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1. Second-harmonic generation intensity

To quantify the second-order nonlinear response of a 2D material layer, a

monolayer of the material can be considered a nonlinear polarization sheet (X(?) at the
interface between two media, in our case, air and the FTO substrate. The second harmonic
generation process will depend not only on the nonlinear polarization, but also on the
dielectric properties of the surrounding media, which impact the amplitude of the electric
field at the interface, as determined by the electromagnetic boundary conditions. With the
pump at normal incidence and considering a frequency-dependent refractive indices, the
second-harmonic intensity is given by!:
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where @ is the pump frequency, ™1is the refractive index of the incidence medium, and
"2 is the substrate refractive index, % is the second-order nonlinear sheet susceptibility
tensor, € is the unit vector associated to the polarization of the pump field, ¢ is the speed
of light in vacuum and €0 is the vacuum permittivity. Note that the refractive indices are
taken to be complex. As the medium of incidence is air, we make ™(@) = 1 (2w) =1 14
2 I (w)
|Ey(@)|" = o,
addition, with 2€9m(@) ¢ gnd redefining ™2 as ™ to avoid confusion with the
nonlinear refractive index, we get:
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with 11(®) being the pump intensity at the incidence, and in which eel* can be

. 2
replaced with s

2 . 2 .
, with X's” representing the relevant tensor components.

2. Theoretical model
The dielectric function of FTO was described by the Drude free electron model:
E= €= ——— (3)
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where €, = 2.95, w, = 1.89x10 s7! and y = 0.9x10'* s7! were obtained by fitting
experimental transmission spectra. These fittings are shown in Figures 1(A) and 1(B) for
the p polarization at 0° and 45°, respectively, while Figures 2(A) and 2(B) show the
fittings for the s polarization at 0° and 45°, respectively.
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Figure S1: Experimental (black) and theoretical (red) transmittance for the p polarization at 0°
(A) and 45° (B).
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Figure S2: Experimental (black) and theoretical (red) transmittance for the s polarization at 0°
(A) and 45° (B).

The sample is modeled as a multilayer system with the z-direction normal to the
surface. Layer 1 is a semi-infinite vacuum region (Z>0) where the pump source is
located. Layer 2 corresponds to the FTO substrate of thickness d (0>2z>-d), with a
monolayer MoS, sheet on top (@t Z=0) and layer 3 is a semi-infinite glass slide with
z< -d where the detector is placed. To evaluate the SHG fields in layer 3, the
fundamental fields are first calculated. At normal incidence, the fundamental field at the
MoS, sheet EY= EY = (1 + rl“é)E‘;’&

Fresnel reflection coefficient:

w
is related to the incident pump field (&9 by the

S3



i2k,d

o tiptoiToze
T3 =T+ iyl (4)
1-ryrise
n, - n, - Z,0°
T2 = p
Note that the coefficients are evaluated at ®, with ny +npt Zyo and

2ny

t =
12 .
nyt+ nyt+Zy0 , which accounts for the monolayer MoS; contribution through the

1
Zyo® = (—)[ - i(e - Deywd]
€oC 2 where d=0.65 A, is the effective

thickness of the monolayer MoS, sheet, € = 4.97 is the dielectric function, €0 is the

sheet response?

vacuum permittivity, and ™1, ™2 and ™3 are the refractive indexes for air, FTO and glass,
respectively.

Next, the Green’s function formalism® with the infinitesimal vacuum gap
approach*? is used to obtain the SHG fields radiated by the monolayer MoS,. Using this
approach, an infinitesimal vacuum gap is introduced between the MoS, layer (at

z =07) and the FTO layer (0 = > z > —d) The suspended MoS, sheet generates a
downward (-) and an upward (+) SHG field?, defined as:

K +iK
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Py =€y x"ssin (39)((1 + T13)Ei) . Here, 9 is the angle between the crystallographic

x' direction (armchair) and the laboratory X coordinate;
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s S Yy Xsyxx szxy szyx is the second order sheet

S . : - it
susceptibility. In this case, we have assumed a time dependence € “" and defined the

