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Measurements on Multiple WS2 Flakes  

To ensure the resonance Raman profiles were reproducible we performed measurements on two separate 

flakes grown on the same substrate. Both flakes are shown in Figure S1 (a-b). The resonance Raman 

profiles were obtained at 4K and 295K using the same excitation energies as stated in the main paper. At 

4K, as shown in Figure S1c, there is clear agreement between the two resonance profiles. In the case of 

the measurements at 295K the obtained resonance profiles are both centered at similar energies although 

there is a slight variation in resonance width with extension towards higher energies on the second flake. 

Fitting of the resonance profiles and comparing the values obtained on samples S1 and S2 shows for the 

4K datasets that the fitted coefficients are in agreement to within the error obtained from the fitting. In the 

case of the 295K results the fitting parameters are all within experimental error for the two samples apart 

from the exciton energy which differs by approximately 4 times the error. We believe this difference is 

due to underlying sample differences and in no way invalidates the underlying model we discuss in the 

main manuscript.  The fitted resonance profiles for the A1
′
 and E

′
 at 4K and the A1

′
 at 295K are shown in 

Figure S2, and the fitted coefficients for the A1
′ 
at 4K and 295K are presented in Table S1 and S2 

respectively. We also present the fitted amplitude coefficients for the E
′ 
alongside the ratio of the E

′ 
/A1

′
 

on S1 and S2 for the 4K datasets in Table S3.  
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Figure S1 (a-b) Optical microscope images of the monolayer WS2 flakes used for resonance Raman measurements 

denoted as S1 and S2 respectively. The results presented in the main paper were from measurements on S1 (a). c-d) 

Resonance Raman profiles obtained for the A1’ mode on both samples S1 and S2 at 4K and 295K respectively. 

 

Figure S2 Resonance Raman profiles obtained from repeat measurements on flake S2 where (a-b) correspond to the 

A1
’
 and E

’
 resonance profiles obtained at 4K, and (c) the A1

’
 resonance profile obtained at 295K. Error bars 

correspond to the experimental error determined from repeat measurements throughout the experimental run. 

Table S1 Comparison of fitted amplitudes, linewidths and energies for A1
′ 
resonance Raman profiles taken at 4K on 

samples S1 and S2. Errors shown for the fitted coefficients correspond to one standard deviation and were obtained 

from the fitted model. The units of the amplitude coefficients are 10−3√𝐶𝑜𝑢𝑛𝑡𝑠 𝑠−1 ∙ 𝑒𝑉2 

 XX XX
-
 X

-
X

-
 EX (eV) ΓX (eV) EX-(eV) ΓX-(eV) 

S1 88.1±2.2 21.4±1.9 70.6±2.8 2.064±0.001 0.018±0.004 2.038±0.006 0.027±0.008 

S2 82.9±1.7 40.3±1.8 72.9±2.0 2.070±0.011 0.023±0.02 2.041±0.004 0.010±0.006 
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Table S2 Comparison of fitted coefficients for A1
′ 
resonance profiles obtained on S1 and S2 at Room Temperature. 

Errors shown for the fitted coefficients correspond to one standard deviation and were obtained from the fitted 

model. Units of the amplitude coefficients are as 10−3√𝐶𝑜𝑢𝑛𝑡𝑠 𝑠−1 ∙ 𝑒𝑉2 

 

XX XX
-
 X

-
X

-
 EX (eV) ΓX (eV) EX-(eV) ΓX-(eV) 

S1 58.54±0.62 2.83±0.70 3.43±0.79 1.989±0.002 0.036±0.003 1.944±0.004 0.011±0.003 

S2 121.77±51.11 42.08±13.84 34.06±12.48 2.036±0.011 0.066±0.013 1.951±0.005 0.025±0.005 
 

Table S3 Presents the fitted amplitude components for the E
'
 phonon at 4K on sample S1 and S2 and the ratios of E

