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Time-resolved core-level spectroscopy using laser pulses to initiate and 

short X-ray pulses to trace photoinduced processes has the unique potential 

to provide electronic state- and atomic site-specific insight into 

fundamental electron dynamics in complex systems. Time-domain studies 

using transient X-ray absorption and emission techniques have proven 15 

extremely valuable to investigate electronic and structural dynamics in 

isolated and solvated molecules. Here, we describe the implementation of a 

picosecond time-resolved X-ray photoelectron spectroscopy (TRXPS) 

technique at the Advanced Light Source (ALS) and its application to 

monitor photoinduced electron dynamics at the technologically pertinent 20 

interface formed by N3 dye molecules anchored to nanoporous ZnO. Strong 

indications for a dynamical chemical shift of the Ru3d photoemission line 

originating from the N3 metal centre are observed ~30 ps after resonant 

HOMO-LUMO excitation with a visible laser pump pulse. The transient 

changes in the TRXPS spectra are accompanied by a characteristic surface 25 

photovoltage (SPV) response of the ZnO substrate on a pico- to nanosecond 

time scale. The interplay between the two phenomena is discussed in the 

context of possible electronic relaxation and recombination pathways that 

lead to the neutralisation of the transiently oxidised dye after ultrafast 

electron injection. A detailed account of the experimental technique is 30 

given including an analysis of the chemical modification of the nano-

structured ZnO substrate during extended periods of solution-based dye 

sensitisation and its relevance for studies using surface-sensitive 

spectroscopy techniques. 
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Introduction and motivation 

A detailed understanding of charge transfer across molecule-semiconductor 

junctions is a prerequisite for the successful implementation of many envisioned 

renewable energy technologies. It is essential for electronic processes underlying 5 

novel solar photovoltaics, solar-to-fuel conversions and energy storage technologies. 

It further plays a central role in the field of molecular electronics. In particular, dye-

sensitised solar cells have attracted much attention as a promising low-cost 

alternative to silicon-based photovoltaic devices.1 A key process in these 

photoelectrochemical cells is the optically induced electronic excitation of dye 10 

molecules, followed by charge separation through electron injection into a 

semiconductor. Significant ultrafast spectroscopy efforts have been devoted to 

gaining a detailed picture of the electron-hole separation and free charge carrier 

generation dynamics. The vast majority of time-domain studies are based on short 

optical, infrared, and near-ultraviolet (UV) laser pulses for both triggering and 15 

probing the time evolution of the excited electronic states by transient reflectivity, 

absorption and fluorescence.2-8 Despite remarkable success in identifying the 

characteristic time scales that govern the interfacial processes, all-optical methods 

can only access valence electron orbitals, which are generally distributed over many 

different atomic centres. This delocalised character of the spectroscopic response 20 

often renders a detailed interpretation of pump-probe signals ambiguous, especially 

in the case of complex composite interfaces.  

 In principle, a deeper insight may be gained by using probe pulses with photon 

energies in the X-ray spectral range in order to access element-specific information 

through the involvement of inner-shell electrons. Extremely short X-ray pulses with 25 

durations of <100 attoseconds can nowadays be generated using table-top high-

harmonic generation (HHG) in noble gases.9 This technique enables time-domain 

studies with unparalleled temporal resolution and further benefits from the intrinsic 

synchronisation between the HHG driving laser pulses and the generated X-rays. 

However, for spectroscopic applications HHG currently provides sufficient photon 30 

flux only within a rather limited range of photon energies.10, 11 

 Free-electron laser (FEL) facilities provide intense sub-100 fs X-ray pulses with 

tunable photon energies ranging up to 20 keV.12-14 Currently operational X-ray FEL 

facilities, however, typically deliver X-rays with extremely high pulse energies but 

at comparably low repetition rates (<120 Hz), which can present challenges for 35 

photoemission spectroscopy experiments on non-replenishing condensed phase 

samples.15 

 Stationary energy-domain X-ray techniques, such as core-hole clock 

spectroscopy, have been applied with the goal to probe photoinduced femtosecond 

electron dynamics in molecule-semiconductor systems from the perspective of 40 

individual atomic sites.16 However, these experiments are not equivalent to time-

domain studies involving optical excitations since the charge transfer process is 

initiated by a resonant core-level to LUMO transition that perturbs the energy-level 

alignment at the interface more strongly than an optically induced HOMO-to-LUMO 

transition.17 In addition, the range of dynamic processes that can be addressed with 45 

this technique are dictated by the core-hole lifetime (typically a few femtoseconds) – 

which limits the general applicability of this approach to monitor interfacial electron 
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dynamics that proceed on time scales spanning many orders of magnitude. 

 Many important catalytic and photochemical reactions include steps that proceed 

on pico-to-nanosecond time scales.2, 18-23 The intrinsically pulsed X-ray radiation 

produced at third-generation synchrotron radiation light sources provides an 

opportunity for real-time studies of the associated dynamics with pulse repetition 5 

rates in the MHz regime. These experiments benefit from very stable synchrotron 

beam characteristics in combination with a time resolution reaching tens of 

picoseconds – in principle only limited by the length of the electron bunches in the 

storage ring. 

 Over the past decade, picosecond time-resolved X-ray absorption spectroscopy 10 

has been implemented at a number of synchrotron radiation facilities.21, 22, 24, 25 The 

technique is now used extensively to uncover dynamics in isolated or solvated 

molecules, revealing important information about intra-molecular energy-, spin-, and 

charge-redistribution.24 It has also been successfully employed to monitor laser-

induced phase transitions of bulk materials.26 Using electron-beam slicing 15 

techniques, the time resolution of these experiments can be further improved to ~150 

fs27, 28 - albeit at the expense of a significantly reduced X-ray flux.  

 Compared to these achievements, the application of time-resolved X-ray 

spectroscopy to surfaces and interfaces is still in a very early stage. Some pioneering 

studies have employed transient X-ray absorption spectroscopy to monitor 20 

photoinduced dynamics at molecule-semiconductor interfaces in colloidal systems.25, 

29 For applications using extended solid-state surfaces covered by molecular 

monolayers, time-resolved X-ray photoelectron spectroscopy (TRXPS) is a 

particularly suitable technique that promises to gain real-time insight into interfacial 

electron dynamics due to its intrinsically high surface sensitivity. Depth specificity 25 

and tunability on the order of single monolayers can be achieved by variation of the 

photoelectron kinetic energy and the measurement geometry.30   So far, synchrotron- 

and HHG-based TRXPS has mostly been used to study transient surface photo-

voltage (SPV) phenomena at clean or oxidised semiconductor surfaces.31-36 The 

group of Kapteyn and Murnane applied TRXPS with photon energies below 50 eV 30 

to monitor optically induced changes in the valence electronic structure of oxygen 

molecules adsorbed on a Pt(111) surface.37 Recently, Heinzmann and co-workers 

used femtosecond XUV pulses from a HHG source centred near ~95 eV to study 

light-induced dynamics in an iodo-phenylphenol self-assembled monolayer on 

Si(100).38 The dynamics probed by inner-shell photoionisation of the iodine tail 35 

group are marked by a complex time evolution extending over many picoseconds. 

