and n-type GaAs to form a p-n junction.

will emerge, and considerable free-carrier absorption
(FCA) will also emerge due to TPA-induced carriers. In
this case, we use a reverse-biased p-n junction embedded
in the device to avert FCA, as shown in Fig. 1, where
the superlattice waveguide is sandwiched between buffer
layers of Al,Ga;_,As with x = 0.56 or 0.6 [23] with a
lower refractive index than the waveguide. If those three
wavelengths are longer than the half-band-gap wavelength,
such a p-n junction is not necessary (or no bias-voltage
application is necessary for the p-n junction).

When the as-grown domains of the waveguide in Fig. 1
are made of a 14:14 monolayer GaAs/AlAs superlat-
tice, the x® characteristic can be well approximated by
that of Al,Ga;_,As (x = 0.18) [29], which has a fun-
damental absorption edge almost identical to that of the
14:14 monolayer GaAs/AlAs superlattice. In our calcu-
lations for the GaAs/AlAs as-grown domains, we use
this Al,Ga;_,As (x = 0.18), which makes the calculations
simpler.

On the other hand, the intermixed regions have a
blueshifted absorption edge as regards the x® property,
and the x® value is considerably decreased when com-
pared with that in the as-grown domains (it is nearly a half
of x®) [29]. We set this value to be ex® (0 <& <1)
in our calculations, as shown in Sec. IV B4. In the next
section, we derive coupled nonlinear equations to describe
the evolution of the pump, Stokes, and anti-Stokes waves
for the waveguide device.

III. COUPLED NONLINEAR EQUATIONS FOR
THE DEVICE

In deriving the coupled nonlinear equations, we assume
that SRS is greater in photon generation than in sponta-
neous Raman scattering (i.e., beyond the SRS threshold
power) [17]. In this case, since there is almost no differ-
ence in optical power obtained by classical and quantum
analyses, we describe SRS in the waveguide device with
classical wave equations derived from Maxwell’s equa-
tions that are coupled with molecular vibrations in the
semiconductor used.

To perform the analysis for SRS, we start with the
following wave equations obtained via the standard pro-
cedure [30]:

V’E \°E_ o (Pix + Par) (1)
2 o8 —Moatz LN NL) »
1 3%(eE) 92PnL
V2E — — = 2
C2 8t2 Mo 8t2 5 ( )

where V2 = 82/3x* 4 3%/9y* + 9%/3z>. The waveguide
is set parallel to the z direction. £ = E(z,?) is the electric
field of the three coupled waves (i.e., the pump, Stokes, and
anti-Stokes waves) that propagate in the z direction. Ppy
is the linear polarization defined by P n = €ox VE with
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vacuum permittivity €y and linear susceptibility x . The
relative permittivity € is related to " as e = 1 4+ x,
which gives the refractive index n as n = /e. PnL is
the nonlinear polarization containing the Raman and Kerr
effects, and 11 is the magnetic permeability. Nonmagnetic
semiconductors (e.g., Al,Ga;_,As) have the same value
as o in a vacuum. The velocity of light ¢ is related to
€ and o by ¢ =1/,/€ouo. In the above, TE polariza-
tion is assumed for £, Pin, and Pyp, which are excited
by TE-mode pump lasers.

The nonlinear polarization for the Raman effect is given
by [14,31]

Py = eox"VOE, 3)
20 200
a2t oo te0=yE, @)

where x'® is the imaginary part of the third-order nonlin-
ear susceptibility, O is the phonon-wave amplitude, w, is
the Raman frequency, 7 is the relaxation time of the molec-
ular oscillation, and y is a constant that characterizes the
coupling between electric fields and polarized molecules.
In addition, the nonlinear polarization for the Kerr effect is
given by [28]

PiL = eoxVE, (5)

where x @ is the real part of the third-order nonlinear sus-
ceptibility. Experimentally, the Kerr effect arises together
with the Raman effect [32], and thus the total nonlin-
ear polarization Py is expressed as the sum of Egs. (3)
and (5).

In the above, the tensor component in the third-order
nonlinear susceptibility is chosen such that TE-mode input
gives TE-mode output.

A. Simplification of the space and time derivatives of
the wave equation

The space and time derivatives on the left-hand side
of the wave equation [Eq. (2)] are simplified when we
use an optical pulse with spatial width greater than the
characteristic length of the waves (i.e., the wavelength).
This is known as the “slowly-varying-envelope approxi-
mation” [30]. We use this approximation throughout the
paper.

To express €E in Eq. (2) containing the three waves, we
use the following sum of electric fields:

1 i(kjz—w;
GE:E ;erEje(f i e |, (6)

where j = —1,0, 1 stand for the Stokes, pump, and anti-
Stokes waves, respectively, w; is the frequency of the jth
wave, and ¢; is the w; component of € [i.e., € = €(w;)],
and k; is the wavenumber of the jth wave. Using the

Raman frequency w,, we can write w; as w; = wy +j ,.
The Stokes and anti-Stokes waves (j = —1, 1) that we deal
with here are the first excited ones. Since the growth of
excited waves of order higher than the first excited waves
needs a much longer interaction length than that for the
first exited waves [14], and since we are interested in a rela-
tively short waveguide on the order of 1 cm, the emergence
of higher-order excited waves is ignored.

If we set € = ¢; = 1 in Eq. (6), the expansion of E takes
the form

1 )
E = 3 ZE_,-e’(kfz*“’/t) +c.c.|. @)

In Eq. (2), we insert Eq. (6) into 8?(eE)/d¢ and Eq. (7)
into V2E, where the relation 9%2E/dx*> = 9%E/dy* =0
holds because of the assumption £ = E(z,t). The spread
of the electric fields in the x and y directions is included as
a constant cross-section area of the waveguide.

A simplified equation for the left-hand side of Eq. (2) by
substitution of Eq. (7) for 3°E/dz? is of the form

PE 1 ’E;
R E i(kjz—w; t) § J i(kj z—w; 1)
j aZ l a)] 2 lk l a)]

=Y KE%T" .
J
%Zlk ] z(kz wjt) _ ZJEez(kz w/t)—i-CC
j
(8)
Also, by substituting Eq. (6) for 3?(eE) /1>, we obtain

82(6E)

7 Z i€; a),

1 l(k,z ;1)

w?
— Z € TJEje’(kfz_wf’) +c.c. 9

Inserting Eqs. (8) and (9) into the left-hand side of Eq. (2)
with the relation ¢; = n? (n; is the refractive index for the
jth wave), we obtain

1 3%(eE)

viE - -2
¢z 9r

2

d d
~ i(k; 1)
E e"iEm e ( az+zcza)]8)Ej +c.c.

a
=) ik L —)E +cc, (10
Ze i (8z+ cat) i +cc., (10)
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FIG. 2. Relation of w_;, wy, w1, and w,.

where the relation w; = (c/n;)k; is used. By replacing
n; (j =—1,0,1) with the averaged value n = (n;) in
Eq. (10), we can further simplify the space and time deriva-
tives of Eq. (10). This replacement does not severely affect
the results because the refractive-index deviation (An =~
0.01) from »n is only 0.3% of n = (n;) = 3.09, which is
obtained from n; ~ 3.08-3.10 at 1450-1600 nm [23]. We
then use the transformations Zpew = Zoig and fpew = fold —
(n/c)zo1q [28], and obtain

a nad a
ki \ —+-— | E; =ikk—E;. 11
”(az+cat>f "9z (1D
This transformation corresponds to a frame change such
that the optical pulse in the waveguide is observed from a

moving coordinate in the z direction with a velocity of ¢/n.

