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ABSTRACT 
We present temperature dependent resonance Raman measurements on monolayer WS2 for the temperature range 4K to 295K using excitation photon energies from 1.9eV to 2.15eV in ~7meV steps. These are analyzed to determine the resonance profiles of five previously assigned phonon based Raman peaks (A1′, E′, 2ZA, LA, 2LA) and a previously unassigned peak at 485cm-1 whose possible attributions are discussed. The resonance profiles obtained are fitted to a perturbation theory derived model and it is shown that both excitons and trions are required to explain the profiles. The model is used to separate the contribution of exciton-exciton, trion-trion and exciton-trion scattering to each of the Raman peaks at 4K. This separation allows the ratios of the rates of scattering involving the A1′ and E′ phonons for each of the three types of scattering to be determined. The explanation of the multi-phonon Raman peaks requires the coupling of bright excitons and trions to large wavevector dark states. The fitting of the resonance Raman profiles for these Raman peaks demonstrates scattering of bright excitons to bright trions via these large wavevector dark states. 
In terms of novel optical and optoelectronic physics, mono and few layer transition metal dichalcogenides (TMDC) are materials which just keep on giving 1. In particular the large spin-orbit coupling and a lack of inversion symmetry in odd layer materials leads to optical control of spin states and reduced spin scattering leading to the possibility of valleytronics 2,3. Extreme confinement and modified screening leads to large excitonic binding energies (~0.5-1 eV) and a series of well-defined, but non-hydrogen like, excitonic peaks within the absorption and emission spectra of the TMDCs 4. These same effects lead to a variety of more complex multi-particle excitations including trions 5 and biexcitons 6 which also contribute to the absorption and emission spectra. These stable multi-particle excitations are already leading to applications such as light emitting diodes which have been shown to exhibit both excitonic and trionic emission 7,8 depending on the injection bias. In addition to the bright multi-particle excitations, the extreme confinement and modified screening lead to a range of stable dark multi-particle excitations which despite their inability to couple directly to light are important to optoelectronic properties of the TMDCs. These states are dark due to a variety of selection rules. They include excitons with non-zero orbital angular momentum that lead to peaks within the two photon absorption spectra 9; S=1 dark excitons, which in WS2 and WSe2 are slightly lower in energy than the bright equivalent excitons, have recently been observed using optical spectroscopy in the presence of an in-plane magnetic field.10,11; and non-zero center of mass momentum excitons including excitons from electrons and holes at different K points and electrons at the  point and holes at the K point 12. These latter excitations have been shown to lead to temperature dependent quenching of photoluminescence 13,14 and to effect the excitonic linewidth12.
A wide variety of optical spectroscopy techniques have been applied to the study of the TMDCs as each technique gives a slightly different insight into the materials. One widely applied technique is Raman spectroscopy 15–18. Clearly Raman spectroscopy′s main application is the measurement of the phonon spectrum as a fingerprint for the number of layers within a flake 19,20. However, the excitation photon energy dependence of the Raman spectra allows access to a much wider range of physics. For instance, resonance Raman spectra obtained with excitation photon energies tuned to a resonance at 2.81eV in MoSe2 allow the observation of Davydov splitting of Raman peaks and the determination of the strength of interlayer mechanical coupling 21. The existence of two phonon and defect-allowed Raman scattering means that Raman spectroscopy is able to probe large-wavevector dark electronic states directly. Such effects have already been used to study the intervalley scattering of excitons by acoustic phonons in MoS2 and provide insights into phonon dispersion 22. Most of the resonance Raman studies have been performed with relatively coarse excitation energy resolution, i.e. with discrete laser lines rather than continuously tunable laser sources. These studies are suitable for separating the resonances of the A and B excitons but not the contributions of excitons and trions to the individual resonances. In addition nearly all of these studies have been performed at room temperature 21,23–27. The one exception to this is the work of Molas et al. 28 which presents a resonance Raman study performed on monolayer WS2 at 4K with a continuously tunable laser. This study presents Raman spectra obtained with the excitation laser light tuned to the exciton and trion photoluminescence peaks but does not extract the resonance profiles or fully separate scattering due to the two resonances. In this study we present measurements of the Raman spectra of monolayer WS2 obtained across the temperature range 4K-295K with excitation photon energies in the range 1.9-2.15eV, across the A exciton resonance, with an excitation photon energy resolution of better than 7meV across the range. The resonance profiles obtained by fitting the spectra are modelled to extract a variety of information about bright and dark excitons and trions including the relative importance of various phonons to the intra and intervalley scattering of trions. 