 Here we describe the implementation of TRXPS at the Advanced Light Source 

(ALS) with a time resolution of 70 ps (full-width-at-half-maximum, FWHM) and a 

usable photon energy range of ~70 eV - 1.5 keV, which grants access to the K-shells 

of all first row elements and the L and M core levels of many transition metals 40 

relevant for photocatalytic applications. The experiment combines the use of a high-

repetition rate pump laser with time-stamping electron detection. The potential of 

the technique to provide atomic-site specific real-time access to complex interfacial 

electron dynamics is demonstrated using the prototypical molecule-semiconductor 

system of N3 dye molecules (bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'- 45 

dicarboxylato)-ruthenium(II), Fig. 1A) adsorbed on a film of nano-structured ZnO. 

Photoinduced variations in the Ru3d inner-shell binding energies are presented, 

which constitute a sensitive probe for the valence electron dynamics in the vicinity 

of the metal centre of the laser-excited dye molecules. Correlations between the 
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intramolecular and interfacial electron dynamics and the macroscopic surface 

photovoltage response of the semiconductor support are discussed. The novel 

technique provides high quality picosecond TRXPS spectra across pump-probe time 

delays spanning hundreds of nanoseconds within less than one hour of data 

acquisition time. 5 

 

Experimental details 

Fig. 1 illustrates the key idea of the TRXPS experiment. A visible laser “pump” 

pulse promotes electrons from the highest occupied molecular orbital (HOMO) of 

the N3 chromophore to its lowest unoccupied molecular orbital (LUMO), which is 10 

aligned with the conduction band (CB) of the ZnO substrate. The dynamic evolution 

of the excited-state electronic structure is monitored by recording core-level 

photoelectron spectra of the N3 molecules as a function of the time delay between 

the laser excitation and the ionising X-ray “probe” pulse. In the following, we refer 

to positive (negative) time delays when the optical pump pulse arrives at the sample 15 

before (after) the X-ray probe pulse. Since the binding energies of the probed energy 

levels are sensitive to the local charge densities in the vicinity of the core holes, the 

local temporal variations of the excited valence charges due to electron injection and 

recombination processes may be reflected in corresponding transient chemical shifts 

of the core-level binding energies. The N3/ZnO system constitutes a particularly 20 

interesting target for TRXPS, since a comprehensive picture of the competition 

between different dynamic channels that enhance or limit the interfacial charge 

injection/recombination has not yet emerged.6, 20, 23, 39, 40   

 

Sample preparation and characterisation 25 

ZnO nanoparticles with an average diameter of 16 nm were synthesised according to 

a procedure described by Bauer et al. using zinc acetate dihydrate as a precursor.23 

About 0.20 ml of the resulting colloidal nanoparticle-ethanol suspension is spin-

coated on a 4 inch p-doped Si(100) wafer. Subsequently, the samples are dried at 

60 °C and sintered in air at 380 °C for 30 minutes to generate a nanoporous film. 30 

Dye adsorption was performed by immersing the ozone/UV-cleaned ZnO films in a 

0.2 mM solution of N3 (Solaronix) in absolute ethanol. Sensitisation times ranging 

from 2 hours to 6 days have been applied to test their impact on the film 

composition and the surface-sensitive TRXPS experiments. The resulting dye-

sensitised ZnO films were thoroughly rinsed with ethanol to remove excess 35 

physisorbed molecules and blown dry in a stream of gaseous nitrogen. Samples were 

kept in the dark and under nitrogen atmosphere prior to loading them into the 

vacuum chamber (base pressure ~10-5 mbar) for characterisation with stationary 

XPS and the TRXPS measurements. Non-sensitised ZnO films on Si and stainless 

steel supports have been prepared for reference purposes. 40 

 During all XPS and TRXPS experiments, the sample has been scanned with 

respect to the incident X-ray and laser beam to avoid beam damage of the adsorbed 

dye molecules. The scan speed was chosen in accordance with X-ray damage tests 

and optical fluorescence decay measurements.41 

 Whereas the interaction of N3 deposited from solution or by electrospray 45 

techniques onto single-crystalline and nanostructured TiO2 has been extensively 
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characterised with stationary XPS,42-44 a similar comprehensive understanding of the 

N3 adsorption on ZnO substrates is still lacking.  Compared to optical spectroscopy, 

sample preparation for TRXPS experiments requires additional considerations. The 

XPS sampling depth in semiconductors is typically <4 nm for electron kinetic 

energies <600 eV45, which makes TRXPS an intrinsically surface-sensitive 5 

technique. However, most N3-sensitisation protocols have been developed and 

tested using more established all-optical spectroscopies, which mainly sample bulk 

properties of the dye-sensitised semiconductor electrodes.  

 Hagfeldt and co-workers reported the formation of dye-Zn2+ complexes for ZnO 

films immersed in solutions of Ru-based chromophores.46, 47 Molecules bonded in 10 

these aggregates were found to be unable to efficiently inject electrons into the 

semiconductor conduction band.48 The growth of dye-Zn2+ complexes involves 

dissolution of Zn-ions from the ZnO surface, which is driven by the protons in the 

carboxylic acid ligands.47 This mechanism is supported by a recent XAS study, in 

which an exchange of zinc atoms between ZnO nanoparticles and H2-15 

protoporphyrins featuring carboxylic acid ligands has been observed, eventually 

leading to metallisation of the molecules.49  

 Figure 2A shows a stationary XPS spectrum of a nanoporous ZnO electrode that 

has been exposed to the N3 solution for 2 hours. Only peaks expected from the 

chemical composition of the N3 molecules and the ZnO substrate are observed. The 20 

energy axis was calibrated by setting the binding energy of the Au4f7/2 line from a 

gold sample to 84.0 eV. The C1s region is dominated by a photoemission peak at 

~285 eV, which is ascribed to carbon atoms in the pyridine ligands of N3 with  

much smaller (unresolved) contributions from the carbon atoms in the two 

thiocyanate (NCS) groups and the 3d3/2 component of the Ru3d photoemission 25 

doublet.43, 50 The C1s emission from the carboxylic acid groups gives rise to an 

additional peak at ~288.5 eV. 

