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S1. Simulation of Plasmonic Gap Waveguide and Coupler 

 

 
Figure S1. Simulated maximum in-coupling efficiency 𝜂!" for the “infinite” perfectly matched 
layers (PML) system for a range of antenna lengths and gap widths at (a) 𝜆 = 633 nm, (b) 790 
nm, (c) 1000 nm and (d) 1500 nm. 
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S2. Propagation Parameters of Gap Waveguides  

 
A Fabry-Perot model including the effects of coupling, transmission loss and coherent 
reflections was used to describe the gap waveguides. The transmission through waveguide 
couplers and waveguide in the experiment can be described by: 
 

𝑇 = 	𝜂!"𝜂#$%𝑒&'!([1 + 𝑅)𝑒&)'!( − 2𝑅𝑒&'!( cos(2𝑘𝐿 + 2𝜙)	]&* (2.1) 
 
where 𝜂!"  and 𝜂#$%  are the in- and out- coupling efficiencies, 𝐿 is the waveguide length, 𝜙 
describes reflection phase and 𝑘 = 𝑛+,,𝑘- is the gap mode propagation constant. This formula 
was fit to the simulation data, shown in Fig. 1c of the main text. The fitting parameters used: 
𝑅 = 0.04 ± 0.01, is the gap mode reflectivity at each coupler; 𝛼.&* = 1.82 ± 0.04	𝜇𝑚 is the 
propagation length at the pump wavelength; 𝑛+,, = 1.84 ± 0.05, is the effective mode index; 
and A𝜂!"𝜂#$% = 0.34 ± 0.01  is the average coupling efficiency. The numerical data and 
theoretical fit are shown in Fig. 1c. We note that the gap mode reflections are weak at 4 ± 1%, 
and were not visible in experimental data due to propagation loss and waveguides considered 
being longer that 1	𝜇𝑚. 
 
Propagation Length of Gap Waveguides Coated with 4-ATP Molecules 
 
The propagation length of light in the gap waveguides coated with 4-ATP was found to be 
reduced compared to waveguide without molecules in Raman experiments. Thus, further 
Rayleigh scattering measurements were undertaken to check this. Figure S2 confirms that the 
propagation length in these waveguides is affected by the 4-ATP at both the pump and Raman 
wavelengths. Attenuation is found to be greater at the pump wavelength and this is consistent 
with experimental findings. The origin of the additional damping is unknown, but may be 
caused by chemical interface damping, as discussed in the main text. 
 

 
 
Figure S2. The transmission of waveguide 𝜂/0 coated with 4-ATP molecules, as a function 
of the waveguide length. The surface plasmon propagation lengths are  0.51	 ± 	0.05	µ𝑚 
and 0.63	 ± 	0.14	µ𝑚 respectively, with the incident laser wavelength of (a) 790 nm and (b) 
860 nm.  
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From the fitting of Figure S2, we find the antenna coupling efficiency at 790 nm 𝜂!"(𝜆	 =
	790	𝑛𝑚) 	= 	 𝜂#$%(790	𝑛𝑚) 	= 	0.33	 ± 	0.01 , which is consistent with the waveguide 
without 4-ATP molecules. The antenna coupling efficiency 	𝜂!"(𝜆	 = 	860	𝑛𝑚) 	=
	𝜂#$%(860	𝑛𝑚) 	= 	0.50	 ± 	0.04. The increased coupling efficiency at longer wavelengths is 
expected, although the uncertainty here is quite high and a value ~40% is expected from theory. 
Note that the extracted propagation lengths here are lower than those observed in Raman 
scattering measurements. The origin of increase propagation loss is not currently known. We 
tentatively attribute this to chemical interface damping, however, the effect here is much 
stronger than reported in previous literature. 
 

S3. Raman Scattering Enhancement Relative to 4-ATP 
Molecules Coated on Au Film 

 
Raman scattering exited and collected from the input antenna of a waveguide (𝐿 = 2	𝜇𝑚) was 
directly compared with Raman scattering from a planar gold film. Data are shown in Figure 
S3. Signal from the gold film is significantly weaker despite a similar number of molecules 
over the beam area being excited. The beam is focused though an air objective (60 ×, NA = 
0.95) onto the gold film, 𝜌 = 0.41𝜆/𝑁𝐴 = 0.34	𝜇𝑚 , giving a focal spot area, 𝜋𝜌) ≈
0.36	𝜇m2. Meanwhile the active area of the waveguide device is taken from the gold surface 
cross section (∼ 3 × 60	nm) over the propagation length, 𝐿 = 𝐿1. = 0.78	𝜇m, as described in 
Section S4. The gap waveguide active area is thus approximately twice the gap length times 
gap height, 2 × 𝐿1. × 0.18	 = 0.25	𝜇m2. The value of 𝐿1. = 0.78 ± 0.10	𝜇m was taken from 
the fitting in Figure S6. The intensity ratio of the two techniques from Figure S3 of 6147 ±
107, is normalised by the ratio of active areas, 𝑅2#3 ≈ 0.36/0.25 = 1.44, to give the average 
enhancement per molecule of 8,500 ± 150.  
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This is not a fair comparison of the average Raman enhancement of the waveguide device as 
the pump beam intensity on the gold film is influenced by the film’s reflectivity, lowering the 
peak pump intensity at the interface by a factor |1 − 𝑟|) ≈ 0.16, where |𝑟|) is the gold film’s 
reflectivity. In our experiment, we also only measure radiation in the far field, however, this 
occurs predominantly due to Raman emission dipoles with an orientation component 
perpendicular the gold film; these vertical dipoles are in fact enhanced by a factor of 21. 
Assuming randomly distributed Raman dipoles, direct Raman radiation from the surface would 
effectively be diminished to a value of 2/3. Accounting for these two effects, we assume that 
the observed Raman enhancement is overestimated by a factor of [0.16]&* × 3/2 = 9.4. The 
estimated average Raman enhancement per molecule is thus 940 ± 16. 
 

