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Nonlinearities of organic electro-optic
materials in nanoscale slots and implications
for the optimum modulator design
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Abstract: The performance of highly nonlinear organic electro-optic (EO) materials
incorporated into nanoscale slots is examined. It is shown that EO coefficients as large as
190 pm/V can be obtained in 150 nm wide plasmonic slot waveguides but that the
coefficients decrease for narrower slots. Possible mechanism that lead to such a decrease are
discussed. Monte-Carlo computer simulations are performed, confirming that chromophore-
surface interactions are one important factor influencing the EO coefficient in narrow
plasmonic slots. These highly nonlinear materials are of particular interest for applications in
optical modulators. However, in modulators the key parameters are the voltage-length
product U,L and the insertion loss rather than the linear EO coefficients. We show record-low
voltage-length products of 70 Vum and 50 Vum for slot widths in the order of 50 nm for the
materials JRD1 and DLD164, respectively. This is because the nonlinear interaction is
enhanced in narrow slot and thereby compensates for the reduced EO coefficient. Likewise, it
is found that lowest insertion losses are observed for slot widths in the range 60 to 100 nm.

© 2017 Optical Society of America
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1. Introduction

Large electro-optic (EO) coefficients [1] are beneficial for efficient operation of e.g. field-
sensors [2-10], for nonlinear frequency conversion [11-17] or electro-optical data modulation
[18-26]. EO modulators are of particular importance as they are ubiquitously used in optical
communications. The efficiency of EO modulators depends on the strength of the EO
coefficient. In practice however, the device performance not only depends on the EO
coefficient but also on the dimensions of the waveguide and confinement of the light to the
EO material. In this context the voltage-length product has emerged as a useful figure of
merit. It gives the active device length and voltage required to switch from the on- to the off-
state. The ultimate goal of a modulator design is the fabrication of devices with the smallest
possible voltage-length product (i.e. smallest footprint with the least required voltage) and the
lowest losses.

To this day optical modulators for communications rely almost exclusively on LiNbO;
with an EO coefficient of ry3 ~34 pm/V [27], offering voltage-length products of
U.L ~1-10 Vecm. Larger EO coefficients can be provided by organic EO materials with
reported bulk EO coefficients of rs3 >400 pm/V [28-33]. However, when these organic

materials are deposited onto a chip for integrated optical applications, the reported EO
coefficients are often below the values reported for bulk materials [29-32]. For example,
when the organic EO materials are applied to slot waveguide configurations featuring slot
widths below 400 nm it becomes more challenging to achieve large in-device EO coefficients.
Only recently EO coefficients of up to rz; = 230 pm/V (at 1550 nm) were measured in 150 nm
wide silicon slot waveguides [34] while the same material provided EO coefficients of up to
rs3 =273 pm/V (at 1310 nm) in bulk materials.

In this communication, in a first step we investigate the EO activity of the organic EO
materials JRD1 and DLD164. In-device EO coefficients of 190 pm/V have been found in
plasmonic slot-waveguides with widths in the order of 150 nm and wider. The EO
coefficients significantly decrease for narrower slots though, see Fig. 1. Possible reasons for
the decrease of the EO coefficient are discussed. In a second step, we investigate the
performance of these materials in a new generation of plasmonic modulators [35,36] with
respect to the width of the plasmonic slot waveguide. It is shown, that the plasmonic sub-
diffraction light confinement not only compensates for the decrease of the EO coefficient in
narrow slot waveguides, but also allows for shorter devices and therefore results in lower
insertion losses for narrower slot waveguides. So, for instance, record-low voltage-length
products of 50 to 70 Vum are found for slot widths in the order of 60 nm. The lowest
insertion loss is observed for slot widths in the range of 60 to 100 nm. The ideal nonlinear
device should thus feature slot widths in the order of 60 nm. Implementing a 60 nm slot-width
in an EO modulator we can demonstrate on- to off-operation with voltages as low as
U, =1.4 V. This demonstrates that the plasmonic modulator technology not only offers high-
speed >170 GHz operation [37] and most-compact footprints [38], but can also offer low
operation voltages in the order of 1 V compatible with CMOS transistors voltage levels.
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Fig. 1. Artistic view of a plasmonic slot waveguide filled with an organic EO material (JRD1,
inset). A dependence of the EO coefficient on the slot waveguide width is experimentally
investigated for the materials JRD1 and DLD164. EO coefficients of 190 pm/V are found for
wide slots while these values decrease for narrower slots.

The article is organized in two main chapters. Chapter 2 focuses on the organic EO
materials and their electro-optic coefficient and Chapter 3 discusses the application of such
organic EO materials in plasmonic-organic hybrid modulators. Chapter 2 starts with Section
2.1 discussing the performance of state-of-the-art organic EO materials when incorporated
into nanoscale slot waveguides. Section 2.2 describes the materials used in this work and
connects the molecular nonlinearity of the chromophores and the macroscopic EO
coefficients of their materials. Possible origins of the slot width dependent EO coefficient are
discussed in Section 2.3. Chapter 3 starts with Section 3.1 to introduce the plasmonic-organic
hybrid (POH) Mach-Zehnder modulator (MZM) that will be subsequently used for the EO
characterization of JRD1, including device poling and the slot-width dependent EO
coefficient. Section 3.2 describes the influence of the slot-width dependent in-device
nonlinearity on the modulator performance and discusses the optimum modulator design
parameters.

2. The electro-optic coefficient and its dependence on the geometry
2.1. State-of-the-art organic electro-optic materials in nanophotonic devices

The performance of EO materials in nanophotonic devices depends strongly on the
dimensions of the active region. In bulk materials, with material films having thicknesses
from hundreds of nm to several um, large EO coefficients of r3; >400 pm/V [29-33] can be
achieved. However, when organic EO materials are applied to horizontal silicon or metal slot
waveguide structures the large bulk values typically cannot be reached. This section discusses
the slot-width dependence of in-device EO coefficients of state-of-the-art organic EO
materials.

In this work we investigate the slot-width dependence of the organic EO materials JRD1
[39] and DLD164 [7, 36, 38, 40-42]. We observe a distinct decrease in the EO coefficient
with decreasing slot width. Figure 2 depicts the slot width dependent EO coefficients for the
two investigated materials and additional state-of-the-art organic EO materials. For DLD164
an additional measurement performed in a silicon-organic hybrid (SOH) modulator [43] with
a 160 nm wide slot is included. Table 1 summarizes the corresponding data of Fig. 2. Note
that the calculation of the EO coefficient in [39] was performed with a refractive index of
1.62 at 1600 nm. New measurements indicated a refractive index of 1.8 at 1600 nm. While
the measured device performance is not influenced, calculated values such as the EO
coefficient have been adapted. Compared to [39], the second-order nonlinearity slightly

increases to y2) =1020 pm/V, therefore the maximum EO coefficient I,; calculates to 193
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pm/V. All calculated values in this article are derived using the measured refractive index
given in this manuscript.