'
/ 

A1
' 
phonon amplitudes. Errors shown for the fitted coefficients correspond to one standard deviation and were 

obtained from the fitted model. Units for the amplitude coefficients are given as 10−3√𝐶𝑜𝑢𝑛𝑡𝑠 𝑠−1 ∙ 𝑒𝑉2 

Raman 

Channel 

E
′
 Ratio E

′
/ A1

′
 

XX XX
-
 X

-
X

-
 XX XX

-
 X

-
X

-
 

S1 31.7±1.3 7.52±1.1 24.0±1.7 0.359±0.018 0.351±0.060 0.341±0.028 

S2 33.4±2.7 12.1±2.1 21.1±3.6 0.403±0.011 0.300±0.022 0.290±0.016 
 

Raman Peak Assignment – Dispersion Relation Comparison  

Theoretical predictions for phonon frequencies in monolayer WS2 data were extracted from results 

presented in Sanchez et al and Berkdemir et al 
19, 27

. The predictions were compared to the experimental 

values of Raman peaks corresponding to the A1
′
, E

′
 and LA. The best agreement was with the results of 

Berkdemir et al. The assignment of the unassigned peak was then carried out using the Berkdemir 

predictions for phonon frequencies. The possible two phonon combination mode frequencies are 

presented in Table S4 and Table S5 for the M and K points respectively. The experimentally determined 

values for the unassigned peak relative to the Si peak at 520cm
-1

 is 479.0cm
-1

. Therefore the closest 

combination mode is the E
′′
 (LO1)(M)+TA(M) phonon.  

Table S4 Predicted Raman shifts for combination modes occurring due to M point phonons obtained using data 

extracted from Berkdemir et al. 

Phonon Combination 

Modes 

Predicted 

Raman Shift 

(cm
-1

) 

2LA 358.0 

E
''
(TO1)+TA 452.4 

E
''
(TO1)+ZA 462.9 

E
'
(TO2)+TA 473.3 

E
''
(LO1)+TA 478.2 

E
'
(TO2)+ZA 483.8 

E
''
(LO1)+ZA 488.6 

E
'
(LO2)+TA 498.3 

E
'
(LO2)+ZA 508.8 
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Table S5 Predicted Raman shifts for combination modes occurring due to K point phonons obtained using data 

extracted from Berkdemir et al. 

Phonon 

Combination Modes 

Predicted 

Raman Shift 

(cm
-1

) 

2LA 372.0 

E
''
(TO1)+ZA 482.2 

E
''
(TO1)+TA 482.2 

E
'
(TO2)+ZA 495.1 

E
'
(TO2)+TA 495.1 

E
''
(LO1)+ZA 499.1 

E
''
(LO1)+TA 499.1 

E
'
(LO2)+ZA 503.1 

E
'
(LO2)+TA 503.1 

 

Linear Power Dependence  

The power dependence of the Raman intensity was measured at both 4K and 295K with an excitation 

energy of 2.016eV, which corresponds predominantly to the lower energy excitation reported in the main 

paper. The obtained spectra as a function of power were fitted to obtain the Raman intensity of the A1
′
 

peak and are shown in Figure S3 (a-b). The results of this clearly show a linear relationship at both 4K 

and 295K. As discussed in the main body of the paper, this is indicative of the low energy excitation 

being attributed to trions and not biexcitons. In addition we present the Raman spectra obtained for power 

linearity at 4K which have been background subtracted and normalized Figure S3c, and show no 

significant variation in the width or position of the A1
′ 
peak as a function of excitation power. 

 

Figure S3 Raman intensity of the A1
′
 mode was measured as a function of power at 4K (a) and 295K (b) with a 

linear fit applied to both sets of data, which is shown by the red line error-bars shown are 95% confidence bounds 

obtained from fitting Raman peaks. (c) Raman spectra obtained at 4K as a function of power background 

subtraction has been performed and spectra normalized using the fitted peak amplitudes.  
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Anti-Stokes/Stokes Temperature Measurements  

To determine the true sample temperature during the experiments anti-Stokes and Stokes Raman spectra 

were measured with the laser tuned to the peak of the WS2 resonance as a function of excitation power. 

