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ABSTRACT 

A prerequisite for advancing hybrid solar light harvesting systems is a comprehensive 

understanding of the spatio-temporal dynamics of photo-induced interfacial charge separation. 

Here, we demonstrate access to this transient charge redistribution for a model hybrid system of 

nanoporous zinc oxide (ZnO) and ruthenium bipyridyl chromophores. The site-selective probing 

of the molecular electron donor and semiconductor acceptor by time-resolved X-ray 

photoemission provides direct insight into the depth distribution of the photo-injected electrons 

and their interaction with the local band structure on a nanometer length-scale. Our results show 

that these electrons remain localized within less than 6 nm from the interface, due to enhanced 

downward band-bending by the photo-injected charge carriers. This spatial confinement suggests 

that light-induced charge generation and transport in nanoscale ZnO photocatalytic devices 

proceeds predominantly within the defect-rich surface region, which may lead to enhanced 

surface recombination and explain their lower performance compared to titanium dioxide (TiO2)-

based systems. 
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Nanostructured metal oxide semiconductor materials coupled to light-harvesting adsorbates are 

key components in sunlight-to-power and sunlight-to-fuel conversion schemes. Examples 

include photochemical cells for solar water-splitting and hybrid photovoltaics based on 

heterojunctions between molecular, quantum-dot, or nanoplasmonic sensitizers and transition 

metal oxide semiconductor electrodes.1–6 These systems combine superior solar light absorption 

in the adsorbates with high photocatalytic activity of the substrates and the heterogeneous design 

enables spatial separation of oxidation and reduction half-reactions. Yet, observed efficiencies 

consistently lack, often substantially, behind theoretical limits. Understanding the photo-induced 

electron transfer and relaxation dynamics between sensitizers and semiconductor acceptors is 

crucial for advancing photocatalytic efficiency. This challenge encompasses the full 

photocatalytic reaction cycle: ultrafast charge injection, carrier transport and interfacial charge 

relaxation, as well as trapping at defect centers within the nanoporous semiconductor network. 

The complex interplay of these microscopic processes, and the vast range of relevant time- and 

length-scales, render it difficult to unambiguously identify reaction bottlenecks that limit the 

overall device performance.7,8 

The timescale of the initial charge separation at the interface plays a decisive role, and has 

been extensively studied, mainly with all-optical techniques that monitor the transient electronic 

state of the sensitizer and the appearance of free electrons inside the semiconductor.9–16 

However, very little is known about the underlying transient interfacial charge density 

redistribution, associated band structure modifications, and their spatio-temporal evolution 

within the first few nanometers below the surface. The band structure at the interface can be 

different from the bulk due to local space-charge imbalances that affect all energy levels near the 
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surface. This potential energy landscape can either enhance interfacial charge separation of 

injected electrons (upward band bending) or favor their confinement and localization near the 

surface (downward band bending).17 Since the near-surface region represents a significant 

volume fraction of nanostructured systems, it is the main gateway between localized 

photoexcited states on the sensitizers and delocalized charge distributions in the semiconductor 

that drive chemical reactions. 

The hybrid interface between nanostructured ZnO and N3 (cis-bis(isothiocyanato)bis(2,2′-

bipyridyl-4,4′-dicarboxylato)-ruthenium(II)) dye molecules offers a model system for 

understanding the complex interaction of photo-induced charge injection, separation, and 

transfer. ZnO-based nanomaterials are important components in photocatalytic devices,18 and N3 

is one of the most widely studied molecular sensitizers for hybrid light harvesting systems.19,20 

Thus, a more detailed understanding of the photo-induced electronic dynamics in N3/ZnO 

heterosystems provides technologically pertinent benchmarks for a variety of 

photoelectrochemical applications. 

Here, we directly monitor the photo-induced electron dynamics and ensuing transient 

modulations of near-surface potential gradients in the interfacial region of this prototypical 

hybrid light harvesting system with picosecond time-resolved X-ray photoelectron spectroscopy 

(trXPS). Our model system consists of an N3 dye monolayer chemisorbed on a sintered film of 

ZnO nanoparticles with an average particle diameter of ~15 nm (see supplemental information 

(SI), section A). Element-specific trXPS probes the transient interfacial electronic structure after 

optical excitation site-selectively from the molecular electron donor (C1s/Ru3d) and the 
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semiconductor acceptor (Zn3d) with picosecond temporal resolution and nanometer spatial 

sensitivity. 