Comparing the EO coefficient of the investigated materials JRD1 and DLD164 to reported
values of the independent studies (Refs [34, 43-55].) indicates a similar slot-width dependent
EO coefficient in other materials and material composites. These reported in-device
nonlinearities were characterized in silicon slot waveguide based modulators [22]. The largest
in-device nonlinearity reported so far was achieved with the binary chromophore organic
glass (BCOG) YLD124/PSLDA41 [34, 44]. Yet, most commonly used materials are based on
guest-host polymer systems. These include AJCKL1/APC [45] and commercially-available
materials such as GigOptix M3 [46-50], Soluxra SEO100 [52, 54, 55], and Soluxra SEO125
[51-53].
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Fig. 2. Maximum reported EO coefficients as a function of the slot width. For all reviewed
materials a strong slot-width dependence of the EO coefficient is found. Monolithic material
systems show a more than 10 times higher EO coefficient than guest-host systems for slot
widths below 80 nm, indicating that these material systems may potentially be better suitable
for nanoscale photonic applications. (Device EO coefficients measured around 1550 nm, bulk
values measured at 1310 nm.)

All reviewed materials show a strong slot-width dependence of the EO coefficient.
Possible origins for this dependence are discussed in Section 2.3. For the few reported slot
widths below 100 nm the performance of guest-host based materials is reduced to EO
coefficients below 50 pm/V. At similar slot widths, monolithic material systems feature
approximately 4-times larger EO coefficients in the range of 150-200 pm/V. Even at further
reduced slot widths below 80 nm, these monolithic materials offer much larger EO
coefficients than guest-host based materials. This indicates that these monolithic material
systems may be better suited for nanoscale photonic applications. Note that the bulk values
plotted here have been taken from measurements performed at a wavelength of 1310 nm
while all in device-measurements have been performed around 1550 nm. The EO coefficient
typically is higher at shorter wavelengths, so that the bulk values if measured at 1550 nm
would in fact be lower.

In addition to the EO coefficient, the refractive index n and the glass transition
temperature T, are important material properties to be taken into account for the in-device
application of these materials (see Table 1). A low T, material allows for easy material poling
(see Section 2.2) at low temperatures. However, a low T, also asks for moderate operation
temperatures. The commercial materials GigOptix M3 and Soluxra SEO100, and SEO125
have demonstrated long-term stability at 85°C satisfying Telcorida standards An alternative to
these materials with an inherently high T, are materials, which can be crosslinked to elevate
the material glass transition subsequent to electric field poling [56].
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Table 1. State-of-the-art organic electro-optic materials.

I'33,bulk I'33,in-device I'33,in-device I'33,in-device n (2) in- Tg [OC]
[PM/V]  (Wao~60-  (Weo =100-  (Wyq =150 1310 4333
1310nm 80 nm) 120 nm) nm) nm device
[pm V] [pm /V] [pm V] /1550 [pm/V]
1550 nm 1550 nm 1550 nm nm 1550 nm
JRD1 [57] 343/ 136° [this 156° [this 193° [this 1.87/ 1024° 82 [57]
556°[28]  work] work] work] 1.81
DLD164 [58]  137[58] 160 [36] 180 [40] 180 [43] 19/ 1010 66 [58]
1.83
YLD124/ 285 [44] - - 230 [34] 1771 1030 97 [34]
PSLDA41 [44] 1.73
[44]
BNLO[33]® 273[33] - - - 2.21/- 117 [33]
[33]
25%YLD124/ 118[58] - - 30 [34] 16/ 125¢ 105 [58]
PMMA 1.58°
Soluxra 110/260° - - 132 [55] /1.71 564 -
SE0100 [52]  [54] [59]
Soluxra 125[60] - - 98 [51] -/1.63 346 150 [51]
SE0125 [52] [51]
GigOptix M3 86 15 [49] 23[50] 40 [49] -/1.68 160 168 [46]
[46] [47,48]
25%AJCKL1/ 90 [45] 10 - 59 [45] -/163 208 145 [45]
APC (1550 [61]
nm75
pm/V)

2 with charge blocking layer. ° Binary nonlinear optical chromophore C1 in [33]. ¢ measured at 1600 nm, larger
rss is expected at lower wavelengths. ® [34] gives an refractive index of 1.7 at 1550 nm for
25%YLD124/PMMA. Ellipsometric measurements result in n(1550 nm) = 1.58. To calculate Xg?s the
refractive index and the EO coefficient given in [34] are used.

2.2. Organic Electro-Optic Materials — From Microscopic to Macroscopic
Nonlinearities

This section describes microscopic properties of the monolithic organic EO materials JRD1
and DLD164 investigated in this work as well as how these microscopic properties are
translated to their macroscopic nonlinear behavior.

In general, EO chromophores are randomly oriented upon solution deposition, Fig. 2(a).
To achieve macroscopic second-order nonlinearity, those molecules have to be aligned non-
centrosymmetrically [62, 63]. This can be achieved by electric-field poling [62, 64], where an
electric field is applied to the material while the material is heated near its glass transition
temperature. During this process, the molecules reorient due to the torque on their molecular
dipole moments i, in response to the electric field, see Fig. 2(b).
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Fig. 3. (a) Thermally randomized order of the material after deposition. JRD1 offers a higher
chromophore density py than DLD164. The randomized order results in an average order of
cos’0=0. (b) Upon electric field poling the chromophores align along the poling field
Epoling. The angle @ between the dipole axis ,17 and the poling field describes the efficiency of
the poling process. The ordering of all molecules in one direction results in <COS3> >0 and
therefore rs3 > 0. (c) Chemical structure of the chromophores. Both materials share the
commonly used amine donor — & bridge — tricyanofuran acceptor motif chromophore core.
JRD1 features two sterically bulky tert-butyldiphenylsilyl (TBDPS) functional groups,
DLD164 features two coumarin-based pendent side chains.

The macroscopic second-order nonlinearity rs; achievable during electric field poling can
be related to its microscopic material properties [65]:

t = 2B,y (c05°0) (1)

where, the microscopic nonlinearity of the molecules along its dipole axis is described by its

first-order hyperpolarizability f,,,. The chromophore number density is given by py. The
average degree of orientation of the chromophores is described by the average acentric order
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parameter §0053 >0, where @ describes the angle between the external electric poling field
E, and the dipole moment of the individual chromophores z , Fig. 2(b). In a perfectly ordered
system all molecules would be aligned parallel to the electric poling field E, meaning 6 = 0
and cos® @ =1. However, due to thermal effects an upper limit to acentric order may be given
by the Langevin limit as cos® @~ iE /5kT [66, 67]. To take into account partial field
screening in the material the Lorentz-Onsager local field factor g [62] is included, n is the
(wavelength dependent) index of refraction at the wavelength of interest.

To achieve largest EO coefficients rs3, each of the contributors to Eq. (1) should be
maximized, but unfortunately, some of the contributions are not necessarily independent and
may work counter to one another. £,,, can be tuned using synthetic chemistry guided by
theoretical modeling [62]. Increasing ., generally involves having a strong electron donor
and a strong electron acceptor separated by a rigid polyene n-bridge. f,,, increases as distance
between the donor and acceptor increases, which also redshifts the chromophore absorbance
according to the two-state model [63, 68] and could contribute to optical loss if it is too close
to the operation wavelength of the modulator. As f,,, increases, the dipole moment £ also
increases, although the dependence on length is not as strong. Electrostatic attraction
proportional to z* drives dipolar molecules to assemble into antiparallel pairs (dipolar

coupling) that are centrosymmetric. This coupling energy must be overcome by the poling
field to get good alignment.

While dipole moments of chromophores used a decade or more ago, such as DR-1, had
dipole moments in the 8-10 D range [69, 70], the best chromophores today have dipole
moments in the 30 D range, which dramatically increases the magnitude of dipolar

intermolecular interaction and reduces the maximum cos® @ achievable at a certain poling
field. The strength of dipolar coupling is inversely proportional to the organic EO
chromophore intermolecular distance, so centrosymmetric ordering can be reduced by

diluting the chromophores in a host polymer, resulting in increased cos®@ upon poling.
However, diluting organic EO chromophore in a host polymer reduces pyn. Therefore,
py cos’ @, often called the loading parameter, can be thought of as a single constraint to
optimize.