The Raman spectra were corrected for the efficiency of the spectrometer. The intensity of the Raman 

peaks were obtained by fitting Lorentzian line shapes and these were corrected for the reflectivity of the 

sample. The ratio of the anti-Stokes and Stokes Raman intensities are related to the temperature by the 

following equation for the case of non-resonant excitation 
S1

: 

𝐼𝐴𝑠

𝐼𝑆
=

(𝑣𝑙 + 𝑣𝑝ℎ)3

(𝑣𝑙 − 𝑣𝑝ℎ)3
𝑒

−
ℎ𝑣𝑝ℎ

𝑘𝑏𝑇  

Resonance effects will lead to a multiplicative correction to the non-resonant ratio which varies only 

slowly with temperature
S2

.  

Measurements were initially taken at 4K with an incident laser power of 1mW and 2mW on the WS2 and 

Si substrate respectively. Whilst we obtain significant Stokes signal in a 1 min exposure, 2.82×10
5
 counts 

at the maximum of the 417cm
-1

 peak, we are unable to detect any anti-Stokes scattering above the noise 

with a 30 min exposure. Based on the observed intensity of the Stokes signal and the noise on the anti-

Stokes spectra we can constrain the temperature of the sample to be below 42K. In order to be able to 

constrain the temperature to a value of 20K would require an exposure time of the order 10
9
 longer which 

is not experimentally possible.  

Measurements of the temperatures obtained from the anti-Stokes to Stokes ration for the Si (520 cm
-1

) 

peak and the WS2 A1
′
 (417 cm

-1
) peak at 150K and 295K are shown in Figure S4 (a-b). The temperatures 

obtained for the Si substrate are in agreement with the temperature obtained from the cryostat sensor to 

within 3K and are independent of incident laser intensity. For the WS2 measurements resonance effects 

means that the ratio of anti-Stokes to Stokes scattering depends on excitation wavelength. Application of 

the non-resonant expression above to the raw, uncorrected anti-Stokes to Stokes ratios gives a WS2 

temperature of 132K and 182K at 150K and 295K respectively. To correct for the resonance effects we 

adjusted the anti-Stokes to Stokes ratios by a single scaling factor at each temperature which is chosen so 

that the intercept of a linear regression fit to the obtained temperatures versus excitation intensity is the 

same as the cryostat sensor temperature. This process would in no way prevent us from observing any 

laser induced heating. Based upon the measurements we can place a quantitative upper limit on laser 

induced heating of 3K or less at 150K and 295K. There is no evidence of laser heating of the sample at 

any temperature and so we can assume that the cryostat sensor temperature can be used as a good 

measurement of the sample temperature. 
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Figure S4 Power dependence of the sample temperature obtained from Anti-stokes and Stokes Raman 

measurements at 150K (a-b) and 295K (c-d) on Si substrate and WS2 spectra respectively. The laser wavelength was 

tuned to peak of the resonance profile fits presented in main paper, i.e. 603.95nm and 623.50nm at 150K and 295K 

respectively. 

Micro-reflectivity and Raman Enhancement Factor  

For the case of monolayer materials prepared onto non-transparent substrates, the layered nature of the 

system leads to optical interference effects. The effect of the interference on the Raman scattering 

amplitude is well known and methods to correct for this effect have been presented in Yoon et al. and 

Zhang et al. 
S3, S4

. This requires the calculation of a Raman Enhancement Factor (REF) of the form shown 

in eq(1): 

∫ |𝐸𝐴𝑏(𝑥)𝐸𝑆𝑐(𝑥)|2 𝑑𝑥
𝑑

0

 