S4. Theory of Raman Scattering in a Plasmonic Waveguide  
 
We consider Raman scattering in a waveguide as a scalar 1D differential equation in the 
number of scattered Raman photons. The coupling efficiency into and out of the waveguide is 
assumed to be 𝜂!" and 𝜂#$%, and is considered separately. The generated Stokes Raman photon 
numbers along the waveguide, 𝑛,(𝑧) and 𝑛4(𝑧), in the forwards and backwards directions are 
determined by the 1D differential equations, 
 

𝑑𝑛,(𝑧)	
𝑑𝑧 = −𝛼1𝑛,(𝑧) + 𝑔56𝐼.(𝑧), 

 
𝑑𝑛4(𝑧)	
𝑑𝑧 = 𝛼1𝑛4(𝑧) − 𝑔56𝐼.(𝑧), 

(4.1) 

 
where 𝑔56 is the rate of forward and backward Raman scattering into the waveguide mode, 
and 𝛼1 = 𝐿1.&*, is the absorption coefficient at the Stokes wavelength, and where 𝐿1.  is the 
propagation distance. Pump light is introduced as a 1D distribution, 𝐼.(𝑧), to be determined. 
Here, we will consider two illumination conditions: direct excitation by coupling pump light 
to the waveguide mode via an antenna; and indirect excitation by illuminating the centre of the 
waveguide with a focussed Gaussian beam. Both cases are described in the main text. 
 
Optical pumping by antenna waveguide coupling 
 
The optical pump beam can be directly coupled to the same waveguide mode as the Raman 
scattering, by illuminating the antenna couplers, as described in the main text. The pump 
intensity distribution can be determined using the following 1D differential equation: 
 

𝑑𝐼.(𝑧)
𝑑𝑧 = −𝛼.𝐼.(𝑧) − 𝑔5𝐼.(𝑧) ≈ −𝛼.𝐼.(𝑧), (4.2) 

 

Figure S3. (a) Raman spectra of 4-ATP molecules coated on plasmonic waveguide with length 
= 2	𝜇𝑚,	 excited by 790 nm laser with pump power of 200	𝜇𝑊, integration time of 10 s. (b) 
Raman spectrum of 4-ATP coated on Au film, excited by 790 nm laser with power of 7.5 mW, 
integration time of 30 s. The Raman scattering intensity ratio of 4-ATP coated on waveguide over 
Au film is around 6147.  
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where 𝛼. is then pump absorption coefficient in the waveguide. Here we assume that the total 
Raman scattering coefficient, 𝑔5, is weak and so loss is dominated by waveguide absorption. 
The optical pump distribution in this case is 𝐼.(𝑧) = 𝐼.-e&'!7 , where 𝐼.-  is the local peak 
pump intensity in the waveguide mode at the input coupler. The differential equations for 
Stoke’s scattered photons become: 
 

𝑑𝑛,(𝑧)	
𝑑𝑧 + 𝛼1𝑛,(𝑧) = 𝜅e&'!7 , 

 
𝑑𝑛4(𝑧)	
𝑑𝑧 − 𝛼1𝑛4(𝑧) = −𝜅e&'!7 , 

(4.3) 

 
where 𝜅 = 𝑔56𝐼.- . For simplicity, we assume that 𝛼1 ≈ 𝛼. . The solutions to the 
inhomogeneous differential equation are straightforward to identify with the boundary 
conditions, 𝑛1,(0) = 0 and 𝑛14(𝐿) = 0, and are: 
 

𝑛1,(𝐿) = 𝜅𝐿e&(8 , 
 

𝑛14(0) =
𝜅
2𝛼1

Z1 − e&)(8[, 
(4.4) 

 
where 𝐿\ = 𝛼9𝐿 . Note that the photon numbers derived do not include the outcoupling 
efficiency, 𝜂#$%, in the Raman wavelength range. Thus, let the number of photons collected 
from the input coupler, 𝑛!" = 𝜂#$%(𝜆1)𝑛14(0) , and from the output coupler, 𝑛#$% =
𝜂#$%(𝜆1)𝑛1,(𝐿). Note that the optimum output from the waveguide is where 𝑛1,(𝐿) + 𝑛14(0) 
is a maximum, which occurs for 𝐿 = 2𝐿1.. 
 