WS2 flakes were produced using chemical vapor deposition onto a 290nm thick oxide coated silicon substrate. Growth was carried out in a quartz tube furnace with WO3 (Alfa Aescar 99.998%) and sulfur powder (Alfa Aescar 99.9995%) as the precursors and Ar as the carrier gas with a flow rate of 30 sccm. The sulfur was loaded upstream from the WO3 and substrate, in a low temperature region, and heated independently to 200Cº. The furnace temperature was initially ramped to 600 Cº with a ramp rate of 20 Cº /min for WS2 growth the temperature was then increased to 900 Cº with a ramp rate of 5 Cº /min. The temperature was maintained for 15 minutes after which the furnace was cooled naturally to room temperature. Monolayer flakes were then identified via optical microscopy using the contrast difference between single and few layer samples (Figure 1). Flakes were confirmed as monolayer using AFM measurements of layer thickness (0.72nm) and Raman spectroscopy (difference in Raman shift29 of  and  peaks of 61.1cm-1). For maximum consistency the measurements presented in this paper were all performed on the flake shown in Figure 1(b) at the location indicated. The main results were confirmed by results measured at a second location on this flake and on a second flake (see SI). Raman spectra were measured on the sample at temperatures from 4K-295K with a continuous wave dye laser for laser energies in the range 1.9-2.15eV. The experiments were performed in back-scattering geometry using a Olympus LMPlan-IR x50 objective with NA 0.55 to focus the excitation and collect the Raman scattered light with a spot diameter 1.6 m diameter. The incident laser power dependence of the Raman spectra was measured across the spectral and temperature ranges and the spectra obtained within the linear regime (see SI) with an incident power of 0.7mW. The absence of laser induced sample heating was further confirmed using measurements of the Stokes/Anti-Stokes ratio (see SI). The excitation and collected scattered light were both linearly polarized with the same polarization (vertical). Whilst circular polarization Raman measurements have been used to elucidate details of Raman scattering processes 18, the key results obtained from Raman scattering can be observed with linear polarized excitation and so this polarization was chosen for consistency with the bulk of the published literature 27. To enable substrate related optical interference effects on the Raman intensity to be corrected, microreflectivity experiments were performed across the temperature range at the same location as the Raman spectra and a nearby uncovered area on the substrate (see SI). Using these measurements the optical effects due to the substrate were modelled and corrected for in line with standard published methods 25,27,30 (see SI for more details). The repeatability of measurements at a range of key excitation energies were monitored during each run and from run to run giving a repeatability of the Raman intensity of 9% (see SI for further details). Further experimental details can be found in the supplementary information. 
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Figure 1. (a) Raman spectra obtained for WS2 monolayer flake shown in (b) taken at 4K with laser energy 2.07eV. This shows six peaks attributed to WS2, see main text for attribution, plus a Si phonon peak (520cm-1) superposed on luminescence from the WS2. (b) Optical microscope image of triangular WS2 flake (edge length = 48m) with a few layer region (green small triangle) at its center. The location and size (1.6 micron diameter) of the excitation laser spot is shown by a white solid circle. The inset presents an AFM topography profile obtained from a scan normal to edge of the flake. The flake thickness obtained from the scan is 0.72nm ± 0.2nm.	
A characteristic Raman spectrum obtained at 4K and 2.07eV laser energy is presented in Figure 1a. This spectrum shows six peaks associated with WS2 plus a 520cm-1 Si phonon peak, due to the substrate, superimposed on luminescence from the WS2. The attribution of five of the six WS2 peaks is well accepted within the literature. These are the defect activated longitudinal acoustic (LA) phonon peak at 174cm-1, the two phonon 2ZA peak at 294cm-1, the two LA phonon peak at 349cm-1, the single phonon E′ peak at 356cm-1 and the single phonon A1′ peak at 417cm-1 15,28. Whilst there have been suggestions in the literature that the 2ZA peak could be associated with a combination mode involving emission of one phonon and absorption of a second phonon, the fact that we observe this mode at 4K means that in line with the argument put forward by Zhang et al. 15 this cannot be the case. The sixth, new peak can be observed at 479cm-1 and is broader than the other Raman peaks. Whilst this peak hasn′t yet been assigned, it has been clearly observed in WS2 monolayer flakes by E. del Corro et al. 26 at laser energies of 2.18 and 2.03eV. Based upon published density functional theory calculated WS2 phonon dispersion relations 20,31, which have successfully been used to interpret the established Raman peaks, it is clear that the unassigned peak cannot be a single phonon peak. Based upon the DFT phonon dispersion relations calculated by Berkdemir et al. 20, which give the best fit to the measured shifts of already assigned peaks of all the published calculations, the most likely assignment for the 479cm-1 peak is a two phonon Raman peak E′′(LO1)(M)+TA(M), although we cannot rule out E′′(TO1)(K)+ZA(K) or E′′(TO1)(K)+TA(K) as alternative assignments (see SI for more details). 
In order to obtain the resonance profiles for each of the Raman peaks the six peaks were fitted to Lorentzian lineshapes with a quadratic background, to account for the luminescence, and their center energy, linewidth and spectral weight obtained. As expected, the center energy and linewidth were independent of excitation energy. In Figure 2 we present the excitation energy dependence of the spectral weight of the A1′ peak, the resonance profile, across the full temperature range. As shown in Figure 2 at room temperature the resonance has the form of a single peak centered at 2.02eV. This is in line with all of the previously published resonance profiles for monolayer WS2 which were all measured at room temperature. As the temperature decreases the Raman intensity increases significantly, by approximately a factor of ten at 4K, the central energy of the resonance increases and most importantly the resonance clearly develops structure. 
[image: ]Figure 2 Resonance Raman profiles, spectral weight vs excitation photon energy, of the A1′ mode at temperatures from 4K to 295K.