 Where Eab and Esc are the electric field strength at the absorbed and scattered wavelengths respectively 

and x defines the position inside the monolayer. The electric field strength is determined by modelling the 

reflectivity spectra of WS2. T matrix calculations are then performed using the known refractive indices 

of the SiO2 and Si layers 
S5, S6

. The dielectric response of WS2 is then modelled using three Lorentzian 

oscillators, which have been shown to dominate the optical response of WS2 by Li et al 2014 
S7

. The 

micro-reflectivity measurements were carried out using a tungsten halogen lamp and a fiber coupled 

Ocean Optics HR4000 USB spectrometer with a protected silver mirror as a reference signal. The 

reflectivity measurements were obtained at 4K and 295K to account for any temperature dependent 

effects. The spectra were then fitted and the REFs obtained: these results are shown in Figure S5 (a-b). It 

is clear that the temperature dependence of the REF is negligible, with only a slight variation between 4K 

and 295K. In addition we find that correction of the resonance Raman profiles using the REF does not 

alter the results of the analysis or the conclusions presented in the main paper. 



7 
 

In addition we also present the reflectance contrast spectra comparing the WS2 reflectivity and the silicon 

substrate at 4K Figure S6a which is dominated by the shift in the interference fringes due to WS2 

monolayer. The reflectance contrast spectrum comparing the WS2 reflectivity at 4K and 295K Figure 6b 

however allows a peak associated with the A exciton to be observed.  

 

Figure S5 a) Reflectivity spectra obtained on monolayer WS2 at both 4K and 295K using a protected silver mirror 

as a reference. b) Raman enhancement factor determined from the reflectivity at 4K and 295K. 

 

Figure S6 a) Reflectance contrast spectra comparing the reflectivity of the WS2 sample point S1 to the silicon 

substrate taken at 4K where the red line indicates the energy of the exciton at 4K. b) Reflectance contrast spectra 

comparing the reflectivity of the WS2 on S1 at 4K and 295K with lines denoting the position of the exciton at 4K and 

295K. Where reflectance contrast is defined as 
(𝑅𝑊𝑆2−𝑅𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒)

(𝑅𝑊𝑆2+𝑅𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒)
 and 

(𝑅4𝐾−𝑅295𝐾)

(𝑅4𝐾+𝑅295𝐾)
 for (a) and (b) respectively. 
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Repeatability of Resonance Raman Measurements  

In order to obtain the resonance Raman profiles it is necessary to ensure the repeatability of the Raman 

scattering intensities throughout the experiments. Due to the use of a tuneable laser source this requires 

careful alignment at each excitation wavelength to ensure the coupling of the Raman scattered light into 

the spectrometer is identical. We have previously presented the methods used for the resonance Raman 

measurements in Smith et al.
 S8

 which allows a repeatability of the Raman intensity of the order of 10%. 

The temperature dependent resonance Raman measurements were obtained over multiple experimental 

runs, with experiments carried out from 4K to 295K using both DCM and R6G laser dyes. During each 

experimental run multiple independent measurements were carried out at excitation energies of 1.97eV, 

2.02eV, and 2.07eV, with repeat spectra for an experimental run shown in Figure S6. The repeat 

measurements were performed with an interval of 3-4 intermediate measurements at different excitation 

energies. The repeatability was then determined by fitting the A1
′
 peak and obtaining the Raman intensity. 

The average repeatability obtained for all temperatures and experimental runs was 9% ± 4%. This is 

comparable to the repeatability we have previously achieved for measurements on extreme nanowires 

presented in Spencer et al. 
S9

.  

