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Abstract: Kretschmann-type waveguide structures, including Plasmon Waveguide (PW) and
Resonant Mirror (RM), have been applied to interfacial Raman spectroscopy because of the
following unique features: (1) unlike the classic surface enhanced Raman scattering (SERS)
substrates made of either gold or silver, both PW and RM can be prepared with a large variety of
inexpensive materials; (2) the field enhancement factors with these structures can be theoretically
predicted and experimentally controlled, which enables us to manipulate the surface Raman
sensitivity with high repeatability; (3) the use of transverse electric (TE) and transverse magnetic
(TM) modes for Raman excitation allows us to evaluate the orientation of target molecules
immobilized on the waveguide surface; (4) the unwanted impact of noble metals on the Raman
fingerprints of target molecules, which is often observed with conventional SERS substrates, can
be avoided with the use of dielectric waveguides. In this paper, the guided-mode-coupled
directional Raman emission that is an additional important feature of the waveguide Raman
technique was theoretically investigated based on the optical reciprocity theorem combined with
the Fresnel equations. The simulation results indicate that the directional Raman emission from a
dipole located within the field confinement and penetration depth of a guided mode depends on
both the dipole’s orientation and its distance from the waveguide surface. Raman light from the
TE-oriented dipoles is launched into the prism coupler at the TE-mode resonance angle and that
from the non-TE-oriented dipoles propagates at the TM-mode resonance angle. The intensity of
the guided-mode-excited Raman signal propagating at the mode resonance angle is proportional to
the fourth power of the mode field (E*) at the dipole’s depth from the waveguide surface. This
means that the guided-mode-excited and guided-mode-coupled directional Raman spectroscopy
has a detection depth as small as a quarter of the evanescent-field penetration depth, indicating the
excellent surface selectivity of this technique. The directional Raman emission also facilitates
high-efficiency signal collection compared with conventional SERS. It is worth noting that Raman
light from the dipoles confined in the core layer of a single-mode waveguide can be
simultaneously coupled into both the guided mode and the substrate mode, especially the Surface
Plasmon Resonance (SPR) mode for PW.

Keywords: Directional Raman emission; Plasmon waveguide; Resonant mirror; Excellent surface
selectivity; High-efficiency Raman collection
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Surface Enhanced Raman Spectroscopy (SERS) has attracted significant attention in the past
decade due to its molecular recognition and label-free nondestructive detection capabilities and its
ultrahigh sensitivity as well as the rapid development of nanotechnologies [1-4]. However, SERS
has several intrinsic shortcomings that preclude its widespread applications in surface and
interface analyses. First of all, only a few kinds of noble metals, such as gold and silver, can offer
SERS substrates a large field enhancement factor, making the availability of materials very limited
[5]; Secondly, to achieve the Localized Surface Plasmon Resonance (LSPR) effect that is
responsible for field enhancement, the metallic surface of SERS substrates must be roughened in
nanoscale but the nanoscale architectonics is complicated and less reproducible [6]; Thirdly,
Raman light from the target molecules attached to the SERS substrate is non-directional, resulting
in low signal collection efficiency [7]; Last but not the least, the interaction between target
molecules and the metallic surface of SERS substrates often brings about the undesirable
influence on the Raman fingerprints of the target molecules [8].

In order to address the issues mentioned above, many researchers have refocused their
attention to flexible multilayer substrates with smooth flat surfaces for Raman spectroscopy with
the Total Internal Reflection (TIR) excitation method [9]. The very earlier version of this kind of
Raman substrates is actually surface plasmon resonance (SPR) sensor chips that can provide a
moderate but repeatable field enhancement based on the propagating surface plasmon mode
[10-13]. The reproducibility of Raman spectroscopy was indeed improved with the use of SPR
chips. However, the noble metals indispensable to SPR chips can still cause the unwanted impact
on the Raman fingerprints of target molecules. To overcome this shortcoming, the use of Plasmon
Waveguide (PW) for Raman spectroscopy was proposed recently [14]. PW contains a metal film
as the buffer layer and an upper dielectric film as the core layer, and it can prevent the direct
contact of target molecules with the metal component. Most recently, our group successfully
implemented the surface Raman spectroscopy using Resonant Mirror (RM) [15]. RM is similar in
structure to PW but does not contain the metal layer. Owing to no absorption of light by a metal
layer, RM can provide a higher field enhancement factor than PW. Unlike the SPR chips that
operate only in the TM mode, both PW and RM enable to work in either the TM mode or the TE
mode: this is very important for investigating the spatial orientation of target molecules bound to
the waveguide surface [16]. The SPR, PW and RM structures have the two common features: one
is the simultaneous surface sensing and surface Raman spectroscopy and the other is the
directional Raman emission called the reverse Kretschmann configuration. The first common
feature makes them able for precise measurements of chemical and biological measurands.
Although their second common feature has more important implications for the surface and
interface analyses, it has not yet attracted considerable interest from academic and industrial
communities. The collection of non-directional Raman light from the air-clad side, despite of its
low efficiency and inferior surface selectivity relative to the directional Raman detection approach,
is still routinely used in the waveguide Raman spectroscopy measurements [17-21]. The reason
responsible for this embarrassing situation is the lack of deep theoretical understanding of the
directional emission characteristic for the waveguide Raman spectroscopy.

