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Abstract 

SnS and SnS2 are earth abundant layered semiconductors that owing to their optoelectronic properties 

have been proposed as materials for different photovoltaic, photosensing and photocatalytic applications. 

The intrinsic efficiency of these materials for such applications is driven by their charge transfer dynamics, 

which in turn depend on their electronic structure and the interaction of the molecular orbitals involved 

in the charge transfer process. In this publication, we provide a step-by-step description of the use of the 

core hole clock method to obtain orbital dependent charge transfer times for SnS2 and SnS down to the 

attosecond time scale. We use both S 1s and Sn 3d core holes with natural core hole lifetimes of 1.3 fs 

and 300 as, as time references to obtain a complete picture of electron delocalisation times across the 

conduction band of both materials. Ultrafast electron delocalisation times, lower than 5 femtoseconds 

and as low as tens of attoseconds, are measured for electrons excited to the unoccupied molecular 

orbitals of both materials. SnS delocalisation times are found to be shorter than those for SnS2 for all 

probed molecular orbitals, with delocalisation times being more than an order of magnitude shorter for 

higher lying molecular orbitals. DFT calculations show that charge transfer dynamics are strongly 

influenced by the interlayer interaction within these materials. The slower delocalisation of electrons in 

SnS2 can be linked to the restricted out of plane spatial dispersion of the molecular orbitals in the 

conduction band and consequent limitation of the electron delocalisation pathways. The results 

presented in this paper highlight the high potential of combining the core hole clock method with high-

level DFT calculations to study orbital dependent charge transfer in semiconductor materials for 

optoelectronic applications down to the attosecond scale. 

Introduction 

Metal chalcogenides are a large family of 2D materials exhibiting sizable bandgaps that allow solar light 

absorption and are currently widely studied for optoeletronic applications.1–3 In particular, tin sulphides 

are abundant, inexpensive, environmentally benign and have shown great promise as materials for 

photodetection,4 photovoltaics5,6 and photocatalysis7,8 due to their outstanding optoelectronic 

properties.9–11 Due to their similar composition, SnS2 and SnS, are commonly the subject of publications 

comparing their structural, optical and electronic properties.11,12 SnS and SnS2 belong to the group IV–VI 

of semiconductors and show different crystal structures and optoelectronic properties. SnS2 and SnS are 

both layered materials but differ in the strength of their interlayer cohesion forces with SnS exhibiting 

shorter interlayer bonding.12 SnS crystallizes in the orthorhombic crystal system adopting a GeS structure 

type, has an energy band gap of 1.6 eV and exhibits p-type electrical conductivity. SnS2 crystallizes in the 

hexagonal crystal system adopting a CdI2 structure type, has a larger band gap (2.2 eV) and exhibits n-

type electrical conductivity.11 The significant differences in their optoelectronic properties makes them 

more suitable to different applications. Whilst the electronic structure of SnS is more suited to 

photovoltaic applications, the band positions of SnS2, makes it a more effective photo and 

photoelectrocatalyst and photosensor.9,11 An efficient transfer of the charge generated under illumination 

is fundamental for the function of all these  optoelectronic applications.13 Their foundation processes are 

based on the excitation of electrons to unoccupied molecular orbitals and subsequent fast delocalisation 

within the conduction band. The high efficiency of these processes is key to avoid charge recombination 

events that lower the overall efficiency of the application. Ultrafast spectroscopic studies on metal 

chalcogenides have primarily focused on ultrafast pump probe techniques such as transient absorption or 

emission spectroscopies. These techniques can measure the lifetime of photogenerated charges, 



providing a picture of the charge transfer dynamics in timescales down to the 100 fs range.14–19 Due to 

this ¨large¨ timescales, these techniques provide information on the electron dynamics once the excited 

electron is delocalised in the conduction band. However, they cannot provide information on the initial 

delocalisation process, i.e. just after the electron has been excited to distinct molecular orbitals in the 

conduction band. The core hole clock (CHC) method can fill this information gap and provide orbital 

specific charge transfer times down to the attosecond scale.20  

The CHC method uses the lifetime of a core hole as a clock to calculate delocalisation times from 
competing events in resonant Auger emission spectra. CHC has been historically used to study simple 
adsorbates and individual molecules, such as self-assembly monolayers, where electron delocalisation 
times can be related to the degree of orbital overlapping between adsorbates and substrates.21,22 In the 
last decade, the CHC method has been applied to study semiconducting materials, starting with the 
pioneering work of Rocco and Garcia-Basabe on a series of thiophene containing semiconducting 
polymers,23–26 and with a couple of other groups following with incremental work on polymers and other 
complex conjugated systems.27–29 These studies provide maps of delocalisation times across the 
conduction band of these semiconductor materials that have been related to the molecular 
composition,30 structure,23,24 morphology31 and material interactions at different substrates and 
heterojunctions.27 However, as recognised in a recent 2020 publication, CHC studies of complex organic 
semiconductor materials are still scarce.28 Studies on inorganic semiconducting materials are even scarcer 
probably due to the higher complexity of their conduction band, containing a high number of orbital 
hybridisations, which adds another degree of complexity to the analysis and interpretation of CHC data. 
Despite the unique charge transfer dynamics information that this method can provide, only seven CHC 
publications have appeared so far on such systems. These publications have focused on the study of three 
different metal chalcogenides: MoS2,

31–34 TaS2
35 and SnS2.