We investigate two organic EO materials in more detail, JRD1 [28, 57, 71] and DLD164
[58], both optimized for a high loading parameter p, cos®@ . While sharing a similar

chromophore core designed for large nonlinearity and low absorbance in the telecom
wavelength range (1310 nm and 1550 nm), see below, JRD1 and DLD164 represent different

approaches to optimizing the loading parameter p, cos®@ and to achieve different material

properties, see Table 2. Despite the comparable microscopic first-order hyperpolarizability,
the macroscopic nonlinearity of JRD1 of ra3srps = 343 pm/V [28] exceed the values of
DLD164 r33pLp1ss = 137 pm/V [58], where both values have been measured at 1310 nm. Jin
et al. demonstrated in [28] that a benzocyclobutene barrier can increase the bulk EO
coefficients of monolithic organic EO materials up to rs3s;rp; = 556 pm/V. However,
application of a BCB charge blocking layer in plasmonic devices is hampered by the
nanoscale feature sizes and layer thicknesses.

The two investigated organic EO materials are based on the commonly used amine donor
— 7 bridge — tricyanofuran acceptor motif used in the well-studied organic EO chromophore
YLD124 [21], see Fig. 3(c). The modification to create JRD1 introduces two sterically bulky
tert-butyldiphenylsilyl (TBDPS) functional groups (red). This modification results in a
chromophore that is amorphous, has good film-forming properties, and can be efficiently
aligned even as a monolithic, high number density py material without a polymer host.
Through a combined experimental and theoretical effort it has been established that the
TBDPS groups provide enhanced molecular mobility such that even though the molecular
dipole moment 4, and hyperpolarizability f, are comparable to chromophores like YLD124,
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JRD1 can achieve a larger acentric order cos® @ during electric field poling [28, 72] giving
rise to a larger EO activity.

DLD164 [58] has an analogous donor — m bridge —acceptor structure, but with two
modifications: a simple hexyl chain is attached on the donor end for improved solubility, and
two alkylbenzoylcoumarin units are attached on the bridge ring. The coumarin-containing
units impart good film-forming properties, producing monolithic films that do not crystallize,
and have been shown in a similar chromophore system [67, 73, 74] to have long-range
intermolecular cooperativity reducing the rotational degrees of freedom of the NLO portion of
the molecule resulting in increased cos® @ in spite of the decreased py.

The difference of the chromophores structure not only influences the achieved EO
coefficients, but also the refractive index n" and the absorption n" of the materials, see Fig.
4. While both materials feature a comparable real part of the refractive index in the
telecommunication wavelength range (1310 nm, 1550 nm). JRD1 has a slightly larger
imaginary part of the refractive index than DLD164. However, in the telecom wavelengths
range the imaginary part of the refractive index and therefore the absorption of both materials
is negligible.

; (a) Real Part of Refractive Index (b) Imaginary Part of Refractive Index
v T T T T T T 1.0 T T T T T T
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Fig. 4. Refractive indices of JRD1 [28] and DLD164 [58] measured by ellipsometry. (a) Real
part: At the telecommunication wavelength of 1550 nm JRD1 features a comparable refractive
index to DLD164 (njrp1(1550 nm) = 1.81, npp164(1550 nm) = 1.83). (b) Imaginary part. At the
communication wavelengths of 1310 nm and 1550 nm both materials offer a negligible
imaginary part of the refractive index.
Table 2. Material properties of the organic EO materials JRD1, DLD164 and YLD124
PN best raspuk  Best razjn. n
[chromophores/nm?] [pm /V] device 1310 nm/
1310 nm [pm /V] 1550 nm
1550 nm
JRD1 [28][this work] 0.533 343/556° 193° 1.87/1.81
DLD164 [43,58] 0.395 137° 180 1.9/1.83
YLD124 [28] 0.683 118/242% - 20/1.9
25%YLD124/PMMA [43,58] 0.172 118 30 1.6/1.58
25%YLD124/PSLDA41 [34,44] - 285 230 1.77/11.73

@ with charge blocking layer. ® measured at 1600 nm, larger r; is expected at lower wavelengths. ¢ dielectric
breakdown occurred during electric-field poling of bulk references limiting the maximum achievable rs;

Table 2 summarizes the material properties of above discussed monolithic organic EO
materials JRD1, DLD164 as well as an example for a guest-host polymer system of 25 wt%
YLD124 doped into 75 wt% PMMA. Neat YLD124 offers the highest chromophore density
PnyLpiz4 Which corresponds to 0.683 chromophores/nm®, when doped into PMMA this
number reduces to 0.172 chromophores/nm®. While neat YLD124 has a higher chromophore
density than DLD164 and JRD1, the latter two chromophores that have been optimized for a

high loading factor p,, cos® @, offer higher macroscopic EO coefficients. The two materials
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benefit from an increased cos® @ achieved with the help of the additional side chains. The
coupling of p, cos® @ can be discussed more precisely by comparing the achieved bulk EO

coefficients of 118 pm/V for the monolithic YLD124 and for the composite
25%YLD124/75% PMMA. When YLD124 is doped into PMMA to reduce chromophore-
chromophore interaction py is decreased by a factor of 4, however, the EO coefficient stays
the same. Due to the larger chromophore distance cos® @ increases and fully compensates for

the reduced py. When a charge blocking layer is present cos®@ can be increased further
resulting in even higher EO coefficients [28].

2.3. Decreased electro-optic coefficients in nanoscale geometries

The slot width dependent EO coefficient described in Section 2.1 can be connected to a slot
width dependent loading parameter p, cos® @, see Eqg. (1) in Section 2.2. In this section, we
discuss possible effects reducing p, cos® @ in plasmonic slot waveguides. We attribute the
observed reduction of the EO coefficient to a combination of the below mentioned effects.

2.3.a Slot filling effects

In very narrow slots the nonlinear material may not fill the complete slot area
homogeneously. In 50 nm wide slots only approximately 20 to 30 molecules can align head-
to-tail (chromophore length: ~2 nm from donor to acceptor). The constant bulk phase intrinsic
number density py according to Table 2 cannot be assumed any more. Minor contaminants or
other residuals as well as incomplete filling of only a few molecules can dramatically reduce
the effective number density in the slot pgq, SO that in narrow slots: p, > p,,, - Consequently,
the EO coefficient in narrow slot devices is decreased compared to the materials bulk value:
Py €OS” 0 C gy > Ty gy O Py COS™ 0.

2.3.b Surface effects

Surface interactions between the organic EO molecules and the slot sidewalls (Au, in the case
of plasmonic slot waveguides, Si or SiO, in case of the silicon-organic hybrid waveguides)
may lead to weak, noncovalent bonding that counteracts the ordering force induced by the
poling field. Depending on the chemical structure of the organic EO molecule it aligns in a
preferred orientation along the sidewalls [56, 62, 75]. Therefore, molecules in the vicinity of
the interface have their motion restricted by the fixed surface and do not efficiently align with

the poling field, resulting in a reduction of cos® @ and thus in a reduced r,, 4, o Py, €0s° 6. In

narrow slots the proportion of molecules being influenced by surface effects is large.