5=Xgand P+ =5 X (tko)=+¥ polarization. Both polarizations have been treated
separately, Y = S,P, and represent the field in the “my,” layer by a two-element column

vector €mu, where the top (bottom) element described the upward (downward)
propagation directions. Therefore, the fields above and below MoS, can be written? as

+\ -\ — u _
e1(07) = vy +e,(07) = v, + Mize3,(= @) fere, Vu is an SHG field discontinuity

u
introduced by the monolayer, and M3 is the transfer matrix. Given that there is no
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downward (upward) propagation of the SHG field for Z > 0% (z>d), for the s
polarization we have:

K
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0 2e, *L-17 TBEG (- ) ©)
With the transfer matrix defined as:
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It is important to highlight that:

i.  The transfer matrix Mis is defined between layer 1 atZ= 0 and layer 3, so that
the transmission (Tij) and reflection (R ij) terms do not include the MoS, sheet
response;

ii.  The elements of the transfer matrix are evaluated at 8 = 2®_ Using Equation 6
for the s polarization and a similar equation for the p polarization, the field in layer
3, is obtained:

K .
Q .0 QOn Q~r 1K0|Z|
E‘3 = 1—26 (T13Pxx + T13Pyy)e
0

(8)

2.1 Monolayer MoS; on glass

To compare the SHG fields of the MoS,/FTO and MoS,/glass configurations, the
SHG fields for MoS, on glass were also calculated. The MoS,/glass sample model has
two layers, in which layer 1’ is a semi-infinite vacuum layer (Z> 0) and layer 2’
(z < 0) is the glass substrate with the monolayer MoS, on top. Following the previously
detailed methods, we obtain the SHG field in the glass region:

K .
Q_ . 0 Q~ Qn 1K0|Z|
E‘Z. = lz(TrZ'Pxx + Tl,z.Pyy)e
0

%)
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Where, T 2" with 1" and 2 evaluated at @=2w, and
P = ¢, xPsin (39)((1 + rl‘.‘é.)E‘;’)z and PSy1 = €, xPsin (39)((1 + rl‘."z.)E‘f)z. As

w
previously reported, 12" is evaluated at the fundamental frequency and include the MoS,

sheet response.

2.2 Normalized intensity and optical absorption

In order to compare the transmitted field intensity using both substrates, the

MoS,/FTO SHG intensity (I (20)r10) was normalized by the MoS,/glass SHG intensity (

I czw)glaSS), which we define as the enhancement factor (EF):

212
I153 _1Q@w)erg |T13(1 +713) |
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EF = (10)

Given the large wavelength in the FTO substrate around the ENZ condition, the
w
reflection coefficient ' 13 remains nearly constant as a function of the dielectric thickness

of the FTO substrate. Consequently, the EF dependence on the substrate thickness is given

by the transmission function Tys Our results remain valid for a broad range of thicknesses
as can be observed in Figure 1B (Main text).

It is also important to mention that, as the complex dielectric function of the
substrate is used in our model for Fresnel coefficient calculations, absorption is fully

. .. w |2 . w |2
accounted for. Figure S3 presents the calculated transmission |e35] , reflection ri3* and

. _ w|2 w |2 . .
absorption 4=1- Ir3l = |55 for the fundamental frequency as function of the thickness.

Additionally, the classical skin depth ¢ = c/wk(w) for FTO is superimposed as the black
curve in each panel.
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Figure S3. (A) Transmission coefficient |t13| . (B) Reflection coefficient |r13| . (C) Absorption
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13 13| . The classical skin depth is represented as the black curve in each panel.
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From Figure S3, it is possible to observe that the optical absorption around the
ENZ point becomes significant for substrates thicker than 1000 nm. Comparing the
optical absorption of the ENZ substrate with the EF map (Figure 1B — Main text), it is
evident that an increase in the absorption, reduces the EF. In fact, balance between
reflection and moderate absorption around the ENZ point is what defines the observed
region with high EF values. For the largest enhancement factor of 9.3 at 1680 nm and a
thickness of 520 nm, as in our substrate, we have |risf* = 0.32,4=1- |riaf* - [eis]* = 0.47
and & = 1046.5 nm; which is evidence that, despite the substrate absorption around the
ENZ point, its thickness is smaller than the classical skin depth and the field is not
completely attenuated.