36,37 and shown the sensitivity of the technique 
to measure changes in the charge transfer dynamics depending on material phase,32,34 additives34 and 
substrate interactions.31 For the three studied materials, CHC data has also been used to try to distinguish 
between in plane and out of plane delocalisation processes in these layered materials in order to try to 
measure differences between inter- and intra-layer charge transfer processes.34–37 In this sense, SnS2 has 
been studied in two publications, using different absorption edges and analysis approaches, that have 
provided somehow contradictory results.36,37 Despite some CHC studies have been successfully used to 
compare different organic semiconductor materials and stablish structure-electron delocalisation times 
correlations,23,26,28,38 studies on inorganic semiconductors have been limited to one material and also, to 
one absorption edge at a time. The measurement of two absorption edges for the same material has just 
been applied recently to a model organic semiconductor material and helped to provide completeness to 
the electron delocalisation maps and find orbital dependent differences in the electron dynamics within 
the same material.28 

In this manuscript, we present a detailed, step-by-step, CHC analysis of SnS and SnS2 using two different 

absorption edges, Sn L3 and S K. The use of two different edges allows us to provide a complete orbital 

dependent picture of the charge transfer dynamics of both materials with two different time references, 

300 as and 1.3 fs, related to the natural lifetime of the Sn 2p (L3 edge) and S 1s (K edge) core holes. In a 

second step, we make use of high-level DFT calculations to rationalise the significant differences in the 

orbital dependent charge transfer maps obtained for the two materials.   

 

 



Experimental and Methods 

Sample preparation 

Samples were prepared following the same recipe as in a previous publication.11 Tin sulphide 

polycrystalline thin films with different stoichiometry were grown by co-evaporation of the elements (Sn 

and S) on heated glass substrates. Both the substrate and the tin source temperatures were fixed at 250 

°C and 890 °C, respectively, while the sulphur source temperature was varied in the 100 - 160 °C range. 

Orthorhombic SnS (PDF no. 39-0354) is obtained at TS = 100 °C and hexagonal SnS2 (PDF no. 23-0677) at 

TS = 160 °C. The deposition time was 40 minutes, which corresponds to thin films with thickness between 

100 and 200 nm. These thicknesses ensure a total coverage of the substrate, ensuring that only signal 

from the sample is acquired in the XPS scans. XRD, Optical absorbance and XPS characterization is 

provided in the supporting information in Figures S1, Figure S2 and Figure S3. 

The core hole clock method 

The core hole clock method is applied to the analysis of X-ray Absorption Spectroscopy (XAS) Auger yield 

spectra in order to provide electron delocalisation times down to the attosecond scale. The near edge x-

ray absorption spectrum of a semiconductor probes the transition of core electrons to unoccupied 

conduction band orbitals. The shape of this spectrum is determined by selection rules and electron 

transition probabilities. Thanks to theoretical calculations, it is possible to divide the XAS spectrum into 

electron transitions to different molecular orbital contributions to the conduction band. Therefore, it is 

possible to know where the electron is most probably located after the absorption event depending on 

the excitation energy used. The electron will be, at this first instance, located in an atomic orbital of the 

atom containing the core hole, which is at the same time part of the conduction band of the molecular 

material. If one could then, measure the delocalisation time of this electron into adjacent conduction band 

orbitals, it would be possible to obtain orbital dependent charge transfer times. This key information can 

actually be obtained by using the lifetime of the created core hole as a clock by applying the core hole 

clock method.  

In detail, we use Figure 1 to illustrate the basis of the method for a single atom event. The absorption of 

an x-ray near the absorption edge can excite an electron to an orbital of the same atom in the conduction 

band. This electron transition leaves the atom with an electron in the conduction band and a core hole 

(Figure 1a). Such excited state can be relaxed by the filling of the core hole by an electron from an outer 

shell orbital and emitting an Auger electron (Figures 1b and 1c). Depending on the time it takes for the 

electron that has been promoted to the conduction band to delocalise (or transfer) into other orbitals of 

the conduction band, there are two possible types of Auger electrons: if the delocalisation process is i) 

slower than the filling of the core hole, a spectator Auger is produced (Figure 1b). It is called “spectator” 

because the electron in the conduction band is “spectating” the Auger electron emission process; ii) faster 

than the filling of the core hole, a normal Auger is produced (Figure 1c). In this case, it is called “normal” 

because it is the same as Auger electrons produced when electrons are excited outside the atom after the 

absorption, i.e. the “normal” way of performing Auger spectroscopy. It is straightforward to distinguish 

between spectator and normal Augers because, due to energy conservation, the observed kinetic energy 

of the spectator Auger signal varies linearly (1:1) with the excitation energy while the kinetic energy of 

the normal Auger signal is independent of the excitation energy (examples of this can be seen in Figures 

2-5). 



 

Figure 1. Schematics of the core hole clock method: An electromagnetic radiation excites a core electron to the 
conduction band, leaving a hole in the core shell. The excited electron stays localised in the atomic orbital of the 
conduction band and a spectator Auger is emitted (b) or delocalises within the conduction band and a normal 
Auger electron is emitted (c). Depending on the life time of the core hole (τCH) and the delocalisation time of the 
excited electron (τdeloc) three different types of Auger spectra can be acquired (d-f).  