To further investigate this hypothesis, coarse-grained Monte-Carlo computer simulations
of CLD-type chromophores filling a 5 nm x 5 nm electrode area of a plasmonic slot with
widths ranging from 5 nm to 200 nm were performed under poling conditions (
Epoiing =100V /um ). We used the LoD coarse-graining method [76] and a model of the

chromophore core previously published in [77]. Additional information, including the wall
interaction potential, can be found in the Appendix A.1. The results of these simulations are

displayed in Fig. 5. A strong decrease in the overall chromophore loading, p, cos® @, can be

observed for plasmonic slot widths below 50 nm, see Fig. 5(a). Above a plasmonic slot width
of 50 nm, the system asymptotes to the chromophore loading value obtained for bulk
simulations of about 1.2:10%° molecules/cm®. The primary driving factor for the decrease in
chromophore loading in narrower slots is the reduced overall acentric order, since the average
density does not change. The acentric order is strongly affected by surface interactions
between the EO molecules and the sidewalls. This is evidenced in Fig. 5(b), showing
decreased acentric order for smaller slot widths due to strong average centrosymmetric order
(P, < 0) perpendicular to the poling direction. While P, = 0 indicates the absence of
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centrosymmetric order, P, > 0 signifies centrosymmetric order parallel to the poling direction.
P, < 0 indicates a centrosymmetric order perpendicular to the poling direction. The negative
centrosymmetric order parameter reflects the morphology near the gold (Au) surface: the
molecules are aligning parallel to the Au surface. This is highlighted in Fig. 5(c), where a
simulation-snapshot of the poled chromophore system is depicted. At the electrodes,
molecules cannot penetrate into the Au layer, but must lie on the Au surface with their dipole
moments predominantly ordered parallel to the surface. In contrast, in the bulk-region
between the two Au surfaces the average molecule orientation points along the direction of
the poling field. The simulations reveal the discrepancy between the bulk- and the surface-
region in terms of the molecular order of the EO material.

Furthermore, in Fig. 5(b) it is interesting to note that the centrosymmetric order is
increased by the presence of interfaces in comparison to bulk simulations [77], underlining
the importance of surface interactions particularly for smaller systems.
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Fig. 5. (a) Simulated chromophore loading as a function of the plasmonic slot width. The
achieved average acentric order €0s® 0 is marked as the color of the data points. (b)
Simulated centrosymmetric order, P, :(300529—1)/2 , in the poling direction as a
function of the average acentric order, cos? 6, the plasmonic slot width is marked as the
color of the data points. Additionally included are the centrosymmetric order parameters
P2 (0) is plotted as a function of the acentric order parameter cos’ 6, obtained from
Langevin theory for two-dimensional (blue, solid line) and three-dimensional (green, dashed
line) dipole order orientational spaces in the independent particle limit. (c) Snapshot of a poled
chromophore system in a 30 nm wide plasmonic slot.

2.3.c Inhomogeneous field distribution

Every microfabrication patterning method results in sidewalls that are not perfectly vertical
and have some surface roughness, and the effects are more magnified when the dimensions
are smaller. Waveguide inhomogeneity and the roughness of the waveguide sidewalls have a
strong influence on the electric field distribution in the slot. During the poling process the

alignment of the molecules roughly obeys cos®é o Eoing [78]. An inhomogeneous field
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distribution during poling leads to an inhomogeneous and inefficient ordering of the

molecules, thus reducing cos®@. The influence of surface roughness is stronger in narrow
slot.

2.3.d Current effects

A reduction of the slot width might lead to an increased electrical conductance G and thus to
higher currents during poling:

hAu Ldev (2)

slot

where the conductance is defined by the conductivity of the material in the slot g4, the
cross sectional area hayLgey and the slot width wg,.. When the electrical power during poling is
set to be constant, the higher current reduces the applied voltage and therefore reduces the
poling field. When the power is not set to be constant, high currents may occur during poling,
degenerating or destroying the organic EO material in the slot. During poling, however, a
certain poling field Epgjing = Ugoling/ Wsior IS desired. Therefore, a reduction of wg results in a
reduction of Upging in Order to keep lyqing CONstant at decreased slot width. However, Zhang et
al. [29] observe that the increased poling currents in narrow slots limit the poling efficiency
of the organic EO material SEO125 [52]. In contrast to other studies [28, 29, 45], we did not
observe a correlation between the EO coefficient and the poling current. Figure 6(a) depicts
the maximum measured poling currents for different poling experiments of JRD1 as a
function of the slot width. The achieved EO coefficients are color-coded. It can be seen from
our plot, that narrow slots do not feature a remarkably larger poling current over devices with
larger slot widths.
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Fig. 6. (a) Maximum measured current during the poling process of JRD1 as a function of the
plasmonic slot width. The achieved EO coefficient is marked as the color of the data points. (b)
Maximum conductance G of JRDL1 as a function of the plasmonic slot width measured above
the glass transition temperature T, To take different device lengths into account, the
conductance is normalized to the device length L. The achieved EO coefficient is marked as
the color of the data points. No correlation between the EO coefficient, the current and the
conductance is found. Narrow slots neither feature an increased maximum poling current nor
lead to an increased material conductivity or increased charge injection.

Figure 6(b) depicts the corresponding normalized conductance G/L =1 ;.. /(U soling Ldev) .
The conductance is normalized to L to take into account different device lengths. Here, one
might see how the conductance decreases for wider slots, see Eq. (2), however there is no
correlation between G/L and the EO coefficient r,,. The maximum achievable EO coefficient
of JRD1 may be limited by another factor. The maximum applicable poling field for JRD1

was found to be in the order of ~180 V/um. For larger applied fields the material in the slot
suffers from dielectric breakdown. As a solution it has been suggested to overcome dielectric
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breakdowns by preventing the effect with a charge blocking layer [28]. A blocking layer may
also reduce surface effects of the chromophores described in Section 2.3.h.

2.3.e Underestimation of rs3

A proper simulation of the static and the optical electrical field distribution in the slot is
important for deriving the values of the EO coefficients rz;. As will be mentioned in Section
3.1 and further described in the Appendix A.3, the EO coefficient cannot be measured
directly. It can be calculated knowing the modulators device dimensions, its U,L product, and
the simulated electric field distributions [40]. Variations from the simulated geometry
strongly influence the calculated values of rs;. There are two effects that influence the
simulated values. First, there are surface roughness and width variations along the waveguide
that are difficult to include in a simulation and are therefore excluded. Surface roughness
effects may lead to a slot-width effect. Second, there are non-vertical sidewalls that decrease
the overall efficiency of a modulator. We have included non-vertical sidewalls by performing
simulations with sidewalls at an angle of 5°. This value is a rather conservative number.
Several devices have been cross-sectioned and imaged by SEM indicating a larger angle. This
would mean that the nonlinear interaction in the slot-waveguide is less efficient than assumed,
which means that the electro-optic coefficient rz; of the material is higher then what is
estimated by assuming the moderate angle of 5° (see Appendix A.3). It can be seen how the
angle dependence of the plasmonic slot waveguides has an effect on the overall value of the
EO coefficient (~20%) but does not influence the slot-width dependence, see Appendix A.3.

3. In-device application: optimizing the plasmonic modulator performance

While optimizing a geometry for the largest possible EO coefficient might look like a
reasonable choice, the overall performance of a device depends on more factors. For instance,
for a real device it is not the EO coefficient that matters but the operation voltage and the
losses. The operation voltage depends on the slot width and the length of the device.
Naturally, the operation voltage will go down with length and for narrower slot widths.
Unfortunately, longer length and narrower slot come at the expense of higher losses;
therefore, we must optimize the factors for a particular application. Subsequently, we will
discuss the overall optimum geometry of a modulator.

