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Compact surface plasmon amplifier in nonlinear hybrid waveguide*
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Surface plasmon polariton (SPP), a sub-wavelength surface wave promising for photonic integration, always suffers
from the large metallic loss that seriously restricts its practical application. Here, we propose a compact SPP amplifier
based on a nonlinear hybrid waveguide (a combination of silver, LINbO3, and SiO; ), where a couple of Bragg gratings are
introduced in the waveguide to construct a cavity. This special waveguide is demonstrated to support a highly localized
SPP-like hybrid mode and a low loss waveguide-like hybrid mode. To provide a large nonlinear gain, a pumping wave
input from the LiNbO3 waveguide is designed to resonate inside the cavity and satisfy the cavity phase matching to fulfill
the optical parametric amplification (OPA) of the SPP signal. Proper periods of gratings and the cavity length are chosen
to satisfy the impedance matching condition to ensure the high input efficiency of the pump wave from the outside into the
cavity. In theoretical calculations, this device demonstrates a high performance in a very compact scheme (~ 3.32 um) and
a much lower pumping power for OPA compared with single-pass pumping. To obtain a comprehensive insight into this
cavity OPA, the influences of the pumping power, cavity length, and the initial phase are discussed in detail.
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1. Introduction

Photon, as an information carrier with faster operation
speed, lower energy consumption, and higher fault tolerance
compared with the electron, has received a great deal of atten-
tion in the scientific community. However, the light diffrac-
tion limit restricts its applications in integrated devices. For-
tunately, surface plasmon polariton (SPP), a bounded optical
mode on the interface of metal and dielectric with a smaller
wavelength, offers new possibilities for subwavelength pho-
tonic integration.!!! Being accommodated in a metallic part,
SPP suffers from the inevitable ohmic loss, which intrinsically
restricts its practical applications. Extensive works have been
carried out to overcome this barrier. Although using a gain
medium to amplify the SPP signal!?! was considered to be a
promising strategy, the widely adopted global pumping deter-
mines it to be an inefficient means. Long-range SPP1! has
been proposed to decrease the loss of the conventional SPP in
a passive way, while it needs to sacrifice the field confinement.
Besides, the hybrid waveguide!*’! combined with dielectric
and metal components provided a more optimized solution in
balancing the field confinement and the low propagation loss,
based on which nanolasers'*! and compact waveguides!>! have
been realized. It was even proposed to achieve SPP involved
second harmonic generation (SHG) in a nonlinear process. [®!
As far as the loss compensation is concerned, the nonlin-
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ear process is also a promising means.”"'?! In our previous
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work, an optical parametric amplification (OPA) was proposed
with mode matching to compensate and even amplify the SPP
signal.[g] However, due to the relatively low conversion rate,
such an OPA only occurs over a long propagation distance
and does not benefit enough for a very compact photonic cir-
cuitry. Moreover, the totally combined SPP with nonlinear
dielectric would bring inconveniences in applicable photonic
integration.

To obtain an efficient nonlinear frequency conversion in
small dimensions, employing cavity phase matching (CPM)
would be a good idea.!'>!4l Here, we propose a new design
of plasmonic amplifier in a hybrid waveguide system!®! with
a cavity formed by a couple of Bragg gratings in the waveg-
uides, which takes good advantage of the hybrid modes and the
CPM nonlinear process for a compact integration in microns
size. Moreover, the whole structure is schemed out by two in-
puts and two outputs with an in-coupled nonlinear waveguide
that splits away after pumping the SPP mode without inter-
fering with the SPP function any more, which would possibly
work as a pure amplifier for plasmonic integration.

