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Abstract: The so-called PT symmetric devices, which featarg, = £,

associated with parity-time symmetry, incorporate both gain assldad
can present a singular eigenvalue behaviour around a criticaltitans
point. The scheme, typically based on co-directional coupled wilesgus
here transposed to the case of variable gain on one arm witHdssss on
the other arm. In this configuration, the scheme exploits thpdtential of
plasmonics by making a beneficial use of their losses &natt critical
regime that makes switching possible with much lowered gaiorsions.
Practical implementations are discussed based on existing attéonpts
elaborate coupled waveguide in plasmonics, and based alse oectntly
proposed hybrid plasmonics waveguide structure with a domatindex
gap, the PIROW (Plasmonic Inverse-Rib Optical Waveguide).
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1. Introduction

Including gain in plasmonic systems and compensating thb&rent Joule losses is a
privileged route to make plasmonic technologies viable m#&nodevices [1]. Recent years
have witnessed the first “plasmon lasers” or “spasers” [2], dsawedeveral noteworthy gain
measurements in systems that combine gain materials fr@anios rare earths or
semiconductors [3,4] with plasmonic guides of variousdype

We develop here the combination of gain and plasmonics witleiframework of the
recently proposed “PT symmetric devices”, whose dielectric landsegy) features

Ex :e(;), that is a PT symmetric combination of gain and lossh witspatial plane

symmetry, sayo,, exchanging “gainy” parts and “lossy” ones [5-8]. Practicallyset of

coupled waveguides, one with gain and the other with loss symmetric amount is an
embodiment of such a device [5,9,10] and has interested theaite@gpptics community
since the 90s [11]. Grating variants, whereby the symmetry jihanésed is normal to the
guide axis [12,13], are of high interest but more difficaltirhplement and not considered
here. We show that their essential features, and notably aagingtital behaviouraround
their so-called exceptional point, can be retained with proper design using plasmonics,
even if (i) the above relation is obeyed only around a specifikimg point due to the fixed
losses of metals and (ii) the two guides have a distintermahsupport and a distinct field
structure. The interest of a critical behaviour is to enhance thelatioth capability of such
devices, meaning that a large output signal change is inducadimdest swing in control
parameter, e.g., gain, yielding a transduction coefficient latigen in a single non PT
symmetric device. We shall later refer to this positive effeca dSingular Eigenvalue
Behaviour” (SEB), denoting that we use not only the exceptipoialt but also its vicinity.
Possible applications include optical memories [8,13].

From our own gain analysis exposed later, we find it necessaryent our choice toward
hybrid dielectric-plasmonic waveguiding in order to achieve alstjly-confined guidance
at a lower loss penalty. This strategy has been implementesgdmple by Oulton et al. [14]
and has been the key of Berkeley's “spaser”’, a CdS nano-rddstvitng band-to-band
recombination near 500 nm, on top of a silver layer, separatedtiy lw-index nanogap
[2]. This structure is nearly deterministic, even though the ewdsnot yet elaborated nor
positioned by a top-down method. A symmetrical proposa metallic ribbon near a gain-
carrying dielectric slab was briefly discussed in the framewodkirett loss compensation of
a plasmonic mode by the adjacent dielectric system [15], bughadainfinement effect was
not specifically addressed, the spacing lower index layer beingaseg technical requirement
when dealing with highly injected layers in semiconductote ®@ther spaser realisation by
Noginov et al [16] being clearly nondeterministic, it cannot presently bdyeksitted with
the PT symmetric approach into nanodevices, but further advanaks tdgger unheard
combinations. Oulton's formal proposal [14] concern rods wimgdane position is still
random (or CdS flakes [17] that work at room temperature). The ré@B@W proposal
(Plasmonics Inverse-Rib Optical Waveguide) [18] has pointed sirhple solution to hybrid
waveguiding from proven lithography-etching techniques. We visitubs its applicability
here, taking into account recent advances [3,4,19].

The paper is organized as follows: in the next Sec.2, we desoelessential physics of
true PT symmetric coupled waveguides, and of adequately néesigplasmonics
implementations with fixed losses, that retain notabl same local SEB pattern,. In Sec.3
we discuss the implementation of PT-symmetric devices ixigilihe desired SEB from the
toolbox of dielectric and plasmonics. We first review the essestiabled waveguide
approaches in plasmonics. We envision notably the use ofRange Surface plasmon
polariton (LRSPP) waveguides, based on thin metal layers. Weiltesin implementation
that should ensure the criteria for exhibiting SEB. We carryacsitnilar work for the more
confined PIROW waveguide, assuming a confined dielectric gaigicgrwaveguide as an
ingredient. Finally, in Sec.4, we detail current knowledge ain from organics, needed to
operate in the visible or near-infrared, which is the most progiisay towards incorporating
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gain into cheap large-scale nanoplasmonic devices. We discuggimsyin the 100-500m ™
range can be targeted. The popular Variable Stripe Length (VSL) teehrugtinely enables
assessing gains lower than 16", but it can be shown that there is a fair margin for higher
gains with existing organic materials, favourable to miniatexéces.

2. PT symmetric coupled waveguides and the plasmonic variant

Let us start with the model system exhibiting singulgeevalue behaviour, shown in Fig.
1(a) below. Let us also briefly remind that the initial ideas to study operators with real
eigenvalues but that are not Hermitian, hermiticity being acseft but not a necessary
condition for obtaining real eigenvalues.