The measurements provide detailed information on the spatial distributions of both electrons 

and holes across the interface during the photo-induced charge transfer and recombination on 

timescales ranging from tens of picoseconds up to several microseconds. Nanoscale confinement 

of photo-injected electrons within <6 nm from the semiconductor surface is deduced from 

transient changes in the surface potentials, which are revealed by lineshape modulations and 

spectral shifts of the Zn3d photoemission. The C1s/Ru3d response of the molecular donor 

exhibits an additional transient shift due to the impact of the (electronic) hole located on the 

photo-oxidized dye. A charged capacitor model is used to describe the charge-separated state at 

the N3/ZnO interface, from which the average distance of the hole density from the substrate 

surface is estimated to ~0.3 - 1.2 nm. This range is in agreement with the location of the highest 

occupied molecular orbital (HOMO), from which the injected electron is removed. Furthermore, 

strong evidence is provided that electron injection into the ZnO conduction band (CB) proceeds 

via a two-step process involving an intermediate interfacial charge transfer (ICT) configuration. 

The existence of such transient ICT states has previously been suggested,9–12,21–24 but has been in 

competition with a two-state injection model, where intramolecular relaxation by intersystem 

crossing precedes electron transfer to the substrate.25–27 

The results provide comprehensive insight into the spatio-temporal evolution of the photo-

induced interfacial charge redistribution. Both the intermediate ICT configurations as well as the 

confinement of injected electrons in the defect-rich surface region of the nanostructured substrate 

significantly increase the odds for charge recombination and, thus, contribute to the challenges of 
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using ZnO as electrode material in solar light harvesting applications. The lifetime of the ICT 

intermediate as well as the range of electron-dye cation recombination timescales determined 

here by trXPS are in reasonable to good agreement with values derived in previous time-resolved 

optical and THz spectroscopy studies.9,10,14,23 

In the trXPS experiment, the heterojunction is excited by ~10 ps long laser pulses at a 

wavelength of 532 nm, and the photo-induced dynamics are probed using a monochromatized 

soft X-ray pulse train from the Advanced Light Source (ALS), see Materials and Methods for 

details. Figure 1 compares C1s/Ru3d (a) and Zn3d (b) trXPS spectra associated with the N3-dye 

and the ZnO substrate, respectively. Data (circles) were recorded before (blue) and Δt = 2 ns 

after (red) resonant HOMO-LUMO (lowest unoccupied molecular orbital) excitation of the dye 

with a 532 nm, 1.1 mJ/cm2 laser pulse, leading to an estimated 6% excitation fraction (see 

section G of the SI). Details of the fit procedures (solid lines) and the decomposition of the 

C1s/Ru3d spectrum21,28 are described in section B of the SI. For both regions, the excited-state 

(ES) spectrum is shifted to higher binding energies (EB) compared to the ground state (GS) 

spectrum. However, the ~180 meV photo-induced shift of the N3-related C1s/Ru3d 

photoemission lines is significantly larger than the corresponding Zn3d shift of only ~65 meV.  

The photoresponses of the two sides of the heterojunction also differ in their lineshape 

dynamics. The C1s/Ru3d ES spectrum is well described by a rigid shift of the GS spectrum. 

Figure 1(c) shows the difference between the C1s/Ru3d ES spectrum and the GS spectrum 

shifted by 180 meV to higher EB, indicating good agreement within the signal-to-noise ratio of 

the experiment. Note that this rigid shift does not exclude smaller differential shifts between C1s 

and Ru3d as previously found for Δt≤1 ps.21 In contrast, a similar approximation for the ES Zn3d 
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spectrum by a shifted GS spectrum yields a significant residual (black line in Fig. 1(d)), which 

points toward an additional lineshape change. This effect is captured by including a spectral 

broadening of the GS spectrum in addition to a shift, as indicated by the corresponding orange 

 
Figure 1. Signatures of photo-induced charge transfer in trXPS spectra of N3/ZnO heterojunction. a N3-dye 