To better understand the resonance behavior we next fitted the resonance profile using the standard perturbation theory prediction for the leading order process responsible for single phonon Raman scattering shown in Figure 3a 32–34, where and  represent the electric dipole and electron-phonon interaction Hamiltonians respectively. The ground state is denoted by and the intermediate electronic states are denoted as  whose energies are  and broadening factors. The energy of the incident and outgoing photons are denoted as  respectively and the phonons involved in the scattering process have energies. The Raman scattering process, represented by the Feynman diagram presented in Figure 3a, involves the sequential conversion of an incoming photon into an optically active (bright) electronic excitation, the scattering of this excitation by a phonon leading to a second, possibly identical, bright electronic excitation, and finally the conversion of this second electronic excitation into a photon. If there is more than one possible sequence of intermediate electronic states then the amplitudes for each of the possible processes (channels) are added leading to the possibility of interference effects33. It is interesting to note that for a particular channel, i.e  and, the ratio of the amplitudes,, for different phonons is given solely by the ratio of the electron-phonon matrix elements allowing the relative rates of these processes to be determined. 
 In Figure 4 we present the results of fits to the 4K A1′ resonance profile based upon a series of different scenarios for the electronic excitation involved in the Raman process. In Figure 4a we present the result of a fit assuming a single bright excitation is available. This fit clearly demonstrates that the two main peaks observed in the experimental resonance profiles can be explained by incoming and outgoing resonances with a single bright excitation. However, there is a low energy tail present in the experimental resonance profile this theory cannot explain. In order to try and fit this tail we introduce a second independent bright excitation leading to two channels for the Raman scattering, i.e. we exclude scattering between the two excitations. As shown in Figure 4b, whilst this does lead to additional weight in the resonance profile at lower energies this scenario still fails to fully fit the experimental results. In Figure 4c we present the results of a fit assuming two bright excitations and allowing scattering between the two excitations by the A1′ phonon. The agreement with the experimental results is excellent. 
[image: C:\Users\lm12g11\AppData\Local\Microsoft\Windows\INetCache\Content.Word\FeynmanDiagramsai.png]Figure 3 . Feynman diagram and perturbation theory expression for the intensity for a single phonon Raman process (a) and two phonon process (b). 

[image: ]Figure 4 Resonance Raman profile for A1′ peak at 4K compared to fits of perturbation theory predictions assuming a) a single optically active electronic excitation, b) two independent optically active excitations c) two optically active electronic excitations with scattering between the excitations by the A1′ phonon. In (c) we present the magnitude squared of the contribution of each of three scattering channels which interfere to give the overall prediction. The best fit parameters obtained from the fit presented in (c) are presented in Figure 5. Error bars shown were obtained from repeatability measurements taken during experimental runs see SI.