3.1. Plasmonic Mach-Zehnder modulators

The in-device performance of the organic EO materials was investigated with plasmonic
Mach-Zehnder modulators (MZM) [36, 53] that have been fabricated in-house. We selected
the POH device approach because they operate with some of the highest light matter
interactions [40]. The combination of the organic EO material JRD1 with the plasmonic
modulators allowed us to operate the devices from the on- to the off-state with small voltages
of U, = 1.4 V. Figure 7(a) depicts a colorized microscope picture of a plasmonic MZM. It
consists of a silicon Mach-Zehnder interferometer with plasmonic phase modulators (PPMs)
[35] in each arm, separated by the signal (S) electrode. Figure 7(b) shows a colorized
scanning electron microscope (SEM) picture of a PPM. The PPM is formed by a metal-
insulator-metal (MIM) slot waveguide filled with an organic EO material. The modulators
were fabricated in-house as described in the Appendix A.2. They feature 200 nm high Au
electrodes, device lengths L ranging from 12.5 um to 75 um and were fabricated with slot
widths wg from 40 nm to 170 nm. In this slot-width range we expect high field confinement,
reasonable propagation losses and a good overall modulator performance. For larger slot
widths the MIM modes would lose the attractive characteristics of the strong MIM
confinement. An in-detail discussion of the slot-width dependence of the guided plasmonic
MIM modes can be found in [38].

The slots of the PPMs are filled with the nonlinear optical material, the organic EO
material JRD1 [28] which was applied by spin coating. To induce the macroscopic second-
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order nonlinearity in the material, the material must be poled. Therefore, after device
fabrication, the organic EO material was poled near the material’s glass transition
temperature. In case of the plasmonic MZM this is performed according to, Fig. 7(c). A
voltage is applied between the two outer electrodes of the modulator while the material is
heated close to its glass transition temperature. The molecules align in response to the poling

field (red arrows), E,. The resulting average acentric order cos® @ of the chromophores in the
direction of the applied poling field gives rise to the bulk EO activity, see Section 2.2.
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Fig. 7. (a) Colorized microscope picture of a plasmonic Mach-Zehnder modulator. (b)
Colorized SEM picture of a plasmonic phase modulator. Light is guided in a plasmonic slot
waveguide between two Au electrodes (c, d) Schematic and cross-sectional view into a
plasmonic Mach-Zehnder modulator with fields applied for (c) device poling and (d) device
operation.

To operate the MZM an electrical driving signal is applied to the signal electrode, Fig.
7(d). The voltage drops across the nanoscale slots of the PPMs. The field (blue arrows) in one
PPM points in the same direction as the poling direction (red arrows) and opposite in the
other PPM. This way, the phase changes induced by the linear EO effect in the two PPMs
have equal magnitude but opposite signs. The intensity transfer function of a plasmonic MZM
is given by

E..(Uy)

The transfer function follows a cosine function and its value changes with the relative
effective refractive index change Ang:. The operation point can be adjusted by a phase offset
Dyiss €ither by applying a bias voltage, or, in case of an imbalanced MZI, by adjusting the
wavelength. The effective refractive index change in the PPMs is directly proportional to the
relative refractive index change Anp/Npye induced by the Pockels effect. Furthermore, it
scales with the waveguide dependent parameters ng,, and 7" [36, 40], as well as the PPM
length L. The refractive index change Ann, depends linearly on the driving voltage Uy and the
EO coefficient ra;

2
o« ;[u cos(:”Aneff (Uy) LD D = ;[u cos[j”rmma‘(ud) Mo L~ P D ©))

oC 0C nmal

Anmat = _1/2 : r33 nr?\at Ud /Wslot . (4)

The influence of the material on the modulator drive voltage and required modulator length
can be assessed using the expression for the voltage-length product derived in the Appendix
A3

UlL=—"2%. _slot_, (5)
2 1—‘nslow r33 nriat

waveguide OEO material
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Equation (5) emphasizes the importance of the organic EO material. The U,L product
inversely scales with the EO coefficient. Therefore, an organic EO material with a high ra3 is
desirable for lowest driving voltages. In addition, the nonlinear interaction geometry of the
waveguide can be maximized to enhance the influence of the Pockels effect on U,L. This can

be achieved by maximizing the waveguides dependent parameters I'n,, [40] and reducing
the w,

L Waveguide width, as discussed in detail in Section 3.2 and in Refs [36, 40].

To measure the in-device EO coefficient, a laser (A #1600 nm) was coupled to the device
and a triangular low-frequency electrical driving signal was applied to the modulator, Fig.
8(a). The modulated optical output signal was detected with a photodiode and evaluated on an
oscilloscope. The modulated intensity follows the transfer function Eq. (3). For a drive signal
with a peak-peak voltage of Uy = U, = U — U,y the intensity follows a cosine. For Uy > U,
the intensity signal is over modulated and U, can easily be determined by relating the
maximum and minimum of the optical signal to the corresponding voltages. Figure 8(b)
depicts a measured, over-modulated intensity signal (red) of a MZM (L = 50 pm, wg,; = 60
nm) for an applied electrical triangular signal (blue) with Uy = 3 V.. From the plot one can
derive an on-off voltage that is as small as U, = 1.4 V,. Knowing U,, one can calculate ra;
using simulated values for Anes [36]. The values of Anegs were obtained by performing
simulations as described within [40]. For getting the proper values, waveguide dimensions
were adapted and non-vertical sidewalls were included, see Appendix A.3.
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Fig. 8. (a) Schematic of the characterization setup. (b) Triangular voltage sweep and
corresponding intensity modulation with Ug > U, = 1.4 V. (c) EO coefficient rs3 as a function
of the poling field. The poling efficiency rss/Epiing is plotted for different slot widths and shows
a strong slot width dependence. The JRD1 material provides EO coefficients up to
lssmax = 193 pm/V.

Figure 8(c) depicts the measured EO coefficients of JRD1 as a function of the poling field.
It can be seen that EO coefficients of up to razmax = 193 pm/V are found.

Figure 8(c) further shows a strong dependence of the poling efficiency (PE) r3a/Epoling ON
the plasmonic slot width. While we found for widest slots (wgo: #150 nm) an average PE of
0.9 (nm/V)? with razmax = 193 pm/V, we found for narrower slots reduced values. E.g. for slot
widths of 100 nm we found a PE of 0.8 (nm/V)? with lasmax = 156 pm/V and for slot widths
of 60 nm a PE of 0.6 (nm/V)? with Iz max = 137 pm/V. For wide slots, the measured in-device
EO coefficients are in good agreement to what is found in bulk materials (w/o charge
blocking layers) [28]. Note that bulk measurements were performed at A = 1310 nm [28]
while the in-device characterization was performed at A ~1600 nm. Larger in-device EO
coefficients are expected at shorter wavelengths [45, 62] closer to the material absorption
peak around 900 nm. The observed variations of the measured EO coefficients are
comparable to what was observed in bulk measurements [28]. We attribute them to variations
of the film and waveguide quality.
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3.2. Optimizing the modulator performance
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Fig. 9. (a) Measured EO coefficients rs; as a function of the slot width for JRD1 and DLD164
(solid lines) and ideal case with a constant ra; (dashed lines). (b) U,L for devices with different
slot widths. The solid lines show the experimental values, the dashed line indicates the ideal
UL if rs; coefficients were constant across all slot widths. (c) Plasmonic propagation losses a
derived from theory (dashed lines) for the two nonlinear materials and extracted from cut-back
measurements (diamonds) for JRD1. The plasmonic losses are comparable for the two
materials because they have a similar refractive index. (d) aU,L figure-of-merit for measured
(solid) and ideal (dashed) EO coefficients. The lines are calculated using simulated values of a,
diamonds represent aU,L for measured propagation. (e) Expected modulator insertion loss for
a MZM when the modulator length is adapted to maintain U, = 5 V. The plots show loss
values for the measured rs; from above (solid) and the expected losses if rs; would be ideal
(dashed). The diamonds show the insertion loss for measured propagation losses.