The previous investigations into the directional Raman/fluorescence emission phenomenon
are exclusively focused on the SPR structure [22, 23]. In this work, the guided-mode-coupled
directional Raman emission properties for the PW and RM structures are systematically analyzed
based on the optical reciprocity theorem combined with the Fresnel equations. The angular
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distributions of Raman power density from the molecular dipole located at different positions in
the mode-field occupying space (above, on and in the core layer of a waveguide) are calculated.
The interesting and meaningful simulation results are obtained, which are very helpful for us to
understand the directional Raman emission characteristic of the waveguide Raman technique. The
optical reciprocity theorem as the basis for simulation modeling was briefly described below.

1. Optical reciprocity theorem

The optical reciprocity theorem indicates that the electric field E; generated at the point Q,
by a dipole p; (p1= p;e; with e; denoting the oscillation direction) at the point Q, and the electric
field E, yielded at the point Q, by a dipole p, (p2= p:e;) at the point Q, are related to each other
through eq. (1) [24]:

p,-E,=p, E (D

If the distance (r) between the points Q; and Q, is sufficiently large and there are no
scatterers between them, E, can be considered as a plane wave propagating in the opposite
direction to r (r is a vector from Q; to Q,) [7], and the electric-field amplitude (Ep) of this plane
wave can be expressed by eq.(2):

2 ik,,r
E = " p,e

p

)
dre,c’r
Where o is the angular frequency of oscillation of p,, k,,= (®/c)ny, with n,, denoting the refractive
index of the medium in which the plane wave propagates.

If there are scatterers between the points Q; and Q,, E; is no longer a plane wave and it can
be replaced by the local field (E,,.) at the point Q; excited by the plane wave. By substituting E; in
eq. (1) with E,., one can deduce the following equation:
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Assuming p.//E; and setting EFj;.;y = ey'E;/E, (EF;14 represents the field enhancement factor
induced by scatterers), eq. (3) can then be simplified as:

2 ik,
_ope™

E, EF field @

dre,c’r
E, is the far-field strength generated by p,. Based on the Poynting's theorem, the power density
radiated by p; along the direction r (i.e., Poynting vector) can be determined using eq. (5):
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Where e, is the unit vector of r. Given the total radiation power of the dipole p; is P = 1W, then
the square of the dipole moment amplitude can be determined as p,* = (127g)c’/w*) W from the
formula P =(0*p?)/(1271gc”) [25]. By substituting p,> = (127meoc’/w”) W in eq. (5) and setting r =
Im, the following equation is obtained, which can be used to determine the angular distribution of
the power density in the far-field region (» = 1m) for p;:
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P(r)= %EFﬁe,dzer(W/mz) (6)
T

Eq. (6) indicates that the power density emitted in the direction r from a molecular dipole can be
obtained by calculating the field enhancement factor at the dipole’s location induced by the
incident plane wave propagating in the opposite direction to r. In the case of EFj.;;= 1, the power
density emitted from a dipole in free space has the maximum of P(r)=0.12W/m” in the direction
normal to the orientation of the dipole. It has been recognized that the Kretschmann-type
multilayer structures, including SPR and PW and RM, have the significant field-enhancement
effect. Moreover, the field enhancement factor EFj., with these structures can be accurately
calculated based on the Fresnel equations. This suggests that the use of these structures for either
Raman or fluorescence spectroscopy enables us to theoretically predict the angular distribution of
the power density emitted from the target molecules. In the previous papers, the angular
distribution of the Raman (or fluorescence) power density with the SPR structure was simulated
and the reverse Kretschmann configuration theoretically predicted has been verified
experimentally [26]. This work focuses on the cases with PW and RM. It is worth noting that the
radiation patterns obtained below are not related to the excitation method and only involve the
mode-resonance induced directional emission.