B. Derivation of terms for the Raman effect

To derive the coupled equations of the three waves with
j = —1,0,1, we first need to extract nonlinear polarization
terms for the Raman effect that satisfy wy — w_; = w, and
w; — wy = w,, which we call “resonant terms.” Here w_,
wy, and w; stand for the frequencies of the Stokes, pump,
and anti-Stokes waves, respectively. The relation of w_j,
wy, w1, and w, is illustrated in Fig. 2.

To calculate the nonlinear polarization in Eq. (3), we
insert the electric field £ in Eq. (7) and the following
phonon-wave amplitude Q into Eq. (3):

0= % [ge®= ) tcc], (12)

where k, is the wavenumber of the phonon wave with a
frequency of w,. By this insertion, we have

1(3)

€ . _
PR = 0); 3 gEy etttk
J
+ @ Ej it mhzmeill p oo b (13)

Next we obtain the second-order time derivative of P{ ,
which is necessary for the calculation of the right-hand side

of Eq. (2):

PR _ eopox'™

a2 4

o Zwj2qE.j_lei[(/§/—1+ku)Z*wj 1
J

+ &} q B el pee b (14)

where the slowly-varying-envelope approximations,
lw;q| > |0q/0t|, |w; E;| > |0E; /dt|, are used.

To extract resonant terms from Eq. (14) for w; ( =
—1,0,1), we write down the terms resonant to ; in
Eq. (13)as P”” and obtain 10d2Py”’ /af forj = —1,0, 1
as

(w_1) 3)
3*P oprox’ Tth—ky)z—
o = ——— kg Eee TR, (15)
aZP(wO) € /(3) .
o 3;; — OM(;X a)é {qE_lez[(k_1+k,,)z—wot]
+q*Elei[(k1*kv)Z*wot]} , (16)
92p@n eopox'® ]
w“o R _ w%quel[(ko—}-kv)z—wll]. (17)

ar 4

The g and ¢* in Eqgs. (15)~(17) are related to £; via Egs. (4)
and (12). To clarify the relation between them, we calculate
Eq. (4) by inserting Eq. (12) into it. This calculation needs
the first- and the second-order time derivatives of O, which
are of the form

a 1[dq ;
_Q _ _qet(kvszvt)

o~ 2|0 — iw,ge’Bievd 4 c.c.:| , (18)

2 m a2
00 _ 1 a_qei(kvz—wvt) _ 2iwv8_qei(kvz—wvt)

o2 2| a2

— wqetvimend 4 C.C.]

~ % [_Ziwv%ei(knz—wvt) — wlgeikviend 4 c.c.]
GO\ o
=— (i, + 59)¢ T e, (19)

where the slowly-varying-envelope approximation is used
again.
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To obtain the relation between g (or ¢*) and E;, we
substitute Egs. (18) and (19) into Eq. (4) and obtain

1\ 9 .
|:(—ia)v + —) o i&q} ehzmend e e = yE?,
T T

(20)

3 .
—iw, (—q n Z) dhvi=od L oo — B2 (21)
of T

where the approximation w, > 1/t is used, which arises
from the relaxation time t that is much greater than the
timescale (~ 1/w,) of high molecular eigenfrequencies.

Next we calculate the right-hand side of Eq. (21).
Inserting Eq. (7) into it, we obtain

2

1 4
yE? =y 3 ZE,»el(ku*wf’) +c.c.
J

14 i[ (ki +hm)z— (@; +wm)1]
— EE el[(]+ m )j m

+ Y Y EE M emenl 4o o 4 (22)

J m

Extracting resonant terms from Eq. (22) that satisfy w; —
Wy = o, (or @, — w;_1 = w,), and substituting them into

J

3

1 .
P§L = 60)((3) 5 ZE}‘el(k[Z_wjt) -+ c.c.
J

€0X 3)

the right-hand side of Eq. (21), we obtain

—iw, <8_q + Q) pilkvz—ovi]
at T

=§ E/E; et~ -0 (=i, (23)
J

a 1 ‘
3w | 0 i BB 2
v .
J

where w; — w;j_1 = w, is used.
Forj = —1,0,1, Eq. (24) takes the form

aq 1 YT o
- = _ _ E E* l(ko k—l kU)Z
a T : 4iw, [ 0518
+E\ Ege' 1~ =k)?] } : (25)

Equation (25) gives the relation that connects ¢ (or ¢*) to
E; (j =—1,0,1).

C. Derivation of terms for the Kerr effect

In this section, we calculate the nonlinear polarization
[Eq. (5)] for the Kerr effect. To do this, we substitute
Eq. (7) into Eq. (5) and obtain

_ . Z Z ZEjElEmei[(kj Hhitkn)z—(@j +ortomi] | 3 Z Z Z@EIE:«nei[(lg Ha—km)z—(@j +or—omi 4 ¢ o
J I m J I m

(26)

By obtaining the second-order time derivative of PX, necessary to calculate the right-hand side of Eq. (2), we get

82PK 60M0X(3) il (e: —(w;
o 3;& ~ g Z Z Z(wf +w + a)m)zEjElEmel[(k/ +k+kim)z— (@) +o+om)i]
JjoLom
1335 S @) + 0 — ) By EE M Hhikme o torond o 4 27
J l m
[

where the slowly-varying-envelope approximation, To extract resonant terms from Eq. (27), we write down

lw; Ej | > |0E; /01|, is used.

the terms resonant to w; in Eq. (26) as P;{wj " and obtain
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10092PY Jaf forj = —1,0, 1 as

9PV 3eomox
ot = =22 (LB + 28| i
H2E_|Eg|?) ez, 28)
PP Beguox®
140 35 B ; (EolEol” + 2EolE
F2E | E_|?) ekor=eon) (29)
3P Bequox®
o azI; __ o? (EVE\|? + 2E) | Eo

2E, [E_ P) a7, (30)
In addition, because

W) — W_| =W — Wy = O, (€29

w| +w_1 — 26()0 = O, (32)

_ - 2wp—w—

pReomen | perte-17¢0 “and P are resonant to
w_1, wy, and wy, respectively, and with the addition of g
their second-order time derivatives are of the form

82])1(?“’0 —wy)

Ko Y2
3
- _36"%(2% — 1) B2} PRk oy
3e @ ,
= B2 B Ef oo, (33)

82P1(<w1+w_1_w0)
or?