 The Ru3d5/2 photoelectrons from the N3 metal centre is observed at ~280.6 eV 

binding energy. The complete Ru3d doublet with a spin-orbit splitting of 4.2 eV51 is 

indicated as red shaded area in Fig. 2A. The shape and intensities of all peaks in the 30 

C1s region are very similar to spectra reported for N3 deposited in situ on TiO2 

using electrospray techniques in an ultra-high vacuum environment.42, 50 

Furthermore, the N1s emission line has a pronounced tail towards lower binding 

energies, indicating the presence of nitrogen atoms in at least two different chemical 

environments – compatible with the molecular structure of N3 (Fig. 1A).43, 44, 50  35 

 It is generally accepted that chemisorption of N3 on metal-oxide surfaces involves 

one or more carboxylic acid groups, while the participation of the thiocyanate 

ligands in the surface bonding is still a matter of debate and may be influenced by 

the presence of co-adsorbates.52, 53 An involvement of the N3 thiocyanate groups in 

the N3-TiO2 binding was proposed based on the observation of two chemically 40 

shifted components in the S2p photoemission spectrum.44, 50 In contrast, the S2p 

spectrum shown in Fig. 2A can be satisfactorily fitted by a single sulfur 2p doublet 

with the well-known spin-orbit-splitting of 1.2 eV51 (red solid line in Fig. 2A). 

Moreover, its binding energy is rather close to the S2p line position previously 

assigned to thiocyanate groups not in contact with the substrate.44, 50 This favours a 45 

bonding motif for N3/ZnO in which only the carboxylic acid groups exhibit a strong 

interaction (deprotonation) with the surface, in agreement with a recent DFT study 

on this system.41  

 We find that samples prepared with 2 hours sensitisation time exhibit the highest 
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homogeneity in surface chemical composition, with <8% variations in the total C1s 

XPS intensity and less than <5% variations in the relative peak ratios when scanning 

the X-ray beam across centimetre scale sample areas. These electrodes showed no 

obvious change in colour compared to the bare ZnO substrate, indicating that dye-

adsorption was mainly restricted to the outer surface region of the ZnO. For longer 5 

sensitisation times, the increased uptake of N3 into the nanoporous film becomes 

visible as a characteristic coloration of the electrodes (Fig. 2C). However, as 

demonstrated in Fig. 2B and D, longer sensitisation times are also accompanied by 

notable changes in the C1s and Zn2p3/2 XPS spectra, respectively: for the 6 day 

sample, a clear broadening of all peaks in the C1s/Ru3d region in combination with 10 

a significantly enhanced emission at ~288.5 eV and a reduction and shift/broadening 

of the Ru3d5/2 emission line is observed. In addition, the Zn2p3/2 substrate emission 

broadens and an additional broad peak appears at ~4 eV higher binding energy 

compared to the 2 hour sample, indicative of a significant chemical modification of 

the ZnO surface.46, 54 First indications for this chemical transformation are already 15 

discernable after 24 hours of sensitisation, which has been used in previous optical 

spectroscopy studies: the C1s, Ru3d and Zn2p photo-lines are broadened by ~20% 

compared to the 2 hour reference sample, and the Ru3d5/2 peak exhibits a notable 

asymmetry and shift to higher binding energies. 

 Since etching and dissolution of ZnO is governed by the local dye concentration 20 

and effective exposure time,48, 54 N3-Zn2+ agglomerates are expected to form more 

readily on the outer surface of the ZnO electrode which is in direct contact with the 

dye bath during sensitisation. In contrast, dye uptake into the bulk of the electrode is 

governed by slow diffusion of the molecules through the nanoporous ZnO network. 

Therefore, a sensitisation time of 24 hours might be sufficiently short to inhibit 25 

excessive dye-Zn2+ complex formation within the bulk of the ZnO electrode, which 

is compatible with bulk sensitive optical probes. For the surface-sensitive TRXPS 

experiments reported herein, however, we limit the sensitisation times to 2 hours, 

which can be considered a reasonable compromise between sufficient dye 

chemisorption at the outer surface of the ZnO electrode and minimal chemical 30 

modification of the surface of the ZnO film.  

 

Setup and X-ray/ laser synchronisation 

Generally, pump lasers used in synchrotron-based laser-pump/X-ray probe 

experiments operate at significantly lower pulse repetition rates than the X-ray light 35 

sources. This mismatch renders the traditional pump-probe approach that is marked 

by a single, tunable delay between the pump- and probe-pulses challenging. The 

laser is frequently synchronised with a specific electron bunch, employing special, 

low repetition rate storage ring fill patterns and/or mechanical and electronic gates 

to discriminate all signals but those associated with a single X-ray pulse at the 40 

desired pump-probe time delay.55-57 This technique often results in significantly 

reduced data collection efficiency compared to static X-ray measurements since only 

a fraction of the available X-ray flux is used in the experiment. Additionally, it 

exposes the sample to significantly more, potentially damaging X-ray flux than 

required to acquire the X-ray spectra. However, the scheme provides the best 45 

possible time resolution, ultimately defined by the synchrotron pulse duration. In a 

different approach, fast time-resolving detectors are used to register and sort the data 

produced by all X-ray pulses in time, thereby ‘passively’ monitoring the pump-probe 
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delay.34, 58 The time resolution in this time-tagging approach is usually limited to a 

few nanoseconds and dominated by the characteristics of the spectrometers and 

detectors. 

 The TRXPS setup presented here is schematically shown in Fig. 3. It combines 

aspects of both detection principles resulting in enhanced data acquisition efficiency, 5 

reduced target damage, and an X-ray pulse duration limited time resolution. The 

experiments are carried out at beamline 11.0.2 of the ALS using the ambient-

pressure photoemission spectroscopy end-station.59 A hemispherical electron 

analyser at this end-station is equipped with a two-dimensional delay line60 (DLD) 

that records the arrival time and hit position of all photoelectrons reaching the 10 

detector. The hit position along the dispersive plane of the analyser provides the 

kinetic energy of every electron while the time of arrival marks the pump-probe 

delay. The kinetic energy window that can be imaged in this snap-shot mode is 

~13% of the analyser pass energy. A pass energy of 150 eV was found to provide a 

good compromise between spectral resolution and total kinetic energy range for the 15 

TRXPS experiments described herein. 