2. Radiation pattern of Raman dipole with PW

2.1. Raman dipole located above the core layer

Figure 1 schematically shows the single-mode plasmon waveguide used for simulation. The
PW consists of a glass prism coupler with refractive index of np = 1.76, a 50-nm-thick gold layer
with complex refractive index of 0.143+ i4.799, a dielectric core layer with thickness of Dy, =
300nm and refractive index of n,, = 1.454, and the air clad of n. =1. A molecular dipole is assumed
to be located at a distance Z from the gold/core interface and its radiation wavelength in vacuum is
given to be 4 = 532nm. From Fig. 1 it is seen that the Raman radiation from the dipole can be
classified into two cases: (1) the Raman radiation goes into the air clad, and in this case, the field
enhancement factor is written as EF’ LT(H, Z); (2) the Raman radiation enters the prism side and the
corresponding field enhancement factor is denoted as EF;‘(6, Z). Both EF,'(8, Z) and EF,*(6, Z)
are a function of the angle 8 between the radiation direction and the PW surface normal.

Dipole (

Air

Core

Prism

Fig. 1 Schematic diagram of a PW with the core layer thickness of D,, and a Raman dipole at
a distance Z from the surface of the lower gold layer. In the case of a RM, the lower gold
layer is replaced with a low-index dielectric film.
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As long as the orientation of a dipole in the space occupied by the PW mode is given, the
power density radiated from this dipole can be readily obtained as a function of the angle 6. To do
this, & dependence of the EFy,; at the dipole’s location for the PW is first calculated using the
Fresnel equations.

The Raman dipole with the orientation parallel to the x axis (namely, the TE orientation) was
first considered. In this case, the TE-polarized field enhancement factor with the PW is calculated
using eqs. (7) and (8):

EFL,XT (0’ Z) = ‘1 + }’;TQZHQ(Z_DW)COSH

(N

EFL,x‘L (0’ Z) — ‘tsl’eikg (Z-D,,)cos6, (8)

where r, stands for the TE-polarized electric field reflection coefficient at the core/air interface
with air-clad side incident plane wave, #," represents the TE-polarized electric field transmission
coefficient from the prism/gold interface to the core/air interface,  is the incident angle (here 6 is
defined as same as that mentioned above), 6, is the corresponding refraction angle in air and k;=
2n/). with 1 denoting the wavelength in vacuum [27]. With the EF,'(®, Z) and EF,*(0, 2)
determined from eqs. (7) and (8), respectively, the angular distribution of Raman power density
radiated from the dipole located at Z and oriented parallel to the x axis can be achieved. Fig. 2(a)
and 2(b) display the simulation results for the x-oriented dipole located at Z=D,, and Z=D,,+4,
respectively. According to Fig. 2(a), most of the radiation power from the dipole located on the
PW surface is transferred to the TE resonance mode in the PW to be finally coupled into the prism
side at the TE-mode resonance angle (6,=47.43°). The Raman power density radiated at this
resonance angle is calculated to be 11.84W/m?, 98 times larger than the maximum power density
of 0.12W/m’ for the dipole radiation in free space. When the dipole is located at a distance of 1
apart from the PW surface, more than 99% of the radiation power goes into the air clad and no
obvious directional emission appears [see Fig. 2(b)]. The comparison of Figs. 2(a) and 2(b) clearly
indicates that the directional emission effect with the PW is closely related to the distance from the
dipole to the PW surface: larger the distance, weaker the directional emission effect. Fig. 2(c)
shows the TE-mode-coupled directional power density calculated as a function of the distance
from the dipole to the PW surface (Z >0.3um). The power density is exponentially decreased from
11.84 W/cm® down to almost zero with moving the dipole from Z=0.3pum to Z~0.7um. The
findings reveal that the use of PW for Raman spectroscopy can lead to a good depth resolution. To
explain the depth resolution of this technique, we introduce “the detection depth” that is actually a
special distance from the dipole to the PW surface. When the dipole is located at this special
distance, the directional power density from it decreases down to 1/e of the value (11.84 W/m?) for
the same dipole on the PW surface (Z=0.3um). On the base of the waveguide theory, one can
easily deduce that the above-defined detection depth is half as large as the penetration depth of the
evanescent field. In the case of 532 nm wavelength, the field penetration depth is about 200 nm,
and thus the detection depth for the guided-mode-coupled directional Raman spectroscopy is
approximately 100 nm. The findings indicate that the PW based directional Raman spectroscopy
has a good surface selectivity. It is worth noting that the detection depth can be further decreased
by combining the guided-mode excitation of Raman signal with the guided-mode-coupled
directional Raman emission. The detection depth for the guided-mode-excited and
guided-mode-coupled directional Raman spectroscopy is merely a quarter of the field penetration
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Fig. 2 Angular distribution of Raman power density from the x-oriented dipole located at a
distance of (a) Z=D,, (i.e., on the surface of the core layer) and (b) Z=D,,+1 (i.e., a wavelength
apart from the surface); (c) Power density radiated at the TE-mode resonance angle of 6,
=47.43° as a function of the distance Z [for a clear view, the power density on the air-clad
side in (a) and that on the prism side in (b) is multiplied by 10 and 100, respectively].
Different from the x-oriented dipole that emits the TE-polarized directional Raman signal, the
y-oriented dipole generates directional Raman emission with the TM polarization. The
above-mentioned eqs. (7) and (8), which are suitable for calculating the TE-polarized field
enhancement factor, are no longer applicable to the calculation of the TM-polarized field
enhancement factor. The TM-polarized field enhancement factor with the PW can be calculated