 

Figure S7 (a) Repeat Raman spectra were taken at different times throughout the experimental run on monolayer 

WS2 with an excitation wavelength of 600nm and at a temperature of 4K the time elapsed since the start of the 

experiment is included in the legend. The total duration for this experimental run was 142min. Panel (b) then 

provides an inset showing only the A1
′
 mode to fitting of the Raman peaks we obtain a repeatability of the Raman 

intensity of 9%.  
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Fitted A1
′
 Resonance Profiles as a Function of Temperature  

The amplitude coefficients, resonance widths and central energies extracted from the resonance profiles 

for the A1
′
 mode as a function of temperature were presented in the main paper. Here we present in Figure 

S8 the individual resonance profiles, with the obtained fits, for the A1
′
 mode from 4K to 295K. As 

discussed in the main text these have been fitted using the Raman scattering amplitude model for two 

electronic excitations with three scattering channels corresponding to exciton-exciton, trion-trion and 

exciton-trion scattering. In addition, we also present a comparison of the extracted exciton-trion scattering 

amplitude for the A1
′
 phonon as a function of temperature to the geometric average of the exciton-exciton, 

and trion-trion scattering amplitudes in Figure S9. The geometric average has been scaled by a factor of 3 

to allow comparison of the temperature dependence. For both cases we find similar results with the 

strength of the exciton-trion scattering decreasing at higher temperatures. Although the associated errors 

are significant, so it is uncertain if the geometric average is in agreement with the exciton-trion scattering 

data.  

 

Figure S8 Presents the fitted resonance Raman profiles for the A1
'
 mode as a function of temperature. In each case 

the fits have been obtained using two electronic excitations with scattering between electronic excitations and 

resulting in three Raman channels. Error bar shown are obtained from repeatability measurements during 

experimental runs. 
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Figure S9 Shows the fitted amplitude for the exciton-trion scattering channel with the predicted temperature 

dependence obtained from using the geometric average of the exciton-exciton, and trion-trion scattering amplitude 

coefficients. 

Comparison of resonance Raman profiles for all phonons at 4K 

In order to facilitate the comparison of the resonance profiles presented in Fig 6 in the main manuscript, 

the fits and experimental data obtained for A1
′
, E

′
, 2ZA, LA, 2LA, and Unassigned peak at 4K are 

presented in Figure S10 (a-b). For clarity we also present the fitted profiles separately from the data in 

Figure S10 (c-d).  

 

Figure S10 Fits and experimental data for resonance Raman profiles at 4K for the single phonon peaks (a) and two 

phonon peaks (b) with error bars those obtained through repeatability measurements during experimental runs. In 

(c-d) we present only the fitted profiles to allow easy comparison of the difference in the shape of the resonance for 

different phonons.  
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Photoluminescence Spectra  

For completeness, we also present the photoluminescence spectra obtained at 4K and 295K Figure S11. 

These spectra were obtained using the same experimental setup as that for the Raman measurements with 

a 532nm laser diode. At 4K there is a clear peak centered at ~2.05eV which we associated with the 

exciton and trion emission and is in line with the energies obtained for these electronic excitations of 

2.036eV and 2.064eV. In addition, the blue shift in the PL energy from 4K to 295K is ~ 60-70meV, 

which is in agreement with the observed shift of the electronic excitations presented in the main paper. 

There is also a lower energy contribution in the region <2eV and has been attributed in other PL 

measurements to localized states 
S10

.  

 

Figure S11 Photoluminescence spectra obtained from monolayer WS2 using a 532nm diode laser at 4K and 295K. 

Data Files  

In addition two excel spreadsheets have been provided. The first contains the Raman spectra obtained 

from our experiments and the second contains data relating to the figures shown in the supplementary 

information, such as, reflectivity spectra, photoluminescence spectra, power linearity spectra, Anti-Stokes 

and Stokes Raman spectra. In each case the Raman spectra have been corrected for spectrometer 

efficiency. For a given temperature the data is contained within three separate spreadsheets For example 

the 4K data set will be contained in the spreadsheets labelled “4K Shift”, “4K Intensity”, and “4K WL”, 

which contain the Raman shift, intensity, and excitation wavelengths respectively. For the shift and 

intensity spreadsheets each column corresponds to an individual Raman spectra where the excitation 

wavelength used is given in the corresponding column in the wavelength spreadsheet.  
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