2. Theoretical model

Figure 1(a) shows the schematic diagram of the nonlin-
ear hybrid plasmonic waveguide. There is a straight SiO;-
loaded silver waveguide coupled with a nonlinear LiNbO3
(LN) waveguide by two S-bends to form a hybrid waveguide
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in the coupling segment. In our theoretical investigation, the
dielectric constant of silver is adopted from Ref. [15]. The
pumping wave is input from the LN waveguide (with the di-
mension of w = h = 500 nm) with the free space wavelength
of A, =890 nm, and the signal wave is designed as an SPP
mode at A; = 1780 nm that propagates in the SiO, loaded
metal waveguide, where the height and width of the SiO;
are also 500 nm. The dielectric constant of LN is set as [&,
€y, &] = [5.05,5.05,4.70] and [4.87, 4.87, 4.54] at the wave-
lengths of 890 nm and 1780 nm, respectively.!'®! In the mid-
dle part of the device, the LN waveguide is strongly coupled
to the plasmonic one with a very narrow SiO, gap (10 nm),
which can support hybrid modes, the so-called waveguide-
like and SPP-like modes (it is termed as SPP in the follow-
ing for convenience).l®! Here, the rectangular LN is defined
with its ¢ axis along the z direction. Then a z-polarized in-
put pumping wave (e-light) will be coupled with a y-polarized
SPP wave (o-light) in the hybrid part to fulfill a nonlinear pro-
cess with the second harmonic coefficient (dp3) of LN. By
numerical simulation with the Lumerical FDTD solution, the
propagations of the pumping wave in the LN waveguide and
the signal in the SiO; loaded plasmonic waveguide are calcu-
lated (see Figs. 1(b) and 1(c), respectively), where the pump-
ing wave shows little loss while the SPP appears to have high
loss. In the coupling part, two hybrid modes are character-
ized with mode indices of np, = 1.875+ 1.473 x 10~#i and
ng = 1.777 + 1.631 x 1073 for the pumping and the signal,
whose mode distributions are shown in Figs. 1(d) and 1(e) for
the waveguide-like and the SPP-like modes, respectively.
Constructing a cavity by gratings is a matured scheme
to amplify the power in distributed Bragg reflector (DBR)

I7.18] Referring to this method, we introduce a cav-

lasers. !
ity in the hybrid waveguide part by a couple of Bragg grat-
ings, which is designed to play dual roles. One is to enhance
the pumping wave intensity inside the cavity under a resonant
condition, and the other is, more importantly, to fulfill cavity
phase matching (CPM) to achieve an ever constructive non-
linear conversion.[!3! Firstly, we need to find out the optimum
structural parameter of the gratings to have strong reflection
for the pumping wave and strong transmission for the signal
wave. For simplification, the depth of the gratings is cho-
sen to be 250 nm and the duty ratio is 0.5 in every period.
Then, a parameter scan is performed by FDTD analysis on a
10-period grating for the reflectance with respect to different
periods. Figure 2(a) shows the calculation result; the reflec-
tion reaches up to 90% for the pump and is low for the signal
(~ 20%). The data are quite in conformity with our design
requirements. Here, for example, the simulated field distri-
butions of the highly-reflected pumping wave and the highly-
transmitted signal wave are demonstrated in Figs. 2(b) and 2(c)
with the grating of period 600 nm.
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Fig. 1. (color online) (a) Schematic diagram of the nonlinear hybrid
plasmonic waveguide. The rectangle nonlinear dielectric is LiNbO3, the
middle part is SiO,, and the metal is silver. Structural parameters are as
follows: w = h = 500 nm, gap =10 nm. For a pumping wave at 890 nm,
[, &, &](LN)=[5.05, 5.05, 4.70], n, = 1.875+1.473 x 10~*i. For
a signal wave at 1780 nm, [&,, €, &](LN)=[4.87, 4.87, 4.54], n, =
1.777 4 1.631 x 1031, The simulated propagating fields of (b) the
pump wave from the LN port and (c) the signal wave from the SiO;
loaded silver port. The lateral field distributions of (d) the pump wave
and (e) the signal wave correspond to the waveguide-like and the SPP-
like hybrid modes, respectively.
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Fig. 2. (color online) (a) The reflectivity of the pump wave (890 nm)
and signal wave (1780 nm) as a function of the grating period. The sim-
ulated propagating properties of (b) the pump wave and (c) the signal
wave with the grating of period 600 nm, where the gratings are indicated
by the dashed rectangles.

3. Analysis on nonlinear process

Consider a condition of degenerated signal and idle
waves. This pump-resonant OPA process in the cavity can be
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well described by the following coupled wave equations:

da
dx

dA .18 .
o = Atk AT exp(—i(By —2B1)x).  (1b)

which describe the interaction of forward-propagating pump-

w1 &y

=—oA +i K1ATAzexp(i(B2 —2B1)x), (la)

ing (A;) and signal waves (A;),

dB . W1& " .

a] = — By +i——KkBjAzexp(i(—B2 —2B1)x), (2a)
dB L01E&) .