(@) ° = WG1 1 g (b) ° = VWG1 = g
' WGz 8 ' WG2 ' B
; 200 e + 200 -
c o i
L oo 1 | 100 -
$ ?Qf:f ,,,,,
= @ 2 0
T =
Z 100 el _100
) ‘.
(®)]
{1200 1 -200
0 700 200 300 400 500 0 100 200 300 400 500
guide gain (cm™) guide gain (cm™)
(C) Logqg(T41) -
0 4 0 T 11 4
W )
- 3 ————wesr -8, 3
— 2 2
£
= 1 1
@ 400
e 0 0
©
2 g0p 2 1
()]
-2 -2
800 " b

guide gain (cm™) guide gain (cm™)

Fig. 1. Real parts (solid lines) and Imaginary parts (dasheddinigle two eigenvaluege;™
andBer @ (red and blue) of a coupled system; (a) for balanced gairoas, the increase of
material gain g brings the system through a “phase transitiont pbiereby the eigenvalues
suddenly switch to the complex domain; (b) in a system with lo@updjusted to one arm’s
fixed losses [|-g~«, the behaviour still exhibits a critical point. (c) Colour map of

logio T;;(9,) ), the bar transmission, in case (a), blue lines, T<<1, arelabsial periodic

zeros of coupled waveguides with supermode beating. THe eiritlences the high sensitivity
zone, a relative gain variation of 20%, brings >3 decades varigtivansmission. (d) Colour

map of loge( T;,(g,) ) for the fixed loss (i.e., plasmonics) case (b).

The reference model system for our purpose consists of afgarallel coupled waveguides
(see e.g., [5,9]), one of them with gajnthe other with a symmetric losgy. This optical
structure has a dielectric constant distributigxy,z)that can be assimilated to a complex

potential landscape obeying the essential SEB requiregignt g(;) s we haves =g +ig in
waveguide WG1 and = ¢,-ig in waveguide WG?2 (the actual spatial power gain is 2{f(
=g/£?). Propagation inside each isolated guide can be described byeativeffdielectric
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constant. To avoid useless notations, we use the sam®nata £, =& *ig as above. For

a proper design, it suffices to conjugate these effective quantiteae is no explicit need to
conjugate the whole landscape because we are interested in the PT rgyomhetin a
restricted phase space of the problem, the modes of the wavegaidbeghus not all
electromagnetic solutions.

In other words, the guided modes are singularities that “pick hgo'tddiation from the
other guide at a single waveveckd®), somehow ignoring the details of the field structure in
the other guide. The behaviour of the whole system canhidound with the coupled wave
equations, assuming as an approximation that the proxohitye two waveguides translates
into some real coupling constant

We use a scalar version and denote the relevant field componegn{zhyn WG1 and
w2(z)in WG2. By proper normalization of propagation constanits, sdenoting the coupling
constant, the coupled mode equation reads:

A _(A*ie/2 k(¢ 1
'd_z(wzj'[ K ﬂl—igJZJ[wJ .

where the diagonal terms, given byg, tig,/2)" = (g tig)(w/c)’, are the forward

propagation constants of uncoupled waveguide electromagnete&smabftequency /2r = ¢
/). for vacuum wavelength. Power gain/loss per unit length is given byt It is easy to
solve for Eq. (1) across a length L in the form of a trassion matrix

wl —p-1 ‘//1 —- Tll T12 ‘//1
[wsz—L -° eXp(DL )P(wZJFO B (TZl TZZJ(I/IZJ =0 (2)

whereD is the diagonal matrix of eigenvalues of Eq. (1) riglmidh matrix within a factor,
and P the matrix of eigenvectors. For numerics and classicaluttiffis associated with large
exponentials, one may recourse to a scattering matrix versibused here though.

The initial motivations of the SEB phenomena were concerned thithtwo extreme
behaviours of the system appearing in Fig. 1(a) done fot00cm™:

At low gain, coupling is privileged over gain/loss, theref in spite of the non Hermitian
nature of the operator in Eq. (1), its supermodes healkeopposite eigenvalues. The system
thus retains the very classical behaviour of a directional cougllerenergy sloshing from
one arm to the other. The beating length increases as gaindasedr Jumping over the
singularity, at high gain, we have two oppositgaginary eigenvalues. At the exit of the
systemz = L, only the eigenvalue with gain will survive and thus, the esponding
eigenvector is exclusively observed. In practice, the system refer@ntially routes the input
to the output of the gain waveguide WGL. This is obvibtlse input is WG1, i.e. if we look
at T, , but more strikingly, it shall feed the same exit WG1 eféne lossywaveguide WG2

is first excited, with T, being comparable tdl,,. Such behaviour makes this system

equivalent to a nonsymmetrical combiner. This behaviour wasdfonot only for co-
directional coupling, but also for contradirectional couplin a single guide but with a

grating and a “nested” PT symmetry at the scale of the gratirrg:ir(er’l1 12) [12,13].
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(a) - = iy g=0
1 L ] m—p =0
coT T T TT T T TR : = at
b) > e critical
ild ' g coupling

Fig. 2. Classical coupler behaviour (a) and (b) “unidirectional” Wieba with gain or loss
above the symmetry-breaking point: inputs on both ports ledtletsame output. The thin
dashed line shows how feedback turns the system into a memory

Of clear interest is the SEB around the singular point withpakderivatives, situated at
0,/ 2=« . Near this singular point, a small modulation of gain/lesslts in a large change

of supermodes’ propagation. Such a point is tempting t@ixpside devices, to enhance the
transduction coefficient of a modulator for instance. The readgrlva familiar with similar
transitions of eigenvalues for vacuum Rabi splitting (strmmgpling), when the photon or the
atom/exciton features increasing losses, but in this well-kreasa, the evolution lies only on
the loss side; the splitting vanishes and weak coupliamlplarises. At variance with this
scenario, the non-Hermitian behaviour in a gain-supportistgsydoes lead to functionalities
such as optical memories as described in Fig. 2, when adamplemented [13].

