
RESEARCH ARTICLE
www.afm-journal.de

Ultrafast Electron Dynamics at the P-rich Indium
Phosphide/TiO2 Interface

Jonathan Diederich, Jennifer Velazquez Rojas, Agnieszka Paszuk,
Mohammad Amin Zare Pour, Christian Höhn, Isaac Azahel Ruiz Alvarado,
Klaus Schwarzburg, David Ostheimer, Rainer Eichberger, Wolf Gero Schmidt,
Thomas Hannappel, Roel van de Krol, and Dennis Friedrich*

The current efficiency records for generating green hydrogen via solar water
splitting are held by indium phosphide (InP)-based photo-absorbers, protected
by TiO2 layers grown through atomic layer deposition (ALD). InP is also a lead-
ing material for photonic integrated circuits and computing, where ultrafast
near-surface behavior is key. A previous study described electronic pathways at
the phosphorus-rich (P-rich) surface of p-doped InP(100) using time-resolved
two-photon photoemission (tr-2PPE) spectroscopy. Here, the intricate electron
pathways of the P-rich InP surface modified with ALD-deposited TiO2 are
explored. Photoexcited bulk InP electrons migrate through a bulk-to-surface
transition cluster of states and surface states and inject into the TiO2 conduc-
tion band (CB). Energy levels and occupation dynamics of CB states in P-rich
InP and TiO2 adlayers are observed, with discrete states preserved up to 10 nm
TiO2 deposition. Thermalization lifetimes of excited electrons > 0.8 eV above
the InP conduction band minimum (CBM) are preserved for layer thicknesses
up to 2.5 nm. Annealing at 300 °C to achieve crystalline TiO2 reconstructions
destroys interfacial states, affecting charge transfer. These observations
enable innovative engineering of the P-rich InP/TiO2 heterointerface, opening
new possibilities for studying hot-carrier extraction, adsorbate effects, surface
plasmons, and improving photovoltaic and PEC water-splitting devices.

1. Introduction

Hydrogen obtained from renewable sources is crucial for the
transition toward a more sustainable energy landscape. The
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direct conversion of water into hydrogen via
photoelectrochemical (PEC) devices may
provide an effective alternative to traditional
photovoltaic (PV)-electrolyzer configura-
tions, with the advantage of decreased cur-
rent densities and effective cooling of the
absorbers.[1] The highest solar-to-hydrogen
efficiencies achieved to date utilize III-V
semiconductor photoabsorbers,[2,3] thanks
to their advantageous combination of direct
bandgaps, high electron mobilities as well
as good bandgap and surface tunability.

Our detailed examination focuses on the
surface of p-doped (zinc) indium phos-
phide (p-InP), chosen for its well-studied
surface structure and its record-setting per-
formance as a photoelectrode for PEC de-
vices, which serves as a benchmark in the
field.[3–9] In addition, InP is also a key ma-
terial in photonic integrated circuits due to
its excellent optoelectronic properties.[10–12]

A direct bandgap of 1.344 eV at room
temperature[13] allows for highly efficient
light emission and -absorption, required
for on-chip lasers and photodetectors. The

high electron mobility of InP facilitates fast carrier transport
in high-speed photonic devices.[13] State-of-the-art photonic in-
tegrated circuits have moved to the use of InP membranes
of sub-μm thickness on Si.[12] As InP is compatible with
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high-speed modulation formats such as PAM-4 and coherent
communication,[11] this allows for the high-performance opto-
electronic properties of InP to be combined with cost-effective,
mature Si electronics.[11,12] InP and III-V growth directly on Si
is also an area of active research, including by some of the
present authors.[14,15] 193 nm optical nanolithography processes
have been applied to InP-Membrane-on-Silicon circuits, mak-
ing the technology compatible with existing, scalable production
processes.[11,16]

InP(100) is used as the standard substrate cut for InP mem-
branes in photonic integrated circuits.[11,17,18]

Photonic integrated devices using InP membranes can reach
data rates of the order of hundreds of GHz, aiming to reach the
THz range.[11] This corresponds to the picosecond timescale and
below, relying on the rapid relaxation and recombination times
in InP to allow for fast switching and modulation.

Understanding electron behavior near the InP(100) surface
on the sub-ps timescale is key to further pushing the data rates
used, and being able to model behavior of InP-based photonics
for, e.g., next-generation 6G and 7G cellular communication.[11]

Other applications of InP include photonic computing, and op-
toelectronic sensors used in biomedical monitoring or industrial
manufacturing.[11,16] With femtosecond lasers becoming more
common for, e.g., surgeries,[19] understanding sensor behavior
on these timescales is then required.