o = @Bt i— K Blexp(—i(—f—2B)v), (@)

which describe the interaction of backward pumping (B;) and
forward signal (B} ). Here, 3, B2 and o, o, are the propagat-
ing constants and dissipation factors of the signal and pump-
ing waves, respectively. The nonlinear coupling coefficient
ki is defined by k1 = [f defpr(E:)zdde, where E;, and Ej
are the normalized field distributions of the pump wave and
the signal wave. Defining A (A = B2 —2p1) as the wave-
vector mismatch, we can obtain the coherence length L. as
7 /AB, which equals 4.5266 um according to our calculation.
To guarantee an efficient OPA process, we exploit the cavity-
phase-matching condition!'3! that the cavity length should be
less than L. or around an odd number of times of L.. Mean-
while, the cavity is set to be resonant for the pump wave, which
requires that the cavity length (L) should satisfy 23,L = 2mn
(m is a positive integer), then the pump wave can be coherently
enhanced. By defining /o = 7/f3, as the characteristic length,
then L = mly. The phase shift from the reflection of the Bragg
gratings is 7.

According to the above analyses, we are ready to calcu-
late the OPA process within the hybrid waveguide when the
proper cavity parameters are determined with specific cavity
length, reflectance of gratings, and initial condition of input
pumping and signal waves. In fact, to obtain a high coupling
efficiency from the input pumping to the cavity, the parame-
ters of the cavity structure need to be carefully chosen to meet
the impedance matching condition,!'®! which will be partic-
ularly discussed later. Here, we would like to show the re-
sult first with properly designed parameters. The cavity length
is chosen to be 14 times of the characteristic length Iy (i.e.,
~ 3.32 pm), which is less than L., satisfying the CPM condi-
tion. Proper periods of 495 nm (~ 95% for pump) and 600 nm
(~ 99% for pump) are chosen for the front and rear gratings
respectively to ensure the impedance matching!'®! for an ef-
ficient input coupling. The initial phase difference between
the pump and the signal is set to be 7, which is an optimal
initial condition (see later for a detailed discussion). At the
beginning, an input pumping power of 10 W is set to investi-
gate the nonlinear conversion process for a signal seed with the
power of 0.001 W, where the contributions of the forward and
backward pumping can be conveniently calculated by Eqs. (1)
and (2). It is shown in Fig. 3(a) that the forward pumping
amplifies the signal wave greatly in a CPM process while the
backward pump wave contributes little in despite of a slight

decay and tiny oscillations. It is ready to accept that the coher-
ent nonlinear process only occurs as long as the phase match-
ing condition is satisfied. By combining these two processes
together, the OPA for the SPP wave inside the cavity of the
hybrid waveguide (L = 14ly ~ 3.32 um) can be numerically
calculated, as shown in Fig. 3(b) (the black curve). In order to
demonstrate the advantage of the CPM OPA effect, a single-
pass pumping without cavity and a solely lossy SPP without
pumping are also calculated for comparison, which are dis-
played as red and blue curves in Fig. 3(b), respectively. It is
observed that the SPP signal decays by 3.75% after propagat-
ing ~ 3.32 um without any pumping due to the mode loss. A
single-pass pumping process will compensate some loss with
1.53% attenuation. This low nonlinear efficiency is due to the
low pumping power which has not reached the OPA thresh-
old. Impressively, with the same input pumping power, the sig-
nal increases by 5% with the cavity introduced, which clearly
shows the high efficiency of the CPM OPA in the cavity of the
hybrid waveguide. Here, the change of the effective refractive
index induced by the pump power through photorefractive is
negligible.

As far as the threshold is concerned, the amplification fac-
tor of the signal wave with respect to the input pumping power
is investigated for the cases with and without the cavity, the
results are shown in Fig. 3(c). It is found that a 28 W pumping
power is needed to achieve the amplification (Ps/Ps(0) > 1)
without cavity, while it is much lower (1.28 W) when a cav-
ity is introduced. In fact, although the energy of the pumping
wave does transfer to the signal wave even when the incident
power is lower than the threshold, this nonlinear gain is too
small to compensate for the loss of the signal wave.