Calculating delocalisation times from Auger spectra. As the Auger spectra is the result of the accumulation 

of all Auger events occurring in the atoms within the analysis area, depending on the delocalisation time 

of the electron, three types of Auger spectra can be acquired: if the delocalisation time is i) much larger 

than the life time of the core hole (τdeloc >> τcore hole) only spectator Auger peaks will be present in the Auger 

spectrum (Figure 1d); ii) much shorter than the life time of the core hole (τdeloc >> τcore hole), only normal 

Auger peaks will be present in the Auger spectrum (Figure 1f), and iii) within the same order of magnitude 

as the life time of the core hole ( 10τcore hole > τdeloc > 0.1τcore hole), both spectator Auger and normal Auger 

peaks will be present in the Auger spectrum (Figure 1e) and the delocalisation time can be calculated 

using the relative intensity (I) of the spectator Auger and normal Auger peaks using the formula:  τdeloc = 

τcore hole (Ispecator/Inormal). In this case, commonly no normal Auger signal is observed until the excitation 

energy is higher than the absorption maximum, as charge transfer below this threshold is energetically 

forbidden.39 After the threshold, there are two possible scenarios: i) we keep observing only the spectator 

Auger peak; ii) a normal Auger will start appearing in the spectrum and as we keep increasing excitation 

energy, the spectator/normal intensity ratio usually follows an exponential decay until the spectator signal 

disappears. Although, exceptions to this trend can be found to the delocalisation of electrons from 

adsorbates,22 it is the common trend observed so far for all semiconducting materials analysed by CHC.23–

25,31,33,37 In this manuscript, we will use the delocalisation time measured at energies 0.4 eV above the 

absorption maximum as a characteristic and comparable value for each molecular orbital contribution to 

the conduction band. 

Clock range. The lifetime of a core hole (τcore hole) can be calculated by using the natural line width of the 

related photoelectron peak using the formula: τcore hole = ħ/FWHM, where FWHM is the full width at half 

maximum of the measured photoelectron peak, i.e. S1s for the  S K edge and Sn2p for the Sn L3 edge. This 

natural line width can be calculated by subtracting the instrumental and x-ray broadening contributions 

from the total full width at half maximum of the measured photoelectron peak. These line widths do not 



vary significantly for similar compounds40 and therefore, estimated literature values can also and are most 

frequently used.20,25 The core hole life times for the probed edges in this paper are 0.3 fs for Sn L3 edge 

and 1.3 fs for the S K edge.41 

Orbital dependent delocalisation times. Finally, we need to associate the calculated delocalisation times, 

to molecular orbitals in the conduction band. The shape of the XAS spectrum depends mainly on the 

density of states of the conduction band and the selection rules for electron transitions. For example, in 

the Sn L3 edge XAS spectrum, which probes excitations from the Sn2p core orbital, transitions to the Sn5p 

orbital in the conduction band are forbidden and therefore, no signal or very little signal intensity in the 

absorption spectrum can be attributed to the excitation of electrons to Sn5p orbitals. The shape of the 

XAS spectrum can be related to the density of states of the conduction band using experimental 

techniques such as polarization dependent XAS and theoretical calculations. In this way, it is possible to 

identify the main atomic orbitals contributing to each feature in the absorption spectrum. For example, 

the two main features of the S Kedge XAS for SnS2 (Figure 3) can be related to transition of electrons to 

S3p-Sn5s and S3p-Sn5p orbitals by the comparison of experimental and theoretical spectra.12 Moreover, 

px, py and pz calculated contributions to the density of states can also be used to differentiate between 

different orbital contributions.36,37 

The combination of the application of the core hole method to the analysis of Auger yield XAS spectra and 

the identification of the orbital dependent features in these XAS spectra will allow us to obtain the desired 

orbital dependent charge transfer times for the SnS and SnS2 samples analysed. 

Spectroscopic measurements and data treatment 

The Auger yield XAS data presented in this paper were recorded at i09 in Diamond Light Source, 

Oxfordshire, UK. Preliminary data was also acquired in Diamond at the B07 Versox beamline. The EH2 end 

station at i09 was used to record the spectroscopic data shown in the manuscript. The end station high-

energy electron analyser used is a VG Scienta EW4000 with an acceptance angle of ±28° and positioned 

at normal emission. Hard X-rays were monochromized by a Si(111) double-crystal mono-chromator and  

soft  X-rays by  a  plane grating monochromator using collimated light. For XPS sample characterization, 

scans were recorded using excitation energies of 1.4 keV (soft X-rays). The FWHM of the Au4f7/2 peak 

fitted using a GL(30) line shape was 0.54 eV. The high-resolution Auger scans used to apply the core hole 

clock method were recorded using hard X-rays in the 2400-2500 eV (S K edge) and 3900-4000 eV (Sn L3 

edge) ranges. In these energy ranges, FWHM for the Au4f7/2 peak of 0.65 eV and 0.72 eV were measured 

respectively. Both photoelectron and Auger high resolution scans were acquired using a pass energy of 

100 eV and an energy step of 0.05 eV. No beam damage was observed on the samples during analysis. 