Several distinct surface reconstructions are known for
InP(100), with different electronic energy levels, lifetimes, sta-
bility, and overall performance.[20–23] In a hydrogen-containing
reducing atmosphere, such as an metalorganic vapor phase epi-
taxy (MOVPE) reactor, typically two surface reconstructions are
possible: i) a phosphorus-terminated (P-rich) p(2 × 2)/c(4 × 2)-
reconstructed surface, which consists of buckled P dimers sta-
bilized by one H atom each,[24,25] and ii) a (2 × 4) (In-rich)
mixed dimer surface, which is terminated by a mixed dimer
formed by In and P atoms.[26,27] Which surface reconstruc-
tion is observed depends on the phosphorus chemical poten-
tial for a given molar flow of the phosphorus precursor, as
well as on the surface temperature. Previous studies concen-
trated on the In-rich surface reconstruction on n-doped InP. Al-
though the P-rich, p-doped InP surface has been investigated,
no electronic surface states could be identified within the ex-
perimental precision and UHV-handling procedure of these
studies.[28–30] The P-rich, p-doped InP(100) (p-InP) surface thus
remains less well understood.[22,25,29] In a recent paper[31] we
were able to for the first time experimentally probe the elec-
tron dynamics at this P-rich, p-doped InP surface, finding evi-
dence of a detailed band structure consisting of a valence band
state near the valence band maximum (VBM), a surface state
pinning the Fermi level, six distinct conduction band surface
resonances as well as a cluster of states in the near-surface re-
gion, serving as a bulk-to-surface transition for photoexcited bulk
electrons.

Most III-V semiconductor surfaces, including InP(100), are
susceptible to the formation of native oxide layers or dissolu-
tion of the surface under the aqueous conditions found in a
PEC cell.[32,33] The use of oxide materials as protective layers
can mitigate this issue due to their superior electrochemical
stability.[5,34–38] These protective layers can also serve as selective
contacts and thereby facilitate the efficient transport of photoex-

cited charge carriers from the semiconductor surface to the ox-
ide/electrolyte interface, and display superior PEC performance
compared to the untreated semiconductor surface.[5,35,36,39–41] To
increase stability beyond the limits of the native P- and In-oxides,
Lee et al. added a TiO2 surface layer with atomic layer deposi-
tion (ALD), showing good PEC performance for 2–5 nm TiO2 de-
posited onto structured InP surfaces.[7]

Among various oxide materials, TiO2 stands out as a particu-
larly suitable option due to its favorable conduction band align-
ment with many commonly studied PEC semiconductors.[3,35,40]

In 2014, Yin et al. used a 10 nm amorphous TiO2 layer as
an electron-selective contact for p-InP, resulting in a hetero-
junction solar cell with an efficiency of 19.2%.[3] In 2015, Lin
et al. demonstrated the effectiveness of an optically transpar-
ent and electron-conducting TiO2 layer on a p-InP photocath-
ode by achieving a photocurrent onset potential in excess of
800 mV versus the reversible hydrogen electrode (RHE), a new
record for p-InP.[5] In 2018 Cheng et al. demonstrated a record
solar-to-hydrogen (STH) conversion efficiency of 19% using a
TiO2-protected GaInP/GaInAs dual-junction absorber function-
alized with Rh nanoparticles as a catalyst for the hydrogen evolu-
tion reaction (HER). Their monolithic tandem device still holds
the world record for bias-free solar water splitting with III-V
photoelectrodes.[2] Further increases in PEC efficiency will likely
involve further study of interfacial electronic properties between
semiconductor and oxide layer, as well as band alignment and
defect transport.[33] Here a more detailed understanding of elec-
tronic pathways both in the InP surface and at the interface to ad-
ditional functional layers would help more effectively select suit-
able surface modifications for InP-based photoelectrodes.

TiO2 layers can transport both electrons and holes through
different mechanisms. Electrons photoexcited in a p-type (pho-
tocathode) semiconductor migrate from the semiconductor con-
duction band into the TiO2 conduction band, facilitated by their
favorable band alignment, and subsequently via the HER catalyst
into the electrolyte.[2,5,42] TiO2 can also conduct holes via bulk de-
fect states in the bandgap, an effect that has been used for the
protection of III-V and silicon photoanodes with chemically in-
ert and optically transparent TiO2 protection layers.[34,43,44] This
phenomenon of hole-conducting “leaky” TiO2 is actually detri-
mental for p-type photocathodes, as the transport of holes (ma-
jority carriers) to the surface increases recombination and conse-
quently leads to both photovoltage and photocurrent losses.[5,41]

Lin et al.[5] demonstrated better photocurrent onset potentials
with defect-free TiO2 compared to leaky TiO2 on p-InP, related to
favorable band alignment with a large valence band offset, result-
ing in low recombination rates and the creation of an electron-
selective contact.

In a previous study we explored the surface- and sub-surface
electronic states on the P-terminated InP(100) surface,[31] pre-
pared using MOVPE. Our current study investigates the effects of
modification of this surface by depositing TiO2 protection layers
using ALD[45] and tracks the electron pathways in the emerging
TiO2 states with femtosecond resolution. Information on surface
composition is obtained using X-ray and ultraviolet photoelec-
tron spectroscopy (XPS, UPS), reflection anisotropy spectroscopy
(RAS), low-energy electron diffraction (LEED), and atomic-force
microscopy (AFM) imaging. We utilize time-resolved two-photon
photoemission (tr-2PPE) to probe unoccupied conduction band
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states and analyze electron dynamics in both the TiO2 layer and
the underlying InP bulk and surface. This allows us to assess
conduction band alignment, the likelihood of electron transfer
between the layers, and modifications to surface states result-
ing from interactions with deposited materials. TiO2 layers of
increasing thicknesses are studied, enabling the observation of
both InP bulk and TiO2 surface features until the TiO2 layer thick-
ness exceeds the information depth of tr-2PPE. By stepwise passi-
vation of the InP surface, we gain insights into whether electronic
states are associated with surface or bulk features and through
which pathway the electrons diffuse into the TiO2 layer.[5] Given
the presence of at least nine distinct near-surface states on the P-
rich InP surface as previously reported,[31] this interface presents
a background on which the effects of adlayers and adsorbates may
be tested. As inelastic mean free paths for electrons in tr-2PPE are
in the nm range,[46] it is possible to observe the states at the P-rich
InP/TiO2 interface up to a depth of several nm. This allows us to
present a detailed experimental view of this interface below the
semiconductors surface, and revealed further details about the
sub-ps relaxation of carriers in InP.