Central waveguide by a Gaussian beam 
 
Raman scattering into the waveguide mode can also be excited by illuminating the centre of 
the waveguide. In this case, part of the waveguide is illuminated with a Gaussian beam of area 
𝐴- = 𝜋𝜌). Here, 𝜌 is the Gaussian beam waist radius at the focal point on the sample and is 
defined as the e&) radius of a Gaussian beam when fit to the diffraction limited Airy disk 
function, such that 𝜌 = 0.41𝜆/𝑁𝐴. The 1D optical pump profile in this case is,  𝐼.(𝑧) =
𝐼.-e&)(7&(/))

"/=" . The differential equations for the Stoke’s Raman scattered photons now 
become: 
 

𝑑𝑛,
(>)(𝑧)	
𝑑𝑧 + 𝛼1𝑛,

(>)(𝑧) = 𝜅e&)(7&(/))"/=" , 
 

𝑑𝑛4
(>)(𝑧)	
𝑑𝑧 − 𝛼1𝑛4

(>)(𝑧) = −𝜅e&)(7&(/))"/=" , 
 

(4.5) 

where 𝜅 = 𝑔56𝐼.- , measures the strength of Raman scattering into the waveguide mode. 
Solving these equations requires the boundary conditions, 𝑛14

(>)(0) = 𝑛1,
(>)(𝐿) (by symmetry 

when centrally illuminated) and 𝑛14
(>)(𝐿) = 𝑛1,

(>)(0) = 0. Solutions are, 
 



6 
 

𝑛1,
(>)(𝑧) = 𝜅e&'#7] e&)(?&(/))"/="@'#?𝑑𝑡

7

-
, 

 

𝑛14
(>)(𝑧) = 𝜅e'#7 _] e&)(?&(/))"/="&'#?𝑑𝑡

(

-
−] e&)(?&(/))"/="&'#?𝑑𝑡

7

-
`. 

 

(4.6) 

 
Substituting 𝑡A = 𝑡 − 𝐿/2… and, for 𝜌 ≪ 𝐿, we can approximate to the standard integral with 
infinite limits 𝐿 ↦ ∞. 
 

] e&)(?&(/))"/="±'#?𝑑𝑧
(

-
= ] e&)?$

"/="±'#(?$@(/))𝑑𝑧′
(/)

&(/)
≈ e

𝜋
2 𝜌e

'#"="/C±(8/) (4.7) 

 
Thus, we find our solutions for the signals at the waveguide ends under central Gaussian beam 
illumination. 
 

𝑛1,
(>)(𝐿) + 𝑛14

(>)(0) = √2𝜋𝜌𝜅𝐻e'#"="/C&(8/) ≈ √2𝜋𝜌𝜅e&(8/). 
 

(4.8) 

For central waveguide illumination, the peak field intensity, 𝐼.-, must be related to the peak 
intensity of the incident Gaussian beam, 𝐼D-. We thus introduce the parameter 𝐻 = 𝐼.-/𝐼D- to 
account for the average local field enhancement of the Gaussian beam due to the waveguide’s 
nanostructured geometry (see Section 5 and Figure S4). It follows that the total number of 
Raman photons collected from both antennas can be expressed as, 
 

𝑛(>) = 𝜂#$%(𝜆1) h𝑛1,
(>)(𝐿) + 𝑛14

(>)(0)i ≈ 𝜂#$%(𝜆1)√2𝜋𝜌𝛾𝐻𝐼D-e&(
8/) 

 
(4.9) 

where 𝛾 = 𝑔56𝐼D-. 
 
Ensemble Averaged Waveguide Raman Enhancement 
 
The analysis above considers the 1D variation of the Raman signal accumulated along the 
waveguide. Consider now the ensemble average response over the waveguide’s cross section. 
The Raman scattering coefficient and pump intensity now become functions of lateral 
position	(𝑥, 𝑦), so that 𝑔56 → 𝑔56(𝒓) and 𝐼.(𝑧) → 𝐼.(𝒓). From Eqns. (4.4) and (4.9), the 
Raman signal in both excitation cases, 𝑅(𝒓) ∝ 𝑔56(𝒓)𝐼.(𝒓). The ensemble average can be 
found by averaging the total response over an effective area, 𝐴, of excited molecules: 
 

〈𝑅〉 ∝
1
𝐴]𝑔56

(𝒍)𝐼(𝒍)𝑑𝒍, (4.10) 

 
where the integral is evaluated along the line of molecule positions on the waveguide cross-
section. Molecules are situated in a monolayer sheet, so in cross section, they present as a line 
on the gold surface. While we integrate over a line in the cross section, we will normalise to 
the effective area of excited molecules on the whole structure. We can re-write the ensemble 
average result in terms of the peak intensity, 𝐼.-, so that 
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〈𝑅〉 ∝
∫𝑔56(𝒍)𝐼E(𝒍)𝑑𝒍
∬ 𝐼.(𝒓)𝑑𝐴