6€o/t0x Y
N 8
x EIE_IEgei[(k1+k—1—ko)z—(w1+w—1—wo)t]

Ko

(w1 + -1 — w)?

_ 6eouox?

2 a)(z)ElEflEgei[(kl +k_1 —k())z—w()t]’ (34)

Dewn—
82P1(< w)—w_1)
01
(3)

__3eokox
8
% E(%Eil !L2ko—k—1)z=Qwy—w_1)1]

Ko
Qawy — w_1)?

_ 3eopox®
8

where Eq. (32) is used.

a)%EgEilei[(ZkO_k—l)Z_wlt], (35)

D. Full coupled equations with the Raman and Kerr
terms

To complete building full coupled equations contain-
ing the Raman and Kerr effects, we insert the Raman
terms [Eqgs. (15)~(17)] and the Kerr terms [Egs. (28)+30)
and (33)+35)] into the right-hand side of Eq. (2) and also
insert Egs. (10) and (11) into the left-hand side of Eq. (2).
Using resonant terms for each w; (j = —1,0, 1), we obtain
the following coupled equations:

9E_ .
= L i%q*Eoe’AkOZ +iky (1Bl + |E_|* + 21E, P)

x E_y + ik ETE}e™®, (36)
90Ey .8 wy —iNk iAk
=2 E_ 1 0z *E 1z 1Z

. 120)_1 (q 1e +qg Ee )
+ ikco (|Eol” + 2|E_1|* + 2|E1|?) Eo
+ 2ik0EfE_1Eje™ AR, (37)
or w .
T 8 8L 4By ™0 iy (1Bl + 20E 1 2 + |E1 )
0z 2w_q
x Ey + ik E* |E3e’™, (38)
dg 1

a T [—q + i (EoE* %% + E\Eje®%)],  (39)
T

where Eq. (39) is used to determine the motion of ¢

in Egs. (36)~«38), which is given from Eq. (25). Equa-

tions (36)~(39) are already rewritten by our using the

following quantities:

1/2
Enew = <ﬂ> EOlds (40)
2
2w,€pcn
Gnew = ————qold, (41)
Ty
_ Wty /(3) 42
£ 4n2epccw, ’ (42)
G = Ly, (43)
c
3
= @ 44
ny 4C712€()X 5 ( )
Ak =k — k1 — ki, 45)
Ak =2ky — ki — k_q, (46)

where g in Eq. (42) is the Raman gain, n; in Eq. (44) is the
nonlinear refractive index, and k; (i = —1,0, 1) in Eq. (46)
is given as k; = k; - z, where k; || Z and Z is a unit vector in
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the z direction.

At the steady state, vibrating molecules with frequency
w, in the semiconductor used have a constant amplitude
for g in the motion of Q = [ge’®*~*») 4+ ¢.c.]/2. Thus, the
relation dq/d¢ = 0 holds, and Eq. (39) gives

q =i (EE* (&% + E\Eje™h7) . 47)

In this case, substituting Eq. (47) into Eqgs. (36)—+38), we
obtain

AE_ ‘

L = ‘% (E;E-1 + EfEoe™*) E,

+ iy (21Eo* + |E P + 21E1 ) E

+ ik | ETE ™R, (48)
an g wo
5 = 2o, (|E1|2 - |E—1|2) Ey

+ iko (1Eol* + 2|1E_1 1> + 2|E11%) Eo

+ 2ikgESE_ Ere ™2, (49)
oE w )
8_21 = —%a)—jl (E()EilelAkZ + EIEE’)() E()

+ it (2|Eol® + 21E_1 | + |E\[?) Ey

+ ik E* |E3e'™F, (50)

If we include linear-loss terms with loss coefficient o; (j =
—1,0,1) and nonlinear-loss terms with TPA coefficient
Brea, the coupled equations take the form

0E_1 g ;
? = 5 (EE;E_1 +ETE()€IAkZ) Eo
+ik_1 (2|Eol* + |E_1* + 2|E11*) E_y

, 1
+ ik_ | ETEqe™ — 3 (a1 + o) E_y, (1)

an g Wy 2 2
—==—(|E4|" — |E_- E
2 2o (IE\1> = |E_11%) Eo

+iko (1Eol* + 2|1E_1* + 2|E11*) Eo

4 1
+ 20 EGE 1 Ere™ ™ — = (oo +ag™) Bo, (52)

0k, g wi Az
P _ &9 (g B M 4 E\EN)E
oz 20),1( 0BT € + BIEG) B

+ ikt (21Eol® + 21E_1 | + |E\|?) Ey

: 1
+ ik E* | Ege' ™ — 3 (a1 +of™)E,  (53)

where o™ is defined by [28,33]

of A = Brea | IEP+2) IEL* |, (54
m#j

and Brpa is defined by

310w X',

22 (53)

IBTPA =

In the above equations, FCA is ignored because the p-n
junction in Fig. 1 soon drains off TPA-induced carriers (if
there is TPA).

The right-hand sides of Egs. (51)~(53) contain the terms
for SRS, SPM, XPM, FWM (degenerate FWM), linear
loss, and TPA loss from the left to the right. The SPM,
XPM, and FWM terms are not negligible because the non-
linear coefficient ; in Eqs. (51)~(53) is comparable to the
Raman gain g for Al,Ga;_,As at around 1.55 um: g ~ 10
cm/GW [16] and «; ~ 7.1 cm/GW [34]. For comparison,
for Si at around 1.55 um, g ~ 20 cm/GW [4] and x; ~ 1.8
cm/GW [35]. For Si, the effect from the SRS terms is much
stronger than that from the Kerr terms, which is completely
different from the Al,Ga;_,As case.

In the next section, we solve Egs. (51)«(53) by an ana-
lytical method with some approximations and also by a
numerical method when there is no QPM structure. After
checking numerical solutions at the initial evolution stage
by comparison with analytical solutions, we proceed to
numerically obtain the output efficiency with the QPM
structure out of the initial stage.

In what follows, |E;|* (i = —1,0, 1) represents the opti-
cal intensity in the unit of gigawatts per square centimeter,
which is identical to the propagating beam power divided
by the waveguide cross-section area.