using egs. (9) and (10):

EF, )" (6,Z)= ‘1 R Y )

EF, *(0,7) = ‘zpie""“Z‘Dw)““‘gf cos 6, (10)

r,! stands for the TM-polarized electric field reflection coefficient at the core/air interface with
air-clad side incident plane wave and t,,l represents the TM-polarized electric field transmission
coefficient from the prism/gold interface to the core/air interface. Fig. 3(a) and 3(b) are the
simulation results with the y-oriented dipole located at Z= D,, and Z=D,,+4, respectively.
According to Fig. 3(a), a majority of the radiation power from the dipole located on the PW
surface is coupled to the TM resonance mode and then directionally emitted into the prism at the
TM-mode resonance angle (4,=37.95°). The Raman power density radiated at this resonance angle
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is 2.16W/m’, 17 times larger than the maximum power density emitted in free space. When the
dipole is located at a distance of 1 apart from the PW surface, the power radiated into the prism
can almost be neglected compared with its opponent on the air-clad side. Fig. 3(c) shows the Z
dependence of the TM-mode-coupled directional power density. The power density exponentially
decreases from 2.16 W/cm® (Z=0.3um) down to almost zero (Z=0.8um). In this y-axis TM case the
tail of Raman power density extends to increased z values than with the dipole oriented in the
x-direction. This is because the TM resonance mode has a larger evanescent field penetration

depth compared with the TE resonance mode.

(a) 0_—T—22 30 (b)

2

15 \
\ 300

60 T 300 60,/
| _ 05 ‘

ool Alr side g y-orien 270 90/ 1270
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Fig. 3 Angular distribution of Raman power density from the y-oriented dipole located at (a)
Z=D,, and (b) Z=D,+i; (¢) Power density radiated at the TM-mode resonance angle of
0,=37.95" as a function of the distance Z [the power density on the prism side in (b) is

multiplied by 10 for a clear view].