It is worth noting that the pump wave is input from
outside of the cavity where the front grating has a high re-
flectance. To obtain a high input efficiency, the reflection of
the two gratings of the cavity should be carefully designed to
meet impedance matching.!!”! Here, we define 7| and r; as the
power reflectivity of the front and the rear gratings, ¢ is the
transmission of the pump wave propagating inside the cavity
including the propagating loss, and #ny, is the additional non-
linear transmission term including the consumption of nonlin-
ear conversion process. Then the cavity reflectance parameter
can be expressed as ry = 2tnLr. As indicated, ry depends
on the incident pump power through #yr, and the cavity length
through 7. If r; = ry, the incident power can be efficiently
coupled into the cavity. This is the impedance matching con-
dition. All the previous data are calculated under this condi-
tion. To show its influence, the OPA effect is compared by
varying r, with different r{, as displayed in Fig. 3(d). Here
the black curve corresponds to the impedance matching con-
dition, which gives the best amplification. The red and blue
lines correspond to r; = 0.96 and 0.99, respectively. It is seen
that the r; = 0.96 condition (red curve) is quite close to the
impedance matching condition. While the higher reflectance
(r1 = 0.99) manifests lower OPA efficiency, because it is far-
ther away from impedance matching.
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Fig. 3. (color online) (a) Evolution of the signal wave field being pumped by forward and backward components of the pumping wave within a
cavity of L = 14lp ~ 3.32 um. (b) Power evolution of the signal wave within a propagation distance of 3.32 um for CPM pumping, single-pass
pumping, and without pumping. (c) The output power of the signal wave varies with the input pumping power with cavity and without cavity,
where the thresholds P, are marked out for the OPA gain condition (P /P;(0) = 1). (d) The output power of the signal wave varies with r, for

the cases of r| = ry, 0.99, and 0.96.
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Fig. 4. (color online) (a) The OPA performance with respect to differ-
ent cavity lengths at the pumping power of 10 W, where the propagation
of solely lossy SPP (black curve), the signal in cavity with lengths of
resonant length (red circle) and integer number times L. (blue square),
and lossy SPP after being pumped by a 3.32 pm cavity (green curve)
are presented. (b) The output power of the signal wave varying with the
initial phase difference at different pumping powers.

Since the influence of the pumping power on the OPA
process is investigated, it is reasonable to check another fac-
tor: the cavity length on the OPA performance. We adopt

Egs. (1) and (2) to calculate the evolution of the output sig-
nal power as a function of the cavity length with the input

signal of 0.001 W and pump of 10 W. Here, r, is set at 0.99
and r; is chosen according to impedance matching (r; = ry).
Figure 4(a) displays the OPA results, showing that the max-
imum signal outputs are not obtained rightly at the coherent
length and odd times of it but with a little shift. Because r
is fixed while r| (i.e., ry) is resolved by the length of the cav-
ity, then the enhancement of the pumping power inside the
cavity is influenced by the cavity length. However, the min-
ima of the signal output locate exactly at the cavity lengths of
even times of the coherent length. It is because no matter how
much pumping power is in the cavity, the nonlinear conversion
power from the pump wave to the signal wave is zero with the
cavity lengths of even times of the coherent length, which ac-
tually is equivalent to the solely lossy SPP propagation (the
black one). The green dashed curve shows the SPP propaga-
tion pumped by a 3.32 pum cavity, which is higher than not only
the black curve (the sole lossy SPP) but also the red dot one
(the cases of longer cavities). It means that the 3.32 um cavity
is an optimized amplifier in this occasion which weakens the
attenuation of the SPP wave to some extent.

In the above investigations, the initial phase difference
between pumping and signal is assumed to be 7 to ensure
a high proportion of the pump energy flowing to the signal.
In fact, the initial phase difference is important in the energy
transfer direction in the nonlinear process. We study the re-
lation between the output power of the signal wave and the
initial phase difference in the CPM OPA process. We calcu-
late the output power of the signal wave as a function of the
initial phase difference ¢(0) at pumping of 10 W and 100 W
and the input signal of 0.001 W within an optimum cavity
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(L = 14lp ~ 3.32 pm), the results are shown in Fig. 4(b). As
has been mentioned before, there is an optimum phase con-
dition of ¢(0) around 7 to achieve the maximum OPA. Be-
sides, it is found that the OPA condition (Ps/Ps(0) > 1) allows
a considerable range of ¢(0), which becomes broader with in-
creasing pumping power. In total, these results reveal the fact
that this compact SPP amplifier has a considerable tolerance
to the initial phase difference between the signal and pump-
ing, though it indeed plays an important role.

4. Conclusion

A compact SPP amplifier is proposed based on a nonlin-
ear hybrid waveguide with a two-input and two-output cou-
pler configuration, where cavity phase matching is introduced
to enhance the OPA process without domain engineering. By
employing the impedance matching to efficiently couple the
pumping wave from outside into the cavity, it is found that in
this very compact scheme (~ 3.32 pum for the optimum cav-
ity), the threshold of the pumping power for CPM OPA is re-
duced by one order of magnitude compared to that of single-
pass OPA. In addition, the OPA performance with respect to
different pump power, grating reflection, cavity length, and
initial phase are analyzed and discussed. This compact scheme
for SPP amplification would provide a new approach in the fu-
ture photonic integration.