C1s/Ru3d and b substrate Zn3d trXPS spectra obtained with hv = 888 eV and hv = 614 eV, respectively. Blue 

circles are the ground state (GS) spectra, red circles represent the excited state (ES) measured at a pump-probe 

delay of Δt = 2 ns after 532 nm laser excitation. Solid lines correspond to constrained multi-peak Gaussian fits 

for C1s/Ru3d, and fits to an asymmetric Gaussian for Zn3d. The color-coded schematic of the N3 dye 

molecular structure in the inset indicates the different contributions to the C1s/Ru3d spectrum. c Residual after 

subtracting the C1s/Ru3d GS spectrum shifted by ~180 meV to higher EB from the ES spectrum. d Minimum 

residual for the Zn3d photoemission line using the same approach. The distinct bimodal shape indicates 

significant ES spectral broadening. The orange line is the minimum difference spectrum obtained by including 

a spectral broadening of ~65 meV in addition to a rigid shift of ~60 meV. 
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residual in Fig. 1(d). Figure S3 in section B of the SI illustrates and analyzes the signatures of 

shift and broadening effects in the Zn3d spectrum in greater detail. We emphasize that no laser-

induced changes in the Zn3d position or shape are observed for bare ZnO electrodes under laser 

excitation conditions identical to those of the dye-sensitized samples (see SI section D). This 

excludes photo-induced electron-hole pair generation within ZnO, mediated by defect levels 

within the 3.30 eV bandgap, as an explanation for the observed Zn3d trXPS response.29–31 Thus, 

the origin of transient modulations in the Zn3d lineshape shown in Fig. 1 and 2 must be directly 

connected to heterogeneous charge transfer across the N3/ZnO interface. 

Fitting the pump-probe delay dependent C1s/Ru3d and Zn3d photolines with a set of model 

functions provides the temporal evolution of spectral shifts and peak widths as a function of 

pump-probe delay (see section B of the SI for details). The results are displayed in Fig. 2(a). 

Time-dependent shifts of the C1s (red) and Zn3d (blue) peaks are shown along with changes in 

the full-width-at-half-maximum (FWHM) of the Zn3d peak (green). Symbols represent the peak 

shifts and widths, solid lines indicate fit results based on a coupled rate equation model of the 

time-dependent electron populations in the N3 LUMO, at the surface (ICT states), and in the 

ZnO CB. The model is schematically summarized in Fig. 2(b) (see section H of the SI for 

details). It describes a sequential pathway, whereby the initial HOMO-LUMO excitation (k1) 

decays to form an ICT configuration (k2), from which electrons are released into the ZnO CB 

(k3). Possible electron-dye cation recombination pathways from all these intermediates are taken 

into account. In particular, back-transfer and recombination of electrons injected into the ZnO 

CB is described by three independent exponential decays (k5,a,k5,b,k5,c). The C1s and Ru3d peaks 

exhibit identical time-dependent shifts and no broadening within the experimental uncertainty 
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(see SI section B). Thus, we limit our discussion of the molecular response to the energy shifts of 

the C1s lines associated with the dye. The inset in Fig. 2(a) shows a magnified view of the region 

near zero pump-probe delay using normalized amplitudes to highlight differences in dynamic 

trends. 

 
Figure 2. a Temporal evolution of the trXPS response. C1s (red diamonds) and Zn3d (blue squares) 

photoelectron energy shifts and Zn3d photoline FWHM change (green triangles) as a function of pump-probe 

delay (note the transition from a linear to a logarithmic delay axis for Δt > 3 ns). Solid lines are the results of fits 

to a coupled rate equation model schematically illustrated in b. Photo-induced HOMO-LUMO excitation (k1) in 

the dye (red) is followed by the population (k2) of an ICT configuration (blue), and by subsequent electron 

injection (k3) into the ZnO CB (gray). Recombination of the injected electrons with the dye HOMO holes (h+) 

involves three rates (k5,a, k5,b, k5,c), corresponding to the three slopes discernible for delays >4 ns in a. The inset 

in a (using normalized amplitudes) highlights the delayed onset of the ZnO responses relative to the N3-dye 

related response due to the intermediate population of the ICT state. The model is described in more detail in 

section H of the SI. 
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A key observation is that the changes in the Zn3d shift and FWHM remain correlated 

throughout the entire lifetime of the photo-induced effects, from their sub-ns emergence to their 

final disappearance, ~6 µs after optical excitation. The interpretation of these results requires a 

more detailed understanding of the composition of the Zn3d spectrum and how it is affected by 

the photo-induced dynamics. Generally, XPS spectra of condensed phase materials contain 

contributions that emerge, most intensely, from the surface and, with decreasing intensity, from 

various depths within the material (Fig. 3(a)). Previous steady-state studies have demonstrated 

 
Figure 3. Schematic illustration of band bending effects in the Zn3d lineshape. The near-surface potential 