 The overall accuracy for resolving different arrival times of electrons with the 

same kinetic energy is limited by their time-of-flight spread caused by different 

trajectories through the lens system and hemisphere of the XPS analyser. In 

particular, the latter is generally a function of the pass energy and lens mode.34, 58 20 

For the setup shown in Fig. 3, we recently demonstrated a time resolution of 

860 ps.61  

 The laser system employed (Time Bandwidth Products DUETTO) produces 10 ps 

pulses with selectable wavelengths (1064 nm, 532 nm, 355 nm) and adjustable 

repetition rates ranging from single shots up to ~8 MHz. All experiments discussed 25 

in the following made use of the 532 nm output. Synchronisation between the laser 

pulses and the X-ray pulse train is achieved using the 500 MHz RF master clock of 

the ALS as a reference signal (Fig. 3). This master clock has a fixed phase 

relationship with the RF signal that defines the electron bunch pattern in the storage 

ring and is therefore intrinsically synchronised with the emitted X-ray pulse train. 30 

The laser oscillator operates at 83 MHz and can be locked to the reference signal 

with a phase-lock-loop provided by a commercial clock synchroniser unit (Time 

Bandwidth Products, CLX-1100). A 1/6 frequency divider is used to convert the 

500 MHz master clock signal into an 83 MHz reference signal. A pulse picker routes 

a fraction of the oscillator pulses into the laser amplifier. The trigger signal for the 35 

pulse picker is derived from the same reference as the synchronisation signal for the 

oscillator and processed by a programmable frequency divider (PFD) to select pulses 

at a user-defined repetition rate. This signal also triggers the data acquisition of the 

DLD. 

 The time delay between the laser pulses and the ALS X-ray pulse train is coarsely 40 

adjusted in steps of 12 ns (oscillator pulse spacing) by using a delay generator (DG) 

installed in the pulse picker synchronisation branch. The laser/X-ray time delay is 

fine-tuned via an electronic phase shifter in steps of 5 ps (total range 5 ns). The 

optical pump pulse remains synchronised to individual X-ray pulses in the ALS 

pulse train with picosecond precision over periods up to several days. 45 

 During multi-bunch operation of the ALS, 296 of the available 328 storage ring 

fill pattern buckets contain electron bunches separated by ~2 ns and with a round-

trip time of ~656 ns. Additionally, a more intense, isolated electron bunch 

(‘camshaft’) is placed in a ca. 60-70 ns wide gap of the fill pattern. As illustrated in 
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Fig. 3, this enables efficient laser-pump multiple X-ray probe measurements that 

simultaneously monitor pico- to nanosecond time scales. In the ALS two-bunch 

mode, only one pair of intense electron bunches with a pulse separation of 328 ns is 

injected in the ring. The resultant time structure of the emitted X-rays is especially 

advantageous for the characterisation of dynamics proceeding on a picosecond time 5 

scale. 

 

Laser and X-ray beam characterisation 

The ability to achieve and monitor spatiotemporal overlap between the X-ray and 

laser beams at the location of the sample is an important prerequisite for any pump-10 

probe experiment. In the TRXPS setup described herein, spatial overlap is 

accomplished by recording knife-edge scans of the X-ray and the laser beam using 

the sharply defined sensitive area of a photodiode. The diode is mounted on the 

same motorized XYZ-manipulator as the samples and scanned across both X-ray and 

laser beams. Typical results obtained for the horizontal and vertical scan directions 15 

in the sample plane are summarized in Figs. 4A and B, respectively. The laser and 

X-ray beams are combined using an annular mirror inside the vacuum chamber and 

directed to the sample surface at an angle of incidence of ~45°. The laser beam 

pointing is fine-tuned by a piezo-actuator (Newport Picomotor) controlled mirror 

mount outside the vacuum chamber. The centroids of the X-ray and laser beam 20 

profiles are overlapped in both dimensions by iterative scanning and tuning of the 

piezo-actuator. Spatial pump-probe overlap can be adjusted with a precision better 

than 20 µm within minutes. 

 The measurements in Fig. 4 indicate X-ray spot size diameters <100 µm (FWHM) 

in both the vertical and horizontal direction. In order to ensure uniform optical 25 

excitation density across the area probed by the X-ray beam, the laser spot size on 

the target was deliberately chosen to be significantly larger than the X-ray spot size, 

as illustrated by the ~250 × 180 µm2 (FWHM) optical beam profile at the sample 

surface. Note that all values include the projection-induced broadening in the 

horizontal beam dimensions caused by the ~45° incidence angle.  For the given spot 30 

size, the available laser output power at 532 nm is sufficiently high to enable pump-

probe experiments with repetition rates of up to 1 MHz at pump fluences of several 

mJ/cm2 (Fig. 4D). 

 

Temporal overlap and time resolution 35 

The coarse relative timing of the laser pulses with respect to the ALS X-ray pulse 

train is adjusted to within ±0.3 ns by displaying the time traces of an avalanche 

photodiode mounted on the sample holder on a 1 GHz bandwidth oscilloscope. The 

timing stability is continuously monitored by observing the leakage through one of 

the laser steering mirrors on an oscilloscope that is triggered by the ALS bunch-40 

marker clock. The pump-probe temporal overlap is tuned in the picosecond range by 

performing an X-ray/laser cross-correlation using the transient surface photo-voltage 

(SPV) effect of a semiconductor sample. 

 The position of the Fermi level at semiconductor surfaces can be pinned by 

surface- and impurity-states near the middle of the band gap.62 The resultant charge 45 

transfer to the surface gives rise to a space charge region (typically ~100 nm deep) 

causing a characteristic downward (upward) bending of all energy levels for p-type 
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(n-type) semiconductors toward the surface. Laser illumination with photon energies 

exceeding the band gap generates electron-hole pairs that partly compensate the 

electric field in the space charge layer. This leads to a transient flattening of all 

energy bands near the surface depending on the recombination dynamics of the 

electron-hole pairs inside the material. The SPV effect therefore manifests itself as a 5 

rigid, time-dependent shift of the entire photoelectron spectrum to lower (higher) 

binding energies for p-doped (n-doped) materials. The build-up of the transient SPV 

response is governed by the diffusion of photo-generated minority carriers in the 

space charge region to the semiconductor surface,62 which usually proceeds on a 

sub-picosecond time scale.32 The SPV effect therefore represents a suitable 10 

benchmark to measure the time resolution in TRXPS experiments.  