Casa XPS was used for data interpretation. Shirley or two-point linear background subtractions were 

employed depending on background shape. Peaks were fitted using GL(30) line shapes, a combination of 

a Gaussian (70%) and Lorentzian (30%). For the fitting of the Auger spectra we use the FWHM and position 

of the normal Auger, obtained at excitation energies well above the vacuum level. The FWHM of spectator 

peaks can be different to normal Auger peaks as normal Auger peaks are normally broader due to the 

delocalised character of the electron involved in the charge transfer process.24 For the spectator scans we 

use the same FWHM for all spectator peaks fitted in the spectrum +/-0.2eV as the FWHM of spectator 

peaks can vary across the absorption edge.42 The FWHM used is obtained from an Auger scan below the 

first absorption maximum where only the first spectator Auger is featuring in the spectrum. For the other 



Auger spectra across the absorption edge we assume a linear dispersion of 1:1 with the variation of the 

excitation energy (+/-0.1 eV) as slight discrepancies from the linear dispersion can be typically found 

across the absorption edge too.42 We use the minimal number of Auger peaks needed in order to obtain 

a good fitting (better than 90%) of the acquired spectra across all the energies probed. For example in 

Figure 2d, it can be seen that 3 spectators Augers are needed in order to fit all the area and shoulders of 

the spectrum. 

First-principle calculations 

We use the Vienna Ab initio Package (VASP)43–45 to relax the positions and cell parameters of bulk SnS and 

SnS2. These two compounds are represented by unit cells belonging to space groups Pnma for SnS and 

P3̅m1 for SnS2 as shown in Fig. 6. Reciprocal space integrations are made using a mesh centered at  in 

the Brillouin zone of 6 x 6 x 2 k-points for SnS and 8 x 8 x 4 k-points for SnS2. The geometry relaxation is 

carried out setting thresholds of 0.1 eV/nm for the forces and 1 x 10-6 eV for the self-consistency solution 

of the wavefunction. We use GGA for the exchange-correlation potential in the Perdew-Burke-Ernzerhof 

(PBE)46 parameterization and the projector augmented wave method (PAW)47. We expand the valence 

orbitals with a plane wave basis with an energy cutoff of 350 eV after a convergence test. Long-range van 

der Waals forces are included using the Zero damping Grimme’s DFT-D3 scheme.48 After each relaxation 

is completed, we then used the optimized geometry and the HSE0649 functional to obtain a more precise 

representation of the electronic structure to obtain a number of properties. Among others, the projected 

density of states on the atomic orbitals and the electronic band gap, which is defined as the difference 

between the highest occupied EHOMO and lowest unoccupied ELUMO  molecular orbitals. 

Other electronic properties of bulk SnS and SnS2 are predicted with the ab-initio package CP2k50 in its 

QUICKSTEP51 implementation. As reciprocal space integrations in CP2k are made only at the  point in the 

Brillouin zone, we use supercells replicating the unit cell of SnS by 3 x 3 x 1 times and of SnS2 by 4 x 4 x 2 

times. The cell parameters and atomic positions within these two supercells are relaxed using the PBE 

exchange-correlation functional, GTH pseudopotentials,52,53 and double-ζ basis sets with polarization 

functions (DZVP-MOLOPT-SR-GTH). We use the default tolerance of 1x10-5 electron/bohr3 for the electron 

density to stop the self-consistency solution of the wavefunction with an energy cutoff of 500 Ry, and the 

damping Grimme’s DFT-D3 scheme to include long-range forces. The two relaxed structures are then 

employed to analyse the localization of the unoccupied orbitals LUMO, LUMO+1, LUMO+2, and LUMO+3 

with the HSE06 functional. Table S1 (Supplementary information) collects the optimized lattice and angles 

parameters as well as the band gaps computed with HSE06. 

Results 

Orbital dependent delocalisation times for SnS2. Using the Sn L3 edge to illustrate the application of the 

core hole method. Delocalisation time range. The Sn 2p core hole has a characteristic life time of 0.3  fs.41 

So, if only a spectator Auger peak is observed for an orbital contribution in the XAS spectrum, the 

delocalisation time will be significantly larger than 10τcore hole = 3 fs. If no spectator is observed, the 

delocalisation times will be significantly shorter than 0.1τcore hole = 0.03 fs. If both normal and spectator 

Augers are observed, then the characteristic delocalisation time will be within the 0.03-3 fs range and will 

be calculated for the excitation energy 0.4 eV higher than the absorption maximum using the formula 

τdeloc = τcore hole (Ispecator/Inormal). 



Unoccupied molecular orbitals probed. In Figure 2b, we show the 1D Sn L3 edge XAS Auger yield spectrum 

for SnS2 taken using high resolution scans. A wider XAS spectrum taken using snapshots is shown in Figure 

S5. Both spectra show similar main features as in the work by Lippens et al.12 where the XAS spectrum has 

been divided by the expected position of the unoccupied molecular orbital contributions. These orbital 

contributions are labelled in Figure 2b with the two atomic orbitals expected to contribute the most to 

each region of the conduction band. As such, the region near the minimum of the conduction band is 

related to core electron transitions to conduction band orbitals dominated by Sn5s-S3p hybridisations and 

the second feature is mainly composed of transitions to Sn5d-S3p orbital hybridizatizations. As a side note, 

Sn5p-Sn3p orbitals cannot be probed using the L3 edge as p-p transitions are not allowed by selection 

rules.

 

Figure 2. 2D (a) and 1D (b) Auger yield Sn L3 edge XAS spectra of SnS2. In Figure 2a, spectator Auger dispersion 

trends are highlighted on top of the spectrum. Figure 2c-g show SKLL Auger scans at key energies annotated in 

Figure 2b. 