The map of Fig. 1(c) gives a color mapBf(g,) as a function of gain and guide length

(not guide separation). In this figure, the vertical cross-secgbow the variation of;, as a
function of the propagating distance for a fixed amount af.daor small gainsT,, has an
oscillatory behaviour indicating that all the power is peadally transferred to the second
waveguide by directional coupling. The beat lenglp, is seen to diverge at the approach of

the transition region, and then gain piles up in the charidgl is twice the coupling length

for guide-to-guide transfer;, ., = 2L°). Of course, this simple model predicts large overall

gains not far above the critical threshold without consideraifopossible adverse effects
such as saturation. A much more complete model would be needéddress the physics in
these regions, where lasing could occur for instance and clangain. We can postpone
such studies because the SEB behavior that attracts our attentios paper addresses the
transition region located within the dashed circle of Fig. Ic}his region, and this is our
main point, the model unambiguously suggests that agehamgain of modest magnitude
(<20% of total gain) does result in a complete switching belaviigure 1(c) indicates that
this region with a high potential for switching exi$ts couplers with a total lengthge,

roughly equal to 3 times the coupling lendthin the absence of gain.
Note also the relationship between beat length and decay(/gaitt) &he critical point
the beat length of co-directional couplingli§,, = 77/ x=2L2, and thus the decay length for

crit

loss g™ /2=k is L, =(gf") " =«1/12=L/m=L2,/2m. Therefore a rule for device
length L., ~ 3L also means a device length

C

L., ~3° ~31, , A3)

dev C

hence ~9.4 times the decay lengthhe critical point Note that Fig. 1(a) is universal (it could
be made dimensionless). The factor 3 looks someartidtrary, but referring to Fig. 1(a), we
see that we are exploiting the SEB in the regiomr@hfor the imaginary eigenvalues, the
parabola local slope is a few times larger thair tieymptotic + ¥ slope.
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Let us now turn to the application where plasmonic waveguidesissr® as the loss
material. Needless to say, metallic losses at visible or nearédf frequencies cannot be
tuned, so we have to do with fixed losgaspne of the channel8ut it is perfectly possible to
imagine an architecture with only the variable gairstill in WG1, and fixed losses,gy, in
WG2.

This breaks the rules(_x) :s(;) except if gain is matched to fixed losses (and again, it

mostly suffices that waveguide eigenvalues work as described Hedoause a guided mode
“picks up” amplitude in a singular way, ignoring the detdithe field map. For instance the
guides can be of completely different nature). Without any priecald pattern reminiscent
of Fig. 1(a) arises when we solve for the eigenvalues of thetmrolwith a fixed loss.

ig(wlj:{ﬁﬁigﬂ K j(wl) @
dz\ ¢, K Bi—19,12)\ ¢,

However, by analogy with the former critical point sitoatix = g™ /2, we find that if we
match coupling to fixed losses of WG2,

K=0,12, (5)

we may restore the essence of the SEB behavioshaasn in Fig. 1(b), where the abscissa is
still the WG1 variable gaig;. The real part of the propagation eigenvalues\{ifree-vectors)
now follows, from zero gain to the critical poirt,slightly modified parabolic trend and the
imaginary part grows linearly from overall lossztero loss. At the critical point, both the real
and imaginary parts are equal to zero as in thergeal case of Fig. 1(a). This behavior arises
because we have followed the prescription giverefy (5); in general, it is not possible to
center the critical point around zero unless tbisdition is satisfied. Above the critical point,
the real parts are zero as in the canonical cage thie parabolic divergence of the imaginary
parts is similar to the curves of Fig. 1(a). Whée gain further increases, the negative
imaginary wavevector (the decay constant) of onéerlevels off to the plasmonics level —
0o/2 while the other grows linearly. Hence the hedrthe SEB behaviour still holds, notably
the SEB with opposite signs of imaginary parts.

The feasibility of matching losses and coupling.[i.Eq. (5)] is hardly questionable, it
only amounts to approach one guide at the adeglisttence from the other, a distance that
can be made compatible with current technology.[¥8¢ will discuss later in Sec. Il the
specific cases of coupled waveguides using LRSPEhaglasmonic guide, or using the
PIROW waveguide.

We can finally compare Fig. 1(c) to Fig. 1(d), thap of T,,(g,) vs. gain and guide length

occuring for the situation of Fig. 1(b): no majdfference can be seen as regards the SEB
critical region in the center. But in the large maegion on the right, there is of course a
difference, and even more markedly in the lower ll@f-gain region and long length, since
the remaining losses increasingly attenuates lighboth WGs in this case. The relative
difference is also marked if one draws a similapro& T, (g,) that addresses the exit of the

lossy channel (not shown) because the negativeimaageigenvalue levels off in the present
case instead of steadily decreasing in the canlorasa.