When the orientation of the Raman dipole is parallel to the z-axis, it generates the directional
Raman emission with the TM polarization. In this case, the field enhancement factors, EF’ 0, 2)

and EF,*(0, Z), can be expressed by eqs. (11) and (12), respectively.
sin & (11)

EF‘L,ZT (9, Z) = ‘1 + ]/'pTeZi/%(Z’DW)COs&

EFL’ZL 6,2)= ‘tpie""ﬁ(z*’)w)“’s“’r sin 9,,‘ (12)

Figs. 4(a) and 4(b) show the simulation results with the z-oriented Raman dipole located at Z=D,,
and Z=D,,+/, respectively. It is seen from Fig. 4(a) that the TM-mode-coupled directional power
density is 14.76W/m’, 122 times larger than the maximum power density emitted in free space.
According to Fig. 4(b), a weak directional emission can be observed when the distance increases
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to Z=D,,+/. Fig. 4(c) shows Z dependence of the directional power density from the z-oriented
dipole. A comparison between Figs. 3(c) and 4(c) reveals that the TM-mode-coupled directional
emission efficiency with the z-oriented Raman dipole is much higher than that with the y-oriented

dipole.
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Fig. 4 Angular distribution of Raman power density from the z-oriented dipole located at (a)
Z=D,, and (b) Z=D,+1; (c) Power density radiated at the TM-mode resonance angle of 0,
=37.95° versus the distance Z [the power density on the air-clad side in (a) is multiplied by

100 for a clear view].

In the case of the dipole moment not parallel to any of the three axes, its radiation pattern
should be the linear combination of the three cases mentioned above. It is clear that the coupling
between the radiation power and the waveguide resonance modes is possible only when the
Raman dipole is located close enough to the PW surface (with distance less than 4 according to
Fig. 2(c), 3(c) and 4(c)) and the coupling efficiency decreases rapidly with increasing the distance.

It is worth pointing out that part of the radiation power could be coupled into SPR resonance mode.

However, because of the large distance between Raman dipole and the gold layer, it is very weak
and can safely be ignored in this case.

2.2. Raman dipole located in the core layer

When the target molecules are immobilized in the core layer of a waveguide, both the
guided-mode-excited Raman radiation efficiency and the coupling efficiency between the Raman
light and the guided mode can be significantly improved [19, 28, 29]. In this case, the directional
Raman emission with the PW structure could be very strong. In this section, the radiation patterns
for a Raman dipole located at different distances in the core layer (0 <Z< D,,) are calculated with
the PW structure.
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The simulation with the x-oriented Raman dipole can be carried out by considering the core
layer as two independent layers separated by the dipole. Defining #," as the TE-polarized electric
field transmission coefficient from the core/air interface to the prism/gold interface and defining
ts1Tand rS1T as the TE-polarized electric field transmission and reflection coefficients from the
dipole-containing interface to the prism/gold interface, then the transmission coefficient from the
core/air interface to the dipole-containing interface should be #'/t," and the corresponding
reflection coefficient should be (¢,'/z,,")r,;". Consequently, the field enhancement factor EF, (6, Z)
associated with the power radiating into the upper half space can be expressed as eq. (13). This
equation also includes the case with the power radiating into the lower half space [i.e., 11 and r, 11
and EF, (0, 2)].

l,T

EF, ‘LT(H Z)= L1

(13)

