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Supplementary Note 1: Field effect devices with electrolyte top gate

Figure S1(a) shows a scheme of a field effect device we use for Raman and PL spectroscopy
in dependence of the free electron density. We use a PDMS stamping technique [1] to transfer
monolayer MoS2 flakes onto silicon substrates with a 300 nm thick SiO2 layer as dielectric.
Contacts to the MoS2 flake and for the electrolyte top gate are fabricated by standard optical
lithography and e-beam evaporation of 5 nm Ti and 30 nm Au. As an electrolyte top gate we
use either a solid polymer electrolyte (PE) of poly-(ethylene oxide) and CsClO4 or the ionic liq-
uid (IL) Diethyl-methyl-(2-methoxyethyl)-ammonium-bis-(trifluormethylsulfonyl)-imid (Sigma
Aldrich). In both cases, the gating principle relies on the separation of ions in the electrolyte
and the formation of an electronic double layer between the ions of the electrolyte and the
two-dimensional material. The data shown in Fig. 2 of the manuscript origin from a field
effect device with PE top gate [sample A]. The capacity of PE top gates is in the order of µF,
two orders of magnitude higher than the capacity of the silicon back gate [2, 3]. For monolayer
MoS2, Chakraborty et al. reported a modification of the charge carrier density of ∼ 1013 cm−2

for an applied gate voltage of VTG = 1 V in a PE field effect device [3]. Further, the authors
demonstrated that the energy of the A′1 phonon mode is sensitive to the electron density and
they correlated the energy shift of the A′1 mode to a change of the electron density. As a
determination of the absolute charge carrier density in the MoS2 flake is beyond the scope of
our devices, we use ref. 3 to estimate the change of the charge carrier density from the energy
shift of the A′1 mode measured by Raman spectroscopy. Supplementary Figure 1(c) shows
non-resonant Raman spectra in the circular co-polarized configuration for two gate voltages
VTG = −0.5 V (corresponding to n0 of sample A with PE gate) and VTG = 0 V (corresponding
to n++ of sample A with PE gate). Lorentzian fits to the data reveal energies of 405.5 cm−1

and 403.3 cm−1 for the A′1 mode, respectively. The shift of 2.2 cm−1 corresponds to a change
of the electron density of ∼ 1013 cm−2 according to ref. [3]. For n0, we assume an electron
density in the order of ∼ 1011 cm−2, what is supported by the comparison of our PL spectra
to the spectra shown in ref. [4]. Overall, the estimation results in a ratio of n++/n0 ∼ 100.
In order to avoid asymmetric electric fields in the MoS2 flake, we simultaneously use the elec-
trolyte top gate and the silicon back gate with a ratio of VBG/VTG = 80. We would like to note,
however, that an asymmetric field does not affect the conclusions drawn in the manuscript [cf.
Supplementary Figure 6].

One peculiarity of the PE is its helical crystallization. Therefore, it can cause changes in the
degree of circular polarization by turning circular polarized light into linear polarized light and
by causing depolarization. For this reason, the measurements on the PE gate were conducted
in the configuration shown in Fig S1(b), which makes it possible to monitor the degree of
circular polarization during the measurements individually for each device since the change
in the degree of circular polarization caused by the PE gate changes from sample to sample.
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In particular, it is possible to measure the effect of the PE gate by comparing the reflected
laser light from two spots on the bare silicon substrate and on silicon substrate covered with
PE. The measurements are shown in the first two rows of Supplementary Figure 1(e). The
polarization dependence of the intensities of the Raman signal can be corrected for the effect of
the PE gate by deconvolution. The polarization dependence of the fitted amplitudes of the A′1
and the E′ modes is shown in Supplementary Figure 1(e) before and after the deconvolution
of the effect of the PE gate. The deconvoluted data corresponds to the data shown in Fig.
2(f)-(g) of the manuscript.

The data shown in Fig. 1 of the manuscript origins from a field effect device with IL top gate
[sample B]. ILs are widely used to modulate the carrier density in two-dimensional materials
and they provide capacities comparable to those of PE gates [5, 6]. Supplementary Figure
1(d) shows non-resonant Raman spectra from a field effect device with IL top gate [sample
B] in the circular co-polarized configuration for two gate voltages VTG = −2 V and VTG = 1 V
(corresponding to n0 and n++ of sample B with IL gate, cf. Fig. 1 of the manuscript).
Lorentzian fits to the data reveal energies of 403.8 cm−1 and 400.2 cm−1 for the A′1 mode,
respectively. The shift of 3.6 cm−1 verifies an equally high capacity of the IL top gate.