𝐼.- = 〈𝑔56〉𝐼.-, (4.11) 

 
This allows us to define an ensemble average Raman scattering coefficient,  
 

〈𝑔56〉 =
∫𝑔56(𝒍)𝐼.(𝒍)𝑑𝒍
∬ 𝐼.(𝒓)𝑑𝐴

. (4.12) 

  
Meanwhile, let the Raman signal without electromagnetic enhancement illuminated by a 
Gaussian beam of peak intensity 𝐼D- be 𝑅- ∝ 𝑔-𝐼D-, where 𝑔- is the natural Raman scattering 
coefficient. We can thus write down a position dependent Raman enhancement factor, 
 

𝐹5(𝒓) =
𝑅(𝒓)
𝑅-

=
𝑔56(𝒓)𝐼.(𝒓)

𝑔-𝐼D-
= v

𝐸Z𝒓, 𝜆.[
𝐸-Z𝜆.[

v
)

v
𝐸(𝒓, 𝜆1)
𝐸-(𝜆1)

v
)

. (4.13) 

 
Here we introduce the usual field dependence of the Raman enhancement. In Section S8, we 
use this to compute the Raman enhancement from FDTD simulations. The Raman 
enhancement averaged over molecule positions becomes: 
 

〈𝐹5〉 =
〈𝑔56〉𝐼.-
𝑔-𝐼D-

=
∫𝑔56(𝒍)𝐼.(𝒍)𝑑𝒍

𝑔-𝐼D-

𝐼.-
∬𝐼.(𝒓)𝑑𝐴

 (4.14) 

 
In this way, we can compute average Raman enhancement factors over the distribution of 
molecules on the waveguide from electromagnetic simulations. 
 
For antenna coupling, we found in Eqn. (4.4) that the Raman signal, 𝑅F"% = 𝜂#$%Z𝑛1,(𝐿) +
𝑛14(0)[. Following Eqn. (4.14), we can find the average Raman enhancement, 
 

〈𝐹5,F"%〉 =
〈𝑅F"%〉
𝑅-

= 𝜂HI?
〈𝑔56〉𝐼.-
2𝑔-𝐼D-

Z𝐿1. + 2𝐿e&(
8 − 𝐿1.e&)(

8[. (4.15) 

 
For the antenna illumination, 𝐼.(𝒓) = 𝐼.(𝑥, 𝑦)𝑒&7/(#!, so it follows that, 
 

〈𝑔56〉 =
∫𝑔56(𝒍)𝐼.(𝒍)𝑑𝒍
∬ 𝐼.(𝒓)𝑑𝐴

=
1
𝐿1.

∫𝑔56(𝒍)𝐼.(𝒍)𝑑𝒍
∫ 𝐼.(𝒍)𝑑𝒍

. (4.16) 

 
Thus, 
 

〈𝐹5,F"%〉 =
𝜂#$%
2

∫𝐹5,F"%(𝒍)𝑑𝒍
∫ 𝐼.(𝒍)/𝐼.-𝑑𝒍

x1 +
𝐿
𝐿1.

e&(8 − e&)(8y, (4.17) 

 
The Raman signal for the central illumination case, from Eqn. (4.9), is 𝑅2!J =
𝜂#$%√2𝜋𝜌〈𝑔56〉𝐼.-e&(

8/). Using Eqn. (4.14), the average Raman enhancement is, 
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〈𝐹5,2!J〉 = 𝜂#$%
〈𝑔56〉𝐼.-
𝑔-𝐼D-

√2𝜋𝜌e&(8/). (4.18) 

 
For central waveguide illumination, 𝐼.(𝒓) = 𝐼.(𝑥, 𝑦)e&)(7&(/))

"/=". Therefore, using the same 
standard integral from Eqn. (4.7), we find the simplified Raman scattering coefficient, 
 

〈𝑔56〉 =
∫𝑔56(𝒍)𝐼.(𝒍)𝑑𝒍

∬𝐼.(𝒍)𝑑𝒍 e&)(7&(/))
"/="𝑑𝑧

= z2
𝜋
1
𝜌
∫𝑔56(𝒍)𝐼.(𝒍)𝑑𝒍

∫ 𝐼.(𝒍)𝑑𝒍
, (4.19) 

 
and it follows that, 
 

〈𝐹5,2!J〉 = 2
∫𝐹5,2!J(𝒍)𝑑𝒍
∫ 𝐼.(𝒍)/𝐼.-𝑑𝒍

e&(8/). (4.20) 