IV. RESULTS AND DISCUSSION

A. Analytical solutions with approximations

To obtain analytical solutions for the coupled nonlinear
equations [Egs. (51)~(53)], we make the following approx-
imations, which are valid at the initial stage of growth of
the Stokes and anti-Stokes waves:

(1) The pump intensity |Ey|? is sufficiently large com-
pared with the intensities |E_;|?, |E;|* of the Stokes and
anti-Stokes waves, respectively, where the depletion of the
pump beam is ignored. In this case, the condition

|E_1], |E1] < |Eoy| = constant (56)
holds. The Stokes and anti-Stokes waves can grow from

small seed light and do not necessarily require high-power
seed beams at z = 0.
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(2) Since the anti-Stokes wave with a phase mismatch
Ak grows much more weakly than the Stokes wave with
no such phase mismatch, the additional approximation

|E1] < |E_] (57)

holds.

(3) We ignore the wavelength dependence of the loss
coefficients «_1, o1, and «g of the Stokes, anti-Stokes, and
pump waves, respectively, because their differences are
small at wavelengths far from the band-gap wavelength
(actually they are near the half-band-gap wavelength). In
this case, we can set

oA o =, (58)
where « is a constant.

Using Eqs. (56)+58), we obtain the following simplified
equations for Egs. (51)+53):

oE_ o
b (£ = Broa+ 20 ) IBoPE — SEL, (59)

0z \2 2

0E; g w1 . 2 inez
e (828 i ) B2ER e — YR (60
oz (2w_1 ’Kl) 05-1€ b (69

In the approximations used above, the effects of SPM and
XPM are greatly reduced. (These effects are examined in
detail in Sec. IVB4.)

In Egs. (59) and (60), the linear-loss terms are easily
removed by our setting

E =& () 7, (61)

E =& () e 72 (62)

We then obtain

0E_
L~ (g — Brea + 21'/(—1) |Eol* E_1, (63)
oz 2

J

ns =
|Eo|?

_ELOFP [e-2prealo ol

1 —2cos [(Ak — 2k_1|Eo?) 2] e(8/2=P1ea) o’z o(g—2BTpa)lEol

A€ .
a_l ~— <§ﬂ — ilq) EXE* &8, (64)
zZ

2 w_1
To solve Egs. (63) and (64), we integrate Eq. (63) from 0
to z and get

E 1(z) = 871(O)e(g/z_ﬁTPA+2iK—l)|E0\22' (65)

Next, inserting Eq. (65) into Eq. (64) and integrating
Eq. (64) from 0 to z, we obtain
1)
51(2) = 51(0) + (%w—ll - iK1> Eggfl(())
| — oL (Eprea) o +i( k-2 1Eol?) |z
X
(5 — Brea) |Eo)> + i (Ak — 21| Eo|?)

, (66)

where £(0) denotes the input electric field for the anti-
Stokes wave. In what follows, we set £(0) ~ 0 as £,(0) is
a very small quantity.

Finally, substituting Eqs. (65) and (66) into Eqgs. (61)
and (62), we obtain

E ) =FE_ (o)e[(%*ﬂTPAJrZix,l)mo 12— %]Z’ 67

w
E\(z) = (%w—‘ - ',q) EGE* | (0)e@/?"
—1

| olter2=premEol+i( k21150 ) |2

" /2= Broa) 1Eo2 + 1 (Ak — 26y o)’
(68)

where the relations E;(0) = &£,(0) and E_;(0) = £_1(0)
are used. From Egs. (67) and (68), the output effi-
ciencies, ng = |[E_1(2)[*/|Eol?, nas = [E1(2)1*/|Eo|* (ie.,
the z-dependent Stokes and anti-Stokes intensities,
|E_1(2)|%, |E1(2)]?, divided by the initial pump intensity
|Eo(0)|* = |Ep|?) are given as follows:

; (69)

2 2

g o —az

Nas = ZTI + k1 | 1Eol*|1E-1(0) e
w_

From Egs. (69) and (70), we can see some proper-
ties of the evolution of the Stokes and anti-Stokes
waves:

(g/2 — Brea)* |Eol* + (Ak — 2ic_|Eol?)’

(70)

(

(1) SRS and TPA for both Stokes and anti-Stokes waves
in Egs. (69) and (70) have the same dependence on the
pump intensity |Ep|?, which originates from the property
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that their coefficients g, Brpa have the same origin of x'®,
as seen in Eqgs. (42) and (55), and have the same unit
(cm/GW).

(2) In addition to the linear optical loss (e~%?), SRS for

the Stokes wave is suppressed by TPA as e®~2ftea)lEol*z,
as seen in Eq. (69). For the anti-Stokes wave in Eq. (70),
SRS with optical losses is seemingly complicated because
of the presence of Ak in Eq. (70). But the basic feature
is that, in addition to the linear loss (e~**), SRS with
e8lE0l’z is suppressed by TPA with e=#PAlE0’  resulting in
e@=2B1eM)IE01*z g d o(8/2—Brea)lEol*z

(3) The output efficiency of the anti-Stokes wave in
Eq. (70) oscillates with a period of A’ =2n/|Ak —
2k_1|Eo|?|, which depends on 2k_|Ep|?. Thus, the period
has an |Ey|? dependence.

(4) The output efficiency of the anti-Stokes wave in
Eq. (70) is enhanced by an additional factor «; that
stems from FWM, which is added to the SRS factor
(&/9)(@] /).

As regards (1), since g and Brpp are proportional to
x'®, as seen in Egs. (42) and (55), and since n, is pro-
portional to x®, as seen in Eq. (44), these coefficients
in the intermixed domains are smaller than those in the
as-grown domains because of blueshifted resonance for
x® and x'®. Thus, periodic g and n, are produced in
the GaAs/AlAs-intermixed-superlattice waveguide. These
periodic g and n, form the QPM structure that can remove
Ak and enhance the output efficiency.

In connection with (2), if the photon energies of the
Stokes and anti-Stokes waves are smaller than the half-
band-gap energy, TPA that degrades SRS can be greatly
reduced. Even in this region, n, has a finite value (and
becomes large near the half-band-gap energy) [29]. For
this reason, we use a semiconductor device with the pho-
ton energies of the pump, Stokes, and anti-Stokes waves
near and below the half-band-gap energy for highly effi-
cient output (or with their wavelengths near and greater
than the half-band-gap wavelength).

In relation to (3), the setting of the QPM period A to
A =27 /|Ak — 2Kk_1|Ey|?| is not practical in device appli-
cations because |Eo|> decreases as the pump wave prop-
agates through the QPM device, as shown in Sec. IV B,
which requires an aperiodic QPM structure. In addition,
|Eo|? at z = 0 is sometimes varied, and a corresponding
aperiodic QPM structure is necessary in this case. This
means that there is no tolerance of a wide change in input
pump intensity. For this reason, we set A = 2w /| Ak| when
performing quasi-phase-matching.