2. Results

2.1. Surface Modification through Tio2 Deposition

The distinct surface states observed on the P-rich InP surface
[31] serve as an ideal and sensitive probe for monitoring surface
modifications through TiO2 deposition in the ALD process. The
changes in electron energetics and dynamics were studied as a
function of TiO2 layer thickness. Tracking the deposition of TiO2
on the pristine P-rich InP surface is achieved through tr-2PPE
and XPS. Depositing TiO2 onto III-V semiconductors is known
to create a type II p-n heterojunction.[5] Previous studies on
surface-passivated GaP(100), which shares a similar zincblende
structure with InP(100), have shown that an increasing thick-
ness of an n-type TiO2 layer enhances the depletion layer in
the InP semiconductor, thereby improving photo-induced charge
separation.[34,47–49]

High-resolution XP spectra as well as a detailed discussion
of the results can be found in Figures S7 and S8, and Note S1
(Supporting Information), with key points repeated here. Prior
to TiO2 deposition, only small O 1s and C 1s signals are visible,
most likely due to adsorbates from exposure to ambient air dur-
ing transfer of the sample from the MOVPE reactor to a UHV-
chamber. With increasing number of ALD cycles, XPS results
(Figures S7 and S8, Supporting Information) show the formation
of characteristic TiO2 peaks, O KLL, O 1s and Ti 2p, indicating
the progressive formation of TiO2 on the InP(100) substrate. Ad-
ditional peaks related to phosphate and phosphite bonds at the
InP/TiO2 heterointerface may also be observed, particularly
InPO4 and In(PO3)3, with no evidence for In2O3.[50] The Ti (2p3/2)
and Ti (2p1/2) core-level peaks at 459.0 and 464.7 eV show the
expected 2:1 ratio and indicate the presence of Ti4+ cations;
we did not observe any peaks corresponding to Ti3+ defects.[51]

AFM measurements (Figure S2, Supporting Information) indi-
cate complete surface coverage already at a 2.5 nm TiO2 thick-
ness.

Figure 1 shows tr-2PPE measurements on the InP / TiO2 sur-
faces using 533 nm VIS pump and 276 nm UV probe beams

(VIS – UV), displayed in a pseudo-3D transient plot. Emission
energies are given versus vacuum level, to obtain energies ver-
sus Fermi level one may add the work function of the respec-
tive surfaces to this (Figure S10, Supporting Information). The
P-rich InP(100) surface prior to TiO2 deposition is depicted in (a-
c), a detailed analysis of this surface was performed in a previous
paper.[31] A total of at least nine distinct states are observed in the
near-surface region on P-rich InP: six distinct conduction band
states C1 – C6, a dense cluster of states ≈1.6 eV above the CBM
(between C5 and C6) that increases the bulk-to-surface transition
rates of photoexcited bulk electrons, a valence band state V1, as
well as a surface state within the bandgap that pins the Fermi
level around the mid-gap position.[22,25,31] Several additional con-
duction band states were suspected from composite Voigt-fitting
of data and visual inspection, but could not be identified con-
clusively. Electronic charge held in the surface state and surface
resonances was found to cause a potential barrier to emission
of electrons, resulting in vacuum states.[52,53] This manifests as
a cut-off in emission at ≈0.23 eV as observed in Figure 1a–c,
which varies by ≈0.1 eV depending on pump- and probe in-
tensities in tr-2PPE, as this changes the density of photoexcited
carriers.