Supplementary Note 2: Matrix element of the Fröhlich exciton-phonon
interaction

The Fröhlich exciton-phonon interaction for an exciton is derived by combining the electron-
phonon Fröhlich interaction of an electron and a hole [7, 8]:

HFI = CF
q

(
1

[1 + (pha0q/2)2]2 − 1
[1 + (pea0q/2)2]2

)
(1)

CF = e

[
2πh̄ωLO
NV

(
ε−1
∞ −ε−1

0
)]1/2

, pe = me
me +mh

and ph
mh

me +mh
(2)

For the electron and hole masses we use me = 0.46 and mh = 0.54 [9]. For the exciton radius
a0 we assume a0 = 1 nm [10]. CF contains the frequency of the LO phonon ωLO, the volume V ,
the number of unit cells per unit volume N and the high and low frequency dielectric constants
ε∞ and ε0. For the plot shown in Fig. 3(a) of the manuscript we assume CF to be a constant
and set it arbitrarily to 10−4.
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Supplementary Figure 1 — Characterization of field effect devices. (a) Scheme of a
field effect device used for optical measurements in dependence of the free electron density.
(b) Scheme for polarization resolved measurements on devices with PE gate. (c) Non-resonant
Raman spectra (Ei = 2.54 eV) in circular co-polarized configuration for two top gate voltages of
a device with PE gate [sample A]. (d) Non-resonant Raman spectra (Ei = 2.54 eV) in circular
co-polarized configuration for two top gate voltages of a device with IL gate [sample B]. (e)
Deconvolution of the polarizing effect of the PE top gate [sample A]. The left panel shows data
for low electron density n0, the right panel shows data for high electron density n++. The error
bars in the plots of the fitted amplitudes represent the fit errors.
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Supplementary Figure 2 — Gate dependence of non-resonant Raman spectra. Non-
resonant Raman spectra (Ei = 2.54 eV) in circular co-polarized (black) and cross-polarized
(red) configurations for electron densities n0, n+ and n++. Data taken on sample A with PE
top gate.
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Supplementary Figure 3 — Temperature dependence of Raman spectra of CVD
grown MoS2. Circular co-polarized (σ+,σ+) and cross-polarized (σ+,σ−) Raman spectra
of a CVD grown monolayer MoS2 flake on a SiO2/Si substrate. Black lines represent measured
spectra; filled curves are Lorentzian fits to the data. (a) Low temperature and non-resonant ex-
citation, (b) low temperature and resonant excitation, (c) room temperature and non-resonant
excitation and (d) room temperature and resonant excitation. The polarization dependence is
qualitatively the same for both temperatures and it matches the data from exfoliated flakes for
the case of low electron densities shown in the main part of the manuscript. We note that ex-
foliated MoS2 monolayers can intrinsically be in the low or high electron density regime. This
large variation in the intrinsic charge carrier density from sample to sample might explain
conflicting reports in literature for pristine MoS2 monolayers demonstrating the E′ phonon
being cross-polarized [11] or co-polarized [12] under resonant excitation.
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Supplementary Figure 4 — Linear polarized Raman spectra. Resonant Raman spectra
(Ei = 1.96 eV) for two different angles θ between the crystal axes of the sample and the po-
larization direction of the linear polarized incident and scattered light. Incident and scattered
light are linear parallel polarized. Fitted amplitudes are shown in Fig. 3(c) of the manuscript.
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Supplementary Figure 5 — Gate dependence of PL and resonant Raman spectra.
PL and resonant Raman spectra taken at T = 300 K with a laser energy of (Ei = 1.96 eV)
for three different electron densities n0, n+ and n++. (a) PL spectra in the circular co- (red)
and cross-polarized configuration. (b) Circular co-polarized and (c) cross-polarized resonant
Raman spectra. Filled curves show fitted Lorentzian peaks for the A′1 and E′ modes. (d, e)
Fitted amplitudes of the Raman and PL intensities in dependence of the top gate voltage. DP
contributions (A′1CO and E′CROSS) are plotted as open circles, the FI contribution (E′CO) as
filled triangles. The error bars represent the fit errors. Data is shown for two samples with
PE top gate. Data shown in panels (a-d) as well as data in Supplementary Figure 1(c,e),
Supplementary Figure 2, Supplementary Figure 6 and Fig. 2 of the manuscript is taken on
sample A.
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Supplementary Figure 6 — Gate dependence of Raman spectra for positive gate volt-
ages. Resonant Raman spectra taken at T = 300 K with a laser energy of (Ei = 1.96 eV) for
three different positive gate voltages on a sample with IL top gate. For VTG = 0 V we observe
strong scattering from the LO mode E′, while the scattering rate decreases for increasing pos-
itive gate voltages. In contrast, for sample A we observe that the LO scattering is suppressed
for VTG = 0 V and is strongly enhanced for negative voltages [cf. Supplementary Figure 5]. The
difference between the two samples can be explained by different intrinsic doping levels due to
the exfoliation process. Due to the contrasting behavior of the two samples when increasing
the absolute of the gate voltage, we exclude symmetry breaking by the electric field of the gate
to be responsible for the observation of strong co-polarized LO scattering. This conclusion is
consistent to the observation of strong co-polarized LO scattering in samples without any top
gate as shown in Supplementary Figure 3.