With regard to (4), because Klz ~ 50.4 and (g?/4)
(w% /a)z_l) ~ 29.9 in our case, we can see that the FWM-
enhanced efficiency is about 2.7 times greater than the
efficiency without FWM. For comparison, we mention
that Si has /<12 ~ 3.3 and (g2/4)(a)%/a)2_1) ~ 119.6, which

means that Si has a little efficiency enhancement by FWM.
On the other hand, such enhancement has been reported in
an optical fiber (SiO;) with no QPM structure [36]. How-
ever, our device has a QPM structure, and we need to
investigate the effect of SRS with FWM in the QPM struc-
ture. At the same time, we need to take account of SPM
and XPM, which are much stronger than in SiO, as well as
in Si. The numerical analysis containing all those effects
on the efficiency is given in the next section.

B. Numerical solutions

The solutions in Sec. IV A with approximations for non-
linear optical terms do not contain the effects of pump
depletion and very large growth of the Stokes wave under
the assumption that they are at the initial stage. To inves-
tigate the evolution of the three waves more precisely,
we obtain numerical solutions (i.e., without such approx-
imations) for the case without the QPM structure first by
the fourth-order Runge-Kutta method [37]. At the initial
wave evolution, since those two effects are not serious,
a comparison between the analytical and numerical solu-
tions can be made to check numerical accuracy, which is
described in Sec. IV B 4. After this check, we investigate
the solutions for the QPM case, and show improved output
characteristics in comparison with the no-QPM case.

1. Determination of the half-band-gap, Stokes, pump,
and anti-Stokes wavelengths

We use Al,Ga;_,As (x = 0.18), where the x® prop-
erty of the as-grown GaAs/AlAs superlattice can be
well approximated. The Al,Ga;_,As (x = 0.18) and the
GaAs/AlAs superlattice have a quite similar x® prop-
erty and almost the same band-gap energy [29]. We do
not have to focus on TPA in the intermixed regions
because they have a blueshifted absorption edge, and TPA
in the as-grown regions emerges first. In this superlat-
tice, we assume that the Stokes, pump, and anti-Stokes
wavelengths, A; (i = —1,0, 1), respectively, are near and
greater than the half-band-gap wavelength Ap,s, thus keep-
ing large n, and very small (almost zero) Brpa. (Here a
large figure of merit, 4mwn, /(Brpari) > 1, is kept even at
Ai = Apair [38,39].)

To show available A_{, Ag, A1, we need to calculate Ap,ir
(um), which is defined by

hc

Mt = 25, 71
half E, (71)

where / is Planck’s constant, ¢ is the velocity of light, and
Eg4 (eV) is the band-gap energy at temperature 7 (K). £, in
Eq. (71) can be determined from Varshni’s equation [40]
for Al,Ga;_,As:

TZ
_po_ 9
K 7
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where Eg)) = (1.5194 4+ 1.36x + 0.22x%) eV (0.1 <x <
0.75) [41], a=(5.5+3.35x) x 10™* eV/K, and b=
(225 + 88x) K (0 < x < 0.7), which are valid for 12—800
K [42].

Setting x = 0.18 and 7= 300 K (room temperature) in
Egs. (71) and (72), we obtain E, = 1.67 eV and Apar =
1.485 pum. Thus, for A_;, Ao, and A| near and greater than
Ahatt = 1.485 pum (0.835 eV), we obtain A_; = 1.63 um
(0.761 eV), 1o = 1.56 um (0.795 eV), and A; = 1.49 um
(0.832 eV). Here the spacing of A_;, A9, A; is determined
from the Raman shift (70.8 nm) of Al,Ga;_,As.

2. Determination of the phase mismatch Ak

It is also necessary to determine the phase mismatch
Ak in Egs. (51)+53) when one is numerically integrating
them. Ak is defined by

Ak =2ky — ki — k4

n(o) n()  n(-y)
o Y A

=27 [2 ] . (73)

where n(};) is the refractive index for A; (i = —1, 0, 1). The
form of n(A;) is determined by Sellmeier’s equation for

Al,Ga;_,As at room temperature [43,44], which is given
by

n(A;)
1

— agarx + 1)/\%}2 ,
(74)

=|la—ax+ 57—
2
AF — (as — asx)

where forx < 0.36,a; = 10.906,a; = 2.92, a3 = 0.97501,
as = 0.52886, as = 0.735, ag = 0.002467, and a7 = 1.41.
For x > 0.36, a4 and as are changed to a4 = 0.30386
and as = 0.105. Since Sellmeier’s equation for the as-
grown regions has not been obtained, although there have
been some experimentally measured refractive indices at
around 1.55 um [23], we use Eq. (74) with x = 0.18 as
an approximate refractive index for the as-grown regions.
When compared with the experimentally measured refrac-
tive index at 1.55 um for TE modes [23], the deviation of
the refractive index from that in Eq. (74) with x = 0.18 at
1.55 pm is 5.8%.

From Egs. (73) and (74), we can determine the period
A for first-order quasi-phase-matching as A = 27 /|Ak]|.
By inserting A_; = 1.63 um, Ao = 1.56 um, and 1| =
1.49 pum into Egs. (73) and (74), we obtain A = 189.1 um.

3. Determination of the linear-loss coefficient o

Since the Stokes, pump, and anti-Stokes wavelengths
are greater than the half-band-gap wavelength, the TPA
loss does not emerge, but the linear loss emerges at all

times. However, recent technological development has
achieved a small linear loss; for example, a loss of 1.2
dB/cm in Al,Ga;_,As (x =0.18) at around 1.55 um
for TE-mode beams [45]. We use this value in our cal-
culations. In addition, since wavelengths greater than
the half-band-gap wavelength are far from the band-gap
wavelength, we can justify the omission of the wave-
length dependence of the linear-loss coefficients o; (j =
—1,0,1), as given in Eq. (58), and we set o =a =
0.276 cm™!. This is calculated from the loss of 1.2 dB/cm
so as to fit e™*%.

4. Output efficiencies for the cases with and without the
QOPM structure

Using the phase mismatch Ak, the refractive indices
n(};) of the wavelengths A; (i = —1,0, 1), the linear-loss
coefficient o, and the numerical factors of g and «; given in
Sec. III D, we numerically compute the output efficiencies,
ns = [E_1(2)*/|1Eo(0) |, nas = |E1(2)1*/|Eo(0)|?, for the
cases with and without the QPM structure.

In numerical calculations with the QPM structure, the
small difference between the refractive indices, Zintermixed
and Ags.grown, 1N the intermixed and as-grown domains,
respectively, is ignored because the difference n,5.grown —
Rintermixed = 0.01 1is only 0.3% of the average refractive
index of the QPM structure, as mentioned in Sec. 1. On
the other hand, a large change in x©® of the intermixed
domainsis setas e x® (0 < & < 1) using the x® of the as-
grown domains, as depicted in Fig. 3. This setting means
that when & = 1, there is no QPM structure and that when
0 <& < 1, there is a QPM structure. In particular, e = 0
gives a maximum QPM effect.