The slot width dependence of the EO coefficient rs3 discussed in Sections 2.1 and 3.1 strongly
affects the performance of any Pockels effect based MZM. In the case of the plasmonic
MZMs, this slot width dependence has to be taken into account, when assessing the influence
of the slot width on device parameters such as the U,L product and the insertion loss. Here,
we investigate these influences for the materials DLD164 and JRD1 on POH MZMs, compare
the two materials, and find optimum waveguide widths for low-loss modulators.

The U,L products for JRD1 and DLD164 are shown in Fig. 9(b). In the ideal case (dashed
lines), UL would decrease nearly linearly with a decreasing slot width. Despite the slightly
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lower ra3 max OFf DLD164 compared to JRD1, the U,L of DLD164 is comparable to that that of
JRD1. This originates in the refractive index dependence of the Pockels effect. The index
change Anpy depends on ras, but also goes with the cube of the refractive index Nt See Eq.
(4). The higher refractive index of DLD164 (see Fig. 4) results in a comparable nrs; value — a
common figure of merit (FOM) to assess the EO coefficients. The FOM calculates to
1.83%180 pm/V = 1103 pm/V for DLD164 and to 1.805%193 pm/V = 1135 pm/V for JRDI,
respectively. This explains the comparable U,L products for the two materials. When going to
narrower slots, the theory would predict a nonlinear interaction enhancement that scales with
1/w, [40]. However, when taking into account the slot width dependence of rs;, U,L

flattens for narrowest slots. Yet, the U,L product of DLD164 still improves for values down
to 40 nm. At narrowest slot widths DLD164 then offers a lower U,L product than JRD1. For
both materials, JRD1 and DLD164 the smallest U,L values are found at narrow slow widths,
offering values below 70 Vum and 50 Vum, respectively.

Another important parameter is the overall propagation loss in plasmonic modulators.
Unfortunately, when reducing the slot width, not only does U,L deviate from linearity, but
also the plasmonic propagation loss in the slot waveguide increases [36, 40]. Figure 9(c)
depicts the propagation losses as a function of the slot width. The similar refractive indices of
the materials lead to comparable propagation losses a, Fig. 9(c) where JRD1 features a
slightly lower plasmonic propagation loss. To experimentally verify the plasmonic
propagation loss, we performed cut-back measurements using modulators filled with JRD1
with lengths of 12,5 to 75 um and slot widths of 60 nm, 100 nm, and 150 nm. We found
plasmonic propagation losses of approximately 0.45 dB/um, 0.38 dB/um, and 0.25 dB/um,
respectively. These measurements are included in Fig. 9(c) as diamonds. The propagation loss
can be related to the total plasmonic in-device losses. A useful FOM to evaluate the in-device
loss for a given 7t-voltage is the product of U,L and the propagation loss a [25], Fig. 9(d). The
aU,L FOM gives the n-voltage of a modulator with an insertion loss of 1 dB, or the insertion
loss aL of a modulator for a fixed n-voltage U, s oL = aU,L/U, g The insertion loss al is
plotted in Fig. 9(e) as a function of the slot width. In all cases the device length was adapted
to maintain a U, 5, = 5 V. If the EO coefficients were ideal, i.e. constant for all slot-widths
(dashed line), the slightly higher n3r33mnst FOM of JRD1 as well as the lower plasmonic
propagation losses would lead to slightly lower overall losses when using JRD1. For a given
EO coefficient the nonlinear interaction increases with decreasing slot width [40]. This in turn
allows for shorter devices, compensating the high propagation loss in narrow slots. The
insertion losses would converge towards 0 dB. Yet, the EO coefficient decreases with
decreasing slot width. Compared to the ideal case, modulators need to be longer to achieve
the same m-voltage resulting in higher insertion loss. Thus, there is an optimum slot width
where total loss and required electrical drive voltage are in a balance. For JRD1 we find
lowest losses for slot widths around 60 nm corresponding to minimum plasmonic losses of 6
dB for lengths in the order of 15 um. Reducing the slot width further would increase the
insertion loss again. DLD164 however, can benefit from the higher n’rs3 FOM at narrow slots
and therefore theoretically result in a lowest insertion loss down to 40 nm. Fabrication of such
narrow slots however is challenging [36] and sidewall roughness might increase the
propagation losses. At the slot width of ~75 nm—where phase modulator fabrication is still
quite reproducible [36]—both materials show good performance and do not suffer
significantly from slot width dependent performance penalties.

4. Conclusion

We have investigated the electro-optical activity of organic EO materials in narrow plasmonic
slot waveguides. EO coefficients of up to 193 pm/V (measured at 1600 nm) were found.
Furthermore, it has been found that the electro-optic coefficient decreases with the slot width.
The large EO coefficient reduces to values in the order of 140 pm/V for slot widths below 80
nm. Possible reasons for this reduction have been discussed. It has been confirmed by Monte-
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Carlo simulations, that chromophore-surface interactions are an important factor reducing the
electro-optic coefficient in narrow plasmonic slots.

We have further investigated the influence of the slot-width dependent EO coefficient on
the performance of plasmonic modulators. Fortunately, the sub-diffraction light confinement
in plasmonic slot waveguides leads to an enhanced nonlinear interaction [40]. This enhanced
nonlinear interaction can in part compensate for the observed reduction of the EO coefficient
in narrow slots. In detail, we discuss the influence of the slot width and the EO coefficient on
the performance of the plasmonic-organic hybrid Mach-Zehnder modulators. In particular, the
slot width dependence of the U,L product and the insertion loss of these modulators are
investigated. Devices that require the lowest voltage-length product ideally come with slot
widths in the order of 60 nm. It is shown that despite decreasing EO coefficients for narrow
slots, the voltage-length product decreases for narrow slots to values on the order of 70 Vum
and 50 Vum for the materials JRD1 and DLD164, respectively. Conversely, plasmonic
modulators have lowest overall losses (on the order of 6 dB) for plasmonic waveguides with
slot widths of 60 — 100 nm. In this slot-width range the POH modulators feature lowest losses
and offer low drive voltages while being easy to fabricate with sufficient fabrication tolerance
[36].

Finally, it was shown how the combination of the organic EO material JRD1 within a
plasmonic-organic hybrid EO modulator has enabled the fabrication of a MZM device with
on/off voltages as low as U, = 1.4 V. Such low U, have become possible by material and
poling improvements and by improved fabrication processes that resulted in lower overall
losses and thus enabled us to fabricate plasmonic devices with a length of 50 um. This work
demonstrates that the plasmonic modulator technology not only offers high-speed >170 GHz
operation [37] and most-compact footprints [38] but can also offer low operation voltages in
the order of 1 V.