There are a number of different candidates for the two bright excitations required to fit the resonance profiles including the A exciton, a trion based upon the A exciton, a biexciton formed from two A excitons and defect localized A excitons. Biexciton based Raman should be superlinear in excitation intensity however we observe a linear excitation intensity dependence thus we can reject the biexciton hypothesis. Whilst defect localized excitons are commonly seen in luminescence spectra 35, particularly at low temperature, they have not been observed in reflectance and PLE 36,37presumably because of their low oscillator strength. As Raman scattering is closer to PLE than luminescence in its dependence on oscillator strength and population we would expect defect localized excitons to make only a weak contribution to Raman scattering. Additionally, in general defect localized excitons lead to a band of luminescence which is significantly broader than the width of the A exciton luminescence 35. In our case we observe the lower energy resonance is either of comparable or lower width than the upper resonance. For these two reasons we reject defect localized excitons. Thus we are left with the conclusion that the upper and lower energy resonances, at 2.064 and 2.038eV, are the A exciton and the A exciton based trion. The energy separation of these two resonances, 26 meV, is well within the range of published trion binding energies 4,38–40 and very close to that observed in other CVD grown WS2 monolayer flakes 41,42.
Having established the simplest model which could explain the 4K resonance profiles we next fitted the temperature dependent A1′ resonance profiles with the same model. The best fit values for the fitting parameters obtained from these fits are shown in Figure 5. As shown in Figure 5b the energy of the exciton and trion resonances decrease with increasing temperature in line with predictions based upon the expected temperature dependence of the K bandgap43,44. The linewidth of the exciton (Figure 5c) is observed to increase with increasing temperature in line with previously published PL and other data 14. On the other hand the trion linewidth is either constant or slightly decreasing with increasing temperature. There are no previous results on trion linewidth vs temperature with which to compare this observation. The most striking results are the temperature dependence of the amplitudes of the exciton-exciton (XX), trion-trion (X-X-) and exciton-trion (XX-) Raman channels shown in Figure 5a. Whilst the XX amplitude is only weakly dependent, decreasing by 40% from 4K to 295K, the X-X- amplitude decreases by a factor of 22 over the same temperature range. There are conflicting reports in the literature on whether the trion oscillator strength is constant or decrease with increasing temperature. Zhang et al. 15 present temperature dependent PL data for temperatures in the range 5 to 363K which they fit to obtain the trion oscillator strength for the temperature range 5 to 150K. They conclude that the oscillator strength is constant with temperature up to 150K which is not in agreement with our results. On the other hand, Arora et al. 14 present the results of PLE measurements of the trion which they interpret as showing a very significant decrease in oscillator strength with increasing temperature; by a factor of at least ten from 4K to 300K which is in qualitative agreement with our results. We observe that the XX- amplitude decreases more slowly than the X-X- in line with the expectation that it should be proportional to the geometric average of the XX and X-X- amplitudes (see SI for further details).
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Figure 5 Best fit parameters obtained for the A1′; mode as a function of temperature from 4K to 295K, after fitting with the three channel model. Panel a) shows the amplitude coefficients obtained for the three Raman channels corresponding to exciton-exciton, trion-trion, and exciton-trion scattering. Panel′s b and c then show the obtained central energy and linewidths for the two electronic excitations respectively. These are attributed as exciton (blue) and trion (orange).For all panels the error bars shown are the 95% confidence intervals obtained from the fitting process for the coefficients.

Having analysed the resonance profiles of the strongest, A1′, Raman peak we next turn our attention to the other Raman peaks. In Figure 6 we present the 4K resonance profiles for the six WS2 Raman peaks along with fits using the three channel model developed for the A1′ phonon. The fits have been performed with exciton and trion parameters, energies and linewidths, fixed at those obtained from the A1′ fits. i.e. allowing only the amplitude of the three channels to vary. As shown in Figure 6 the experimental resonance profiles for the different phonons differ significantly, e.g. the 2ZA resonance profile has much less weight at lower energies than the A1′ resonance. Direct comparisons of the different profiles on the same graph are presented in the SI. Despite the differences in the experimental results they can all be fitted using the model developed for the A1′ case just with different amplitudes for the three channels. The best fit values of the various amplitudes are shown in table 1.
Let us first consider the results of the fits to the single phonon Raman peaks for which the fitted model should be valid. In this case the ratios of the amplitudes for a specific channel, e.g. the XX channel, for two different phonons is solely determined by the ratio of the phonon scattering matrix elements, e.g.for the two phonons. As the rates of the respective phonon scattering processes are determined by the square of these matrix elements, we can thus determine the ratio of the scattering rates for different phonons scattering between the specified electronic excitations. Note that these scattering rates apply to a wide range of situations not just Raman scattering. Based upon the results of the fitting we can state that the ratio of the phonon scattering rates for the E′ and A1′ phonons for exciton-exciton, exciton-trion and trion-trion scattering are similar at approximately 1:9. The agreement between these ratios is presumably a reflection of the similarities between excitons and trions. Whilst the result isn’t unexpected we believe this is the first experimental determination of the relative scattering rates for trion-trion and exciton-trion scattering for these phonons. 
[image: ]
Figure 6 Resonance profiles for six observed Raman peaks fitted to the three channel perturbation theory. (a,b) show the fitted profiles for the single phonon peaks A1′ and E′ respectively. (c-f) show the fitted profiles for the acoustic and two phonon modes 2ZA, LA, 2LA, and unassigned peak respectively. Error bars shown were obtained from repeatability measurements taken during experimental runs see SI. 