A first simple step to test the validity of coupletde theory (CMT) can be made with a
pair of coupled slab waveguides with weak indeysteimilar to those that will be used on
the dielectric side of the LRSPP solution belowenshing here from the use of the familiar
resists SU8 (n = 1.57) and BCB (n = 1.535) in thieared. Using a finite element mode
solver, we checked that both real and imaginaryspaere in line with the CMT prediction
for matched gained or fixed gain (Fig. 3 shows ithaginary parts in both cases, and the
caption provides the relation of bulk imaginary stamt to modal constant). The agreement in
this one-dimensional case is very good. A very bm&lcrepancy in the fixed loss case,
typically a few 10° in ordinate, shown by diamonds with x 100 magatfimn, is thought to
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stem from the dispersion of the real part induced by the, gaih affecting sizably the
transmission behavior.

IM(nef)
=)

0% W) L@
-2 oy100 >((ge; - 8eff)

0 0.005 001 O 0.005 0.01
Im(Ae) Im(Ae)

Fig. 3. Comparison of CMT results (solid lines) with two-slabs fieitement calculations
(crosses) (a) case of symmetric gain and losses; (b) cdseadfosses. The parameters are:
thicknesses of 2 pum, inner separation 2.5 um. Dielectric cassta® 1.57 = Im(Ae) in the
core (SUS8 typical value) and 1.53fr the cladding (BCB refractive index). Im) = 0.01
corresponds to 206 cmmodal gain of a single guide. The minute difference between
imaginary eigenvalues in (b) before critical point is magnifieddhech times (diamonds).

To conclude this section, we found that there is a clear mangieface operation with an
imperfect PT system, namely with fixed losses (and even wikeguides of different
nature). Recently, waveguides with metallic losses couplgxdsive dielectric waveguides
have been considered in order to form so-called “passive-PT-sesittid0,21]. Physical
features such as inverse loss dependence of the output field weretshaccur at loss levels
lower than the PT-symmetry breaking. However these studiest@aldess our point that the
SEB could be restored so as to display properties similade@m iPT symmetric devices,
explicitly targeting the singular region to get enhanced modulatapabilities. The
modulation in a passive PT structure can offer a nonintuitiggubyassing through a zero
and returning to unity when loss increase, but it resulta fiee varying coupling length that
stems from the decreasing eigenvalue splitting, similaretdeth part of Fig. 1(a) and it does

not exploit the SEB region itself, and could not do soduse this very region suffers from
high losses in this configuration.

For the system considered in the present paper, we gave a gsigreg,/2, Eq. (5),

leading to a desirable device lengdth,, ~ 3L, ~ 37L, exactly as in Eq. (3) and for the same

reasons. Although we postpone a tolerance studydaveot foresee much surprise in the
targeted switching mode of operation. As for gaihijle it was a formal parameter in the
above, we shall detail below what can be desigrmedhe one hand and what amounts of
material gain are realistic in the visible on tllees hand.

We can add for the time being that the behaviofariad could be realized not only by
having a single waveguide WG1 with gain swept froemo to on, but also by a combination
of two gain means, such that a “baseline” gaimiplémented in quasi cw mode by one of
these means, while the switching operation is eushy a smaller control gain induced by the
other mean. For instance, a layer of waveguide W& be optically pumped by a control
optical signal for approaching the critical/switatipoint, while an electrode provides extra
gain into another layer, or vice versa. Tightly gled ridges can also serve such a purpose.
Hence there is a lot of room for the architectunetioe gain side. But since this is not an
established technology, not as much as e.g., gaBaAs- or InP-based semiconductors in the
infrared, we shall devote a section (Sec.IV) taifjlavhy organic gain materials can be ideal
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candidates for a proof of principle and give a brief survey of gabrganics with a device
perspective. Its main scope will be to assess the length sdalgeted PT-symmetric devices
through the range of gain values that can be attained. Weustiflj that gains on the order of
100-500 crit', while not commonly assessed nowadays in organics, coukttheless be
targeted. But prior to this final section, in the follogi Sec.lll, we detail the coupled
waveguide architectures in the two specific cases of LRSPP waesgaitd PIROW
waveguides, using the trends from the theoretical analysis.

3. Coupled waveguides in plasmonics and SEB device architectures
3.1 Plasmonic waveguiding

Plasmonic waveguiding (using extended plasmons as oppodedatised ones) was set on
firm basis by Berini's work [22,23] (needless to say, 2Daserfplasmons are documented in
textbooks and many reviews). If we restrict ourselves to 1D chavaadguiding, the state-
of-the-art has gone well beyond the basic rectangular geometryatitee. For instance,
extensive reports concern metallic V-grooves to propagate with ebthases or wedges [24—
26]. Generally speaking, many of the building-blocks ofegndted optics have been
transferred to SPPs with success (bends, Bragg gratings, faretsinents etc.) [27]. Hybrid
waveguiding [14,18] is one of the best solutions to retaiong confinement, while LRSPP
reduce losses by thinning the gold or silver layer to a pehre strong deconfinement
occurs [3,25,28]. A theoretical and experimental account of plasmepstems with a gain-
carrying dielectric layer can be found in [29].

Plasmonic and dielectric waveguides can be coupled among thenmeiveombination.
For instance [30] reports on coupling between silicon and copf@monic nanoslot
waveguides in the framework of MOS technology. A recent ititisin of a less confined case
was reported by Ref. [31] whereby a LRSPP waveguide simildrosetof [4] and [3] was
coupled to a polymer one.

3.2 Device with long-range plasmonic waveguide (LRSPP)

The simplest target to implement SEB is the coupled LRSRIPdatectric case. For the
parameters of [31], i.e. a wavelength of 1.55 um, an elondatertoss section of 36 nm x
4,6 um, a dielectric waveguide made of SU8 (refractive indek %7) having about a 1.5 x 2

unt cross section, a typical coupling length Igf=400 um was found. The decay length
Ly = 9" =A/4m|Im(n,,)| of the LRSPP, however, is as long as ~4 rfim(,,)| = 3 10° at

A = 1.5 un). A typical profile of the two split modes of transverse nadignpolarization is
given in Fig. 4.