After deposition of TiO2 on the P-rich InP surface, there still
appear to be vacuum state-related cut-offs of the emission, with
the cut-off shifted to higher kinetic energy. Adsorption or depo-
sition of material onto the InP surface is likely to change the di-
electric properties of the surface, and therefore to affect vacuum
states and surface Fermi level pinning, which may change the
sample work function.[54] Interestingly, for all TiO2 thicknesses
of the spectra in Figure 1, emission is visible below the cut-off,
with an amplitude of ≈20% that of the amplitude above the cut-
off, and decreasing with distance from the cut-off energy. This
observation was also made by Onda et al.[52] on rutile (110) TiO2
surfaces, which they theorized to be due to surface inhomogene-
ity leading to slightly varying work functions in different regions.
Whilst on the bare P-rich InP(100) surface the cut-off position
is the same for UV – UV and VIS – UV, after TiO2 deposition
the cut-offs differ between UV- and VIS pumping. In the mea-
surements given in Figure 1, kinetic energy cut-offs were found
for 1.3 nm TiO2 at 0.73 eV in VIS – UV (Figure 1e) and 1.06 eV
in UV – UV (Figure 1f); for 2.5 nm TiO2 at 0.66 eV in VIS –
UV (Figure 1h), and at 0.91 eV in UV – UV (Figure 1i); and for
10 nm TiO2 at 0.43 eV in VIS – UV (Figure 1k) and 0.91 eV in
UV – UV (Figure 1l). Two clear trends are noticeable: First the
cut-off energies increase after initial TiO2 deposition, which may
be explained by a higher density of surface states available on
the deposited TiO2 layers than on the P-rich InP surface. Alter-
natively, band bending at the P-rich, p-doped InP surface may
also be increased by deposition of an n-doped TiO2 adlayer, in-
creasing the occupancy of surface states and therefore cut-off en-
ergies. The other trend is an increased divergence in emission
cut-offs between UV – and VIS – pumping after initial TiO2 de-
position, as well as when moving to a 10 nm TiO2 layer thickness.
This indicates differences in the effectiveness of populating sur-
face states via the UV and VIS beams, likely in part caused by
the much higher absorptivity of TiO2 in the UV – compared to
the VIS – wavelength range.[13,55] The UV beam photon energy
of 4.49 eV considerably exceeds literature values for the TiO2
bandgap of 3.0-3.2 eV,[52,56–60] and should therefore access TiO2
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Figure 1. tr-2PPE measurements at the P-rich InP surface, prior to and after deposition of TiO2 layers of increasing thickness. The left column shows
VIS – UV 3D transients, the middle column the corresponding VIS – UV spectra, and the right column shows spectra in UV – UV. The top row a–c) shows
the P-rich p-InP surface, the second row d–f) after deposition of 1.3 nm TiO2, the third row g–i) with 2.5 nm TiO2, and the bottom row j–l) after 10 nm
TiO2 deposition. States observed on the P-rich InP surface are denoted, those that were found after TiO2 deposition are also given, as well as a potential
additional conduction band (CB) state clearly visible in (f) and (i). The “bulk states” denote a cluster of states in the near-surface region, serving as a
bulk-to-surface transition for bulk electrons.

conduction band states, which VIS photons at ≈2.33 eV cannot.
This implies that the transfer of electrons photoexcited in the InP
bulk to the TiO2 surface must be efficient, or the pump power
increase from UV to VIS would not yield an increase in sur-
face charging across all layer thicknesses observed.[52,56–60] As the
UV photons can directly access TiO2 states, this leads to changes
in cut-off with TiO2 thickness, whereas the VIS cut-off is stable
after initial deposition. Possibly, the density of defect states in

TiO2 may also decrease as layer thickness increases, whilst not
affecting VIS pumping from the InP layer. Reference air mass
1.5 spectra for solar irradiation show the highest spectral irra-
diance at 450–490 nm, with a sharp drop-off below ≈440 nm,
as well as a gradual decrease toward longer wavelengths.[61]

The majority of irradiance then occurs at photon energies lower
than the TiO2 bandgap, likely correlating to photoexcitation path-
ways more similar to the VIS-pump used here, rather than the
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UV pulses.[52,56–61] This would allow for a significant fraction of
absorption to occur in the InP photoabsorber as intended. The
fraction of photons transmitted through a layer of thickness d
can be estimated as

T = 10−𝛼⋅d (1)

where T is the transmitted fraction of photons, and 𝛼 the absorp-
tion coefficient. A detailed calculation is given in Note S2 (Sup-
porting Information), with 98% of VIS light transmitted through
TiO2 layers up to 10 nm in thickness, whilst UV transmission is
≈81% at 1.3 nm, 67% at 2.5 nm, and only 20% at 10 nm TiO2
thickness.

This interpretation of emission cut-off, reliant on the density
of photoexcited carriers, is further supported by the dependence
of cut-offs on excitation intensity after TiO2 deposition. For in-
stance, with a 1.3 nm TiO2 layer, reducing VIS power from 1.0 to
0.5 mW led to a decrease in cut-off from 1.06 to 0.96 eV in ener-
getic position. This power dependence is consistent across vari-
ous thicknesses of TiO2 layers. Onda et al. have also reported dif-
ferences in work functions obtained from 2PPE versus XPS emis-
sion of 0.2 – 0.3 eV in rutile TiO2, attributed to power-dependent
surface charging.[52] Due to the energetic cut-off, it remains un-
certain whether the mid-gap surface state observed on the bare
P-rich InP(100) surface, which pins the Fermi level, persists after
TiO2 deposition. However, given that this surface state is com-
monly associated with P-dangling bonds in the literature,[22,24,25]

it is highly probable that it is no longer present following the de-
position of an oxide such as TiO2.

At a thickness of 1.3 nm TiO2, the sample’s work function (Φ),
determined from XPS analysis (Figure S10, Supporting Informa-
tion), is measured at 5.89 eV. This value can be utilized to deter-
mine the position of the Fermi level EF (vs vacuum) from the
position of the signal cut-off Evac using the equation:

Evac − EF = Φ (2)

Given the cut-offs observed at 0.73 and 1.06 eV in VIS – UV
and UV – UV (Figure 1e,f), the surface Fermi level of the sample
lies between −4.83 and −5.16 eV relative to vacuum, or 0.02 and
0.35 eV above the InP VBM. This alignment is consistent with the
expected Fermi level position in bulk p-type InP, which should
be ≈0.04 eV above the VBM in our sample.[22] However, it con-
tradicts the previous position of the surface state, which pinned
the Fermi level at 0.5 – 0.6 eV above the VBM, indicating that
the surface pinning of the Fermi level has indeed been disrupted
following TiO2 deposition.