𝑉!!(𝑧) (pink) within the ZnO space-charge region determines the binding energies of contributions from various 

depths (orange) to the overall Zn3d XPS signal for both, the ground state (a) and the photoexcited N3/ZnO 

junction (b). Light-induced charge injection enhances the pre-existing internal field and induces further 

downward band bending ∆𝑉!!, which is larger than the apparent Zn3d peak shift ΔEB(Zn3d) due to the 

averaging over different photoemission signals within the XPS probing depth. The correlation between XPS 

peak shifts and broadening encodes the spatial profile of 𝑉!!(𝑧), which is retrieved by comparison of the Zn3d 

photoemission feature to numerical simulations (Fig. 4).  

 



 

 

 

 

 

11 

that the decomposition of XPS signal contributions from different depths can be used to 

reconstruct interfacial potential energy surfaces.32–35 As described in the following, we translate 

this approach into the time domain to monitor the temporal evolution of the near-surface 

potentials in the ZnO substrate as a result of the photoexcitation of the interface (Fig. 3(b)). The 

technique is based on modeling the space-charge-induced fields and corresponding electronic 

structure of the hybrid junction in both the ground and excited states. 

The GS band structure of the nanostructured ZnO substrate has been characterized by steady-

state ultraviolet photoemission spectroscopy (UPS) and XPS,32 and agrees with previously 

observed downward band-bending for bare and hydroxylated ZnO single-crystals under 

comparable vacuum conditions.36,37 Subsequent N3 adsorption has no significant impact on the 

semiconductor band structure (see SI section C). Therefore, the N3/ZnO heterojunction is 

characterized by the same surface potential as the bare ZnO substrate, which is schematically 

illustrated in Fig. 3(a). The GS band bending 𝑉!!
"#(𝑧) has a maximum at the surface 𝑉!!,%&'

"# =

𝑉!!
"#(z = 0) = 0.79 ± 0.03 eV and is approximated by a cubic depth profile according to 𝑉!!

"#(𝑧) =

𝑉!!,%&'
"# ∙ '(""

#$)(
(""
#$ (

*
, as reported in detail in ref. 32. Here, 𝑧!!"# = 5.1 ± 0.7	nm indicates the 

distance from the surface (z=0) at which the electronic bands reach their bulk value. Note that 

this depth is the asymptotic limit of the band bending region, while the 1/e equivalent decay 

depth of the potential is 𝑧!!+,- ≈ 1.5 nm. This band structure effectively represents a potential 

well for photo-injected electrons. We note that the significant band bending determined here and 

in ref. 32 is not necessarily expected for nanostructured semiconductors,38 and makes surface 

properties (rather than those of the bulk) highly relevant for electron transport and photocatalytic 
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activity of nanoporous ZnO.29 The pronounced band bending 𝑉!!(𝑧) inside the ZnO electrode 

has significant impact on the measured Zn3d lineshape, as the escape depth of the Zn3d 

photoelectrons in the soft X-ray region is comparable to 𝑧!!+,-. The downward band bending 

results in a depth-dependent binding energy at different distances from the interface. This effect 

induces notable spectral broadening of the Zn3d lineshape and, conversely, opens up the 

possibility to reconstruct near-surface potential energy changes from an analysis of the Zn3d 

lineshape and peak shift. The depth-dependent surface potential analysis also provides access to 

the corresponding spatial distribution of the photo-injected carrier density 𝛥𝑛,(𝑧) via the 

Poisson relationship +
%.""(()
+(%

∝ 𝑛,(𝑧), where 𝑛,(𝑧) is the electron density in the ZnO near-

surface region. The validity of the model illustrated in Fig. 3 to assess transient electron density 

distributions in the substrate CB is confirmed by performing experiments at two significantly 

different photon energies, leading to different line broadenings and shifts, but the same physical 

conclusion, as outlined in the following. The shape of the potential has been extensively tested 

against possible alternatives, as described in ref. 32, clearly identifying the cubic depth-

dependence as the most likely scenario. 