 
S5. Local Field Enhancement by Gap Waveguide 

 
When illuminating the waveguide centrally with a Gaussian beam, the gap structure enhances 
the local electric field intensity. This is considered in the above theory using the parameter 𝐻, 
from Eqn. (4.9). Figure S4 shows a simulation of the intensity of light along a cross section of 
the waveguide illuminated by a Gaussian beam (log scale). Line scans for varying distance 
from the gold surface were taken so that the surface enhancement could be extrapolated near 
the gold surface. An average surface intensity enhancement of 𝐻 = 4.29 was determined by 
averaging over a line scan within the waveguide’s gap region. As defined in Eqn. (4.20), this 
was normalised against the peak field of the incident Gaussian beam without the waveguide 
structure. 
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Figure S4. Simulation of the local electric field enhancement of a Gaussian beam polarised along 
the x-axis by the slot waveguide with a gap of 60 nm. (a) Electric field intensity in log10 scale 
through a cross section of Gaussian illumination beam. (b) Line scans for the positions (green line 
in (a)) along the z direction used to compute the enhancement, shown in (c). (c) Averaged intensity 
enhancement for each line scan within the gap region. An extrapolated average surface enhanced 
intensity of 4.29 is found.   

 
S6. Ratios of Stokes Scattering from Waveguide Outputs 

 
We can directly compare the Raman scattering collected from the ends of the waveguide under 
the two illumination cases. For antenna excitation, using Eqn. (4.4), the ratio of Raman 
scattered photons from the antennas is 
 

𝑛#$%
𝑛!"

= 𝐿\[sinh 𝐿\]&*. (6.1) 

 
This equation is used in a direct comparison with experiments in the main text. The only free 
parameter is the attenuation coefficient of the waveguide, 𝛼1 = 𝐿1.&*. 
 
 

Figure S5. Raman scattering collected from in-coupling antenna 𝑛!"(𝐿)  and out-coupling 
antenna 𝑛#$%(𝐿), with antenna excitation.  
 
When comparing Raman scattered photons collected under antenna and central waveguide 
excitation methods, we must account for the same power, 𝑃-, of illumination in both cases. For 
the antenna coupled waveguide, the peak intensity in the waveguide is 𝐼.- =
𝜂!"(𝜆.)𝑛D(𝜆.)𝑃-/𝐴6D(𝜆.), where 𝐴6D(𝜆.) is the mode area, and 𝑛D(𝜆.) is the group index at 
the pump wavelength. For the Gaussian beam, used in both excitation cases, the peak intensity 
is 𝐼D- = 	2𝑃-/𝐴-, where 𝐴- = 𝜋𝜌). Using Eqns. (4.4) and (4.9), we find the ratio for the two 
excitation cases: 
 

x
𝑛(>)

𝑛!"
y ≈ x

𝐴6D(𝜆.)
𝐴-

y
4√2𝜋𝛼1𝜌𝐻
𝜂!"(𝜆.)𝑛0(𝜆.)

𝑒&(8/) = 𝐴𝑒&(8/), (6.2) 

 
where the approximation holds for 𝐿 ≫ 𝛼1&* and 𝜌 ≪ 𝛼1&*. From the experiment, we find A = 
0.96 ± 0.30, Lsp = 0.78 ± 0.10 µm, as shown in the fit to data in Figure S6. 
 



10 
 

 
Figure S6. The ratio of antenna and waveguide coupled Raman signals 𝑛KL/𝑛(M), as expressed 
in the equation above. The red solid line is the fitting result of mean value of each data point. 
Orange dashed line is the fitting of mean value plus error of each data point. Green dashed line 
is the fitting of mean value minus error.    

 
We can also find an expression for the ratio of the Gaussian beam and waveguide mode areas, 
to give an estimate of the waveguide mode confinement. This is consistent with the value 
computed and shown in Table S1. 
 

x
𝐴-

𝐴6D(𝜆.)
y = h

𝑛!"
𝑛(>)

i
4√2𝜋𝛼1𝜌𝐻
𝜂!"(𝜆.)𝑛0(𝜆.)

e&(8/) ≈ 15 ± 1. (6.3) 

 
S7. Raman β Factor 

 
It is difficult to compute the β factor for any spontaneous radiation process as by definition we 
must account for all possible routes of radiative and non-radiative loss. Consider the Raman 
scattering rate without electromagnetic enhancement, Γ5- ∝ 𝑔-𝐼-. This rate is a sum over all 
possible radiation modes, Γ5- = ∑ Γ5-!K . In the waveguide, we assume that the individual 
radiation mode coupling strengths are not modified and that the waveguide mode coupling 
strength, Γ56 ∝ 〈𝑔56〉𝐼E-, is the only modification to the total rate, such that, 
 

Γ5 = Γ56 +�ΓN-K
K

. (7.1) 

 
We can thus estimate the Raman Enhancement factor, 
 

𝐹5 ≈
Γ5
Γ5-

=
Γ56
Γ5-

+ 1. (7.2) 

 
The fraction β of Raman scattering coupling to a given mode is the ratio of the mode’s coupling 
strength and the total coupling strength. The Raman β factor for the waveguide mode here is 
thus 𝛽 = Γ56/Γ5. Therefore, 
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𝛽 =
Γ56
Γ5

=
Γ56/Γ5-
Γ5/Γ5-

≈
〈𝐹5〉 − 1
〈𝐹5〉

 (7.3) 

 
This formula is often quoted in the literature as a simple estimator for the β factor in the case 
of spontaneous fluorescence2. Care must be taken when finding an ensemble average, as 
described at the end of Section S4; the Raman enhancement must be averaged over molecule 
positions, not the Raman b factor. 
 