This is in agreement with our DFT calculations for the ini-
tial stage of InP surface oxidation. Adsorption of single water
molecules on the ideal P-rich InP(001):H surface,[20] considered
the initial step of the surface oxidation, essentially maintains the
surface electronic states characteristic of the clean surface (Figure
S11a,c, Supporting Information). The Fermi level pinning ob-
served on P-rich InP(001):H surfaces is associated with P dan-
gling bonds exposed upon hydrogen desorption,[22,25] generating
a relatively flat, half-occupied band within the InP bulk bandgap
(Figure S11b, Supporting Information). Adsorption of hydrogen
or hydroxyl groups resulting from dissociative water adsorption

passivates the P dangling bond defect, restoring flat band condi-
tions (Figure S11d, Supporting Information).

The electronic states observed in the near-surface region of
bare P-rich InP (Figure 1a–c) are visually retained after TiO2
deposition at 1.3 nm (Figure 1d–f) and 2.5 nm (Figure 1g–i)
and may be fitted using composite Voigt-fitting. After TiO2 de-
position, surface resonances in UV – UV exhibit reduced am-
plitude relative to the surface-to-bulk transition cluster of states
(Figures 1 and 2). As the absorbed power per atomic layer de-
creases exponentially with depth, relocating localized surface res-
onances from the sample surface to 1.3 or 2.5 nm into the ma-
terial following TiO2 deposition significantly diminishes their
emission proportion. However, the bulk-to-surface cluster of
states on P-rich InP, consisting of energetically aligned states
across several atomic layers,[31] experiences a relatively smaller
reduction in emission compared to pure surface resonances.
Conversely, emission using VIS – UV does not exhibit a clear sup-
pression of pure surface resonances, with pumped conduction
band states remaining prominent compared to bulk-to-surface
transition peaks. This disparity is attributed to reduced absorp-
tion of the VIS pump within the deposited TiO2 layer, increas-
ing the relative emission from P-rich InP surface resonances.
The InP valence band edge signal is strongly suppressed in
amplitude after TiO2 deposition in both VIS – UV and UV –
UV, in agreement with HE I UPS data (Figure S9, Supporting
Information).

Due to the limited visual clarity of peaks in UV – UV after de-
position, further data processing is performed. To highlight the
time-dependent component of emissions, the steady-state emis-
sion is subtracted. The background of steady-state emission is cal-
culated by summing emissions from 3000 to 6000 fs delay time,
where time-dependent emission has decayed across all samples.
Subtracting the steady-state emission is particularly helpful for
the UV – UV data, where time-dependent emission is smaller
relative to time-independent emission as compared to VIS – UV
emission. The time-dependent emission in UV – UV for the P-
rich InP surface, as well as after deposition of 1.3 and 2.5 nm
TiO2, is given in Figure 2a–c respectively. In (b) and (c), the num-
ber of displayed delay slices has been increased to illustrate more
detailed temporal development.

On the P-rich InP surface (Figure 2a), we observe time-
dependent emission peaks associated with surface conduction
band resonances C1-6, a bulk-to-surface transition cluster of
states (bulk states) and V1.[31] The V1 state is weakly observed
at t = 0 fs, indicating predominantly time-independent emis-
sion from this state. Although the surface state pinning the
Fermi level is present ≈0.4 eV, it does not manifest as a distinct
peak as it is cut-off. Additionally, there are suspected states at
≈1.0, 1.65, and 2.1 ± 0.1 eV, which were not reliably identifiable
previously.[31] The positions of these states on the bare P-rich InP
surface are given in Table S3 (Supporting Information), along
with their positions after TiO2 deposition. For a comprehensive
interpretation of the P-rich InP surface.[31]

As observed in Figure 1, conduction band states are notably
suppressed in amplitude relative to the bulk-to surface transition
in UV – UV after TiO2 deposition, a trend which persists in the
time-dependent components of emission in Figure 2b,c. Peaks
exhibiting stability across delay times are discernible at energetic
positions corresponding, within uncertainty, to the surface states

Adv. Funct. Mater. 2024, 34, 2409455 2409455 (5 of 13) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Time-dependent component of UV – UV emission for the bare
P-rich InP(100) surface in a), and after 1.3 nm b) and 2.5 nm TiO2 depo-
sition c), raw data in Figure 1c,f,i). P-rich InP surface states C1-6 as well
as the bulk-to-surface cluster (“bulk states”) are denoted. Suspected CB
states on the bare surface are given, and denoted were observed after TiO2
deposition.

on the bare P-rich InP surface, as illustrated in Figure 2, with ex-
act positions detailed in Table S3 (Supporting Information). This
indicates that P-rich InP surface states, predominantly associated
with surface P-dimers on the bare P-rich InP(100) surface, re-
main intact even after oxidation at the InP/P-oxide/TiO2 inter-

face. Due to the vacuum state-related cut-off, no states below C3
are visible at 1.3 nm TiO2 in Figure 2b, while states below C2 are
cut-off 2.5 nm in Figure 2c. However, since InP C1 is related to
both bulk and surface features as previously described,[31] we ex-
pect it is still present at the P-rich InP/TiO2 interface, especially
as the other conduction band surface resonances of P-rich InP
appear to be preserved. Composite Voigt fitting weakly indicate
a state below the cut-off energy at both 1.3 and 2.5 nm TiO2, lo-
cated energetically around the position of C1 on the bare P-rich
InP(100) surface.