As illustrated in Fig. 3(b), interfacial charge redistribution initiated by electron injection from 

the excited N3 dye into the semiconductor amplifies the pre-existing internal electric field, 

leading to an increased downward band bending of the electronic levels and, therefore, a shift to 

higher binding energies and further broadening of the Zn3d envelope. These correlated effects 

are used to quantify the photo-induced band bending dynamics at the molecule-semiconductor 

interface. A detailed description of this analysis is provided in section F of the SI. A key 
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benchmark that connects the measured trXPS spectra with the functional form of 𝑉!!
1#(𝑧) is the 

relation between the spectral shifts, ΔEB, and the spectral broadening, ΔFWHM, as illustrated in 

Fig. 4. Shown are the observed excited state ΔEB(Zn3d) vs ΔFWHM relations at X-ray photon 

energies of hv = 614 eV (red diamonds) and hv = 320 eV (blue squares), along with the results of 

 
Figure 4. Evidence for nanoscale confinement of injected electrons at the interface. The correlation between the 

light-induced Zn3d XPS peak shifts and broadening measured with hv = 614 eV (red diamonds) and hv = 320 eV 

(blue squares) is compared to numerical simulations with a cubic band shape approximation for 𝑉!!&'(𝑧). A 

global parameter optimization on both datasets (solid lines) reveals a maximum spatial extent of the potential 

gradient below the ZnO surface of 𝑧!!&' = 4.1().+,-.. nm, and a light-induced modulation of the surface potential of 

∆𝑉!!= 100 ± 20 meV. The high spatial sensitivity of the modeling is demonstrated by comparing the data with 

predicted correlation traces for 𝑧!!&' variations according to its indicated uncertainty margins (dashed and dashed-

dotted lines). Since the light-induced changes of 𝑉!!(𝑧) are directly linked to the injected charge density via the 

Poisson relation, these limits for the potential depth also restrict the spatial distribution of the injected charge 

carries 𝛥𝑛/(𝑧) to the same length scale at the N3/ZnO interface. 
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a simulation (solid lines). The weak optical excitation of the N3 dyes for our experimental 

conditions (≈6%, SI section G), induces relatively small modifications of 𝑉!!
"#(𝑧). We therefore 

assume the same functional form for the photo-excited state potential of the heterojunction as for 

the ground state, i.e., 𝑉!!
1#(𝑧) = 𝑉!!,%&'

1# × '(""
0$)(
(""
0$ (

*
. Note that the cubic form of 𝑉!!(𝑧) 

corresponds to a linear depth dependence if the electron density 𝑛,(𝑧) via the Poisson 

relationship. Using this potential shape and a convolution of spectral contributions from different 

depths z as described in section F of the SI, a global parameter optimization results in the solid 

lines shown in Fig. 4. Best agreement between the simulation and the two measurements is 

achieved for 𝑉!!,%&'
1# = 0.89 ± 0.04 eV and 𝑧!!1# = 4.1)2.456.7 nm (error limits indicate the parameter 

range where the 𝜒8 value of the fit is less than twice its minimum). This means that the 

interfacial electron injection further enhances the downward bending of the electronic levels 

below the ZnO surface by ~100 meV. Simulation results for the upper and lower bounds for 𝑧!!1# 

are indicated by dash-dotted and dashed lines, respectively, in Fig. 4, demonstrating the 

sensitivity of the ΔEB(Zn3d) – ΔFWHM correlation to small changes in 𝑧!!. The two different 

photon energies used to record the datasets in Fig. 4 translate into a ~40% difference in XPS 

sampling depth39 (SI section F). The combination of both data sets therefore provides a rigorous 

test for evaluating the spatial dependence of 𝑉!!
1#(𝑧). As expected, the hv = 320 eV data exhibit 

larger peak shifts and less spectral broadening due to the smaller probing depth at this lower 

photon (and therefore electron kinetic) energy.  

Due to the Poisson relation between potential gradients and charge carrier densities, the 

injected charge carrier distribution 𝛥𝑛,(𝑧) must be spatially confined to 𝑧	 ≤ 𝑧!!1#, i.e. to a 



 

 

 

 

 

15 

maximum depth of ~6 nm below the dye-semiconductor interface. This upper limit for the 

electron's penetration depth accounts for the uncertainty in the determination of 𝑧!!1# based on a 

planar sample surface model, while an isolated single sphere model would yield an even smaller 

value.32 The actual surface topography of the ZnO films likely lies in between these two limiting 

cases. 