sl

sl

Combing eq. (13) with eq. (6), the angular distribution of Raman power density from the
x-oriented dipole can be obtained. Fig. 5(a) shows the TE-mode-coupled directional Raman power
density as a function of the distance Z. The largest power density, which is 30.36W/m?, is now 252
times larger than the maximum power density emitted in free space. This value is achieved with Z
= 0.185um, radiation pattern of which is given by Fig. 5(b). It is consistent with the fact that the
largest electric field of the TE resonance mode must be located in the core layer and the
directional Raman power density can be larger than that with dipole located on the PW surface.
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Fig. 5 (a) Power density of the TE-mode-coupled directional Raman emission from the
x-oriented dipole confined in the core layer versus the distance Z; (b) Angular distribution of
Raman power density from the x-oriented dipole located at Z = 0.185pm (the power density
on the air-clad side is multiplied by 100 for a clear view).
For the Raman dipole oriented parallel to the y-axis, the electric field enhancement factor
should be:
o 6, o Lt
EF, [~ (0,2)= —IF (I=r, " )cosé, (14)
pl
pT is the TM-polarized electric field transmission coefficient from the core/air interface to the
prism/gold interface, which has the opposite direction compared with t Iy Tand Tpi " represent the
TM-polarized electric field transmission coefficient and reflection coefficient from the dipole’s
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location to the prism/gold interface, respectively. #, b and 7 /+ are similar to b ;T and 7 Al except for
the different direction, which is from the dipole’s location to the core/air interface. 6, is the
refraction angle in the core layer. In this situation, the directional emission angle could be the
TM-mode resonance angle or the SPR mode resonance angle (6,=59.54°). Fig. 6(a) shows the
TM-mode-coupled directional power density as a function of the distance Z: the power density
along the TM-mode resonance angle (6,=37.95°) initially increases with Z, reaching the maximum
value of 4.82W/m’ at Z=0.1pum, then decreases to nearly zero at Z=0.235um and then increases to
2.16W/m’ at Z=0.3um. Fig. 6(b) illustrates the relationship between the SPR-mode-coupled
directional power density and the distance Z: the directional power density simply decreases as Z
increases and the maximum value is 0.57W/m” at Z=0. This is because the SPR mode is supported
by the gold/core interface and the coupling efficiency is directly related to the distance between
the dipole and this interface. Fig. 6(c) and 6(d) display the radiation patterns with Z=0.1pm and
Z=0. The light in the prism side propagates along a single angle of 6, in Fig. 6(c) and along the
two angles 6, and 0y, in Fig. 6(d). The insets in Fig. 6(d) are the magnified views, showing that
either the TM-mode-coupled or SPR-mode-coupled directional emission forms a slightly
divergent beam with the largest intensity exactly at the resonance angle of the corresponding mode
and that the angle divergence with the TM mode is much smaller than that with the SPR mode.
The findings reveal that the guided-mode-coupled directional Raman emission has a lower
divergence relative to that associated with SPR.
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Fig. 6 Power densities of (a) the TM-mode-coupled (6,=37.95°) and (b) the
SPR-mode-coupled (6,,=59.54°) directional Raman emissions from the y-oriented dipole
versus the distance Z; Angular distributions of Raman power density from the y-oriented
dipole located at (¢) Z = 0.1pm and (d) Z = 0 [the insets in (d): the magnified view revealing
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that the angle divergence for the TM-mode-coupled directional emission is much smaller
than that for the SPR-mode-coupled directional emission.].

For the z-oriented Raman dipole, the electric field enhancement factor should be:
¢ L
L I o
EF, " (0,2)= t”m (1+7,7")sin 6, (15)

pl

The relationship between the TM-mode-coupled directional power density and the distance Z is
shown in Fig. 7(a). The strongest directional power density of 5.99W/m’ is obtained with
7=0.235um and this value is 49 times larger than the maximum power density emitted in free
space. Fig. 7(b) shows that the SPR-mode-coupled directional power density decreases as Z
increases and the maximum value is 6.14W/m”, which is 51 times larger than the maximum power
density emitted in free space. Fig. 7(c) and 7(d) are the radiation patterns with Z=0.235um and
Z=0, respectively.

The simulation results in this section suggest that a higher Raman collection efficiency could
be achieved by embedding the target molecules in the core layer but it strongly depends on both
orientations and positions of the molecules.
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3n, . 2 3n, 2
P (0,)=—2|EF, 0, P}0,)=22|EF,. @,
oY= 2 W) T 1P

P.A0,) (Wm?)
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0 0.05 01 0.15 02 025 03 00 0.05 01 0.15 0.2 025 03
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.\
120 240 120\ TM-mode 240
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Fig. 7 Power densities of (a) the TM-mode-coupled and (b) the SPR-mode-coupled
directional Raman emissions from the z-oriented dipole versus the distance Z; Angular
distributions of Raman power density from the z-oriented dipole located at (c) Z = 0.235pm
and (d) Z = 0 [the power densities on the air-clad side in (c) and (d) are multiplied by 10 for a

clear view].

2.3. Raman enhancement factor with PW
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The formulaec mentioned above can also be used to calculate the spatial distribution of the
field enhancement factor with a specific mode in a waveguide. The simulation results indicate that
the field enhancement factor with the TE mode in a PW is larger than that with the TM mode in
the same PW. Fig. 8 displays the TE-field enhancement factor profile with the PW shown in Fig. 1.
The field enhancement factor on the PW surface (Z = 0.3um) is EFy,.;;= 7.5, corresponding to the
directional Raman enhancement factor of EFy,,., = 3 X 10® since it is proportional to the fourth
power of the electric field enhancement factor [namely, EFzqpan=(EF] ﬁg,d)4]. The maximum field
enhancement factor of EFy.;= 12 appears in the core layer with Z=0.185um, corresponding to the
directional Raman enhancement factor of EFryman = 2 X 10%,

14 T T T T T
12+

10}

Prism region Air region

Goldlayer

Field enhancement factor
Core layer

WVAVAVAVA ' E RN

0 s .
1 -08 06 04 02 0 02 04 06 08 1
Z position (um)

Fig. 8 Field enhancement factor profile with the TE mode in the PW.