In Section S8, we find internal Raman enhancements ~10O. In this case, we would expect 
Raman b factors on the order of 𝛽 = 0.999. The experimental value under central waveguide 
illumination was found to be 𝛽 = 0.992 ± 0.003. We note that in the experiment, we will 
expect some enhancement of radiating molecules also. This estimate also discounts the role of 
metal fluorescence, which has not been taken into account here. 
 

S8. Raman Enhancement Factor 
 
Here we compute the average and local Raman enhancement factors of the waveguide SERS 
system. This is done for the two pump configurations: antenna excitation and central 
waveguide excitation. In both cases, the Raman enhancement is computed by considering the 
Purcell effect at the Stoke’s wavelength and the nanofocusing effect at the pump wavelength 
for the distribution of molecules on the waveguides.  
 
The Purcell effect as a function of position is determined by, 
 

𝐹.6(𝒓) =
3
𝜋 𝑛D(𝜆1)

(𝜆9/2))

𝐴2,P%	(𝒓)
, (8.1) 

 
where 𝐴2,P%(𝒓) is the position dependent mode area at the Stokes wavelength, as described in 
Section S9. The local field enhancement, 𝐸R(𝒓), due to nanofocusing depends on the excitation 
method, but can be represented generally as, 
 

𝐸R(𝒓) =
𝐼E(𝒓)
𝐼D-

, (8.2) 

 
where 𝐼D-  is the peak intensity of the incident Gaussian beam used to illuminate the 
nanostructure and 𝐼E(𝒓) is the corresponding local pump field intensity generated within the 
nanostructure. The local Raman enhancement factor is computed using,  
 

𝐹5(𝒓) = 𝐹.6(𝒓)𝐸S(𝒓) = v
𝐸Z𝒓, 𝜆.[
𝐸Z𝜆.[

v
)

v
𝐸(𝒓, 𝜆1)
𝐸(𝜆1)

v
)

	 (8.3) 

 
Antenna excitation 
 
Under antenna excitation, the plasmonic mode is directly excited and the peak intensity in the 
waveguide is 𝐼.(𝒓) 	= 𝜂!"(𝜆.)𝑛D(𝜆.)𝑃-/𝐴2,P&(𝒓) where 𝐴2,P&(𝒓) is the position dependent 
mode area and 𝑛D(𝜆.) is the mode group index at the pump wavelength. Meanwhile, the peak 
intensity of a reference Gaussian beam is, 𝐼D- = 	2𝑃-/𝐴-, where 𝐴- = 𝜋𝜌).  Combining these 
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with Eqn. (8.1) for the local Purcell factor, we find the local waveguide Raman enhancement 
factor for antenna excitation of, 
 

𝐹5,F"%(𝑥, 𝑦) =
3
𝜋 𝜂!"(𝜆.)𝑛D(𝜆1)𝑛D(𝜆.)

𝐴-/2
𝐴2,P&	(𝑥, 𝑦)

(𝜆9/2))

𝐴2,P%	(𝑥, 𝑦)
 (8.4) 

 

 
Figure S7: (a) Local Raman enhancement, 𝐹5,F"%(𝒍)  for antenna excitation around the 
waveguide cross section shown in (b) compared with Gaussian beam illumination for 𝑁𝐴 =
0.95. The electromagnetic simulation parameters were as for the experimental geometry 
considered. The average enhancement per excited molecule, 〈𝐹5,F"%〉 = 825. (b) shows maps 
of mode electric field intensity in log scale, through which Raman is both excited and 
collected. The blue line shows the simulated positions of molecules along which the values 
in (a) were extracted to compute 𝐹5,F"%(𝒍). 

 
𝐹5,F"%(𝑥, 𝑦) has been evaluated for the waveguide’s cross section for molecule positions 1 nm 
from the Au surface, as shown in Figure S7. This enhancement factor is dependent on a 
reference Gaussian beam area, 𝐴-. In our experiments, we used two objectives: 𝑁𝐴 = 1.45 for 
waveguide excitation and 𝑁𝐴 = 0.95 for excitation of the planar gold film. We quote both 
molecule averaged enhancements below. 
 
Using Eqn. (4.17), we compute the averaged Raman enhancement factor, 
 

〈𝐹5,F"%〉 =
𝜂#$%
2

∫𝐹5,F"%(𝒍)𝑑𝒍
∫ 𝐼.(𝒍)/𝐼.-𝑑𝒍

x1 +
𝐿
𝐿1.

e&(8 − e&)(8y. (8.4) 

 
To compute the enhancement, we have used the experimental values for the coupling 
efficiencies, 𝜂!"Z𝜆.[ = 0.3  and 𝜂#$%(𝜆1) = 0.5 . We find 〈𝐹5,F"%〉-.UVWX = 825  and 
〈𝐹5,F"%〉*.YWX = 349, for the 𝐿 = 2	𝜇𝑚 waveguide.  
 