7



P
L
 i
n

te
n
s
it
y
 (

c
o
u
n

ts
/s

)

Energy (eV)

co-polarized s(   ,    )s

1.0 V

0.0 V

-0.5 V

-1.0 V

-1.5 V

-2.0 V  data

B

defect

-
A

Fit

0

1500

3000

0

1500

3000

0

400

800

0

200

400

0

150

300

0

100

200

1.6 1.7 1.8 1.9

Energy (eV)

(   ,    )s scross-polarized

1.6 1.7 1.8 1.9

0
A

In
te

n
s
it
y
 (

c
o

u
n
ts

/s
)

A'1E '

Energy (cm-1)

co-polarized s(   ,    )s

 data

Fit

E '

A'1

1.0 V

0.0 V

-0.5 V

-1.0 V

-1.5 V

-2.0 V

1.0 V

0.0 V

-0.5 V

-1.0 V

-1.5 V

-2.0 V

0

100

0

100

0

100

0

5

0

5

380 400 420
0

5

a b

Supplementary Figure 7 — Line-shape analysis of PL and Raman spectra. (a) Circular
co- and cross-polarized PL spectra (left and right panel of (a), respectively) in dependence of
the applied top gate voltage [data also shown in Fig. 1 of the manuscript]. The plots show the
original data (black scatter) together with a multi-peak fit consisting of four Gaussian peaks
that represent the PL of the neutral and charged A exciton (A0 and A-), the B exciton and a
defect peak. For increasing gate voltage from −2 V to 1 V we observe a bleaching of both the
neutral and the charged exciton emission. The A0 peak broadens from ≈ 45 meV to ≈ 70 meV
and its energy slightly blue shifts by ≈ 4 meV ± 10 meV. The A- peak redshifts by 35 meV,
corresponding to half of its full width at half maximum of ≈ 70 meV. The trends are consistent
to existing literature for MoS2 [4] and other TMDs [13]. The dashed line indicates the energy of
light scattered by the E′ phonon and shows that the resonance condition for the light scattering
is satisfied for all gate voltages. (b) Circular co-polarized Raman spectra corresponding to the
spectra PL spectra shown in (a). Measured data is shown as black scatters. Solid lines are
Lorentzian peaks fitted to the data. Grey lines are peaks of resonant Raman modes that are
discussed in literature. In ciruclar co-polarized configuration the A′1 mode is a contribution
due to the deformation potential, whereas we ascribe the E′ mode contribution [yellow line]
to the Fröhlich interaction. For increasing gate voltages we observe decreasing intensities for
both contributions, however the intensity of the E′ mode decreases faster than that of the A′1
mode [intensity ratio plotted in Supplementary Figure 9(c)].
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Supplementary Figure 8 — Temperature dependence of PL and resonant Raman
spectra. Temperature dependent spectra of CVD grown monolayer MoS2 [cf. Supplemen-
tary Figure 3]. (a) Circular co-polarized spectra for resonant excitation at Ei = 1.94 eV (b)
Normalized spectra for excitation at Ei = 2.33 eV. The spectrum for 300 K is recorded with
Ei = 1.94 eV. (c) Logarithmic plot of the PL intensity in dependence of the temperature ex-
tracted from the resonant spectra shown in (a). (d) Center energy of the PL peak in dependence
of the temperature extracted from the spectra shown in (b). (e) Temperature dependence of
the intensity of the co-polarized Raman contributions E′CO and A′1CO extracted from the reso-
nant spectra in (a). The intensity of both modes decreases with increasing temperature. This
effect is consistent to the bleaching and the shift of the excitonic resonance [shown in (c) and
(d), respectively]. (f) Temperature dependence of the degree of polarization (DOP) of the
PL spectra shown in (a). The DOP decreases monotonously with increasing temperature. (g)
Ratio of the intensities of E′CO and A′1CO plotted in (e). The intensity ratio is constant over the
whole temperature range, demonstrating that the temperature dependent bleaching and shift
of the resonance equally affects the scattering probabilities of the DP contribution A′1CO and
the Fröhlich contribution E′CO. (h) Gate voltage dependence of the ratio of the intensities of
E′CO and A′1CO of sample C with PE top gate [cf. Supplementary Figure 5(e)]. The data shows
that the intensity of E′CO decreases much faster than the intensity of A′1CO with increasing
electron density. From the temperature dependence shown in (g) we can exclude that the gate
dependence of the resonance condition is responsible for the faster suppression of the E′ mode.
Therefore, we conclude that this effect is caused by screening of the Fröhlich scattering with
increasing electron density.
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Supplementary Figure 9 — Temperature dependence of the degree of polarization.
(a) Temperature series of co- and cross-polarized PL spectra of a monolayer MoS2 device with
IL top gate for two different electron densities. (b) Degree of polarization (DOP) of the spectra
shown in (a) evaluated at the respective maxima of the PL peak (circles). Squares represent the
DOP of the PL spectra shown in Supplementary Figure 5 [sample A]. Dashed lines are guides
to the eyes. (c) Intensity ratio of the E′ and the A′1 Raman modes of circular co-polarized
spectra. Grey triangles represent data taken on sample B [sample of Fig. 1 of the manuscript,
spectra shown in Supplementary Figure 7(b)].
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