To calculate the output efficiencies, we use a waveg-
uide with a cross-section area of (0.5 um)®> and a
pump power of 10 W [46], which can be achieved with
fiber lasers. In this case, the pump intensity at z =0
is |Ep(0)]> = 4.0 GW/cm?. As seed-light intensities at
z =0 for the Stokes and anti-Stokes waves, we ten-
tatively set [E_;(0)]*> = 0.01 GW/cm? and |E;(0)]> =
0.0001 GW/cm?. The setting of [E_;(0)]> &~ |E|(0)]> =
0.01 GW/cm? is also possible. But we numerically check
that within 0.0001 GW/cm? < |E;(0)|> < 0.01 GW/cm?

2
c

S
E

i
A

o

Nonlinear susceptibility

Device length z

FIG. 3. Change in third-order nonlinear susceptibility x® in
the QPM structure. x @ in the intermixed domains is set to &y @
with 0 < & < 1. A is the QPM period.
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there is no noticeable change in the growth of the Stokes
and anti-Stokes waves. We set |[Ey(0)|> = 4.0 GW/ cm? >
IE_1(0)]> =0.01 GW/cm? > |E;(0)[*> = 0.0001GW/
cm? because this enables us to compare the numerical
results with the analytical results obtained with the approx-
imations in Egs. (56) and (57).

The output efficiencies ng, nas for ¢ =1 (i.e., with-
out the QPM structure) as a function of the device length
z are shown in Fig. 4, indicated by the red and blue
curves, respectively. The pump intensity |Eq(z)|* divided
by |E(0)|? is also included in Fig. 4, indicated by the green
curve, which shows a rapid decrease with increasing z. The
inset in Fig. 4 shows a magnification of the behavior of 175g
ataround z = 0.15 cm, which shows that g oscillates and
does not grow sufficiently due to a non-zero phase mis-
match Ak and pump depletion. In this case, most of the
pump power is transferred to the Stokes wave, which has
no such phase mismatch.

From the inset in Fig. 4, we can roughly estimate
the ratio, |E;|?/|E_i|?, between the anti-Stokes-wave and
Stokes-wave intensities to be 103, which is rather larger
than 107® - 107> in Si waveguides [18,19]. This comes
from |E;|?/|E_,|? being proportional to the pump intensity
|Eo|? [17] with the use of a larger |Ey|? in our case.

As mentioned above, the input-intensity setting in
numerical calculations that satisfies |Ey| > |E_i| > |E|
enables us to compare the numerical results with the ana-
lytical solutions in Egs. (69) and (70) when Brpy = 0. This
is shown in Fig. 5, where the thin red and blue curves
represent the analytical results from Egs. (69) and (70),
respectively, and the thick red, blue, and green curves
are the same as in Fig. 4. The inset displays the same

1
,ﬁ 0.8
@
<
g 06 0.002
g
-8 os ) 0.0015 |
5 947 < 0001 F
5 0.0005 |
o
5 0.2 0 P —
o 0 0.05 0.1 0.15 0.2 0.25 0.3
z (cm)
0 I n n
0 0.5 1 1.5 2

Device length z (cm)

FIG. 4. Output efficiencies ns = |[E_1(2)|?/|E¢(0)|?> and nas =
|E1(2)|?/|Eo(0)|* of the Stokes and anti-Stokes waves, respec-
tively, for ¢ = 1 (i.e., without the QPM structure). The red and
blue curves indicate ng and 1ag, respectively, and the green curve
indicates the normalized pump intensity |Ey(z)|?/|Eo(0)|>. The
inset shows magnification of the behavior of nag at around 0.15
cm.

1
%)
<
S o8¢t
[%]
=
§ 0.6 | o 1
o S0
2 = 4
= (%]
= 04 = -2
(O] o -3
=] 2 -4
& o2ty SsHY, .
8 0 005 0.1 045 0.2 0.25 0.3
z (cm)
0 I n
0 0.5 1 15 2
Device length z (cm)
FIG. 5. Comparison between analytical and numerical results,

indicated by the thin and thick curves, respectively, where the
thick curves are the same as in Fig. 4. The inset shows the same
plot with a log,, scale for the vertical axis.

plot with a log,, scale for the vertical axis. At the ini-
tial stage of growth of the Stokes and anti-Stokes waves,
the numerical solutions well fit the analytical results, but
that as z increases they deviate from the analytical results.
The main cause of this is pump depletion, and there is
also another effect from SPM and XPM, which are greatly
reduced in the approximations for the analytical solutions.
The latter effect is described below (see Fig. 7).

Figure 6 shows the output efficiencies ng, nas fore =0
(i.e., with the QPM structure that provides the maximum
efficiency), where we observe a great increase in nas due to
quasi-phase-matching, which reaches the same order of ng
(but with a factor of about 1/7). In addition, we can see that
there is an optimal device length that provides the high-
est efficiency in nas at zpeak = 0.69 cm that is determined
from a balance between optical gain and loss. This gives
us useful information for determining the necessary device
length when we fabricate actual devices. In this case, ng of

1

o [
o ®
T

Output efficiency ng, nag
o
~

o
(N

o Lt

0 0.5 1 1.5 2
Device length z (cm)

FIG. 6. Output efficiencies ng and nas of the Stokes and anti-
Stokes waves, respectively, for ¢ = 0 (i.e., with the QPM struc-
ture giving the maximum efficiency). The red and blue curves
show ng and 7nas, respectively, and the green curve indicates the
normalized pump intensity.
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FIG. 7. Output efficiency nss without SPM and XPM, indi-
cated by the black curve. The blue curve shows the case when
SPM and XPM are included. The red curve indicates the case
when only SPM is taken into account.

the Stokes wave somewhat decreases because more pump
power is transferred to the anti-Stokes wave. We also check
the influence of an initial phase shift (i.e., at z = 0) of the
QPM period on nas, and observe very little effect on it.

To check the effects of SPM and XPM on SRS of the
anti-Stokes wave including FWM, we depict nas when
SPM and/or XPM effects are deliberately deleted. The
black curve in Fig. 7 depicts nas when only SRS and FWM
are taken into account. The blue curve shows nag contain-
ing both SPM and XPM effects, which is the same as that
in Fig. 6.

From the black curve, we can see that quasi-phase-
matching is more effective because there is no period
deviation from A = 2 /|Ak| by a phase shift due to SPM
and XPM. Owing to this effective quasi-phase-matching,
nas grows more rapidly than that with SPM and XPM as
the anti-Stokes wave propagates in the z direction; in this
case, about 1.6 times larger nas is obtained at z = 0.4 cm.