We have calculated this case in more detail following our preferifo get imaginary
eigenvalues singularity near zero. We have used various commerdpkadalized mode
solvers, and mainly COMSOL which provided well converged tesuten fed with adequate
initial guesses. The results retain most of the expected featwgashough additional effects
that were not present in the one-dimensional case makes the desistchedf of coupling
that brings the SEB at zero imaginary eigenvalues less straighttbthan in the model case.

Hence, our studies of eigenvalues assess the viability ohdireingredient of the present
plasmonics + PT-symmetric approach in a realistic case.

We can now discuss the overall device working point in practical dasesler to operate
the device around the SEB with increased modulation usingxipressions based on length:

L =7, (with L, =g;") andL,,, = 3L = 3L, . Data will be gathered in Table 1.
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E, cross-section at 2.=1.55 ym
Al % ! air Au stripe:
~N Thickness 36 nm
n=1535 SUS guide
antisymmetric mode air Thickness 1.5 um
Width 2 pm
) 0
y —ld— SU8 (n=1.57) Separation distance
L d=2.5 pm
X

symmetric mode

Fig. 4. LRSPP + dielectric waveguide based on SU8 and g&&€B Color map of y electric
field component for antisymmetric and symmetric modes.

In the present case, we find two approaches: either, from thedfakjs= g;* =4 mm

decay length, the coupling length has to be stretched to thhdavge value ofL. = 7rg;* ~13
mm andLge, is in the 40 mm range, or we decide to operate at larger lod#efotonstance a
much smaller coupling lengtil =400 pum with a much shorter LRSPP decay length
L, =L2/m=g;* =127 um. The former case requires simply a largacispg, typically 5 um

to 7 um. The latter case requires a thicker goldrigin a well mastered range), and a more
confined mode, thus a closer proximity of the LRS®® dielectric waveguides, typically
around 1.0 to 1.5 um. Let us continue the dimemsgpim this less hypothetical second case;
then a modal gain of 8m™* is required, well in the range of mastered galis can further

be translated in terms of bulk gain. The typicatfa@ement factor of the SU8 waveguide for
the magnetic modes of interest is abbut 0.9. Therefore, a bulk gain of about @™ is
needed. In practice, one would first qualify a k&8 test film with the same thickness (1.5
pm) as the waveguide, targeting nearly the sameahgadn, since presence or absence of the

in-plane confinement affects to less than 10%. The overall device cross-sedborthis
assumption of stronger losses, will be essenti@thited by the dielectric guide one, the
LRSPP being, after this modification, smaller ttiaa dielectric one.

These figures can now be interpreted in terms of gahancement from the SEB effect,
also collated in Table 1: As discussed before, picy modulation of the gain that would
ensure a switching requires about 20% modal gaiiati@n, or 15-20cmi* in the design with

L2 =400 um. Recalling [cf. Fig. 1(d)], that we do npecate at the zero-gain coupling length
L=L2, but aroundL,,, =3L°, a LRSPP-based realization exploiting the geometoposed
by [31] (L =400 um) would eventually demaride, = 1200 um to operate as a gain-
enhanced switch. Still, because the switching $§miorrespond toT,(g,) = O and
T,(9,) ~10, the result is appreciable in the sense that centrast C =
max(T,,(g,) Ymin(T,(g,) ) that can reasonably be hoped to exceed C > 26Btésned from

a small modulation, associated witty L,,,=2.5. Thus, the inequality expg L, ) =10 <«
200 manifests the interest of the result.

dev
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For a still shorter desigr,,, =3L% = 400 um, we have to correct again the gain data by a

factor 3.0, targeting a 246m* modal gain (see Sec.lV) and a 506@* gain modulation.
The ~40 pm decay length is now shorter than those typidaR8PP at 1.5 pm, one should
recourse to shorter range SPP or to plasmonics systems otherotbare.g., based on
Aluminum. We let the details of this exercise to a later work.

Another variant is to explicitly switch from infrared to aible wavelength to get higher
losses in the privileged case of gold. Going to thebl@sivavelength would shrink both
LRSPP and dielectric waveguides with an obvious scalinggesds transverse dimensions of
the dielectric given the constant index contrast, and a moredesicaling for the metal given
the detailed metal dispersion. The above scaling exercise wouldriogus to attempt a

design atL,,, =3L° = 190 um and losses (decay lengthys®0cmi™* (20 um), which falls in

the typical range of red/near infrared ordinary surface plasmonstiNdtence the losses are
set to a given value, our discussion on gain and gain-@oluladvantage is unchanged in
absolute terms.