Application of the core hole method. In the 2D map in Figure 2a, the contributions of normal Auger 

(constant kinetic energy) and spectator Auger electrons (linear dispersion) to the XAS spectrum are 

highlighted with straight lines as a guide for the eye. In Figures 2c-g the Sn LNN Auger spectra for key 

excitation energies in the XAS spectrum are shown in order to visually follow the Auger spectra evolution 

across the absorption edge. The parameters and constrains used for the fitting of the spectra are 

described in the experimental section. At the lowest excitation energy region of the 2D XAS spectrum 

(Sn5s-S3p labelled area in the 1D XAS) we can observe two parallel features dispersing linearly with 

excitation energy. Moreover, in the LNN Auger spectra in Figures 2c-g, we can observe two Auger peaks 

appearing, increasing in spectral intensity and disappearing without the appearance of a normal Auger 

peak. The observation of two Auger signals related to Sn5s-S3p area of the spectrum suggest the existence 

of two distinct Sn5s-S3p unoccupied molecular orbitals. Spectator peaks can sometimes help in 

differentiating between the contributions of unoccupied states that are not well deconvoluted in the XAS 
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spectrum.54 Two Auger peaks have been used before in order to fit the S K edge Auger yield scan of MoS2 

2D crystals and related to the transition to pxy and pz distinct orbitals.33 The calculated density of states 

divided by S2pxy and S2pz contributions for SnS2 in Figure S9 shows a different distribution of the pxy and 

pz orbitals in the bottom of the conduction band, with pxy exhibiting a larger contribution at lower 

energies. A similar distribution of the pxy and pz orbitals have also been suggested by Johansson et al. in 

view of their own theoretical calculations.37 We will then label these spectator Augers as Sn5s-S3pxy and 

Sn5-S3pz respectively, with Sn5s-S3pxy being the lower lying orbital. The absence of normal Auger peaks 

in the fitting of the spectral area related to the Sn5s-S3pxy and Sn5s-S3pz spectator Augers indicates that 

the delocalisation time from these orbitals is much larger than the lifetime of the core hole, i.e. τdeloc > 

10τcore hole = 3 fs. 

For the second part of the XAS spectrum, corresponding to the Sn5d-S3p labelled area in Figure 2b, we 

observe an spectator Auger peak appearing (Figure 2d) and a normal Auger also featuring in the spectra 

above the maximum intensity of these spectator Auger signal (Figure 2f-g). We use the areas of the fitted 

normal and spectator Augers peaks in the Auger scan at an energy 0.4 eV above the spectator Auger 

absorption maximum (Figure 2g) to calculate a Sn5d-S3p characteristic delocalisation time of 0.7 fs. 

Summary of orbital dependent delocalisation time results. The application of the core hole method in 

combination with theoretical calculations yields that the delocalisation times are larger than 3 fs for 

unoccupied orbitals consisting of Sn5s-S3pxy and Sn5s-3pz hybridisations. Characteristic delocalisation 

times of 0.7 fs were calculated for Sn5d-S3p hybridized orbitals of the conduction band. 

SnS2 S K edge.  

 

Figure 3. 2D (a) and 1D (b) Auger yield S K edge XAS spectra of SnS2. In Figure 3a, spectator Auger dispersion trends 

are highlighted on top of the spectrum. Figure 3c-h show S KLL Auger scans at key energies annotated in Figure 

3b. 
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The estimated lifetime of the S 1s core hole is 1.3 fs.41 In Figure 3, we show the measured Auger yield 2D 

(Figure 3a) and 1D S K XAS scans (Figure 3b) and a group of key Auger S KLL scans (Figure 3c-h). A wider 

1D Sn L3 XAS scan taken using snapshot scans is shown in the supplementary information (Figure S6). The 

sets of hybridized atomic orbitals expected to contribute the most to the main features of the 1D S K XAS 

scan are Sn5s-S3p, Sn5p-S3p and Sn5d-S3p (labelled in Figure 3b).12 We can see clear spectator Auger 

features highlighted in the 2D XAS scan (Figure 3c-h) corresponding to the Sn5s-S3p and Sn5p-S3p labelled 

spectral areas in Figure 3b. As in the Sn L3 edge for SnS2, we observe two spectator Auger peaks related 

to Sn5s-S3p transitions (Figure 3c-f). In this case, we can fit a small normal Auger peak at the spectrum 

recorded at 0.4 eV above the absorption maximum (Figure 3d) that allows us to calculate a characteristic 

delocalisation time of 4.9 fs for Sn5s-S3pxy and Sn5s-3pz transitions. This delocalisation time is consistent 

with the delocalisation times higher than 3 fs observed for Sn5s-S3pxy and Sn5s-3pz. For the Sn5p-S3p 

labelled area in the XAS scan only one spectator is observed (Figure 3e-g). A characteristic delocalisation 

time of 1.4 fs is calculated using the fittings in the spectra in Figure 3f. For the Sn5d-S3p labelled area of 

the XAS spectrum we did not record high resolution Auger spectra as we did not observe a spectator Auger 

trend in the preliminary Auger yield XAS spectrum taken using snapshot scans. S K edge polarization 

dependent core hole clock studies by Johannsson et al. for SnS2 did not observe spectator signals in this 

area of the XAS spectrum for in plane polarization scans.37 However, they did observed a weak spectator 