The peaks exhibit less distinctiveness compared to previous
observations, with kinetic energies displaying a roughly gaussian
distribution. As previously demonstrated, at TiO2 thicknesses of
1.3 and 2.5 nm, the majority of both UV and VIS photons pass
through the TiO2 layer, indicating that the majority of photoex-
cited electrons originate within the InP layer. However, due to the
limited escape depth of photoemitted electrons and the higher ab-
sorptivity of the UV probe compared to the VIS pump, a greater
fraction of emission is expected to occur from the TiO2 adlayer.
At 1.3 nm, peaks are only weakly visible, becoming more distinct
at 2.5 nm. Specifically, at 1.3 nm, emission amplitudes increase
from the bulk states to C4, while at 2.5 nm, emission decreases as
electrons evacuate from the InP bulk-to-surface transition states
and halt around C4. The thicker TiO2 layers may present more
potential states for electron transfer from the InP layer and fa-
cilitate more efficient extraction of photoexcited carriers, with
changes in band alignment potentially contributing to this effect.
The persistence of peaks on the bare P-rich InP surface over a
range of hundreds of fs delay time implies that photoexcited elec-
trons within the InP bulk continue to cross the P-rich InP / TiO2
interface, entering the dense manifold of states within the TiO2
layer and being emitted from there.[52,62] A schematic depiction
of this interface is given in Figure S13 (Supporting Information).
The dense DOS in the TiO2 conduction band likely leads to the
“smoothening” of the energetic distribution from the more dis-
tinct peaks on P-rich InP to the emission observed in Figure 2b,c,
resulting in a quasi-continuous DOS. Additionally, as previously
outlined, the relocation of the P-rich InP surface layer from the
topmost atomic layer deeper within the material reduces the rel-
ative emission, decreasing the clarity of these surface peaks. The
dense manifold of states in the TiO2 conduction band increases
the likelihood of transitions according to Marcus theory,[63,64] al-
lowing for fast scattering of electrons between the layers. At 1.3
and 2.5 nm, direct emission from the P-rich p-InP layer is likely to
still represent a significant fraction of emission, therefore thicker
TiO2 layers are required to conclusively ascertain the presence of
scattering back-and-forth across the P-rich InP/TiO2 interface.

Emission from states identified on the bare P-rich InP(100)
surface, as well as after deposition of 1.3 and 2.5 nm TiO2, is plot-
ted as a function of time delay between pump and probe in UV –
UV in Figure 3a–c respectively. Emission counts are normalized
between the minimum and maximum recorded emission to en-
hance clarity in observing all temporal developments. Due to the
previously described vacuum states, emission below C3 at 1.3 nm
TiO2 and below C2 at 2.5 nm TiO2 is largely blocked, with only a
small fraction of emission remaining. The surface state pinning
the Fermi level on bare P-rich InP is destroyed after TiO2 deposi-
tion, as determined earlier. Figure 3a illustrates the temporal evo-
lution of emission from the bare P-rich InP surface, as initially

Adv. Funct. Mater. 2024, 34, 2409455 2409455 (6 of 13) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 2024, 49, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202409455 by H
elm

holtz-Z
entrum

 B
erlin Für, W

iley O
nline L

ibrary on [09/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 3. Temporal development of UV – UV emission from observed
states from bare P-rich InP(100) in a), and after deposition of 1.3 and
2.5 nm TiO2 in b,c). States which are blocked by vacuum states are de-
noted, the surface state pinning the Fermi level around the mid-gap on
the bare P-rich InP surface is not observed after TiO2 deposition.

explored in ref,[31] with a reconstructed electron thermalization
path given in Figure S12 (Supporting Information).

From Table S2 (Supporting Information) we can determine
that ≈34% of UV – UV emission at 1.3 nm and roughly 55% of
emission at 2.5 nm TiO2 occur within the TiO2 layer, as emission
counts are proportional to both pump-excitation densities and
probe intensities, and therefore go with the square of absorption

when using UV pump and probe. In comparison, VIS – UV yields
up to 80% InP-layer emission at 1.3 nm TiO2, and up to 66% at
2.5 nm. Notably, the TiO2 layer itself does not exhibit clear states;
instead, a central emission peak ≈0 fs delay appears across the
observed states, indicating emission from the continuous TiO2
DOS. This peak is sharper at 2.5 nm TiO2 due to increased emis-
sion from the TiO2 layer and is broadened relative to pump-probe
cross-correlation by ≈10–20 fs across the delay range. This broad-
ening likely stems from electron-electron scattering in the high
DOS of TiO2, coupled with high phonon availability leading to
either ultrafast thermalization or scattering back to the InP layer.