Table 1. Basic Designs of PT-Symmetric Devices for LRSPP-RasWaveguides in the
Infrared or in the Visible, and for PIROW-Based Wavegudes

LRSPP LRSPP PIROW
Loss- Visible
LRSPP and  matched Short wavelength Au or Ag +
Design sug design Design design high index

Wavelength (nm 155(C 155( 155( 70(C-80C 63¢
SEE-Coupling 13 00( 40C 138 62 62
length at zero gain
(um)
Device length (un 39 00( 120(¢ 40C 19C 19C
Losses 90 2.5 80 240 500 500
(cm)
Baseline gai 2.t 80 24C 50C 50C
(cm™)
Gain modulatio 0.5-0.€ 15-2C 5C-60 8C-12C 8C-12C
(em™)
Dielectric 1.5x%x 2. 1.5x%x2.( 1Ex2.C ~0.7 x 0.! (SeeFig. §)
waveguide section
Hmxum
LRSPP data pm 4.6 x 0.03¢ 4.0 x 0.1 seeter Simple See tex
pm (Au) (Au) surface

plasmon

Separation (un 2.3 157 1.07 ~1.C 0.c

*From New J. Phy<l1, 015002 (2009) [31].
3.3 Device with hybrid PIROW waveguide

To address more miniature devices, it is necessary to confiogtibal mode with the help of
the metal, but to keep losses under a reasonable maximum. Téedéétectrics should also
be used to assist guidance and relieve the higher losses incurgdnioard plasmonics
confinement. In the case of our PIROW waveguide [18], golddagperated in the red part
of the spectrum, where organics are easily available, were suggbgbéchl decay length

figures for such waveguides are in the 5-10 um range. We cafiofeeseek coupling length
of the same order for a SEB-effect design.

Since there are no clearly privileged strategies to couple a gaiirng dielectric
waveguide to a hybrid waveguide [15], we prefer to pave the wawydb architectures by
studying the case of a double hybrid (PIROW) waveguide [h8ked closer to Fig. 1 in
essence. The basic layout of a single PIROW is sketched in. Figedmsists of a flat metallic
sheet, retaining the best metal properties and minimal edge rougtupesEsl by a low-index
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material in which a trench has been made, which has been udiedctty define an inverse-
rib high index structure, e.g. by spin-coating a relativelyhdingiex material (sol-gel or
organic). To retain a high degree of confinement a very thin regfidghicknessh made of
low-index material is preserved between the inverse-ridge battmhthe metal, much as the
magnesium fluoride layer in [2]. The electric field of the quadinode peaks in this region,
which favors a number of photonic figures of merit such asPueell factor, with a
mechanism reminiscent of the slot-waveguide physics.

basic PIROW
n=1 (air)
(sol-gel) W ey

(A=633 nm)

ist
y (resist) n_
X b

Fig. 5. Sketch of the PIROW cross-section: an inverse-rib of hidgxirmaterial coats the
grooved low-index material. It can be obtained by spin-coatingirfstance. The field
concentration at the tip end makes the details of the top sidieeslainimportant.

€L

Ltip

AN\

WIS

Let us first insist that ainglegenuine hybrid waveguide itself cannot be modeled asd aet
coupled dielectric and plasmonic waveguides supporting a corndpinaft their individual
modes: the eigenmodes are way too different, the field profile ehaige hybrid waveguide
is concentrated between the metallic and high-dielectric rega®taying not only in the
metal but alsdnside the high dielectric region, whereas the field profile, in a sdnaof
weakly coupled modes, only decaystsidethe high-dielectric region. When approaching a
high-index waveguide from a metallic one, looking at the @rigs as a function of physical
separation, there is thus a transition domain across which tipéiedamode picture loses its
sense.

We mostly need to study the coupling of two PIROW waveggitd arrive at a first-order
design. Using the same finite-element code as in [18] yooimetrizing the domain from x>0
to x<0, we get eigenmodes with both parities with respetitadntral mirror plane.

In Fig. 6, we show the dispersion of the two split moofea pair of PIROW waveguide
separated by a variable distarcceParameters of materials are indices n = 2.0 (high index,
inverse rib), 1.5 (cladding) and a standard tabulated refractilex ifor gold. The insets on
the sides show the symmetric and antisymmetric modes fbr dastes, not showing much
actual difference, implying that they experience a strong “pinniffgtieof the inverse-rib
narrow gap structures. The overall trend of index difference of {herswde is dictated by
the lateral decay length of individual modes. The fact thatidiwer supermode effective
index goes through a maximum is probably originating fribwn still favourable effect of
adding higher dielectric material when forming the second wadegather than making a
balanced perturbation to the original single guide situgtoe could for instance move high
dielectric from one place to another in the mode profile, foantst).

We can now design the device by imposing its lerigth=3L° first, say againl,,, = 190
um, (L2 = 62 um coupling length), hence we target &0 modal gain (the physical gain
region could be limited to the sole inverse-rib, for instancgpump a small volume, see

below). This is still a value that compares to the likelydeda@ain of surface plasmon lasers
[2]. The coupling length of 62 um is also associated wisipldting of the real eigenvalues

such thatl? An =A/2 (supermodes are out of phase), hence we need to locate onHég. 6 t
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separation between two PIROWs such th®e(n,, )=1 /2.2 . For a wavelength of 620 nm,
this points toward\Re(ne;) = 0.005 only, hence a separatobof nearly 0.9 um.

min max
— . e
3
° 1.74 y
]
& X
5 1.2
=
) low index
1.70 - A
— ‘ // metal
1 53 . high index

1 1 1 1 1 1 1
02 04 06 08 1.0
guide axis separation (pm)
Fig. 6. Effective indices of the two split-mode of two coupldB®®Ws as a function of
distance of separatiord. The system has no gain, only losses, on the order of

|Im(neﬁ)

d~0.9 um is indicated by the arrows.

=0.0123for both supermodes typically. The point wi{h‘ Re(M.4 1 = 0.00t at

But for the exact losses, here with gold, this particular PIR@WIgn results ifim(ng)|

= 1.25 10% (nearly the same value for a single mode or a supermode), thusawee
Ly=9g;' =1 /477|Im(neff )| ~4 pm, about gy = —2500cmi?, fivefold our target modal gain.

