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Supplementary Figure 1. Schematic of a TMD layer above the metallic surface. Subscripts 1, 2,

3 denote the region above the layer, between the metal surface and the layer, and inside the metal,
respectively.
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Supplementary Figure 2. Dispersion relation of the E-SPP. a E-SPP energy as a function of real

part of the wavevector. b E-SPP energy as a function of imaginary part of the wavevector. ¢ E-

SPP energy vs. group velocity.
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Supplementary Figure 3. Transmission and differential transmission (DT/T) measurements for
three additional devices. a Transmission spectrum of hBN-WSe,-hBN plasmonic Device 2 with
an effective length of 1.1 um. b Transmission spectrum of hBN-WSe,-hBN plasmonic Device 3
with an effective length of 1.7 pm. ¢ Transmission spectrum of hBN-WSe>-hBN plasmonic
Device 4 with an effective length of 3.1 um. d SPP pump-SPP probe DT/T spectrum (smoothed)
for Device 2 at a pump SPP energy of 1.743 eV. e SPP pump-SPP probe DT/T spectrum
(smoothed) for Device 3 at a pump SPP energy of 1.741 eV. f SPP pump-SPP probe DT/T
spectrum for Device 4 at a pump SPP energy of 1.74 eV. We attribute the signal near 1.722 eV to
the charged exciton (trion). Measurements a-b, d-e (c,f) were performed at 4.5 K (11 K).
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Supplementary Figure 4. Plasmonic enhancement factor ﬁenh (w). (a) Real part for
ha, =1.737eV (black), hw, =2.2eV (blue), (b) same as (a) but imaginary part, (c) real (black)
and imaginary (blue) part for 7@, =2.8eV . All other parameters are the same as in Fig. 2a of the

main text. The black curve in (a) and (b) corresponds to the exciton frequency in the experiment.
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Supplementary Figure 5. Characterization of waveguides. a Atomic force microscope image
(AFM) of a blank waveguide. The noise on the left side is an artifact of the measurement. b Zoom
in AFM image of the right grating structure of (a). ¢ Line cut along the red line in (b) showing the
depth and width of the gratings. d AFM of Device 1. The WSe: is denoted by the blue dashed line
and the hBN are denoted by black and white for the top and bottom pieces respectively.
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Supplementary Figure 6. Transmission and mode properties of bare waveguide. Finite difference
time domain (FDTD) simulation of the bare waveguide including grating couplers. In the
simulation, a focused Gaussian beam is incident on the input coupler. a Transmission spectrum
from the output grating of the waveguide normalized to the input power. b Electric field mode of
the SPP normalized to the free space field as a function of height above the waveguide and distance
from the center of the waveguide (SPP energy is 1.738 eV).
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Supplementary Figure 7. Simulated SPP electric field at the location of the TMD layer. FDTD
simulation of the x component of the SPP electric field normalized to the focused free space
electric field at the location of the TMD Layer.



Supplementary Note 1. Theory of exciton-surface plasmon polariton (E-SPP)

Linear response:

The theory of surface-plasmon polaritons (SPPs) is well established and covered in textbooks.
In the following, we proceed along the lines of the SPP theory but include the WSe; transition
metal dichalcogenide (TMD) layer, which is close to the metal surface and which hosts an
excitonic response. We investigate waves that propagate along the surface and are localized in the
direction normal to the surface, just as the conventional SPP, we derive a dispersion relation for
the coupled exciton-SPP mode, which we call exciton-surface plasmon polariton (E-SPP) modes.

We choose the geometry as shown in (Supplementary Fig. S3), with the metal at z <0and the
TMD layer at z=1z,, and the system homogeneous and infinitely extended in the x and y

directions. We start with Maxwell's propagation equation (in Gauss units)

c® ot?

{vz _ £(2) 8_2} E(x, Z,t)_ﬁ(ﬁ.E(x, z,t)) = i—fP(X, Z,t), (1)

where £(z) is the dielectric constant in each of the three spatial regions indicated in
(Supplementary Fig. S3). While the dispersion relation derived in the following is independent of
the specific form or the dielectric function in the metal, we note that, in the numerical evaluations
we use a simple Drude model,

.