Table 1 Amplitude coefficients obtained for all phonon modes at 4K, with errors corresponding to one standard deviation and given in units of. These correspond to   in the perturbation predictions presented in Figure 3.
	Raman Channel
	Single Phonon
	Defect and Two Phonon
Defect and Two Phonon 

	
	A1′
	E′
	LA
	2ZA
	2LA
	Unassigned

	XX
	88.1 ±2.2
	31.7±1.3
	4.4±0.3
	32.1±2.2
	36±2.4
	327±3.7

	X-X-
	70.6±2.8
	24.0±1.7
	7.3±1.9
	19.5±1.5
	36±3.9
	62±3.9

	XX-
	21.4±1.9
	7.5±1.1
	11.6±0.9
	37.8±1.6
	12±2.2
	103±3.0



Let us now consider resonance profiles of the defect assisted and two phonon peaks. The fact that these can be well fitted by the theory developed for single phonon Raman is somewhat surprising as the leading order process expected for these peaks, whose Feynman diagram is presented in Figure 3b, involves an additional large wavevector electronic excitation. The Raman scattering amplitude equation for a two phonon process is shown in Figure 3b and contains an additional electronic excitation denoted k with energy Ek and broadening factor Γk:
However, the single and two phonon predictions give the same result if the large wavevector electronic excitation involved is not strongly resonant; i.e. the scattering involves contributions from a continuum of virtual or real excitations. We can be confident that the additional intermediate states are large wavevector, and thus dark or semi-dark states, because this is required by the center shift and shape of the peaks. The fact that we require all three channels to fit the two-phonon and defect assisted peaks means that we can be confident that both excitons and trions can be scattered to large wavevector, dark or semi-dark, states and that at least some of the large wavevector states can couple to both excitons and trions. 
In conclusion we have presented the results of a detailed experimental investigation of the resonance behavior of the E and A1′ single phonon peaks, the defect assisted LA peak, the two-phonon 2LA and 2ZA peaks and one previously unassigned peak in the Raman spectra of monolayer WS2 for excitation energies in the range 1.9 to 2.15eV and temperatures in the range 4K to 295K. We have proposed that the unassigned peak, which can also be observed in spectra published by E del Corro et al. is mostly likely a two-phonon peak involving a E′′ (M) +TA (M). Fitting the resonance profiles obtained from the Raman spectra requires two well defined intermediate electronic excitations be involved in the Raman process. The two electronic excitations have been shown to be the bright exciton and trion. The fitting allows us to separate the contributions of exciton-exciton, trion-trion and exciton-trion processes to the Raman intensity. In turn this allows us to quantify the relative rates of trion-trion and exciton-trion scattering by the A1′ and E′ phonons for for the first time. We find that for trion-trion, exciton-exciton and exciton-trion scattering the ratio of the scattering rates for the E′ and A1′ phonons are in the ratio 1:9. This is in agreement with the results of Carvalho et al.27 for the exciton-exciton scattering process but extend these results to exciton-trion and trion-trion scattering. It seems likely that the close agreement between the scattering rate ratios for exciton-exciton and trion-trion scattering are due to the underlying similarities of these two excitations however further theoretical work would be required to fully understand these results. For defect assisted and two phonon Raman peaks we have established the role of trion-trion and exciton-trion channels for the first time. The leading order process responsible for these Raman peaks involves large-wavevector, dark or semi-dark, states. We can therefore conclude that phonons can couple bright trions to large wavevector trions or excitons with at least some of these states being able to couple, via the same phonons, to bright excitons as well. 
Overall we believe these results demonstrate that Resonance Raman scattering studies have a lot to offer the study of few layer transition metal dichalcogenide materials. In particular Raman processes allow dark excitons and trions to be probed optically. However to get the best from these measurements they have to be done at cryogenic temperatures with sufficient excitation energy resolution to allow the resonances to be accurately fitted. Obvious extensions to this work which should bring interesting results are similar measurements performed at the B and C exciton resonances. In Molybdenum based materials the smaller spin-orbit energies in both the conduction and valance bands should modify the results reported here. Studies on gated samples should allow more details of the trion Raman to be determined. Finally, studies at higher excitation intensities may allow biexcitonic physics, including the possibility of dark biexcitons, to be probed. 
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