 We have investigated the SPV dynamics in thin (~3 µm) ZnO films grown on p-

doped Si(100), which also served as substrates for the N3 dye molecules in the 

TRXPS experiments discussed later in this article. To identify the dominant time 

scale in the SPV response from the ZnO/Si samples, TRXPS in the time-tagging only 15 

mode, i.e., without any synchronisation between the laser and X-ray pulses, have been 

performed. As demonstrated in Fig. 5A, this allows the efficient measurement of 

transients in a time window only limited by the laser repetition rate (~102 kHz in this 

experiment). The measured deviation of the Zn3d binding energy relative to a laser-off 

reference spectrum is plotted as a function of the time delay between the optical pump 20 

pulse and the 850 eV X-ray probe pulse for different laser fluences. The sudden drop 

in the Zn3d binding energy observed around ∆t = 0 signals the arrival of the laser 

pulse at the sample surface. The subsequent relaxation of the SPV shift lasts for 

several microseconds and is strongly influenced by the pump fluence. For laser 

fluences > 20 µJ/cm2, the Zn3d line position does not recover to the laser-off 25 

situation within the laser pump period (~10 µs). This accumulated SPV contribution 

is observed as a constant binding energy offset at negative pump-probe delays. We 

note that no SPV effect was observed for laser fluences up to 10 mJ/cm2 in ZnO 

films deposited on stainless steel substrates (green curve in Fig. 5A). Thus, the SPV 

dynamics probed by Zn3d TRXPS originates exclusively from laser-excited 30 

electron-hole pairs generated in the space charge region at the ZnO/Si interface. This 

also explains the transient drop (instead of an increase) in the observed Zn3d 

binding energy, which is not expected from the n-doped ZnO film but from the p-

doped Si substrate.31 The possibility to monitor electronic dynamics at buried 

interfaces by TRXPS has been reported before by the Wurth group for BaF2/Si 35 

interfaces.63  All traces shown in Fig. 5A have been acquired during ALS two-bunch 

operation with a data acquisition time of 15 min per trace.  

 The picosecond time-resolved drop of the effective Zn3d binding energy near ∆t 

= 0 is presented in Fig. 5B. For this measurement, the laser was synchronised to the 

X-ray pulse train and the electronic phase shifter of the oscillator timing electronics 40 

(Fig. 3) was used to scan the delay of the laser pump pulse with respect to the ALS 

probe pulse. A fit of the SPV response to a Gaussian error function reveals a ~70 ps 

TRXPS time resolution (FWHM), which is in agreement with the previously 

reported ALS bunch length.33 

 To benchmark the performance of the TRXPS apparatus compared to existing setups, 45 

additional picosecond time-resolved SPV experiments on p-doped GaAs(100) have 

been carried out. The SPV effect in this material has been extensively studied and is 

more pronounced compared to other semiconductor materials with band gaps 

compatible with the pump laser photon energy (2.33 eV). Figure 6 summarises the 
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change in the Ga3d binding energy as a function of laser-pump/ X-ray-probe (450 

eV) delay. The data was recorded within 50 min  acquisition time (integration time ~ 

80 s per pump probe step) during ALS two-bunch operating mode with a laser 

repetition rate of ~500 kHz and a laser fluence of 10 nJ/cm2, which is safely below 

the photo-chemical decomposition threshold of GaAs.64  5 

 The rapid build-up of the SPV effect is followed by a much slower decay of the SPV 

shift proceeding on a nanosecond time scale. The relaxation dynamics are governed by 

two different channels: a fast process leading to a reduction of the SPV shift by 40% 

within approximately 200 ps after laser excitation, and a second component 

responsible for a slower decrease over several nanoseconds. A bi-exponential decay 10 

model fitted to the data (red line in Fig. 6) yields time constants of 80±30 ps and 

2.3±0.4 ns, respectively, for the fast and slowly decaying components. Such biphasic 

relaxation behaviour of the SPV effect has previously been observed in GaAs and 

was attributed to tunnelling and thermionic recombination of the photo-excited 

charge carriers on fast and slow time scales, respectively.36, 65, 66 We note that 15 

photoelectron spectra recorded before the laser pulse reaches the surface are still 

shifted by ca. 50 meV to lower binding energies compared to spectra recorded 

without any laser illumination. The transient SPV effect has therefore not fully 

decayed within the time scale of the experiment, i.e. the time elapsed between two 

laser pulses (1.7 µs). This suggests the existence of (at least) a third relaxation 20 

channel with a time constant in the microsecond or even millisecond range.66 

 The time-resolved SPV measurements presented above highlight the capability of 

the TRXPS setup to capture electron-hole recombination dynamics on the pico- to 

microsecond time scale at semiconductor surfaces and buried interfaces by laser-

pump/X-ray probe photoelectron spectroscopy with an overall time resolution only 25 

limited by the ALS electron bunch duration. 

 

Results 

The TRXPS experiments presented here concentrate on the binding energy region 

comprising the C1s peaks and the Ru3d doublet. This provides, in principle, 30 

simultaneous sensitivity to charge dynamics affecting the metal centre and the 

aromatic ligands of the dye molecule (Fig. 1).  

 Typical C1s/Ru3d TRXPS data of N3-sensitised films of ZnO nanocrystals 

obtained during ALS multi- and two-bunch operating mode are summarised in 

Fig. 7. For these measurements, the laser system was operated at a repetition rate of 35 

~102 kHz, which enables temporal overlap of the laser pulses with one out of 15 

camshaft pulses in multi-bunch or one out of 30 camshaft pulses in two-bunch 

operating mode. The laser fluence was set to 10 mJ/cm2 and the sample was 

continuously scanned at a speed of 120 µm/s to minimise laser and X-ray induced 

beam damage. 40 

 Figs. 7A and B show false-colour representations of the acquired TRXPS spectra. 

Each slice of the false-colour map along the (horizontal) energy axis corresponds to 

an XPS spectrum recorded at a well-defined time delay after laser excitation. 

Projections onto the time axis reveal the characteristic multi- and two-bunch fill 

pattern of the ALS in Figs. 7A and B, respectively. Note that the individual pulses in 45 

the multi-bunch sections are not fully resolved due to the ~5 ns resolution of the 

time-tagging technique, which was determined by the pass energy and lens mode 
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employed in this particular experiment. It is important to note, however, that this 

only represents the time resolution for the overlapping signals in the multi-bunch 

probe regions, whereas signals associated with the isolated camshaft pulses are still 

recorded with the bunch-length limited time-resolution of 70 ps. 