Appendix
A.1 Monte-Carlo simulations

Simulations were performed using the isothermal-isobaric (NPT) ensemble with re-entrant
conditions in the two directions perpendicular to the poling field. In this case, the system
density in not proscribed in advance of the simulation. A pressure of 1 atm and a temperature
of 400 K is assumed. In order to simulate two fixed walls located at +L/2-¢, along the poling
direction (x-direction), volume moves as well as periodic boundary conditions were only
applied in the y- and z-directions. The interaction potential of an ellipsoid with associated
charges as well as dipoles with both surfaces includes van der Waals-type (vdW-type) and
electrostatic interactions.

The vdW-type interaction of an ellipsoid at location ri with a wall is calculated using a
generalized, Gay-Berne-type, Lennard-Jones (LJ) potential:

12 6

Wwall + Vvl W,

()] ot ] |[5)

Here, ¢,,, and g are the potential well depth contributions of the wall and ellipsoid,

wall + Wi (6)
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while w,,, and w, are the width contributions of the wall and the ellipsoid, respectively.

Note that due to using the absolute x-position of the ellipsoid, (r) , and the inherent

symmetry of the ellipsoid this potential calculates the interaction energy with walls at both
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izex locations. The minimum distance of contact between an ellipsoid and a plane, o

is provided in the literature [79].

The electrostatic potential energy follows our implemented method [76]. Additionally, we
add potential energy contributions from image charges and image dipoles due to the (in
general existing) mismatch between the dielectric constants between the bulk material and the
interface material.

For the present simulations, the wall parameters have been estimated from the LJ

parameters for Au [80]: &,,, =5.29kcal/mol, w,, =2.63A, and a dielectric constant of

wall wall

10° consistent with a conductive material has been used.
A.2 Device fabrication

As described in [36]: “The devices were fabricated in-house on a SOI wafer consisting of a
220 nm thick Si device layer and a 3 um thick buried oxide. The structures were patterned by
electron-beam lithography in a Vistec EBPG5200 system. A negative tone ebeam resist was
used to pattern photonic components comprising waveguides, MMIs and fiber-to-chip GCs.
The patterns were transferred into the Si device layer by applying a dry etching process.
Plasmonic MIM waveguides and electrodes were produced with a lift-off process applied to a
200 nm thick e-beam evaporated Au layer.”

A.3 Derivation of the EO coefficient r3; from measured voltage-length products

The EO coefficient ry3 of a nonlinear material functionalized in a nanoscale slot cannot be
measured directly. However, it can be determined by employing the measured voltage-length
product U,L of a modulator [25, 40, 81]. An analytic expression for the EO coefficient can be
derived by starting with the intensity transfer function of the plasmonic MZM [36]
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The transfer function in the on- and the off-state is given by
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In the on- and the off-state of the modulator, the argument of the cosine needs to be 0 and
+m, respectively. Assuming @, = 0 the arguments simplify to
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The voltages U,, and Uy calculate to
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The voltage to switch the modulator from the on- to the off-state U, and the voltage-
length product U, L are then given by

U;r =Uon_ off A& P : 12 )
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The expression for the EO coefficient is then found to be
ﬂ’OC WI t 1
I. = Je L S —— 12
e Zn;at Uer 1—‘nslow ( )

The function depends on measurable values such as the slot width wy,, the wavelength of
the optical carrier 1oc and the material’s refractive index n.,. The two other quantities,
namely the field energy-interaction factor 7" and the slowdown factor ngy,, need to be
determined by means of simulations based on the measured slot height, slot width and the
material dispersion of the metal (Au) and the OEO-material, see [40].

The geometry of the plasmonic slot is obtained from SEM images, as exemplarily shown
in Fig. 10(a). Figure 10(b) shows a cross-section of a plasmonic slot waveguide. The Au
sidewalls are not perfectly vertical but drop over tens of nanometers In this example sidewall-
angles of approximately 10° to 15° are found. Non-vertical sidewalls strongly influence the
field distribution in the plasmonic waveguide. This has a strong influence on the field-energy
interaction factor I'. Therefore, we adapted the theoretical framework of [40] as follows:

Fig. 10. (a) Colorized SEM image of a plasmonic slot waveguide and feeding silicon
waveguide. (b) Cross section of a plasmonic slot waveguide with a sidewall angle of
approximately 10° to 15°. Image was taken with an angle of 52°. (c) Cross section of slot with
a = 10° and simulated poling field (color-coded) (d) In case of tilted sidewalls, chromophores
may not be ordered parallel to x-axis
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1. Non-vertical sidewalls result in an inhomogeneous field distribution of the poling-field
Epoling: €€ Fig. 10(c). The amplitude of the electrical poling field is color-coded and
is highest at the tip of the Au (lightning rod effect). Furthermore, the boundary
condition requires the electrical field to be perpendicular to the Au surface. During
electric field poling, the EO chromophores should align parallel to the electrical
field. Thus the chromophores experience a position dependent rotation, see Fig.
10(d).

2. The EO coefficient rs3 depends linearly on the applied poling field [28, 34, 58], and
thus an inhomogeneous poling field results in an inhomogeneous EO coefficient
rs3(x,y) which needs to be considered. For instance, the maximum poling field
appears at smallest distance between the two Au electrodes (Fig. 10(c).) resulting in
the largest rs; at the bottom of the slot. To account for the inhomogeneous strength
of the EO-coefficient we introduce the dimensionless weighting factor

_ (x.y) \/Exz,poling (%, Y)+ Ey poing (X,Y)
r. U

33, max poling

W

n(xy)

(13)

3. The EO molecules are no longer oriented parallel to the substrate. Their orientation
follows the poling field’s direction as it can be seen in Fig. 10(d). In the center of the

slot the molecular dipole axis z is parallel to the global coordinate system’s x-axis,
while angle of rotation £ is largest at the Au surface. Therefore, the assumption that

the light-matter interaction is expressed only by the x-component of the RF and
optical fields may no longer be valid. The RF-field (RF) and optical field (OC) need

to be mapped on the dipole axis z of the EO molecule (E-  (x,y) E. (X, ¥)).
X,RF x,0C

We approximated the RF-field by the static poling field as A, >w,, . Therefore

slot *
E. =E \/Ef,ponng (X, Y)+E} g (X,¥)

X,RF x,poling

4. To maintain the physical interpretation of the field-energy interaction factor I we
normalize itby U ... /w, = E

This leads to an adapted definition of the field-energy interaction for non-vertical
sidewalls

poling, max *

frff(ﬂz (X1 y) Egoc)do'
r = (14)

d (E )a))

(CO + +
ff ) EocEoc —#HocHoe |do
S w

I

d

Here, E" = E, X+E, y-E,Z and H* =—H, Xx—H, y+H, Z are representing the adjoint
fields. The slow down factor is given by

d(e(w)o
ff[fo(f(gw))EocEc;c _ﬂoHocHSC]da
n =3 =C, ° (15)
enerey ff(EOC,I X HOC,I)'z do

S
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The EO coefficient ra; obtained from Eq. (12) is the maximum value which can be found
in the slot at the position where the poling field is largest. However, a fair comparison of the
EO-coefficient of various materials requires an averaged coefficient. As the poling efficiency
is linearly depending on the poling field we define the average EO-coefficient in the slot by

, mean ( Epoiing )

I 33,max E (16)

e poling, max

Adapting the method to calculate the EO coefficient rs3 to non-vertical sidewalls and an
inhomogeneous field distribution influences the resulting values. Table 3 summarizes the
calculated EO coefficient rz; for different simulation assumptions. The method of a constant
EO coefficient razconst assumes perfectly vertical sidewalls and a constant electrical field in

the slot [25, 43, 81, 82] (E_ g, = U poiing / Weer ) - FOr wide slots, this method results in larger
EO coefficients as the adapted method used in this work.