Auger signals in this area of the scan for out of plane polarization scans. In our case, we should observe a 

mixture of out of plane and in plane polarization signals as our samples are polycrystalline. Therefore, the 

signal intensity for this type of Auger peaks is expected to be quite low in our case and might be below 

the limit of detection of our snapshot scans. Johansson et al. calculated characteristic delocalisation times 

of 0.3 fs for excitation energies 0.4 eV above the absorption maximum of this signal,37 which is somehow 

lower than the 0.7 fs that we have calculated in the Sn L3 scan for Sn5d-S3p orbital contributions. The 

lower delocalisation time calculated from the S K XAS spectrum could be related to the overlap of Sn5p-

S3p and Sn5d-S3p orbital contributions in this area of the spectrum. As the Sn5p-S3p contribution consist 

mainly of normal Auger electrons, then the spectator Auger/normal Auger ratio is lower than if calculated 

only for excitation to Sn5d-S3p orbitals.   
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Figure 4. 2D (a) and 1D (b) Auger yield S K edge XAS spectra of SnS2. In Figure 4a, spectator Auger dispersion trends 

are highlighted on top of the spectrum. Figure 4c-g show S KLL Auger scans at key energies annotated in Figure 

4b. 

In Figure 4, we show the measured 2D (Figure 4a) and 1D (Figure 4b) Auger yield S K XAS scans and a group 

of key Auger S KLL scans (Figure 4c-g). A wider 1D S K XAS spectrum taken using snapshot scans is shown 

in the supplementary information (Figure S7). In a similar way to the SnS2 XAS spectrum, the sets of 

hybridized atomic orbitals expected to contribute the most to the main features of the S K 1D XAS scan of 

SnS are Sn5s-S3p, Sn5p-S3p and Sn5d-S3p (see labels in Figure 4b). In comparison to the S K XAS spectrum 

of SnS2, SnS Sn5p-S3p and Sn5d-3p features are broader and less intense. This difference has been related 

to the larger delocalisation of the molecular orbitals, in particular for higher, more energetic orbitals in 

SnS.12 The first observation that can be made from the 2D XAS scan (Figure 4a) is the absence of spectator 

Auger signals contributing to the area of the spectrum dominated by excitation to Sn5p-S3p states. The 

absence of spectator Auger signals suggests that the delocalisation of the electron is faster than the filling 

of the core hole, i.e. τdeloc < 0.1τcore hole = 0.13 fs. In the low excitation energy region of the 2D XAS spectrum 

(Figure 4a), corresponding to the Sn5s-S3p labelled area in the 1D XAS (Figure 4b) a spectator feature can 

be observed. By following the evolution of the Sn LNN Auger spectra in Figures 4c-g, we can observe only 

one spectator Auger signal appearing, increasing in spectral intensity and disappearing. We also observe 

the presence of a normal spectator Auger peak after the absorption maximum.  Note that we only observe 

one spectator Auger for excitation to Sn5s-S3p states in contrast to the same states in SnS2 where two 

spectator Augers, Sn5s-S3pxy and Sn5-S3pz, were observed. Our calculations show an homogeneous 

distribution of px, py and pz density of states in the LUMO of SnS (Figure S9) that would result in equivalent 

spectator signals Sn5s-S3p = Sn5s-S3pxyz. At an energy 0.4 eV above the absorption maximum of this Sn5s-
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S3p feature, the calculated delocalisation time using the spectator and normal Auger fitted peaks is 1.5 fs 

(Figure 4d).  

SnS. Sn L3 edge.  

 

Figure 5. 2D (a) and 1D (b) Auger yield Sn L3 edge XAS spectra of SnS. In Figure 5a, spectator Auger dispersion 

trends are highlighted on top of the spectrum. Figure 5c-g show Sn L3NN Auger scans at key energies annotated 

in Figure 5b. 

In Figure 5, we show the measured Auger yield 2D (Figure 5a) and 1D (Figure 5b) L3 XAS spectra and a 

group of key Auger Sn L3NN KLL scans (Figure 5c-g). A wider 1D Sn L3 XAS spectrum taken using snapshot 

scans is shown in the supplementary information (Figure S8). The shape of the XAS scan is very similar to 

the SnS2 recorded in previous studies.12 The lower intensity of the Sn5sS3p features in SnS, have been 

related to a lower 5s electron population in SnS in comparison to SnS2 due to the different ratio of Sn(IV) 

and Sn(II) oxidation states.12 The sets of atomic orbitals expected to contribute the most to the main 

features of the 1D XAS scan are Sn5s-S3p and Sn5d-S3p (see labels in Figure 5b). As in the L3NN spectrum 

for SnS2, we do not expect to see Sn2p to Sn5p transitions as they are forbidden by selection rules. The 

first observation that can be made from the 2D XAS scan (Figure 5a) is the absence of spectator Auger 

signals contributing to the area of the spectrum dominated by excitations to conduction band orbitals 

dominated by Sn5d-S3p hybridisations. The absence of spectator Auger signals suggests that the 

delocalisation of the electron is faster than the filling of the core hole, i.e. τdeloc < 0.1τcore hole = 0.03 fs. In 

the low excitation energy region of the 2D XAS spectrum (Figure 5a), corresponding to the Sn5s-S3p 

labelled area in the 1D XAS (Figure 5b) we can observe a highlighted Auger signal contribution to the XAS 

scan. By following the evolution of the Sn LNN Auger spectra in Figures 5c-g, we can observe one Auger 

signal appearing, increasing in spectral intensity and disappearing as excitation energy is increased. At an 
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energy 0.4 eV above the absorption maximum the calculated delocalisation time from the area of the 

spectator and normal Auger fitted peaks is 0.5 fs (Figure 5d). This calculated time is higher than the 1.5 fs 

calculated for the same orbital contributions using the S K edge. Delocalisation times for the same atomic 

orbital have been probed using different absorption edges and found to give the same value within error.39 

However, this is the first time that delocalisation times within the same molecular orbital in a material are 

calculated using two different absorption edges. The difference in delocalisation times could be related 

to different energetic delocalisation pathways from S5s and S3p atomic orbitals within the same molecular 

orbital.  