 For the two-bunch data set in Fig. 7B, the timing electronics of the setup were 5 

adjusted such that the laser pump pulse arrived at the sample surface 30 ps before 

the second camshaft pulse within the time span recorded by the detector. The 

relative timing of the laser and X-ray pulses was calibrated by performing an SPV-

based cross-correlation immediately before the measurement (see Fig. 5B). XPS 

spectra recorded ~328 ns before (blue) and 30±5 ps after (red) laser excitation are 10 

compared in Fig. 7C. The laser-affected spectrum exhibits a pronounced ~450 meV 

shift of both the C1s and the Ru3d5/2 lines to higher binding energies. This rigid shift 

of the entire photoelectron spectrum is ascribed to an SPV effect in the substrate. 

Signatures of changes in the C1s and Ru line shapes, which are expected to contain 

information on the electron dynamics at the N3/ZnO interface, are obviously more 15 

subtle and require a more detailed analysis. In the following, we base our 

investigation of laser-induced line-shape variations in the TRXPS spectra 

exclusively on data recorded during two-bunch operation, since the multi-bunch 

TRXPS experiments were partly affected by detector saturation. We note, however, 

that reliable information on the SPV dynamics could nevertheless be extracted from 20 

both types of data. 

 In Fig. 8 we contrast TRXPS spectra acquired at time delays of ∆t = 30 ps (A) and 

∆t = 30 ps + 328 ns (C) to a laser-off reference spectrum (∆t = 30 ps – 328 ns). For 

accurate comparison of the line shapes, the SPV effect of the laser-on spectra has 

been corrected by shifting the spectra numerically along the binding energy axis to 25 

minimize the squared sum of residuals with the reference spectrum. Whereas the line 

shape of the spectrum taken at ∆t = 30 ps + 328 ns and the laser-off reference are 

indistinguishable within the signal-to-noise of the measurement (Figs. 8C and D), 

distinct laser-induced changes are observed at ∆t = 30 ps (Figs. 8A and B): 

intensities near the C1s pyridine and the Ru3d5/2 peak centres are reduced, 30 

accompanied by intensity enhancements in the regions between peaks. This can be 

seen more clearly in the difference spectra shown in Fig.8B and D. At ∆t = 30 ps, 

there are minima at ~281 eV and  ~285 eV with corresponding maxima near ~283 

eV and ~287 eV. Compared to this, no pronounced correlations are observed in the 

spectral difference at ∆t = 30 ps + 328 ns. 35 

 Figure 9 summarises the overall temporal evolution of the SPV response of the 

N3/ZnO samples. The transient was obtained by combining data sets acquired during 

different ALS operating modes and with different data acquisition schemes. The 

amplitude of the SPV rises to almost 500 meV within the time resolution of the 

experiments and is followed by a rapid decay to 40% within only a few 40 

nanoseconds. However, the complete SPV relaxation involves several hundreds of 

nanoseconds.  Note that the curves have a vertical offset of ~-400 meV due to the 

transient SPV effect at the ZnO/Si interface discussed above, which does not relax 

on the time scale of the laser pump period. 

  45 
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Discussion 

In N3, photon absorption proceeds via excitation of a singlet metal-to-ligand charge 

transfer (1MLCT) state. Subsequent depopulation of the initially excited state may 

occur, in principle, via direct (<100 fs) electron injection into the substrate or via 

intramolecular relaxation to the metastable 3MLCT triplet state, followed by much 5 

slower electron injection (~10-100 ps).4, 7 The relative importance of both channels 

may depend on the specific dye-semiconductor system and has long been a matter of 

debate.4, 6, 7, 20, 67 Since the HOMO of N3 is predominantly located at the metal 

centre and the thiocyanate groups of the dye, whereas the LUMO resides mostly on 

the pyridine ligands that bond the molecule to the semiconductor, the ruthenium 10 

photoemission lines are expected to carry information of the transient charge 

redistribution within the dye.52 In either relaxation channel, the light-induced charge 

redistribution is intuitively expected to manifest itself in an increase of binding 

energies of the ruthenium core levels because of the reduced electron density around 

the metal centre that screens the ruthenium core holes. This effect has indeed been 15 

observed for isolated N3 molecules in solution21 and in a recent femtosecond 

TRXPS experiment on N3/ZnO at the Linac Coherent Light Source (LCLS).41 

 As illustrated in Figs. 8A and B, the difference spectrum at ∆t = 30 ps can indeed 

be qualitatively rationalised in terms of a laser-induced shift of the Ru3d doublet by 

∆BE ~2 eV to higher binding energies for a fraction F ~10% of the N3 molecules. A 20 

corresponding fit is indicated as a green solid line. We note that F and ∆BE are the 

only free parameters in this model function, since the ground-state photoemission 

line shape can be extracted from the isolated Ru3d5/2 emission line in the laser-off 

spectrum, and the well-known Ru3d spin-orbit splitting and intensity ratio.51 

 While ultrafast optical spectroscopy studies have shown that electron injection in 25 

N3/ZnO is dominated by “slow” electron transfer channels with time constants in the 

range of a few to hundreds of picoseconds (compared to, e.g., ≤100 fs in N3/TiO2), 

the microscopic origin for this behaviour is not fully understood.8, 40, 67-69 Two 

competing descriptions for the charge injection process have been proposed: (i) an 

intermediate-interface-state model40, 69-72 and (ii) a two-state injection model.8, 39, 67, 
30 

73, 74 In (i), optical excitation of the dye results in the formation of an electron-cation 

complex that temporarily binds the injected electron to the interface on a time scale 

of <5 ps before it subsequently decays within 10-150 ps to generate mobile charge 

carriers in the semiconductor conduction band.8, 67, 68, 74 In this case, the dielectric 

properties of the substrate are expected to have a major impact on the interfacial 35 

electron dynamics8. In (ii), unfavourable electronic coupling between the dye and 

the ZnO substrate is suggested, leading to reduced injection efficiency due to an 

increased competition with intramolecular relaxation. In this case, the majority of 

N3 molecules initially excited in the singlet metal-to-ligand charge transfer state 
1MLCT undergo relaxation to the metastable 3MLCT triplet state that is expected to 40 

inject on a much slower time scale (10-100 ps). 40, 69 

 Evidently, the two scenarios are characterised by distinctly different spatial 

distributions of the excited electronic charge during the first tens of picoseconds 

after excitation. In (i) it would be transferred to the semiconductor but still localised 

at the interface at the beginning of the injection process, whereas it would initially 45 

reside on the dye in scenario (ii). The exact magnitude and time evolution of the 

TRXPS Ru3d binding energy shift may therefore provide valuable insight into the 

dominant injection mechanisms. Recent DFT calculations indicate that the two 
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scenarios may lead to Ru3d chemical shifts that differ by approximately 1 eV.75 

Unfortunately, as indicated by the green shaded area in Fig. 8B, the signal-to-noise 

level in the current measurements does not permit an identification of the transient 

chemical shift at ∆t = 30 ps within this level of precision. However, modest 

improvements of the experiment are expected to enable future investigations that 5 

will provide this information. 