We now turn to the interpretation of the transient C1s peak shifts ΔEB(C1s) associated with the 

molecular component of the hybrid junction. Electronic states in chemisorbed monolayers 

experience the full change of the surface potential	∆𝑉!! .40 Thus, the observed maximum C1s 

peak shift ΔEB(C1s) = 180 meV (Fig. 2(a), delay Δt = 2 ns) consists of two contributions, the 

surface potential change ∆𝑉!! = 𝑉!!,%&'
1# − 𝑉!!,%&'

"#  ≈ 100 meV and a residual shift ΔEN3 = 

ΔEB(C1s) - ∆𝑉!! ≈ 80 meV. We attribute ΔEN3 to the molecular response, representing the 

interfacial potential drop (IPD) between the oxidized N3 dye molecules and the ZnO surface. 

Quantitative analysis of the IPD provides direct access to interfacial charge configurations on a 

(sub-)nm scale. The IPD of a layer of charged molecules adsorbed to a solid substrate is 

approximated by a modified parallel-plate capacitor model that takes into account the charge 

density and dielectric properties of the molecules, as well as the average distance of the 

molecular charges from the surface.41 Conversely, the distance of the charges from the substrate 

can be estimated from a known charge density and IPD. As described in section G of the SI, this 

procedure results in an estimate for the hole distance from the ZnO surface of ~0.3 - 1.2 nm. This 

estimate corresponds approximately to the position of the Ru center atom and NCS groups, 

where most of the amplitude of the HOMO is located,21 relative to the surface. In the photo-

oxidized state of the dye, the hole density distribution is expected to closely resemble the HOMO 
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density distribution.21 Values for the total height of the dye with respect to the substrate surface 

lie between 1.0 and 1.3 nm for different anchoring geometries on TiO2,19,42 which is compatible 

with the retrieved hole-surface distance based on IPDs. 

The interpretation of ΔEN3 as the result of charge transfer from the dye to the substrate is 

corroborated by a trXPS study of photoexcited N3 molecules adsorbed on a gold substrate (see 

SI section I). Here, direct electron injection into the metal substrate and efficient screening of the 

injected charges is expected, corresponding to an immediate spectroscopic response from the 

ionized dye. Indeed, the C1s/Ru3d photolines in the N3/Au system exhibit an instrument-limited 

response similar to ΔEN3(Δt) (see SI Fig. S10). The molecular response of the N3/ZnO system 

also appears within the instrument response function (IRF) of the experiment. The IRF-limited 

onset of the dye oxidation strongly favors the fast population of intermediate ICT configurations, 

rather than intramolecular relaxation within a two-state model, as the reason for the previously 

observed delayed generation of free charge carriers in the ZnO CB.9,10,23 

Closer inspection of the early time dynamics reveals a delayed rise of the ZnO-related trXPS 

signals compared to ΔEN3, see inset in Fig. 2(a). In this context, it is important to note that the 

excited electrons have to reside inside the ZnO semiconductor to alter the space-charge balance 

and the resulting internal potential 𝑉!!(𝑧).17,29,30,33,40,43,44 The combination of the instantaneous 

dye oxidation described above and the delayed response of ΔEB(Zn3d) therefore provides clear 

evidence for a transient retention of the excited charge carriers in ICT states, before their release 

into the CB, on an overall timescale of ≲1 ns. These findings align with previous observations of 

delayed charge separation due to the intermediate population of ICT configurations.9,10,12,21 

Within this framework, ΔEB(Zn3d) and (ΔEB(C1s) - ΔEN3) are solely governed by the time-
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dependent electron population in the CB of ZnO, 𝑃9:(𝑡), whereas ΔEN3 is defined by the net 

hole population in the N3 monolayer. Since population of ICT states (𝑃;9<(𝑡)) from HOMO-

LUMO excited states is much faster than both intramolecular relaxation and the instrument 

response,10,15,21,45 the hole population on the N3 dye molecules can be approximated by 𝑃=(𝑡) 	≈

𝑃9:(𝑡) + 𝑃;9<(𝑡). Based on these dynamic electron populations (Fig. 5), fits to first-order 

coupled rate equations are used to determine the mean ICT state lifetime from the transient 

energy shifts at Δt <3 ns (SI section H). The extracted ICT decay constant of 300 ± 80 ps is 

consistent with timescales reported previously for injection intermediates at the N3/ZnO 

interface.9,10,23,46 We note that ΔEN3(t) = ΔEB(C1s)(t) - ΔEB(Zn3d)(t) (not shown) exhibits 

indications for an overshoot of several ten meV immediately after photoexcitation, which 

vanishes on the same timescale as the ICT lifetime. This effect is consistent with previous 

observations that ICT states in the N3/ZnO system may, in addition to charge separation, also 

decay via electron-hole recombination on the dye.10 Unfortunately, however, the density of data 

points in this time delay region is not sufficient to provide a quantitative estimate for the ratio of 

ICT decay by electron-hole recombination and charge injection into the ZnO CB. 