Discussion 

 

Figure 6. 1D Auger yield S K spectra and electron delocalisation times calculated from the related S KLL spectra for 

SnS2 (a&b) and SnS (c&d) and Auger yield Sn L3 spectra and electron delocalisation times calculated from the 

related L3NN spectra for SnS2 (e&f) and SnS (g&h). As explained within the analysis of the individual edges, specific 

values can be calculated because, at those excitation energies, both normal and spectator Auger peaks are present 

in the spectrum. Data points taken for Table 1 are specially highlighted. When only spectator or normal Augers 

are present, coloured boxes represent the electron delocalisation time lower or higher limiting values. 



Material Delocalisation times as derived from core hole clock analysis (fs) 

From Sn5s-S3p orbitals  From Sn5p-S3p orbitals From Sn5d-S3p orbitals 

SnS2 4.9 1.4 0.7 

SnS 0.5 (Sn L3 edge) - 1.5 (S K edge) << 0.13 << 0.03 
 

Table1. Summary of the delocalisation times obtained by applying the core hole clock method to Auger yield S K and Sn L3 XAS 

spectra of SnS and SnS2. A detailed description of the calculation process is provided within the results section. When normal 

and spectator peaks are present in the Auger scans, delocalisation times given in the table are calculated from the Auger scan 

recorded with an excitation energy of 0.4 eV above the spectator Auger absorption maximum. These data points are also 

highlighted in Figure 6. When only spectator Augers or normal Augers are seen for an orbital transition in both absorption 

edges, the one that provides the most significant number is given; e.g. for Sn5dS3p transitions in SnS, analysis of the S K and 

Sn L3 absorption edges indicate that delocalisation times are lower than 0.13 fs and 0.03 fs respectively and Table 1 only shows 

the lowest and more significant 0.03 fs value. 

 

Figure 6 provides a map of electron delocalisation times for electrons that have been excited to the 

conduction band of SnS2 and SnS in the femtosecond-attosecond range; a unique charge transfer 

information unavailable at this time scale and orbital specificity with other experimental techniques. Table 

1 provides a summary of characteristic orbital dependent delocalisation times by orbital hybridisation that 

allows a more straightforward comparison between compounds. Both compounds exhibit fast electron 

delocalisation processes in the low femtosecond range, similarly to other semiconductor materials 

analysed using the core hole clock method.23–25,31,36 Moreover, thanks to the use of the Sn L edge with a 

characteristic lifetime of the core hole of 0.3 fs, we could measure times down to the attosecond scale, 

with delocalisation times for the Sn5d-S3p orbitals being as low as 30 as for some excitation energies (see 

Figure 6). These values are the lowest measured for semiconducting materials thanks to the use of the Sn 

L3 edge that allows to measure electron delocalisation times nearly an order of magnitude lower than the 

typically used S (1.3 fs), C and O K edges (~5 fs). It is also nearly an order of magnitude lower than the Sn 

M edge (1.7 fs) that has also been used to study SnS2.36 For both compounds, electron delocalisation times 

are the highest for the lowest-lying virtual molecular orbitals (Sn5s-S3p hybridisations) and decrease as 

electrons are excited to higher-lying virtual states. For example, electrons delocalise over 10 times faster 

in SnS, if they are excited to Sn5d-S3p hybridized states instead of to Sn5s-S3p. This trend has also been 

observed before for other semiconductor materials such as thiophene based polymers23–25 and MoS2
31,33 

and SnS2
37 metal chalcogenides. This decrease in delocalisation times for electrons excited to higher lying 

states has been associated with the higher energy of electrons in upper virtual orbitals and subsequent 

higher probability of overcoming the delocalisation process energetic barrier.22–25 Previous core hole 

studies of SnS2 based on the Sn MNN edge have also related their observation of different delocalisation 

times within Sn5p-S3p and Sn5s-S3p hybridized orbitals to the more out of plane character and more 

preferential delocalisation of electrons across layers within Sn5p-S3p orbitals than within Sn5s-S3p 

orbitals.36 However, we believe that the higher potential energy of electrons in higher lying molecular 

orbitals is expected to contribute more to the observed differences, which is consistent with finding this 

trend for non-layered systems like thiophene containing polymers.23–25 

Furthermore, Table 1 allows the direct comparison of the delocalisation times within conduction band 

states of similar orbital hybridisation. Delocalisation times are shorter in SnS than in SnS2 for all the probed 

states of the conduction band. The difference is particularly striking for delocalisation events within the 

higher lying virtual orbitals, with SnS delocalisation times being more than 10 times shorter than for SnS2 

in Sn5p-S3p and Sn5d-S3p hybridized states. As we are comparing molecular orbitals of similar energy 



levels in the conduction band, these differences in delocalisation times cannot be only justified by the 

energy of the electrons relative to the vacuum level. In this case, the difference has to be ascribed to the 

different delocalisation pathways within the hosting molecular orbitals. Fast delocalisation times are 