Furthermore, to see only the SPM effect on nas, we
intentionally delete the XPM effect, as depicted in Fig. 7
by the red curve. We can see that this also causes a period
deviation from A = 2m/|Ak|, thus decreasing nas. But,
in our semiconductor device, since we cannot remove
only SPM and/or XPM effects in an artificial manner, the
efficiency reduction in the device always occurs.

Next we check the dependence of nas on the ¢ (0 <
& < 1) while taking account of all the above-mentioned
nonlinear effects. Figure 8 shows the peak value of nag
at z = Zpeak, denoted by naspeak, as a function of e. In
Fig. 8, we can see that as & approaches 0 from 1, 74s peak
increases rapidly. To obtain the QPM enhancement as com-
pared with the no-QPM case (i.e., ¢ = 1), we calculate the
enhancement factor e (or figure of merit) defined by

2
TIASpeak,e |E |peak,s (75)
T1AS,peak,e=1 |E |12>eak,s:1

o
-y
N

o
-y

°
o
©

Enhancement factor e
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Output efficiency nag, peak
o
&

0.04 Parameter e
0.02
0 . . . : y
0 0.2 0.4 0.6 0.8 1

Parameter ¢

FIG. 8. Output efficiency nas at z = zyeqx as a function of ¢
(0 < & < 1). The inset depicts the enhancement factor e.

This is depicted in the inset in Fig. 8, which shows that ¢ is
about 76 times greater at ¢ = 0 (with the maximum QPM
effect) than at ¢ = 1 (with no QPM effect). Since the actu-
ally achievable value of ¢ is approximately 0.5 [29], the
enhancement factor e in this case is approximately 11.5.

5. Dependence of QPM efficiency on the pump intensity

The enhancement factor e in the inset in Fig. 8 is
obtained when the initial pump intensity |Ey(0)|? is fixed
at 4.0 GW/cm?. As we can easily see, an increase in the
initial pump intensity |Ey(0)|?> increases the anti-Stokes-

wave intensity |E, |§eak .» which is shown in Fig. 9. Thus,

our interest now turns to the dependence of e on |Ey(0)|>.
The dependence of e on |Ey(0)|*> is depicted in the
inset in Fig. 9, where the vertical axis has a log;, scale.
This shows that e has a very large value between 10°
and 10°° for 0 < & < 0.5 at very small |Ey(0)|?>, where
|Eo(0)|?> should be larger than the SRS threshold pump
intensity 8 ~ 102 GW/cm? [47]. The increase in e occurs
because as |E(0)|> approaches §, the intensity-dependent
period A’ = 2m/|Ak — 2k_1|Eo|?| in (3) of Sec. IVA at

(&)

IS
T

w
T

2+ 0 5 10 15 20
|Eo(0)[? (GW/em?)

m M
nn

Output intensity | E;|%peq, - (GW/em?)

0 5 10 15 20
Input pump intensity |E0(0)|2 (GW/cmz)

FIG. 9. Dependence of peak output intensity |E; |[2)cak,£ on the

input pump intensity |Eo(0)|*> for ¢ =0, 0.5, and 1. The inset
depicts a log;, plot of the enhancement factor e versus |Eq(0)|?
when ¢ = 0 or 0.5.
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page 10 comes nearer to A = 2 /| Ak|, thereby achieving
highly-efficient QPM effect. A’ will actually be affected
by not only SPM but also XPM in the region beyond the
approximations in Sec. IV A. But both SPM and XPM
simultaneously diminish as |E((0)|? approaches &, and thus
the above simple interpretation holds in explaining the e
enhancement.

For a comparison, in the perfectly-phase-matched case
(i.e., Ak =0), we can calculate the enhancement factor
€ = nas(Ak = 0)/nas(Ak # 0) from Eq. (70) and obtain
e >59x 103~ 10377 for |Ey|*> ~ 0 with z > 0.35 cm
(where 0.35 cm appears because zpeax > 0.35 cmat |Ey|* <
4 (GW/cm?) for ¢ < 0.5, as shown in Fig. 10). This esti-
mation indicates that the above-mentioned e enhancement
between 10° and 1037 is very large and yet still smaller
than that in the perfectly-phase-matched case.

6. Dependence of peak position on the pump intensity

In actual device fabrication, it is important to deter-
mine an optimal (i.e., the smallest) device length that gives
the highest output intensity. Figure 10 depicts the depen-
dence of the optimal device length zpe on the pump
intensity |Eo(0)|?, which shows that Zpeak decreases as
|Eo(0)|? increases. This is because as |Ey(0)|> increases,
the Stokes and anti-Stokes waves grow rapidly, thus caus-
ing rapid pump depletion. After complete pump depletion,
the Stokes and anti-Stokes waves do not grow and are
attenuated by the linear optical loss. Thus z = zycai 1S given
approximately from the complete-pump-depletion point.

The important information obtained from Fig. 10 is
that we can determine the lower limit of an input pump
intensity |Ey(0)|* for the optimal waveguide length; For
instance, as shown in the inset of Fig. 10 by the dashed line
for ¢ = 0.5, |Ep(0)]? = 1.2 (GW/cm?) is necessary such
that zpeax = 1 (cm) that is the length aiming to actual device
fabrication.

w
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o o
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20

Input pump intensity |E0(0)|2 (GW/cmz)

FIG. 10. Dependence of the peak position zpex on the input
pump intensity |E¢(0)|?> for £ =0, 0.5, and 1. The inset shows
a magnification for the ranges 0 <z, <1 (cm) and 0 <
|Eo(0)> < 5 (GW/cm?). The dashed lines indicate the necessary
|E(0)|? for zpeak = 1 cm when & = 0 or 0.5.
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FIG. 11. Dependence on the input pump intensity |Ey(0)|> of
the peak output intensity |E1|§eak’g of the anti-Stokes wave for

e =0, 0.5, and 1 with Brpa = 0.1 cm/GW, indicated by the
black curves, and with Brpa = 0 (cm/GW), indicated by the blue
curves. The inset shows the |E(0)|> dependence of the efficiency
NAS,peak,e = [ |§eak,s /1Eo(0)|> when Brpa is varied from 0 to 1
cm/GW.

7. Dependence of output efficiency on TPA

In Sec. IV B 1, since the Stokes, pump, and anti-Stokes
wavelengths, A; (i = —1,0, 1), respectively, are near and
greater than the half-band-gap wavelength, A,af, sizable n;
and negligibly small Bpa are obtained (i.e., high nonlin-
ear refraction and very small TPA). But, in the case of A;
(i =—1,0,1) less than Ap,s, TPA will emerge strongly. We
examine this effect on the output efficiency.

TPA excites carriers, which give rise to FCA (i.e., an
additional optical absorption). But we can remove this
additional absorption by use of the reversed-biased p-n
junction in Fig. 1.