Table 3. EO coefficients ra; calculated for different calculation methods and simulation
assumptions

Wslot 0° r33,const 0° r33,avg B r33,avg 5° 10° r'33,avg 15° r33,avg
I'33,max
[pm/V] | [pm/V]  [pm/V]  [pm/V]  [pm/V] [pmiV]
40 nm 55 52 72 103 76 74
60 nm 112 104 137 176 150 152
100 nm 144 126 156 183 175 184
150 nm 199 163 193 215 215 230

In this paper, we assumed a sidewall angle of 5° (marked in grey). The maximum
EO coefficients, rasmax is included for the angle of 5°.

Table 3 also summarizes the calculated EO coefficients for different sidewall angles. In
this work we calculated the EO coefficient by assuming an sidewall angle of 5°. This value is
a rather conservative number. Several devices have been cross-sectioned and imaged by SEM
indicate a larger angle (see Fig. 10(b)) — which would mean that the nonlinear interaction in
the slot-waveguide is less efficient than assumed — which means that the electro-optic
coefficient ry3 may be actually higher then what is estimated by assuming the moderate angle
of 5°
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A.4 Measurement methods for U,

(a) DC Voltage Sweep
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Fig. 11. (a) Voltage sweep method to determine U,L of an MZM: U, can be directly measured
in the T vs. U plot. A CW laser is fed to the MZM while a DC voltage is applied to the
monitor. The applied voltage and the modulator output power are recorded while the applied
voltage is linearly increased. (b) Wavelength sweep method to determine U,L of an
imbalanced MZM: The spectral shift can be measured and related to the applied DC voltage to
calculate U, (c) Low frequency modulation method to determine U,L of an MZM: A
triangular low-frequency drive signal is applied to the MZM. For Ugive > U, the modulated
optical time signal shows signs of overmodulation. The on-off time T; can be related to the
modulation frequency to calculate U,. (d) RF modulation method to determine UL of a phase
modulator: A sinusoidal RF drive signal is applied to the phase modulator. The ratio between
the optical carrier and the modulation

A.4.a DC voltage sweep

To measure the voltage dependent power transmission of a MZM as depicted in Fig. 11(a). A
DC voltage is applied to the modulator while the transmitted power is monitored with a
photodiode. The applied voltage is linearly increased and both the applied voltage and the
transmitted power are recorded. U, can be directly measured in the T/U plot if max(Upc) > U,
[34, 36, 43]. Otherwise, U, can be estimated by fitting the measured data with the expected
transfer function [40].
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A.4.b Wavelength sweep — variation of DC voltage

In case of an imbalanced MZM an applied optical voltage changes the optical transmission
spectrum. To perform the measurement, a tunable laser source (TLS) is fed to the device
while a defined voltage U, is applied to the modulator. The transmission spectrum is recorded
using an optical spectrum analyzer (OSA) / power meter. The voltage is changed to U, and a
second spectrum is recorded. Comparing the recorded spectra, a shift of the transmission
spectrum by Alpc is observed, Fig. 11(b). Relating Alpc, the free spectral range (FSR) Algsr
of the imbalanced MZI and the applied voltages, U, can be calculated [53]

U = AAFSR '(Uz _Ul)

17
i 2A A )

A.4.c Low frequency modulation

To measure U, in the low frequency range a triangular low-frequency (f = fo) drive signal is
applied to the modulator [19, 45]. Light from a CW laser is fed to the modulator and the
modulated signal is received by a photodetector. Drive signal and the modulated intensity are
inspected by an oscilloscope, Fig. 11(c). The modulated intensity follows the modulator
transfer function Eq. (3). For a drive signal with a peak-peak voltage of Uy =2 Uyo = U, =
Uot — Uon the intensity follows a cosine. For Uy > U, the intensity signal is overmodulated
and U, can easily be determined by relating the maximum and minimum of the optical signal
to the corresponding voltages, Fig. 11(c).

i:TO' Tl :U_ff, U”: Tl .Ud (18)
f, T,/2 U, T, /2

A.4.d RF modulation in plasmonic phase modulators

To assess the modulation efficiency of phase modulators the U, pyL product still holds.
However, to measure the voltage required to induce a m-shift (U.py) is slightly more
complicated. One way to measure U, py Of a phase modulator is to place it in one arm of an
external Mach-Zehnder interferometer. In this configuration U, can be measured as described
above for the case of an MZM. An alternative approach to measure U, without the need of an
external MZI is to measure the modulation index of the phase modulator [35, 82], Fig. 11(d).

The phase modulator shifts the phase of an optical signal or optical carrier proportional to
the applied voltage. The applied and the length of the modulator defines the phase-shift
induced on the optical carrier. If the applied driving field is time-variant, the phase
modulation can be translated to a frequency modulation, which generates modulation
sidebands in the optical response of the PPM. These modulation sidebands can be measured
by an optical spectrum analyzer (OSA). The transfer function of the PPM is given by

Eeull oo pexplir o), (19)

in

where y(t) is the electrical driving signal and A is the amplitude response of the
modulator. The incoming optical carrier can be described by a time-variant expression
E,, = A -exp(jao,t) , where A, is the initial amplitude; wq is the carrier angular frequency.
When a sinusoidal, low-frequency phase modulation y(t) =7sin(Qt) with an amplitude »
and a frequency Q >, is applied to the carrier, the modulated output signal can be described
by E, ()= A- A ~exp(j(a)0t+nsin(§2t))). The expression can be expanded by the Jacobi-

Anger identity and simplified by the relation J, (-»)=(-1)"J,(7).
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Eou (1) = Ay exp (it +78in(Q1))) = A, exp(jeogt)exp(jnsin(Qt))

= A, exp(jat (ZJ )exp ant)] (20)

= A €Xp(jaot) (J (ﬂ)+ZJ )exp(jnQt) + Z(—l)”Jn(n)exp(-ant)j,

where J,(5) are Bessel functlons of the first kind. The measurable optical spectrum of the
signal is given by

Eon(0) = AM[J (13 (0~ +iJn 8(@— (e, +nQ))+ Z(—l)"an(n)s(w—(wo—nﬂ))j

(21)
The modulation of the optical carrier results in an energy transfer from the optical carrier
(Jo) to the n™-order sidebands (J,). For small signal modulation (7 <1.84) the modulation

index 7 can be derived from the sideband-to-carrier power ratio AP by evaluating the ratio of
the zero and first order Bessel functions of the first kind,

2

Plw, +Q) Ji(m)
P (a)O) ‘]o (77)2
The ratio between the first-order modulation sidebands (n = 1) and the optical carrier is
maximum when the optical carrier is suppressed completely (Jo(nz2,4):0). The most
energy is found in the first-order modulation sidebands at max(Jl(n)) at , ~1.84. For large-
signal modulation one may investigate the power ratio of the carrier to higher-order
sidebands, depending on the amplitude of the corresponding Bessel function of the first kind.
This way modulation depth can be measured using an optical spectrum analyzer (OSA) to
determine the power level of the optical carrier and the modulation sideband. The
experimental setup is depicted in Fig. 11(d). Knowing the modulation index, one can
calculate U, p\iL of a phase modulator using,

AP = 22)

U;r,PM _z
U
U, pyl="t7-L,
77

where Uy is the applied driving voltage and L is the device length.
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