In UV – UV emission, only a small decrease in lifetimes is ob-
served for states above C4 (Figure 3). Peak occupation of C4 and
C3 on the bare P-rich InP(100) surface occurs at 570 ± 50 and
760 ± 50 fs respectively. With 1.3 nm TiO2, this shifts to 510 ± 50
and 610 ± 100 fs respectively, and with 2.5 nm TiO2, it shifts to
480 ± 100 and ≈480 ± 100 fs, though less clearly discernible. Pre-
vious DFT analysis on the bare P-rich InP surface [31] suggested
an increase in amplitude of C4 due to aligned states in the near-
surface region. Additionally, Clady et al.[65] suggest that this en-
ergy corresponds to the CBM in the X-valley in bulk InP, with
intervalley scattering from and to the Γ-valley occurring on the
time-scale of tens to hundreds of fs. The timescale of processes
in the InP bulk is expected to be minimally affected by TiO2 de-
position. However, surface resonance lifetimes are likely short-
ened by alternative thermalization paths the dense TiO2 DOS ad-
jacent to the interface, as well as potential defect sites induced
during TiO2 deposition. The modest 10% reduction in the life-
time of C4 after TiO2 deposition, remaining consistent thereafter,
suggests that the majority of state occupation involves electrons
migrating from the InP bulk. Although some electrons thermal-
ize at the surface, originating from the bulk-to-surface transi-
tion, their minor impact on C4 indicates that this process con-
tributes only a fraction of electrons at this state. Furthermore,
while the bulk-to-surface transition cluster of states acts as reser-
voir for scattering to other states, it seems inefficient in trans-
porting hot electrons across the interface to adsorbate layers. C3
on the other hand appeared to be a surface-related feature in
DFT analysis previously,[31] consistent with decreasing lifetimes
observed with deposition until reaching C4 lifetimes, indicating
no additional contribution to thermalizing electrons. At 2.5 nm
TiO2 (Figures 2c and 3c), states C2 and the CB state between
C2 and C3 exhibit reduced time-dependent emission, with no
apparent increase in lifetimes beyond C4. Due to the presence
of vacuum states, lifetimes of C1 cannot be observed. This in-
dicates that most photoexcited electrons in the InP bulk either
reach the P-rich InP/TiO2 interface around C1, or at C4 and en-
ergetically higher states. Thermalization below C4 occurs at the
P-rich InP surface when TiO2 is absent, whereas after deposi-
tion, it primarily occurs in the TiO2 layer. This assignment of C3
and C2 to purely surface features is consistent with previous DFT
results.[31] These findings hold significance in the realm of hot-
carrier PV and PEC cells, indicating that hot electrons can reach
the TiO2 layer, and only thermalize within this adlayer (Figure
S15, Supporting Information). Since P-rich InP surface states ap-
pear preserved under P-dimer oxidation during the deposition
metal oxides like TiO2, other adlayers could be explored for poten-
tially reduced thermalization, thereby better preserving hot car-
rier lifetimes. InP surfaces grown via methods like MOVPE of-
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fer an advantage here, compared to less defined surface prepara-
tion methods, as observing these sub-surface processes depends
heavily on well-ordered interfaces to achieve observable signals.
To allow for hot carriers to drive electrochemical reactions on the
nano- to millisecond timescale, e.g quantum dots with suitable
energetic alignment may be used. Specifically, aligning the QD
CBM around InP C4 may allow for extraction and use of hot car-
riers from the InP bulk X-valley even through TiO2 layers in the
nm thickness range.

In a similar vein to lifetimes observed in UV – UV (Figure 3),
lifetimes in VIS – UV were analyzed, with results detailed in the
SI (Figures S14 and S15, Supporting Information). Again, peak
occupancy of C3 and C4 shifts from 260 ± 40 and 470 ± 40 fs
respectively on the bare P-rich InP surface, to 180 ± 40 and
220 ± 40 fs after depositing 1.3 nm TiO2, and further to 180 ± 40
and 180 ± 40 fs after 2.5 nm TiO2 deposition. This again high-
lights a decrease in C4 peak occupancy time after initial TiO2
deposition, which then stabilizes at thicker layers. C3 lifetimes
continue to decrease until they reach C4 lifetimes, indicating that
most C3 electron occupation thermalizes through C4, making C4
the limiting factor in lifetime decreases. Notably, peak occupancy
of C4 is achieved at lower delay times using the VIS compared to
the UV pump, possibly due to the higher excitation intensity of
the VIS pump and the additional thermalization duration added
by the UV pump accessing the bulk-to-surface transition cluster
of states. This trend is consistent at 2.5 nm TiO2 (Figure S14c,
Supporting Information), where states below C4 exhibit reduced
time-dependent emission and no clear lengthening of lifetimes,
corroborating previous analysis in UV – UV.

As reasoned above, at 1.3 and 2.5 nm TiO2, around half or more
emission occurs from the InP layer in UV – UV, while the major-
ity of emission originates from the InP layer in VIS – UV. How-
ever, with a 10 nm TiO2 layer applied In Figure 1j–l, only up to
≈4% of UV – UV emission, and 20% of VIS – UV emission oc-
cur from the InP layer. This is further limited by the mean free
path length of electrons in TiO2, reported by Bonn et al. as only
5Å,[66] while other sources suggest an electron escape depth of
≈3 nm.[53] Therefore, direct emission from the InP layer is not
expected to significantly contribute to the observed tr-2PPE data,
especially in UV – UV, with emission mainly occurring from the
TiO2 layer. Corresponding 3D-transient and time-development
for VIS – UV are provided in Figure S16 (Supporting Informa-
tion). XPS analysis reveals weak signals for In3d and P2p peaks
(Figures S7 and S8, Supporting Information), albeit smaller in
amplitude relative to the Ti2p peak. Given the time-resolved na-
ture of tr-2PPE, and thereby shorter exposure times per delay
slice and lower signal-to-noise ratio, this does not allow for ob-
servation of p-InP states in our experiments. In UV – UV with
10 nm TiO2 (Figure 1l), a single clear emission peak is observed
at a kinetic energy of 0.53 ± 0.05 eV, with the lower edge likely
cutoff due to vacuum states. Emission amplitudes remain consis-
tent regardless of time delay, indicating 1PPE from an occupied
surface state. A leading edge at 0 fs delay toward higher kinetic
energies is apparent, though states could not be reliably fitted
in this energy range due to the low signal-to-noise ratio; time-
dependent emission is provided in Figure S17a (Supporting In-
formation). The energetic position of this surface state translates
to −3.91 eV versus vacuum, corresponding to ≈0.2 eV below the
InP CBM at 0.5 eV surface band bending,[31] and ≈0.7 eV below

the InP CBM without band bending (Figure S12, Supporting In-
formation). This state is then likely a bandgap surface state, with
the large emission amplitude suggesting it is pinning the Fermi
level.