3. Radiation pattern of Raman dipole with RM

Similar to the PW structure shown in Fig. 1, RM is also a four-layer structure with use of a
low-index dielectric layer instead of the gold film in the PW. Simulations with the RM were
performed using the same formulae mentioned above. The parameters of the RM structure used
for simulation include: the prism index of n, = 1.52, the buffer-layer thickness of 1250nm and its
index of 1.38 (corresponding to MgF,), the core-layer thickness of D,, = 250nm and its index of n,,
= 1.49; the air-clad index of n. =1. The radiation wavelength of Raman dipole is given as 1 =
532nm and the distance between Raman dipole and buffer/core interface is denoted by Z.

3.1. Raman dipole located above the core layer

With Raman dipole located above the RM surface, the coupling efficiency between the
radiation power and the resonance modes decreases as the distance Z increases just like the PW
case and thus only the radiation patterns with Z=D,, and Z=D,,+1 are presented. For the x-oriented
Raman dipole, Fig. 9(a) shows that the maximum Raman power density along the TE-mode
resonance angle of 0,=67° is 326W/m2, about 2716 times larger than the maximum power density
emitted by the Raman dipole in free space. When Z increases to D,,+4, the radiation along 6, is
too weak to be observed according to Fig. 9(b). However, part of the radiation power is coupled
into the TE-polarized leaking modes, which is directionally emitted in the critical angle of
O.~=asin(1/1.52)=41.14° with an intensity of 1W/m’. For the y-oriented Raman dipole, it is shown

12
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by Fig. 9(c) that the maximum Raman power density along the TM-mode resonance angle of
0,,=65.8° is 20.9W/m’. The disappearance of directional emission is observed with Z=D, +1 as
shown in Fig. 9(d). For the z-oriented Raman dipole, it is shown in Fig. 9(e) that the maximum
Raman power density along 6,=65.8° is 43 5W/m’. According to Fig. 9(f), the radiation along
0,,=65.8° also disappears with Z=D,+1 and part of the radiation power is coupled into the
TM-polarized leaking modes, which is directionally emitted in the critical angle of . with an
intensity of 1.62W/m’. In conclusion, the directional emission along 6, has no big influence on
using this structure for interfacial Raman measurements owing to not only the angle difference but
also the much weaker radiation intensity compared with that along 6;,.or 6,,. It is obvious that the
directional emission intensities with different oriented dipoles in the RM structure are larger than
those in the PW structure: the absorption of metal material is avoided and a higher quality factor
can be achieved with RM.

With the x-oriented dipole With the y-oriented dipole With the z-oriented dipole

180

180

180

0 0 0
400 25 50
(a) 30 T 330 (c) 30 =T 330 (e) 30 —T 330
500 20 40
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60 200 300 60 300 60 300
10 20
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Air side < b %1000 o /200 ‘
90 |ose : ; 1270 [[o0 | 1270|| 90 | - L st 1270
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9 | A.'r S'd.e ; {270{[o0 | 1270 |[ 90 | 1270
Prism side { | | |
120' /240 120 240 120\ 240
150 210 150 ~——_ —"210 150 L —"210

Fig. 9 Simulation results with the RM structure [(a) Z= D, and (b) Z=D,+J. with the
x-oriented dipole; (¢) Z= D,, and (d) Z=D,,+/ with the y-oriented dipole; (e¢) Z= D,, and (f)
Z=D,,+] with the z-oriented dipole].

3.2. Raman dipole located in the core layer

For the x-oriented Raman dipole, Fig. 10(a) shows the TE-mode-coupled directional power
density as a function of the distance Z. It is worth noting that the coupling efficiency is always
higher than that with Raman dipole located on the RM surface. The radiation pattern with
7=0.08um is shown in Fig. 10(b) and the maximum power density is 1500W/m’, about 12500

times larger than the maximum power density emitted in free space.
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Fig. 10 (a) Power density of the TE-mode-coupled directional Raman emission from the
x-oriented dipole confined in the core layer versus the distance Z; (b) Angular distribution of
Raman power density from the x-oriented dipole located at Z = 0.08pm (the power density

on the air-clad side is multiplied by 6000 for a clear view).