3. FTO substrate characterization and processing

FTO (Fluorine doped tin oxide) deposited on SLG (soda lime glass) commercial
samples were kindly provided by MSE Supplies LLC. The original FTO thickness was
approximately 600 nm with a sheet resistivity of 7-8 /0. From AFM topography
measurements, Figure S3(A), the films were found to have a root mean square (RMS)
roughness of 17.8 nm, which virtually prevented the transfer of monolayer transition
metal dichalcogenide (TMD) flakes. Therefore, the FTO substrates were polished with
fine-grain diamond sandpaper (1 um grit for 3 min, 0.5 um grit for 5 min and 0.1 pm grit
for 5 min). The AFM topography after polishing can be observed in Figure S3(B),
corresponding to an RMS roughness of approximately 1.7nm and a measured thickness
of 520 nm.
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Figure S4: AFM topography images for the original FTO substrate (A) and for the polished
FTO substrate (B).
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4. MoS; and WS, Raman and optical microscopy characterization

Raman spectroscopy characterization was performed to confirm the flake
thicknesses. Optical microscopy images of the MoS, (A) and WS, (C) flakes on glass can
be observed in Figure S4 and MoS, (A) and WS, (C) on FTO can be seen in Figure S5.

Figure S4(B) compares spectra from the monolayer and bulk MoS,; regions of the
flake in Figure S4(A), with a wavenumber difference between the Aj, to E';, modes of
approximately 18.6 cm™' and 24.5 cm!, respectively, which is compatible with the
literature for monolayer and bulk MoS, flakes®. The same features were observed for
MoS, deposited on FTO, as shown in Figure S5(B).

For the WS, flakes, the Raman signature can be observed in Figures S4(D) for the
material deposited on the glass substrate and in Figure S5(D) for the 2D material
deposited on FTO. It is possible to observe characteristic monolayer feature

I 11 >2
[ZLA(M) * Ezg] lg at the 532-nm wavelength resonant excitation condition, with

I
[ZLA(M) +E
I

1 1
29] being the sum of the intensities in Raman modes 2LA(M) and E2g and

A1g being the intensity of Raman mode Alg 7,
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Figure S5: MoS, and WS, on glass optical characterization. Optical microscope images of
MoS; (A) and WS, (C) deposited on glass. (B) & (D) Raman spectra obtained at the same color
positions marked by a cross in (A) and (C), respectively. Raman data obtained at 532 nm with
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0.5 s, 10 accumulations and 3.5 mW laser power for MoS,; and 2 s integration time, 10
accumulations and 1.15 mW laser power for WS,.
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Figure S6: MoS, and WS, on FTO optical characterization. Optical microscope images of
MoS; (A) and WS, (C) deposited on FTO. (B) & (D) Raman spectra obtained at the same color
positions marked by a cross in (A) and (C), respectively. Raman data obtained at 532 nm with 2

s, 10 accumulations and 3.5mW laser power for MoS,; and 2 s integration time, 10
accumulations and 1.15 mW laser power for WS..

To minimize possible substrate roughness variations, MoS, and WS, flakes were
transferred to the same FTO substrate, shown in the optical microscope image of Figure
S6. For the samples of TMDs on glass, the glass substrate was the same as the one used
for FTO deposition.
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Figure S7: Optical microscope image of MoS, and WS, flakes deposited on the same FTO
substrate. The red circle highlights the monolayer regions.

5. Sample imaging and flake location

Reflected THG can be observed overlaid on the linear optical image, shown in
Figure S8. A red LED source, a CCD camera and some optics were used to optically
image, in reflection, both the TMDC flakes and the THG beam profile generated by the
pump laser. A neutral density filter is used to control the red LED light intensity (more
attenuation on Figure S8(A) and less attenuation on Figure S8(B)), which allows for a
better visualization of the THG spot. Also, adjusting the CCD camera’s RGB response
improves visualization. THG arises from both FTO and the 2D material (with the spot
getting brighter on flakes), which is not a problem, since it is simply used for
visualization. The yellow triangle in Figure S8(A) delimits the monolayer flake, which
can be more easily seen in Figure S8(B).