; )

gm(w)zgw—m,

where @, is the plasma frequency, y, is a damping constant, and ¢, the high frequency
dielectric constant. Furthermore, Pis the excitonic polarization of the TMD layer. We utilize a
delta-layer approximation,
P(x,2)=0(z-2,)P (X), (3)
and assume a linear response with respect to the E-field at the position of the layer,
P.(x,) = y(0)E(X, 2, ®). 4)
Below, we extend the formulation to a nonlinear response. Again, the dispersion relation

derived in the following is independent of the specific form of the TMD response, but we note that

in the numerical evaluations we use the linear excitonic polarization
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where @ is the exciton frequency, I the radiative decay rate, and y the dephasing rate.
We assume p-polarized light in each region. For the two regions n=13, we have

E, =(E,.0,E,) with

E, (x,2) =E g*" (6)
and the complex wave vector Kk, =(k,0,k,) corresponding to evanescent waves. Upon
neglecting z-excitons in the TMD layer, we can assume the field in region 2 to be of the form
E,, (X, 2) = Ej "t 4 B gt ©)
and
E,, (X 2) = E, e it (8)
Using V-D =0 and standard boundary conditions, we obtain

M Eu =0 9
(E j_ ©)

3X

with
M = (_kSZ (klz + kZz - g) u—kZZ (‘9mk22 + kBZ)j (10)
_k32 (klz - k22 - g) u+k22 (gmeZ - k32)
where we have defined
U+ — e—i(klz+k22)z, (11)
u = etk (12)
and
. a)2
g=4ri (C—Z— kf];{(a)) : (13)
Furthermore,
602 2
klz =i ?—kx y (14)
and
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Ky, =+, |2 &, —k? | (15)

with surface waves requiring Imk,, >0 and Imk,, <0. Finally, k, = k,, , and we choose the plus
sign. An implicit dispersion relation is then given by

det(M)=0, (16)
which onecan solve numerically to obtain the explicit dispersion relation

o=o0(,), )
for real-valued @ and complex kK, . Note that the factor

|u, e e (18)

describes the spatial overlap of the evanescent surface mode with the TMD layer and hence the

coupling between the SPP and the exciton. There is only an effective coupling if the layer is within
the exponential decay length, given by 1/1mk,, . This length is affected by the excitonic response.
In the close-proximity limit, which we define as

~Imk,,z, <1, (19)
the dispersion relation simplifies to

K,, (&K, —Ks,) +0ks, =0. (20)

We see that, without the excitonic response, i.e. with g =0, this reduces to the standard SPP

dispersion &,k,, =K,, . We stress that the dispersion relation is a function of the material response
functions, i.e. of the dielectric function of the metal ¢, (@) and the TMD response y(w), and thus

free of any fitting parameters for given material response functions.

The numerical results for the linear dispersion presented in the main paper are obtained using
the general dispersion relation given above, det(M ) =0. They show that, for our case, the close-

proximity approximation is well justified. Finally, we obtain the absorption coefficient for the

wave traveling in the x-direction as

a=2Imk,.
In our case, the exciton resonance is at 7w, =1.737 eV, and a Lorentzian fit to the linear

reflection of the TMD layer on a substrate with refractive index n,=1.77 yields T'=1.645meV,
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y =6.448meV. Furthermore, we use &, =69, ho, =89eV, and fy, =35meV. From the
numerically obtained dispersion relation, we find the exciton or E-SPP resonance at Imk, =0.07

ﬂm_lcorresponding to an absorption length of 7.1 gm, which is in satisfactory agreement with

the experimental estimate of the absorption length. In (Supplementary Fig. S2), we show the

complex dispersion (the real and imaginary part of K (&) in the vicinity of the E-SPP resonance.

We also show the group velocity, which exhibits the usual features of a resonance with divergences

at the turning points and a region of negative group velocity between them.

Nonlinear response:
In order to obtain a quantitative estimate for the nonlinear response, we proceed as follows.

We start with the 3-rd order polarization,

Pi(3) = ZIiﬁiI)Ej EE/, (21)

ikl
As above, we neglect z-excitons, so that the induced (nonlinear) excitonic polarization has only
an x-component, and correspondingly we consider only the x-components of the E-field at the

position of the layer to drive the polarization. The only non-zero polarization component is then

PY =4O EEE (22)
with
P®=p¥ =0, (23)
To further simplify the theory and obtain an estimate for the change of the absorption
coefficient, we write the electric field as a sum of pump (superscript p) and probe/signal
(superscript s) field
E,=E’+E;. (24)
While the field would have to be computed self-consistently in the actual nonlinear E-SPP
propagation, we estimate the nonlinearity based on an average value for the intensity (- Ef |2),
which in turn we estimate from our experimental data. After linearization in the probe,

EEE —>2|E’FE, (25)

we have
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2@) = 7" (0)+272 |EP . (26)
We can write this as

1(@)= 7 () +Ay(w), 27)
with

Ay (o) = 4{ 1,7 (@) (28)

where |p is the average intensity in the TMD layer. Having the new linear (in the probe field)
response ){(a),lp), we can again obtain the dispersion relation, and from that a new
a(l,))=2Imk (1 ). The nonlinear change in the absorption coefficient is then
Aa=a(l)-a(l;=0). The differential transmission is

br

- —e 1~ —Aa d=-2ImAk, d, (29)

E-SPP

where d is the E-SPP propagation distance.