In experiments, we found that the waveguide SERS signal for a 𝐿 = 2	𝜇m waveguide relative 
to a gold film was enhanced by a factor of 940 ± 16 (see Section S3). This should be compared 
with the computed value, 〈𝐹5,F"%〉-.UVWX = 825, where the NA is matched to that used to excite 
the gold film. The agreement is surprisingly good and unexpected given the unknown effect of 
Raman dipole orientation on radiation from a gold film and the uncertainly in Raman scattering 
out-coupling efficiency. It was our goal to at least show and order of magnitude comparison. 
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We note that here, we assumed the experimentally determined 𝜂#$%(𝜆1) = 0.5, although this is 
slightly higher than theory. 
 
〈𝐹5,F"%〉 is an external Raman enhancement, accounting for the out-coupling efficiency of the 
Raman from the waveguide and any internal propagation losses; the peak internal average 
Raman enhancements are 2 〈𝐹5,F"%〉-.UVWX/𝜂#$% ≈ 2,800  and 2 〈𝐹5,F"%〉*.YWX/𝜂#$% ≈ 1,200 . 
These values indicate that very large Raman b-factors are possible by antenna excitation. 
 
Central waveguide excitation 
 
Here, we compute the Raman enhancement for central waveguide excitation. The locally 
enhanced field intensity of the pump must be numerically computed, as considered in Section 
S5. Let the position dependent field enhancement along a cross section in the x-y plane be 
denoted as 𝐸S,2!J(𝑥, 𝑦).  The local Raman enhancement is 𝐹5,2!J(𝑥, 𝑦) =
𝐹.6(𝑥, 𝑦)𝐸S,2!J(𝑥, 𝑦). Using Eqn. (8.1) to express 𝐹.6(𝑥, 𝑦), we find, 
 

𝐹5,2!J(𝑥, 𝑦) = 𝜂#$%
3
𝜋 𝐸S,2!J

(𝑥, 𝑦)𝑛D(𝜆1)
(𝜆9/2))

𝐴2,P%	(𝑥, 𝑦)
 (8.5) 

 
where all parameters were defined earlier. 𝐹5,2!J(𝒓) has been evaluated for the waveguide’s 
cross section for molecule positions 1 nm from the Au surface, as shown in Figure S8.   
 
Using Eqn. (4.20), we computed the average Raman enhancement for central waveguide 
excitation, 
 

〈𝐹5,2!J〉 = 2𝜂#$%
∫𝐹5,2!J(𝒍)𝑑𝒍
∫ 𝐼.(𝒍)/𝐼.-𝑑𝒍

e&(8/). (8.6) 

 
For central waveguide illumination, we only show computations for the 𝑁𝐴	 = 	1.45 case. For 
a waveguide of length, 𝐿 = 2	𝜇m, we find 〈𝐹5,2!J〉 = 134. Meanwhile, the internal Raman 
enhancement at the excitation position, 〈𝐹5,2!J〉e(

8/)/𝜂#$% = 965,  is sufficiently large to 
corroborate the high Raman b-factor observed experimentally. In experiments, the ratio of gap 
mode to direct radiation was determined to be a factor of 144 ± 55, which is broadly consistent 
with these simulations, when considering the computed average field enhancement of the pump 
light, 𝐻 = 4.29. A rough estimate suggests the ratio of waveguide to radiation coupling would 
be ~225.   
 
We note that the computed ratio of Raman signals under antenna and central waveguide 
excitation, both with the NA=1.4 objective, is 〈𝐹5,F"%〉*.YWX/〈𝐹5,2!J〉 = 349/134 ≈ 2.6. This 
is broadly consistent with the value of 3.4 ± 0.3	 found experimentally, shown in Figure S6. 
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Figure S8: (a) Local Raman enhancement, 𝐹5,2!J(𝒍)  for central waveguide excitation 
around the waveguide cross section, as shown in Figure S7 (b). The electromagnetic 
simulation parameters were as for the experimental geometry considered. The computed 
average enhancement per excited molecule is  〈𝐹5,2!J〉 = 134. 

 
Raman Enhancement Factor Extrapolated for Reducing Gap Width 
 
In the case of reducing the gap width, we can now speculate about the maximum Raman 
enhancement achievable in this W-SERS system. We have used Eqn. (8.4) to extrapolate for 
varying gap width for an 𝐿 = 1	𝜇𝑚 waveguide. Figure S9 shows the enhancement factor for 
this waveguide system as a function of gap width in the range [60,10] nm, a range which could 
be realised in practice. 
 