Figure S8. Optical image of the flakes under red LED light illumination and the THG beam.
(A) Attenuated red LED light. The yellow triangle delimits the monolayer TMDC flake. (B)
Higher LED light intensity on the sample.
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6. SHG polarization dependence in FTO

As the FTO is deposited by sputtering, it tends to be amorphous, with the observed
SHG component possibly arising from some local remnant (and variable) crystallinity®°.
As a consequence, the SHG polarization dependence (parallel configuration) is variable
(remaining inexistent in the perpendicular configuration), as shown in Figure S9, for
multiple positions of the same substrate. For that reason, as mentioned in the manuscript,
the analysis mainly focuses on the perpendicular polarization configuration, considered
interference-free from the FTO SHG.

29900,
/ ?
9

2

Figure S9. SHG intensity as a function of pump polarization angle in the parallel polarization
configuration for FTO at different positions of the same substrate.

7. Theoretical curves for the SHG polarization dependence in the
perpendicular configuration
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For MoS; in the perpendicular configuration, the theoretical prediction is shown
below, in Fig.S10. The red plot represents the SHG intensity as a function of the pump
polarization angle for MoS,/FTO and the black plot for MoS,/Glass. Data has been shifted
by 9° and 6° in the FTO and Glass plots, respectively, to reflect the experimental crystal
orientations.

Normalized SHG Intensity
N o
| |

£
il

Figure S10. Theoretical prediction for MoS2 on FTO (red) and Glass (black) in the
perpendicular polarization.

For WS,, theoretically predicting the SHG polarization dependence would only
be meaningful in a strain-controlled experiment. Without the nature (uniaxial, biaxial),
direction, and local strain amplitude, such calculation would be difficult and of limited
applicability. For simplicity, we could assume the monolayer WS, is under uniaxial
strain'®!!, however, a number of free-parameters would have to be implied, and no
consistent model or useful data extracted, as more sophisticated methods would be
necessary to model the nature of the strain in our samples.

8. SHG polarization dependence for TMDCs on Glass

MoS,/Glass and WS,/Glass in the parallel configuration present the same pattern
and intensity as in the perpendicular configuration with a phase shift of of 30°, as shown
in the Fig. S11. The results for MoS,/Glass can be observed in Fig. SI11 (A) and
WS,/Glass in Fig. S11 (B).
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Figure S11. Polarized SHG as a function of pump polarization angle in the parallel polarization
(red) and perpendicular polarization (black) configurations for MoS, (A) and WS, (B).

9. Photoluminescence measurements

During sample preparation, TMDC flakes were exfoliated on PDMS, which in
contact with the desired substrates and then detached, transferred the monolayers to glass
and FTO. The procedure relies on pressure applied during the transfer process, which can
possibly deform the viscoelastic stamp, yielding stain!2. The origin of strain is usually
attributed to the inherent lack of stiffness of PDMS. PDMS being soft can get slightly
deformed during transfer by the pressure exerted upon contact with the target substrate,
likely being the deformation source to induce strain in the flake being transferred!>!3.

In principle, and as already observed by others!4!7, the photoluminescence (PL)
shift can be considered an indicator of how the electronic band structure is altered by the
application of strain in TMDC:s. In our case, PL for monolayer WS, was measured before
and after the transfer process. Figure S12 shows the normalized PL for monolayer WS,
on PDMS and after transferring to FTO (A) and Glass (B). It is possible to observe a shift
in the PL peaks, both from 2.02 eV to 2.01 eV, compatible with tensile strain of less than
1% in monolayer WS,!# This strain magnitude is compatible with the observed
deformation in the SHG polarization dependent plots in Fig. 4(B)!%!!
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Figure S12. Normalized PL for WS, monolayers on PDMS (red curve) and after transferring to
FTO (A) and Glass (B).
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