A detailed calculation containing FCA (e.g., in a Si
waveguide) shows a remarkable increase in the optical
losses of propagating beams with increasing input beam
power; that is, the influence of FCA is far greater than
that of only TPA [48]. Thus, the removal of TPA-induced
carriers is indispensable for device applications.

Here, without including FCA with the help of the p-n
junction, we discuss the effect of TPA on the peak value
|Eq |12mk’£ at z = Zpeax for € =0, 0.5, and 1. This is shown
in Fig. 11 with use of Brpa = 0.1 cm/GW measured for TE

modes [49], where the black curves depict |E; |§eak’£ with

Brea = 0.1 cm/GW and the blue curves show |E1|§eak’8
with Srpa = 0 cm/GW for comparison. In Fig. 11, we can
see that the decrease in |E1|§eak,8 due to non-zero Brpa
becomes larger for smaller ¢, where for smaller &, the anti-
Stokes-wave intensity is larger and thus there is stronger
TPA.

In the inset in Fig. 11, we plot the peak output effi-

ciency naspeake = |E1 |§eak,£ /|Eo(0)]* for some different
Brpa values between 0 and 1 cm/GW when |E(0)]? =
4.0 GW/ cm?, because a value of Brea (0.35 cm/GW) dif-
ferent from 0.1 cm/GW has been reported [34]. In the inset,
we observe that nas peak » decreases rapidly with increasing
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Photonic
Band Gap|

Optical reflectance

0 A, Ao A, Wavelength

FIG. 12. Optical reflectance for dielectric multilayer mirrors or
photonic crystals (with 0 < R < 1 by controlling the thickness of
the dielectric multilayer mirrors or photonic crystals) that form a
cavity, where they reflect the Stokes waves back to the device
with their band gap and let the pump and anti-Stokes waves go
through them. By this method, the enhancement in the Stokes-
wave intensity |E_;|> provides high anti-Stokes efficiency 7as
because of a5 o< |[E_]?.

Brea, where the decrease is more rapid for smaller &
because of stronger TPA with larger |E} |;eak15.

In the above, a great decrease in the output efficiency
nas due to TPA has been shown quantitatively, and we rec-
ognize the significance of keeping A; (i = —1,0, 1) near
and greater than Ap,¢ to avoid TPA and obtain highly-
efficient output for device applications.

In addition to this, to obtain much larger nas, we pro-
pose a cavity structure with dielectric multilayer mirrors
or photonic crystals [50—54] attached to both ends of the
device, which can also shorten the device. The dielectric
multilayer mirrors and photonic crystals reflect the Stokes
waves back to the device with their band gap with optical
reflectance R to enhance the Stokes-wave intensity |E_|?
in the device and let the pump and anti-Stokes waves pass
through them, as illustrated in Fig. 12. This enhancement
in |[E_;|? increases nas (With no necessity of boosting the
pump intensity |Eq|?) owing to the relation nas o |[E_;|?
in Eq. (70). If we use band-gap structures with R < 1,
it is possible to adjust the sizes of nas and ng (and to
equalize them, if necessary). Quantitative analysis of such
efficiency adjustments will be provided in a forthcoming

paper.

V. SUMMARY

We propose a superlattice SRS device design using a
GaAs/AlAs intermixed superlattice with x® nonlinear-
ity that can boost the anti-Stokes-wave efficiency nas
by quasi-phase-matching at 1.49 um to the same order
as the Stokes-wave efficiency ng at 1.63 um with the
input of a 1.56-um pump beam, which could be used
for channel amplification and/or conversion in gigabit-
Ethernet passive optical networks and wavelength-division
multiplexing systems.

In particular, having focused on the anti-Stokes-wave
amplification, we compute nps including the effects of
FWM, SPM, and XPM with coupled nonlinear equations
for the interacting pump, Stokes, and anti-Stokes waves,

because those effects are much stronger than in Si and
Si0;.

The solutions by an analytical method with approxima-
tions and by a numerical method show good agreement at
the initial stage of growth of the Stokes and anti-Stokes
waves for the no-QPM case. The analytical solutions show
that FWM enhances SRS, where the influence of SPM and
XPM is greatly reduced in the approximations. The numer-
ical calculations without such approximations reveal that
the difference between the analytical and numerical solu-
tions in the behavior out of the initial stage stems from
pump depletion and the SPM and XPM effects. To obtain
nas precisely, we numerically compute it for the cases with
and without the QPM structure containing FWM, SPM,
and XPM effects. A comparison between the two cases
shows that the efficiency is 3 orders of magnitude greater
with the QPM structure than without it for ¢ < 0.5 for a
small pump intensity. The mechanism is clearly shown in
terms of nonlinear-optical analysis. A TPA effect on nag
at the optimal length is also examined, which indicates the
significance of TPA reduction for device applications. In
addition, we propose the use of a photonic-band-gap cav-
ity to obtain greater nas or to control the sizes of nas
and 7.

The proposed device has potential in ultrahigh-speed
data processing/routing applications using channel conver-
sion and amplification via instantaneous optical nonlinear
interactions without any influence of carriers, or electron-
hole pairs, that distort the waveforms of optical signals.
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APPENDIX

The backward scattering of the beams due to the peri-
odic refractive-index structure is not included in the calcu-
lations because this is ignored safely: (i) Since its period
of approximately 189 um (see Sec. IV B?2) is far greater
than the wavelengths used (1.49—1.63 wm), there is no
Bragg reflection. (ii) Another type of reflection due to
the difference An = n,s — nip between the as-grown-layer
refractive index (n,5) and the intermixed-layer refractive
index (nyy) is also ignored because of the very small An
(i.e., An/ny,s = 0.3%). This is shown as follows. At an
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interface of the domains, we obtain its reflectance R; [56]:

R <nas_nint>2 ~ (A}’l )2
1 = —_— ~
Nas + Rint 25

= 0.0015% = 0.00000225 = 0.000225%.

(AT)

The transmittance 7 through N domains is then calcu-
lated as

Ty = (1 —R)", (A2)

where the two ends of the full device are assumed to have
perfect antireflection coatings. Since the device length L
is on the order of centimeters for a small pump power
(see Fig. 10), if we take L &~ 2 cm, for example, then N ~
2cm/189 um ~ 106. Inserting Eq. (A1) and N ~ 106 into
Eq. (A2), we obtain Ty = 0.99976378 = 99.976378%,
which gives backward reflectance

Ry =1—Ty =~ 0.00023622 = 0.023622%. (A3)
This is still very small and thus can be ignored safely.

In this paper we deal with the anti-Stokes waves
going forward, not backward, by using a phase-matching
condition for the forward anti-Stokes-wave generation.
Although the backward-beam reflection is not perfectly
zero, as seen in Eq. (A3), we can easily distinguish the for-
ward anti-Stokes-wave propagation from the (very little)
backward reflection by their propagation directions.
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