Thus for the next iteration, we are faced to two possible chommash as was seen for
LRSPP: (i) going to smaller coupling length and device $igeg abouty., = 70 pm, which
is a miniature solution, but difficult in terms of gaii) the other solution is to reduce losses
by either going to the more infrared wavelength range, beyond ®6@onnearly halve the
absorption of gold, which would already bring us to th80@lcmi* range and then to finely
adjust the gap/rib profiles to optimize the loss figurehi target (-50@m ) . We assume
that gain will be mostly lying in the high index mediuso, the modal distribution will dictate
the relationship between material gain and modal gain, as Hioteslab waveguides. A
broader inverse-rib and/or a less steep angle will localize thike nkeeping a large enough
coupling length, and it will allow material gain to mapslly participate to the modal gain. So
we anticipate that the design window is a target modal gain 800-dm”, and a device
length 200-400 um, for a separation of 0.9-1.2 um. Anywas, is only the first coupled
hybrid waveguide calculation for PIROW. Much work remainsédone to check what
indices will be best implemented in PIROWS, and which ri@sebring the highest gain
opportunities. In the next section, we review the possildanic gain devices that could be
implemented for the gain branch of our SEB devices.
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4. Organics gain in layered devices

Organic pi-conjugated systems are good candidates for provghig in plasmonic PT
symmetric devices, not only because they comply with thie §&n requirements, but also
because they can be processed easily with various techniques (frgimnsadr thermally
evaporated) which makes them ideal choices at least for early prpdfioiple
developments. Noginov spaser [16] used an organic dye-dopedstikll surrounding a gold
nanoparticle, for instance. Furthermore, organic materials, i.sicdhtaser dyes and organic
semiconductors, are boosted by the rapid growth of Organit Eigritting Diode and organic
photovoltaic devices. Although an electrically-pumped orgamid@®ductor laser diode has
not been yet demonstrated [32], the possible opportumigyetctrically drive organic systems
would be an additional benefit towards higher integration amgriacosts for plasmonic
devices.

4 ; . ; A
10 B Variable Stripe Length technique PFO
A Transient pumpl/probe experiments
Practical limit for VSL -
100 A (gain saturation) ﬁ: : MEHREY
£
2 | I
'% | | Targeted gain region
e 1 |
B 10?5
5 m am 1 |
o u u L n 1 —> 1
< - ] | Micro-vsL
- u gu " (this project) |
10" 4™ L ml 1
Approx. practical limit for fs
1 1 transient pump/probe (S/N ratio)
. 1 le
10° 10* 10° 10° 10 10° 100 10

Incident peak Pump power density (\W/cm?)

Fig. 7. Measured gain as a function of incident peak powewdoous literature results
corresponding to different methods as indicated.

There is curiously no clear agreement on the gain values that eahibeed with organic
films (see Fig. 7), firstly because many materials stillradigtably suffer from ambient
conditions (oxygen, moist) and/or from quenching and bleachind,secondly because the
classical paradigm for an operational organic laser is a “low los#ydawith good mirrors,
Distributed Bragg Reflector, DBR or photonic crystal) whichsptite gain material in a
position to work in a low gain regime. Plasmonics pusgjaoics to a quite unexplored domain
where they are required to work as high-gain materials in high-log®ements. Candidates
are either (i) dyes such as Rhodamine dispersed in polymeric @sgsikgel hybrids or (ii)
organic semiconductors, which in contrast to dyes are ablenitouader the form of neat
undiluted films: they may be conjugated polymers such as d&Pivatives or MeLPPP [33]
or molecular films of amorphous small molecules [34].

Literature on gain measurements in thin films of organic maslimabundant but
paradoxically no trend can be drafted about the compared meritfevéuli gain materials,
since both materials and experimental conditions strongferdifom a report to another.
Defining a simple figure of merit is complex: basic spectrpgcadata such as stimulated
emission cross sectiors)( are not sufficient to rank a material as photogenerated states
(triplets, polarons, etc.) and quenching intervenes in a corfgdéion in the total population
inversion that can be reached, directly impacting the achievale gai

The question here is then to know whether gains in the targatedmughly between 10
and 16 cm) are achievable in organic waveguides. Very high gains haverbperted in

#147658 - $15.00 USD Received 20 May 2011; revised 1 Jul 2011; accepted 13 Jul 2011; published 30 Aug 2011
(C)2011 OSA 12 September 2011 / Vol. 19, No. 19/ OPTICS EXPRESS 18017



organic semiconductors with femtosecond transient pumpepesiperiments (see Fig. 7):
Wegmannet al [35] obtained 200@ni* in MeLPPP at a 400 fs delay after excitation, and
Virgili et al [36] claimed 12 00@ni* in a film of Polyfluorene at = 0 fs delay. These gains
are derived from a change in the transmission of the samplearth@yven at a specific tinte
and represent a “local gain” (product of emission cross sectidomchlpopulation inversion),
not directly the waveguide modal gain, which can be thougha apatial and temporal
average of local gain. A similar technique (with a pulsed ns pamdpa cw probe) was used
by [29] in a plasmonic waveguide (in a Kraetschmann-Raethdigacetion) yielding a gain
of 420 cm* in a PMMA film doped with Rhodamine 6G; this value, geed from a
reflectivity measurement, is still not a direct measuremegaif.