We emphasize that the sensitization time of the ZnO electrodes was restricted to 3 min in order 

to exclude any surface degradation by dissolution of Zn ions from the electrode and formation of 

N3-Zn2+ aggregates.15 The observation of ICT state signatures in our work therefore establishes 

intermediate steps in the charge injection process as an intrinsic property of the pristine N3/ZnO 

interface. A recent valence photoemission study places the ICT state’s center ~0.2 eV above the 

CB minimum at the surface with a spectral width of ~0.8 eV.24 Combined with the excited-state 

downward band bending of ~0.89 ± 0.04 eV deduced here, it follows that even initially injected 
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‘hot’ electrons are not able to overcome the potential barrier separating the surface and core 

regions of individual nanoparticles of the ZnO nanoporous network. This distinct near-surface 

potential landscape points toward an anisotropic carrier mobility, with strong confinement 

 
Figure 5. Spatio-temporal dynamics of the light-induced charge redistribution. a Schematic of the electron 

injection and recombination channels involved in the transient charge generation at the N3/ZnO hybrid 

interface. A lifetime of ~300 ps for the ICT states is derived from a fit of the delayed onset of the Zn3d 

response shown in Fig. 2(a) to a coupled rate equation model for sequential 2-step injection. The long-term 

(≥10 ns) relaxation timescales are determined by a fit of the ns-μs dynamics in Fig. 2(a) to a tri-exponential 

decay. b Modulation of the CB minimum within the surface-near region of the ZnO nanoparticles (orange) and 

spatial distribution of the injected charge density 𝛥𝑛/(𝑧) at t = 2 ns (blue, deduced from numerical modeling of 

the data as shown in Fig. 4). c Time-dependent population of HOMO electrons (𝑃1(𝑡)), ICT states (𝑃234(𝑡)) 

and the ZnO CB (𝑃35(𝑡)) (IRF = instrument response function, populations are normalized to the number of 

excited electrons). d Illustration of the charge injection and recombination dynamics, using the energetically 

most favorable N3 adsorption geometry on a model ZnO(101.0) surface. 
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normal to the surface. Time-resolved THz and IR absorption studies9,12,23 clearly indicate the 

existence of mobile charge carriers in the ZnO CB as a result of electron injection, but the results 

presented here show that these electrons do not penetrate into the nanoparticle bulk for particle 

sizes beyond ~15 nm. Thus, the most likely scenario for charge transport in such semiconductor 

substrates is lateral carrier diffusion along the interface.36 This has general implications for ZnO-

based photocatalytic devices, since near-interfacial diffusive transport of photo-excited carriers 

through nanoporous networks may activate additional surface-recombination pathways. These 

findings represent a possible explanation for the lower efficiencies of N3/ZnO devices compared 

to their TiO2-based counterparts. We note that additional measurements on N3/TiO2 systems 

would be required for a more quantitative comparison. Generally, however, smaller band 

bending effects would be expected for TiO2 nanoparticles due to the significantly higher 

dielectric constant of TiO2 compared to ZnO.23,47 

The long-term dynamics of the Zn3d and C1s energy shifts in Fig. 2(a) are well approximated 

by the sum of three exponentially decaying contributions (see SI section H), with relaxation 

times (relative amplitudes) of 10 ± 5 ns (40%), 100 ± 30 ns (30%) and 2.0 ± 0.3 µs (30%). These 

few-ns to few-µs timescales fall within the range of recombination times previously observed for 

N3/ZnO junctions.14 The appearance of three distinct recombination timescales, rather than a 

single stretched exponential decay, may point to the existence of distinct recombination 

pathways rather than a continuous distribution.48 Further studies on ZnO electrodes with 

different types of impurities and well-controlled concentrations are necessary to reliably link 

individual decay times to specific recombination pathways, which is beyond the scope of this 

study. 
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The sequence of microscopic processes and their associated length scales that enable charge 

generation at the photo-excited N3/ZnO hybrid junction is schematically summarized in Fig. 5: 