commonly related to the availability of low energy barrier delocalisation pathways thanks to orbital 

mixing, e.g. the overlap of adsorbates and substrate orbitals21,22 or the spatial dispersion of molecular 

orbitals in the conduction band of semiconductor materials.31,33,36,37 As we can see in Figure 7, both 

sulphides exhibit layered crystal structures with different interlayer separation and associated cohesion 

forces. Our DFT calculations show that the interlayer separation is significantly shorter in SnS, where the 

vertical distance between S atoms is 2.75 Å along the c axis, whilst this distance is 4.00 Å in SnS2, a typical 

value for layered structures bonded by weak van der Waals interactions. Figure 8 shows three-

dimensional isosurfaces representing the extension of the LUMOs electronic density throughout the unit 

cells of both bulk sulphides. LUMO, LUMO+1, LUMO+2, LUMO+3 and LUMO+4 account for the Sn5s-S3p, 

Sn5p-S3p and Sn5d-S3p orbital hybridisations probed in the core hole clock measurements for SnS and 

SnS2. The detailed atomic orbitals contributing to these LUMOs are shown in Tables S2 and S3 for SnS2 

and SnS respectively. Our calculations indicate that SnS and SnS2 exhibit large and homogeneous intralayer 

orbital delocalisation in both materials across the in-plane a and b axes, that results in the ultrafast 

delocalisation observed for both sulphides. However, significant differences can be observed in the spatial 

distribution of the LUMO charge along the c axis. To visualize these differences with more detail, Figure 9 

shows the averaged electron density as a function of the z coordinate along the c axis for the same LUMO 

orbitals in Figure 8. It can be clearly seen that the electron density is evenly delocalised for all virtual 

orbitals in the c axis of SnS. In contrast, LUMO, LUMO+1 and LUMO+4 in SnS2 are confined within the 

intralayer spacing, whereas the LUMO+2 and LUMO+3 are restricted to the interlayer space. The presence 

of semi-infinite empty spaces between the layers of SnS2 where the electron’s wavefunction can only 

extend for a few Angstroms has also been predicted in other crystalline materials that also hosts 

significant unoccupied regions.55 This striking theoretical result can explain the larger delocalisation times 

observed in SnS2 for all unoccupied orbital states. The confinement of the LUMOs along the c axis severely 

limits the range of available delocalisation pathways of the excited electron in SnS2, while electron 

delocalisation is possible in all spatial directions of the crystal structure in SnS. This difference in electron 

delocalisation pathways can explain the longer delocalisation times measured for SnS2, which for Sn5p-

S3p and Sn5d-S3p are over ten times higher than in SnS.  

 



 

Figure 7. Representation of the unit cells of SnS (a) and SnS2 (b). Sn atoms are painted in grey and S in yellow. 

 

 

Figure 8. Spatial representation of the electronic density of the LUMO for SnS (a) and SnS2 (b) obtained with 

CP2k and plotted with a 1e-4 electron/bohr3 heat 



 

 

Figure 9. Averaged of the electron density as a function of the z coordinate along the c axis of the orbitals LUMO, 

LUMO+1, LUMO+2, and LUMO+3 for SnS (a) and SnS2 (b). 

Conclusions 

We have applied the core hole clock method to calculate orbital dependent delocalisation times within 

the conduction band of SnS and SnS2 materials down to the attosecond scale. SnS2 and SnS are 

semiconductor materials exhibiting layered crystalline structures with different interlayer cohesion 

forces, owing to interlayer separation as different as 2.75 Å for SnS and 4.00 Å in SnS2. The delocalisation 

of electrons within Sn5s-S3p, Sn5p-S3p and Sn5d-S3p hydridised virtual molecular orbitals in both 

sulphides is fast, with delocalisation times lower than 5 femtoseconds for all the probed orbitals and as 

low as tens of attoseconds for higher lying obitals. In addition, we found that electron delocalisation is 

significantly faster in SnS than in SnS2 across the conduction band, reaching up to one order of magnitude 

faster when electrons are excited to hybridized Sn5d-S3p virtual orbitals. DFT calculations of the three-

dimensional isosurfaces of the LUMOs of both bulk sulphides show that the large intralayer spatial 

dispersion of the electronic density is responsible for the ultrafast delocalisation times calculated in both 

materials. Moreover, the slower delocalisation of electrons in SnS2 is caused by the spatial confinement 

of the LUMOs along the out-of-plane direction of the SnS2 layers and the resulting limitation in 

delocalisation pathways.  



We have shown that the core hole clock method is a unique tool to obtain orbital-dependent charge 

transfer information down to the attosecond scale for inorganic semiconductor materials. This ultrafast 

charge transfer dynamics information is especially relevant for optoelectronic applications based on the 

excitation of electrons to the conduction band of semiconductors and subsequent delocalisation in the 

conduction band. The ability to study such ultrafast events fills the initial femtosecond gap left by 

commonly used transient absorption spectroscopies used to study charge transfer dynamics of these 

materials. Moreover, this attosecond sensitive information contains orbital dependent information that 

can be linked to the electronic structure of the materials. Understanding the complex information 

provided by the core hole clock method opens the door to the acquisition of a database of 

atto/femtosecond orbital dependent charge transfer phenomena of organic and inorganic 

semiconducting materials that could provide an important stepping stone in the rational development of 

future optoelectronic materials for photovoltaic, photosensing and photocatalytic applications. 
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