 Apparently, the marked minimum at ~285 eV in the ∆t = 30 ps difference 

spectrum is not well reproduced by the Ru3d model function described above. This 

might indicate that transient changes in one or more C1s photo-lines contribute to 

the differential laser-on/laser-off effect. In this respect it is noteworthy that a recent 10 

stationary high-resolution XPS study of N3 demonstrated that the most dominant 

C1s peak is composed of two different components corresponding to carbon atoms 

in two different chemical environments within the N3 pyridine groups.43 The high 

binding energy component was assigned to the two carbon atoms bonded to the 

nitrogen atom, whereas the lower binding energy component was ascribed to the 15 

three carbon atoms in the pyridine ring that are in closer proximity to the carboxylic 

acid group. The binding energies of the two components differ by 1 eV. These 

findings are compatible with the slightly asymmetric C1s pyridine line shape in Fig. 

8A and C.  The additional differences observed at ~285 eV binding energy may 

therefore indicate a temporal increase of the C1s binding energies in carbon atoms 20 

that are located closer to the carboxylic acid groups than the nitrogen atoms 

(Fig. 1A). In addition, a potential contribution from the (spectrally unresolved) C1s 

emission originating from the thiocyanate groups has to be considered. 

 Even though the electron injection process in N3/ZnO is essentially completed 

after ~200 ps,8 one may still expect signatures of the oxidised N3 dyes in the ∆t = 30 25 

ps + 328 ns TRXPS spectrum, unless the dye molecules have been completely 

reduced by charge recombination processes. The absence of evident correlations in 

the difference spectrum in Fig. 8D therefore suggests that ~300 ns after laser 

excitation, the majority of the initially excited N3 molecules have already returned 

to the neutral ground state by back-electron transfer from the ZnO substrate.  30 

 Reported time scales for relaxation processes at dye-semiconductor interfaces 

range from a few picoseconds to several milliseconds.2, 6, 18, 23 In this respect the 

question arises whether the N3/ZnO SPV transient in Fig. 9 contains information on 

the interfacial charge recombination dynamics. Thus, it is important to identify the 

exact origin of the SPV effect in this system. For laser fluences >1 mJ/cm2, the SPV 35 

effect induced in the ZnO/p-Si support of the N3 molecules is completely saturated 

on a microsecond time scale (see Fig. 5A),61 and can therefore not contribute to the 

nanosecond dynamics apparent in Fig. 9. The saturated SPV effect of the ZnO/p-Si 

is indeed observed as a constant ~400 meV shift of all TRXPS spectra to higher 

binding energy when the laser beam is blocked.  Therefore, the n-type behaviour of 40 

the SPV transient in Fig. 9 must originate from the ZnO nanoparticles and/or the N3 

molecules, and might be influenced by electron exchange across the interface. 

 The direct band gap of ZnO is ~3.3 eV3 and significantly exceeds the laser photon 

energy in our experiment (2.33 eV). In order for direct ZnO photo-excitation to be 

the origin of the observed SPV dynamics, one would have to invoke excitation into 45 

or from band-gap states (a nonlinear response of the semiconductor is unlikely at the 

applied pump laser fluence). However, this effect can be ruled out since no SPV 

signature is observed in ZnO/stainless steel samples for laser fluences up to 10 

mJ/cm2 (green trace in Fig. 5A).  Since ZnO films are intrinsically n-doped (due to 
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interstitial Zn atoms or oxygen vacancies)76 the SPV transient in Fig. 9 may result 

from electron injection from the dye adsorbate into the ZnO substrate, which would 

have a similar effect as electron-hole pair creation directly in the substrate by super-

bandgap excitation. For the n-type semiconductor ZnO, this would lead to transient 

lowering of the band edges near the surface (increased binding energies) during the 5 

electron injection process, followed by an SPV relaxation (decreasing binding 

energies) governed by the time scale of the charge recombination processes that 

neutralise the N3 molecules at the surface. This picture is consistent with the SPV 

behaviour in Fig. 9. We note that the N3/ZnO SPV relaxation dynamics can only be 

described satisfactorily using (at least) a bi-exponential decay model, which 10 

suggests contributions from recombination times of ~10 ns and ~100 ns (red dashed 

line in Fig. 9). These time scales are well within the range of recombination times 

reported in previous optical studies for N3/ZnO.23 

 Future studies will shed more light on the processes and mechanisms underlying 

the transient changes in the Ru3d/C1s line shapes and the substrate SPV response 15 

described herein. In particular, a more complete picture will be achieved by 

performing TRXPS experiments addressing the O1s, S2p and N1s core levels. 

Experiments involving the nitrogen atoms will be particularly interesting, since the 

thiocyanate- and pyridine-related emission lines can be distinguished in the N1s 

XPS spectrum and the N3 HOMO and LUMO have significantly different 20 

amplitudes on the corresponding atomic positions.52 

Conclusion and outlook 

An experimental setup for synchrotron-based picosecond time-resolved X-ray 

photoelectron spectroscopy (TRXPS) studies is presented. A unique combination of 

high temporal resolution and data collection efficiency is achieved by implementing 25 

both a picosecond laser/X-ray synchronisation scheme and a nanosecond time-

resolved time-stamping technique. The potential of the method is demonstrated by 

monitoring light-induced electronic dynamics at the interface between N3 dye-

molecules and a nanostructured ZnO semiconductor substrate. Transient changes in 

the C1s/Ru3d TRXPS line shapes are observed, which are indicative of a change in 30 

oxidation state of the Ru metal centre of the dye molecule 30 ps after laser 

excitation. Further studies are required to determine a comprehensive picture of the 

transient valence electron configurations that are reflected in the time-dependent 

XPS line shapes, and to explore their correlation with the macroscopic surface 

photovoltage response observed in this system.  35 

 Detailed static XPS studies suggest that the N3 sensitisation procedure of ZnO 

has to be adapted to the specific spectroscopic method by which the dynamics at the 

dye-semiconductor interface are probed in order to avoid a detrimental impact of 

chemical modifications. 