(a) ultrafast HOMO-LUMO excitation of the dye (1) is followed by rapid (<500 fs) electron 

transfer to the ICT state (2). The ICT states depopulate on an overall timescale of ~300 ps by 

either transport of electrons into the CB of the ZnO nanoparticles (3) - leading to a modulation of 

the electric field inside the space-charge region - or electron-hole recombination (4). The 

recombination of injected electrons with the N3 HOMO-hole (5) proceeds through several 

relaxation pathways involving multiple timescales.14 

The results presented here demonstrate the capability of trXPS to gain nanoscale insight into 

transient charge carrier distributions at complex interfaces. Both the injected electron density 

distribution (Fig. 5(b)) and the appearance and location of the HOMO hole remaining on the 

sensitizer are simultaneously characterized through the near-surface potential 𝑉!!(𝑧) and the 

interfacial potential drop, respectively. Note that, principally, trap states and their spatial 

distribution within the sample could have an impact on the reconstructed electron densities. 

However, as discussed in sections C and D of the SI, no direct evidence for trap states has been 

detected in either the bare or the sensitized sample. The fact that the same cubic potential depth 

profile, corresponding to a linearly varying electron density distribution, successfully describes 

the trXPS results for two different photon energies with two significantly different probing 

depths (Fig. 4), further indicates that trap states, if present, are unlikely to lead to significant 

deviations from the distributions outlined in Fig. 5(b). 

The delay between the appearance of the HOMO hole and the modifications of 𝑉!!(𝑧) 

provides strong evidence for the intermediate population of ICT configurations (Fig. 5(b),(c)), as 
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the root cause for delayed charge injection. Quantitative insight into 𝑉!!(𝑧) reveals that the 

photo-injected electrons themselves enhance the already strong confinement along the surface 

normal within a <6 nm wide region by increasing the ≈0.79 eV potential well depth of the 

ground state by an additional ≈100 meV. This finding is crucial for ZnO-based device designs, as 

the surface region of nanostructured ZnO electrodes seems to play a key role in facilitating 

charge transport. We note that the introduction of electrolyte environments in working devices 

may have some impact on the interfacial dynamics. However, as outlined in ref. 32, the 

pronounced band bending in the ground state ZnO substrate is the result of electron transfer 

doping from surface hydroxyl groups, formed upon contact of background water molecules with 

the ZnO surface. The study also strongly suggests that under the conditions of the trXPS 

experiment, the surface is fully hydroxylated. Thus, it is not clear how pronounced the impact of 

additional electrolyte molecules in the vicinity of the interface would be, but it would likely 

depend on their chemical nature. Future in-operando studies of complex hybrid systems, 

especially in the presence of electrolytes and with externally biased electrodes, feasible via 

ambient pressure trXPS, hold great potential to give a more complete picture of the spatio-

temporal dynamics of carrier transport across these technologically pertinent interfaces under 

realistic working conditions.33,34 

 

Experimental Methods 

The trXPS experiments were performed at Beamline 11.0.2 of the Advanced Light Source 

(ALS), using the HPPES (High Pressure Photoemission Spectroscopy) endstation49 in 
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combination with a previously described time-tagging approach to enable picosecond time-

resolved measurements.44,50,51 The ALS was operated in two-bunch mode with an X-ray pulse 

spacing of 328.2 ns and an X-ray pulse duration of ~70 ps. The 532 nm output of the pump laser 

system provided 10 ps long pulses at a repetition rate of 126.9 kHz and was synchronized to the 

ALS X-ray pulse train.50,51 The X-ray beam was focused to a spot size of 𝐴>	= 70 x 65 µm2, 

whereas the laser spot size was adjusted to 𝐴?	= 165 x 210 µm2. Spatial overlap was achieved 

and maintained with an accuracy of <10 µm. The pump wavelength of 532 nm matches the 

absorbance maximum of the N3 dye in the visible regime (see SI Fig. S1(c)) and the employed 

pulse fluence of 𝐹@ = 1.1 mJ/cm2 corresponds to an excitation probability of ≈6% (see section G 

of the SI for details). 

Sample Characterization 

Details of the nanocrystalline ZnO electrode preparation, the characterization via scanning 

electron microscopy (SEM), as well as the sensitization process can be found in section A of the 

SI.  

Statistical Analysis 

Details of the composition of the C1s/Ru3d XPS spectrum as well as the fit procedures to extract 

energy shifts and lineshape broadening effects from C1s/Ru3d and Zn3d spectra can be found in 

section B of the SI. An in-depth description of the procedure to retrieve ZnO near-surface 

potential gradients by numerical simulation of the Zn3d XPS spectra is given in section F of the 

SI. 
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