It is useful (in order to avoid numerical errors in the subtraction) to determine the relation

between Ak, and Ay(w) from an analytical linearization of the dispersion relation in the close-
proximity approximation, which yields
Ak, =y (@)AZ (@) (30)

with the plasmonic enhancement factor for the excitonic nonlinearity

2
—4ri [i’z —K? j K2 K2

h,. (@)= . 31
) Ta0c k) + I —8rt ()i &
We can re-write the relation between Ak, and Ay(®) in unitless quantities as
~ 1
Ak d =y, (0) — Ay (@) (32)

layer

with h, (0)=h,, (w)d,,d e, » Where dis again the E-SPP propagation distance and d,,, the

layer

TMD layer thickness. To see that this factor indeed describes a plasmonic enhancement of the

13



nonlinearities, we plot ﬁenh (w) in (Supplementary Fig. S4) for a propagation distance of d =3um

and a layer thickness of d_._ =1nm. We show three cases that differ only in the value of the

layer

exciton energy %, . The figure shows that, for a given value of the excitonic nonlinearity Ay ()
, the DT/T signal (which is given by the imaginary part of Ak, as well as corresponding nonlinear

refractive index changes, given by the real part of of Ak, ) increase with decreasing distance

between the exciton and SPP resonance frequencies. Furthermore, the figure shows that h,, (®)is

enh
complex-valued, which means that the real part of part of Ak, is given by both the real and
imaginary part of Ay(w) (and similarly for the imaginary part of Ak, ). In other words, the
observation of a DT/T signal is based on the real and imaginary part of Ay(w), unlike simple

concepts in nonlinear optics, where the differential transmission is given solely by the imaginary

part of Ay(w) .

To check for consistency, we can compare the value we obtain for Ay(w) from the E-SPP

measurements with the one we obtain from conventional differential transmission, DT/T, in

normal incidence with the TMD layer on a substrate with refractive index ;. In this configuration,

the differential transmission is given by

% =—A4rt, ©im M : (33)

C |1-2xit, @ 5@
C

2
where 1, = 1 is the substrate (amplitude) transmission.

S

We note that in the limit of an optically thin TMD layer, by which we mean a sufficiently weak

w
linear response, |27t " 2P« 1, the differential transmission reduces to
DT
—| x4t 2 m {Ax(w)}. (34)
T lopt c

While this limit is only approximately fulfilled by our TMD layers, it is still instructive to use

it for a rough comparison of the TMD nonlinearity in the E-SPP configuration to that in the all-

14



. : . . DT _ . . .
optical configuration. Using a measured value for T =5x10" at a known (estimated) intensity
opt

of I, =12.7x10°Wm™ close to the E-SPP resonance, we obtain a value (converted to Sl units)
for Im y® =-1.3x10?m?v 2,

To obtain an estimate for }((3) from the nonlinear E-SPP propagation we use the measured DT/T

together with an estimate of the average pump intensity. In the case of optical pump/SPP probe,

: - DT . .
we estimate |, =85x10°Wm™ | d =3,m, and measure —|  =0.0041 from which we obtain

E-SPP
ImAk « . We set, for the purpose of this order-of-magnitude estimate, Re Ak =0 which then yields
acomplex 7 =—(0.77+i1.7)x10m*V . This is consistent with the value estimated from the all-
optical measurement given above. In the case of SPP pump/SPP probe, we estimate

|, =4.5%x10° Wm™ and measure DTl 00412, This yields 7® =—(14+i32)x10®m3V?

E-SPP
. Given the uncertainties in the experiment and the above-listed simplifying assumptions that enter
the theoretical model, this is in satisfactory agreement with the result from the all-optical

measurement.
Supplementary Note 2. SPP electric field estimation.

To estimate the intensity of the SPPs, we first calculate the free space, average intensity being
coupled into the waveguide. This is done by dividing the power of the beam by the area of a circle

with a radius equal to the beam waist, which gives a value of 226x10°Wm™. This intensity is

N, |E|2 , Where we take n = 1 (vacuum), yielding

then converted into an electric field using | = 5

aresult of 4.12x10°Vm™. The free space electric field is then converted into the x component of
the SPP field based on the FDTD (Lumerical) simulation (Supplementary Fig. S7) 2 nm above the
center of the waveguide (where the TMD layer is in our sample).
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We then take the average value of the simulated electric field from y = -1.5 to 1.5 as a scaling
factor, equal to 0.147, for converting the free space electric field into the x-component of the SPP
electric field of 5.87x10*Vm™. This electric field is then converted back into an intensity of

4.57x10°Wm™ using the previous equation again taking n = 1.
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