 Although the TRXPS experiments presented here have been performed under 40 

vacuum conditions, the ambient-pressure capability of the employed hemispherical 

analyser and beamline enables TRXPS studies with background pressures up to 

10 Torr. We envision that this will enable in situ studies of the interplay between 

charge dynamics and solvent/electrolyte-induced modification of the dye-substrate 

interaction, which is believed to significantly influence the performance of dye-45 

sensitised solar cells. The TRXPS experiments will be complemented by time-

resolved X-ray absorption measurements based on Auger or partial electron yields 
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recorded with the same experimental setup. These measurements will provide 

additional, site-specific information on the time evolution of the unoccupied valence 

states of the system. Combined, these methods have the potential to provide 

comprehensive, atomic site-specific real-time insight into interfacial photovoltaic 

and photocatalytic reaction dynamics approaching application-like conditions. 5 
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Figures captions 

 

Fig. 1 Illustration of the application of TRXPS to study electron dynamics at the prototypical dye-

semiconductor interface N3/ZnO. The relevant processes are shown schematically (A) in real-space 

and (B) in the energy domain. 5 

Fig. 2 Characterisation of N3-sensitised ZnO electrodes with stationary XPS. (A) XPS 

spectrum of an N3/ZnO electrode recorded with hν = 850 eV photon energy after 2 hours of 

sensitisation. Detailed views of the N1s, C1s and S2p core-level emission lines are shown as 
insets. (B) Comparison of XPS spectra in the region of the C1s and Ru3d photoemission lines 

obtained from ZnO electrodes after 2 hours, 24 hours and 6 days of N3 sensitisation. The 10 

spectra were recorded with hν = 490 eV to enhance the surface sensitivity. (C) Photographs of 
electrodes with different sensitisation times (from bottom to top): 2 hours, 24 hours, and 6 

days. (D) Zn2p3/2 photoemission lines of N3-sensitised electrodes produced with different 

sensitisation times (hν = 1250 eV). 

 15 

Fig. 3 Setup for picosecond time-resolved laser-pump/X-ray photoemission probe spectroscopy at 

the Advanced Light Source (ALS). Key components of the electronic laser/X-ray synchronisation 

scheme are indicated (DG = delay generator; PFD = programmable frequency divider). See text for 

details. 

Fig. 4 Spatial profiles of the laser and X-ray beams, which are overlapped at the sample surface 20 

inside the vacuum chamber. Horizontal (A) and vertical (B) beam profiles are obtained by scanning 

a large-area photodiode mounted on the sample holder through the beams. Solid lines are Gaussian 

fits to the data. The beam paths employing a perforated mirror (PM) as a beam combiner and the 

measurement geometry with the photodiode (PD) and the hemispherical electron analyser (HEA) are 

illustrated in C. The maximum fluence that can be delivered to the sample by the employed laser 25 

system based on the spot size determined in A and B is shown in D as a function of the laser 

repetition rate. 

Fig. 5 Transient surface photo-voltage (SPV) dynamics at the ZnO/p-Si(100) interface probed by 

TRXPS. A Evolution of the Zn3d line position as a function of pump-probe delay for different laser 

pulse fluences. The data was acquired using the time tagging method without active laser/X-ray 30 

synchronisation. B SPV shifts extracted from picosecond time-resolved photoemission spectra near 

the temporal overlap between the X-ray-probe and the laser-pump pulse (17 µJ/cm2) after laser/X-

ray synchronisation. Fitting to a Gaussian error function (red solid line) yields the time resolution of 

the TRXPS experiment (~70 ps). 

Fig. 6  TRXPS from p-doped GaAs(100). Blue circles show the SPV-induced reduction of the Ga3d 35 

core-level binding energy measured relative to the peak position in a laser-off spectrum (inset) as a 

function of pump-probe delay. The fit (red solid line) describes a step-like binding energy drop 

followed by a bi-exponential recovery convoluted with the Gaussian instrument response function.  

Fig. 7 C1s/Ru3d TRXPS maps acquired from N3/ZnO during the (A) multi- and (B) two-bunch 

operation modes of the ALS. Photoelectron spectra as a function of laser-pump/X-ray-probe time 40 

delay are displayed in a false colour representation – with a projection of the data onto the time axis 

shown on the left side.  The laser pulse excites the sample surface 120 ps before the first camshaft 

X-ray pulse (A) and 30 ps before the second X-ray pulse (B) in the chosen detection time window. 

C Comparison of photoelectron spectra recorded during ALS two-bunch mode. The spectrum of the 

camshaft arriving ∆t = 30 ps after the laser pulse at the sample (red) is shifted to higher binding 45 

energies with respect to the spectrum of the camshaft that arrives 328 ns before laser excitation 

(blue). 
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Fig. 8 Evidence for laser-induced TRXPS line-shape variations. A Comparison of a laser-off 

C1s/Ru3d photoemission spectrum (∆t = 30 ps - 328 ns, blue) to a spectrum recorded at a pump-

probe delay of 30 ps (red). The laser-on spectrum was shifted numerically to compensate for the 

SPV effect. The insets highlight the spectral region near the Ru3d5/2 emission line. B Difference 5 

spectrum obtained by subtracting the laser-off reference from the SPV-corrected laser-on spectrum. 

The fit result (green solid line) is based on a model that describes the entire laser-on/laser-off 

difference by a shift ∆BE of the Ru3d doublet in a fraction F ≈ 10% of the probed dye molecules to 

~2 eV higher binding energies (indicated by green arrows in A). The green shaded area highlights 

the array of difference spectra predicted by this model for the parameter range ∆BE = 1.5 - 3 eV and 10 

F = 10 - 25%. See text for details. C and D show the corresponding analysis of a photoemission 

spectrum recorded at a pump-probe delay of ∆t = 30 ps + 328 ns. No systematic differences between 

the laser-on and laser-off spectra are observed in this case. 

 

Fig. 9 Time evolution of the N3-induced SPV in the N3/ZnO/Si system. The SPV shift is quantified 15 

by minimizing the spectral difference with a laser-off reference spectrum. The change in binding 

energy is given relative to a spectrum recorded without any laser illumination. Colour coding of the 

circles refer to results obtained for different ALS operating modes and analyser configurations. The 

red dashed line is a bi-exponential decay approximation of the observed SPV dynamics.  

 20 
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