The most direct and widely used technique to measure waveguiteigahe so-called
“Variable stripe length” (VSL) technique [37]. It does not rieguhe injection of a probe
beam by the film edge, which may be problematic in orgamiasfivhere edges are never
well-defined. The technique consists in exciting the matergh fthe top by a pump beam
tailored under the form of a thin stripe of variable length amshitoring side-emitted
Amplified Spontaneous Emission (ASE). The gair(in cm™) is deduced from the ASE
intensityl dependence versus pump stripe lengby a simple formula, which holds in a 1-D
approximation and whenever gain saturation is negligible:

/73p0nt g-a)L
I(L)=E[e( -1 (6)

where o represents the passive losses (self-reabsorption and wavegsies),ipgo.: is the
power density of spontaneous emission emitted intotthpe quivalent solid angle (fraction
of spontaneous emission, akin to the so-cgliéattor).

The VSL technique has been used in thin crystal slabs, orgeng; D, and recently
silicon nanocrystals [38], but is often poorly practiced bexdasye deviations from the
assumptions subtending Eq. (6) easily arise, either in cahgpéos on the excitation sides,
or due to the breakdown of the quasi-1D approximation [39]s lhowever possible to
improve the accuracy of the measured gain through a careful deshyn agtical system: by
imaging a couple of razor blades instead of placing the sampléx@d distance from them,
the customary Fresnel diffraction pattern of excitation beanntisally eliminated and a sharp
profile is defined for the pump stripe, thus eliminating tleed of a complex algorithm to
retrieve the gain [34]. Modeling efforts can also be done to takeatdount gain saturation
issues [40].

A rapid analysis of the published gain measurements wetiv8L method (Fig. 7) shows
that the reported gains all cluster in the rang®&100 cmi?, although pump energies/peak
powers vary across several orders of magnitude and materials matalbedifferent. It is
important to notice that thiapparent upper limitof ~1G cmi® is a practical limit when
stripes (typically ~100 pm wide, allowing a very smalletigence of ASE) are formed onto
the sample, a gain > 1@0n " is inevitably associated to a low saturation intensity ctvlis
readily attained within less than 1 mm as far as the guided mantnfined (even loosely).
This means that th€L) dependence strongly departs from Eq. (6) after only a few hundreds
of um of propagation, invalidating the 1D approximationsidering that ASE is directional.
For these reasons, it is generally preferred to lower the pumpiiptensbtain reliable data
over several mm of propagation. There is therefore no fundandfiteliity hindering the
measurement of higher gains, provided that the pump stripads thinner and higher pump
fluences are used. Photodegradation will ultimately limit dfferdable pump fluence, but
there is still a comfortable margin before attaining a regime wievice lifetimes become
too short to be practicable. The peak intensities used in [RBf86] are indeed of the order of
10 W/en? while intensities used for VSL measurements typically range ft6hto 10
Wicnf [41,42].
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To illustrate this aspect, we measured the gain in a well-establisystem, a 20-um thick
PMMA layer doped with Rhodamine 640 (1 wt.%): with punowvpr density of 5.70W/cnT,

a net gain of 3®m™* was obtained by the VSL technique. In the meantime we readized
Vertical External-Cavity Surface-emitting Organic Laser (VECSOLlite same material
excited at a power density above’ W/cnt [40] and observed device lifetimes under these
conditions to be still > 5000 pulses under ambient itimms. This would mean that if gain
was just proportional to pump fluence, gains on the ord@@®&mi™* should be expected with

a good lifetime. Bleaching and excited-state interactions probaigr Ithis value to some
extent, but it demonstrates that the targeted zone ¢0b< g < 500cmi™) for confined
plasmonics cases such as the PIROW is within reach. It important point as it directly
determines the size of active devices and the degree of miniaaminhthis SEB plasmonics
approach.

Therefore, not only the architecture of a device exhibiting SEB Hae done according to
the design rule of Sec.ll, but also the way to implement gsgessment has to be done in
such a way that higher gains can be measured, up ter66Qypically, notably through an
improved VSL setup. It has to be noticed that these hajhsgfavor the emergence of
amplified stimulated emission that will tend to cause gaimration, which does not affect the
expected behavior around the critical point as already pointedriawnh the experimentalist
point of view, high gains may also favor unwanted lasieigvben weakly reflective contacts
or scattering defects (random lasing), adding potential techaliffigulties but not affecting
the fundamentals of SEB.

5. Conclusion

Following the demonstrations that the properties of someH®mitian systems with PT
symmetry behave either with real or complex eigenvalues, we havepttd to tackle this
issue to elaborate novel PT devices based on plasmonit@uglt plasmonic waveguides
have fixed losses that cannot be matched to the varying gahe cfystem, we offered a
design rule that preserves the critical behaviour at the tranbigioveen real and imaginary
eigenvalues: the coupling constant should be matched fix¢laelosses.

We have next discussed two possible implementations of systems: the first one
targets low gain, and correspondingly makes use of a LR@REguide as a loss channel. We
have shown that a design operating in the 400 um range eveblatrh requires much larger
coupling and losses than the realisation in [31], and thisnideed favourable to
miniaturization. This is of course even clearer if a visible radialigsign is considered. Thus
“compact” LRSPP systems could be privileged in this approBled.second implementation
is based on the PIROW waveguide recently proposed, operatimgcht larger losses and
targeting device size in the 100-200 um range.

We have finally assessed whether the current organic gain systénbeoimplemented
as well to ensure gain of a higher order of magnitude than colpmssessed, by remarking
that this assessment heavily rests on the sole VLS methsityjagion that likely limit the
obtainment of a large gain measurement anyway. We have hingegateasons to invoke
gain values up to 500-1008hi* in robust enough systems for future integrated photonic
circuits.
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