References

[1]
[2]
[3]
[4]

[5]

[6]
[7]

18]

(9]
[10]
(1]
[12]
[13]
[14]
[15]

[16]
[17]

(18]

[19]

077301-5

Barnes W L, Dereux A and Ebbesen T W 2003 Nature 424 824
Leon I D and Berini P 2008 Phys. Rev. B 78 161401(R)
Burke J J, Stegeman G I and Tamir T 1986 Phys. Rev. B 33 5186

Oulton R F, Sorger V J, Zentgraf T, Ma R M, Gladden C, Dai L, Bartal
G and Zhang X 2009 Nature 461 629

Oulton R F, Sorger V J, Genov D A, Pile D F P and Zhang X 2008 Nat.
Photon. 2 496

Holmgaard T and Bozhevolnyi S 2007 Phys. Rev. B 75 245405

Holmgaard T, Gosciniak J and Bozhevolnyi S 2010 Opt. Express 18
23009

LuFFELi T, Hu X P, Cheng Q Q, Zhu S N and Zhu Y Y 2011 Opt.
Lett. 36 3371

LuFFELIT Xul,XieZD, Li L, Zhu S N and Zhu Y Y 2011 Opt.
Express 19 2858

Simon H J, Mitchell D E and Watson J G 1974 Phys. Rev. Lett. 33 1531
Simon H J, Benner R E and Rako J G 1977 Opt. Commun. 23 245
Palomba S and Novotny L 2008 Phys. Rev. Lett. 101 056802
XieZD,Lv X J,Liu Y H, Ling W, Wang Z L, Fan Y X and Zhu S N
2011 Phys. Rev. Lett. 106 083901

Armstrong J A, Bloembergen N, Ducuing J and Pershan P S 1962 Phys.
Rev. 127 1918

Johnson P B and Christy R W 1972 Phys. Rev. B 6 4370

Edwards G J and Lawrence M 1984 Opt. Quantum Electron. 16 373
Akulova Y A, Fish G A, Koh P C, Schow C L, Kozodoy P, Dahl A P,
Nakagawa S, Larson M C, Mack M P, Strand T A, Coldren C W, Heg-
blom E, Penniman S K, Wipiejewski T and Coldren L. A 2002 /EEE J.
Sel. Top. Quantum Electron. 8 1349

Jayaraman V, Chuang Z M and Coldren L A 1993 [EEE J. Quantum
Electron. 29 1824

Kozlovsky W J, Nabors C D and Byer R L 1988 [EEE J. Quantum
Electron. 24 913


http://dx.doi.org/10.1038/nature01937
http://dx.doi.org/10.1103/PhysRevB.78.161401
http://dx.doi.org/10.1103/PhysRevB.33.5186
http://dx.doi.org/10.1038/nature08364
http://dx.doi.org/10.1038/nphoton.2008.131
http://dx.doi.org/10.1038/nphoton.2008.131
http://dx.doi.org/10.1103/PhysRevB.75.245405
http://dx.doi.org/10.1364/OE.18.023009
http://dx.doi.org/10.1364/OE.18.023009
http://dx.doi.org/10.1364/OL.36.003371
http://dx.doi.org/10.1364/OL.36.003371
http://dx.doi.org/10.1364/OE.19.002858
http://dx.doi.org/10.1364/OE.19.002858
http://dx.doi.org/10.1103/PhysRevLett.33.1531
http://dx.doi.org/10.1016/0030-4018(77)90317-0
http://dx.doi.org/10.1103/PhysRevLett.101.056802
http://dx.doi.org/10.1103/PhysRevLett.106.083901
http://dx.doi.org/10.1103/PhysRev.127.1918
http://dx.doi.org/10.1103/PhysRev.127.1918
http://dx.doi.org/10.1103/PhysRevB.6.4370
http://dx.doi.org/10.1007/BF00620081
http://dx.doi.org/10.1109/JSTQE.2002.806677
http://dx.doi.org/10.1109/JSTQE.2002.806677
http://dx.doi.org/10.1109/3.234440
http://dx.doi.org/10.1109/3.234440
http://dx.doi.org/10.1109/3.211
http://dx.doi.org/10.1109/3.211

	1. Introduction
	2. Theoretical model
	3. Analysis on nonlinear process
	4. Conclusion
	References