The relationship between the TM-mode-coupled directional power density and the distance Z
was simulated with the Raman dipole oriented parallel to the y-axis. As shown in Fig. 11(a), the
coupling efficiency is always smaller than that with dipole located on the RM surface. The angular
distribution of Raman power density with Z=0.25um is given by Fig. 11(b) and the maximum
value is 20.9W/m’. It’s the same with Raman dipole located on the RM surface. This is because of
the electric field continuity. For the Raman dipole oriented parallel to the z-axis, the maximal
TM-mode-coupled directional power density is 143.6W/m’ with Z=0.05um, about 1196 times
larger than the maximum power density emitted in free space. In the range of 0 <Z< 0.21um, the
coupling efficiency is larger than that with dipole located on the RM surface. The results are
shown in Fig. 12(a) and 12(b).

0
25
(a) 25 . . . (b) 30— 1 330
A 20 N
20 y 3 i 15
- 60 , g 300
/’ Z=0.25},1m , 10 \

H(0,) (W/m?)

/
g o | Airside =\
2 10 \Pri;m side. _~~
‘x\ T
120 /240
0 S L - . ‘\\. 2 H 7
0 0.05 0.1 0.15 02 025 . ol 4
Z (um) 150 ~___ . 210

180
Fig. 11(a) Power density of the TM-mode-coupled directional Raman emission from the
y-oriented dipole confined in the core layer versus the distance Z; (b) Angular distribution of
Raman power density from the y-oriented dipole located at Z = 0.25pum (the power density

on the air-clad side is multiplied by 100 for a clear view).
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Fig. 12 (a) Power density of the TM-mode-coupled directional Raman emission from the
z-oriented dipole confined in the core layer versus the distance Z; (b) Angular distribution of
the Raman power density from the z-oriented dipole located at Z = 0.05pm (the power
density on the air-clad side is multiplied by 2000 for a clear view).

3.3. Raman enhancement factor with RM

Similar to the simulation results with the PW structure, the TE-polarized light brings a higher
field enhancement factor with RM, too. The field enhancement factor distribution with the TE
mode is shown in Fig. 13. The field enhancement factor on the surface of the core layer is EFj;,;=
42.38, corresponding to the directional Raman enhancement factor of EFg.pua, =~ 3.2X 10°. The
mode confinement in the core layer results in the maximum field enhancement factor of EFj,=
91.38 at the position of Z = 0.08um, and the corresponding directional Raman enhancement factor
is EFpaman = 71X 10’
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Fig. 13 Field enhancement factor profile with the TE mode in the RM.
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4. Conclusion

In this work, the guided-mode-coupled directional Raman emission characteristics with the
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PW and RM structures are theoretically investigated by the combination of the Fresnel equations
and the optical reciprocity theorem. According to the different locations of the Raman dipole in
the field-occupied region of the waveguide, the simulation results can be summarized as follows:
(1) The directional Raman emission from a dipole located in the mode-occupied space heavily
depends on both the dipole’s orientation and its distance to the waveguide surface; (2) For a
Raman dipole located above the waveguide surface, the coupling efficiency between the radiation
power of the dipole and the guided modes decreases rapidly with increasing the distance; (3) A
combination of the guided-mode excitation and the guided-mode-coupled directional emission
makes the Raman power density decrease four times as fast as the evanescent field attenuation
with increasing the distance, and this property offers the waveguide based directional Raman
technique an outstanding depth resolution (in other words, this technique has the excellent surface
selectivity); (4) With the RM structure the radiation power can also be coupled into the leaky
modes in addition to the guided modes, and the light emitted via the leaky-mode coupling,
however, has a great divergence and extremely weak intensity; (5) Immobilization of target
molecules in the core layer of a single-mode waveguide can enhance the guided-mode-excited and
guided-mode-coupled directional Raman emission; (6) A combination of the strong directivity and
the lower divergence for the guided-mode-coupled Raman emission with the PW and RM
structures is conducive to high-efficiency signal collection. It is worth noting that the method
described in this work is also beneficial to the surface fluorescence spectroscopy and the single
photon detection.
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