   
Figure S9. Calculated Raman Enhancement Factor as a function of the Gap Width for 
a 𝐿 = 1	𝜇𝑚 waveguide. As with Figure S7, the enhancement factor is computed relative 
to a Gaussian Beam pump spot with 𝑁𝐴 = 0.95. 
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S9. Waveguide Mode Calculations 
 
The effective mode area and group index are required to compute waveguide SERS 
enhancement parameters. These were numerically calculated using Ansys Lumerical finite 
difference eigenmode (FDE) solver. In the simulations, the cross section of the waveguide was 
defined by metallic squares of side length 60 nm, positioned at the interface of a silica 
substrate. To avoid numerical errors due to sharp corners, the corners of the squares were 
rounded with radius of 5 nm. To avoid the effect of the boundary conditions on the calculated 
modes, the solver region was set as 600 nm in the x direction and 500 in the y direction. In the 
solver region, a uniform mesh region with 1 nm scale was applied. Convergence testing was 
used to verify all simulation settings. 
 
The FDE solver returns the spatial mode profiles and mode properties (effective index and 
group index) for the fundamental gap plasmon waveguide mode. To calculate the position 
dependent mode area, we used the following definition, 
 

𝐴ZH[\(𝒓-) =
∬𝑊(𝒓). 𝑑𝐴

1/2𝜀-|𝒅-. 𝑬(𝒓-)|)
, (9.1) 

 
where 𝑊(𝒓) is the energy density, 𝑬(𝒓-) is the local electric field, 𝒅- is a dipole orientation 
unit vector and 𝒓- is the emission location. The position dependent mode area is used in the 
enhancement computations in Section S8. 
 
We also quote average waveguide mode areas. Here, we averaged 𝐴ZH[\(𝒍) over the line of 
positions 1 nm from the metal surface along one side of the gap region where molecules were 
functionalised.  
 

𝐴/0 =
1
𝑙0]E

] 𝐴ZH[\(𝒍)𝑑𝑙
𝒍

, (9.2) 

 
where 𝑙0]E = 60	𝑛𝑚 is the length of the line element, 𝒍 (green line in Fig. S4a), within the gap 
region. Note that the nominal thickness and width of the gold waveguide is 60 nm, and should 
not be confused with and integration over the gap width, 𝐺 = 60 nm, with the same nominal 
width. In all simulations the permittivities of gold and silica were adapted from the data of 
Johnson & Christy3 and Palik4. We note that numerical errors in the FDTD technique and 
uncertainty in the refractive index data outweigh any uncertainties in the nominal gap width, 
which was evaluated by SEM. 
 

S10. Waveguide SERS Enhancement Parameters 
 
Table S1 shows the various parameter values used in the computation of the Raman 
enhancement factors above. 
 
Table S1 Experimental and numerical parameters used in the experiment and computation. 
 

Parameter Experimental Value Numerical Value 
𝜆. 790 nm - 
𝜆1 800-920 nm - 
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NA (Waveguide) 1.45 - 
NA (Film) 0.95 - 

𝜂!"(𝜆. = 790	𝑛𝑚) = 𝜂#$%(𝜆.) 30 ± 2% 34.6% 
𝜂!"(𝜆1 = 860	𝑛𝑚) = 𝜂#$%(𝜆1) 50 ± 0.4%  - 

𝐿1.(𝜆.) (No 4-ATP) 2.11 ± 0.23	𝜇𝑚 1.79	𝜇𝑚 
𝐿1.(𝜆.)1 0.64 ± 0.08	𝜇𝑚 - 
𝐿1.(𝜆1) 0.78 ± 0.04	𝜇𝑚 - 
𝜌 - 0.41𝜆/𝑁𝐴 = 223 nm 
𝜌_ - 0.41𝜆/𝑁𝐴 = 340 nm 
𝐻 - 4.29 

𝑛.(𝜆.) - 1.90 
𝑛.(𝜆1) - 1.84 (𝜆1 = 860	𝑛𝑚) 
𝑛D(𝜆.) - 2.58 
𝑛D(𝜆1) - 2.46 (𝜆1 = 860	𝑛𝑚) 

(𝜆.)/4)/𝐴6D(𝜆.) 15 ± 1 14.85 
(𝜆1)/4)/𝐴6D(𝜆1) - 19.02 (𝜆9 = 860 nm) 

𝑅2#3 - 1.44 
 

S11. Waveguide SERS Stability 
 

 
 

Figure S10: Temporal stability of waveguide SERS at the highest excitation power of 800 
𝜇𝑊, considered in this work. (a) Raman spectrum from the plasmonic gap waveguide used 
in other panels of this figure. (b) Raman signal as a function of wavelength and time showing 

 
1 The pump propagation distance was computed from the Raman measurements. The fitting to 𝑛'(/𝑛(*) 
provided 𝐿,-(𝜆,), while the fitting to 𝑛'(/𝑛./0 provided the average 〈𝐿,-12〉 = *𝐿,-12(𝜆3) + 𝐿,-12(𝜆4),/2, from 
which 𝐿,-12(𝜆-) was computed. 
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stability of the signal over about 4 minutes. (c) Average signal over time. The variation is 
consistent with the fluctuation of the laser system. 
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