In the VIS – UV spectrum with 10 nm TiO2 (Figure 1k), the sig-
nal is symmetric around the zero-delay point, indicating minimal
influence from the order of pump or probe beam arrival. Most of
the signal decays within tens of femtoseconds, consistent with
the pulse widths of VIS – and UV – beams. A time-independent
signal ≈1 eV, just above the vacuum state cut-off, is observed,
likely representing the upper-energy tail of UV 1PPE surface state
emission. Peaks at delays in the tens of fs are visible within the
ultrafast thermalization of electrons, seemingly corresponding to
the previously described P-rich InP states. Literature 2PPE spec-
tra of rutile TiO2 surfaces measured by Onda et al.[52] and Ar-
gondizzo et al.[67,68] provide useful comparisons to our 10 nm
TiO2 VIS – UV spectra in Figure 1k. Their experiments utilized
photon energies of 3.05, 3.44 and up to 3.95 eV, which are larger
than the bandgap of rutile TiO2 (3.03 eV).[57,58] Onda et al.[52] ex-
cited electrons from defect states in Ar+ sputtered rutile TiO2
(110) and obtained a spectrum much like our 10 nm TiO2
VIS – UV spectrum 63 (Figure 1k). Additionally, Onda et al. used
Ar+ sputtering of the surface to enhance pumping from bulk de-
fect states,[52] concluding that their emission spectra are mainly
due to initial states in the bulk bandgap of TiO2. The bandgap
DOS of amorphous TiO2 films depends sensitively on prepara-
tion conditions,[69] however the match to experiments and rough
match to calculations in literature supports a similar cause for
our emission in VIS – UV at 10 nm TiO2 (Figure 1k).[70] More re-
cently, Tanner et. al observed similar spectra on the anatase (101)
TiO2 surface, attributed to sub-surface bandgap polarons.[71] The
similarity of these previously reported spectra to Figure 1k sug-
gests that the overall shape of the VIS-UV time-dependent sig-
nal we observe for 10 nm TiO2 is related to emission of elec-
trons initially photoexcited from TiO2 bandgap defect states. Both
Onda et al. and Tanner et. al described photoemission pathways
for their TiO2 samples, where electrons are pumped from bulk
bandgap defect states energetically below the Fermi level, into
a continuous density of intermediate states in the TiO2 conduc-
tion band.[52,71] This aligns well with our observed 2PPE kinetic
energy spectrum of 10 nm TiO2 VIS – UV measurements, match-
ing experiments on TiO2 alone.

In UV – UV (Figure 1k), emission is predominantly driven
by 1PPE from the TiO2 surface state, obscuring emission from
bandgap DOS in TiO2. Conversely, in VIS – UV, the higher pho-
toexcitation density due to increased pump intensity leads to sur-
face charges, causing an upward shift in the vacuum state-related
cut-off energy. This indicates ongoing charge transfer from InP
to the TiO2 layer. While the bulk of UV photoelectron emission
still originates in the TiO2 layer, electrons photoexcited from TiO2
bandgap defects may scatter across the TiO2/P-rich InP inter-
face, manifesting P-rich InP state positions in emission. If the p-
InP surface states persist in the P-oxide interface layer and their
wavefunctions extend into the TiO2 layer (Figure S13, Support-
ing Information), this could result in polarons, facilitating ultra-
fast transfer between these states and the TiO2 conduction band
DOS. This phenomenon might explain the preservation of TiO2
bulk bandgap defect DOS while reflecting the influence of inter-
facial states on electron relaxation. Xu et al. proposed a similar
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electron injection mechanism from a III-V semiconductor into
TiO2, studying interfacial carrier separation at TiO2-coated GaP
using fs transient reflectance spectroscopy[47,72] for TiO2 layer
thicknesses up to 35 nm. They reported a time constant of 32 fs
for charge separation at the direct interface, consistent with the
carrier dynamics observed in our 2PPE measurements. Similarly,
Yang et al. used time-resolved photoinduced reflectance to mon-
itor the carrier dynamics at the p-GaInP2/TiO2 interface for TiO2
thicknesses between 0.5 and 35 nm.[73]

The upper edge of the time-dependent signal in VIS – UV
(Figure 1k) is ≈2.81 ± 0.10 eV, likely corresponding to the up-
per edge of bandgap defect states and hence the Fermi level at
the 10 nm TiO2 surface. The emission signals decay within tens
of fs of delay time between VIS pump and UV probe, suggesting
a correlation to 2PPE emission using one VIS and one UV pho-
ton. This aligns the Fermi level at −3.96 ± 0.10 eV versus vac-
uum, in close agreement with the value obtained for the 1PPE
peak observed in UV – UV at −3.91 ± 0.05 eV. Therefore, this
state appears to indeed be a TiO2 surface state pinning the Fermi
level.

The emission cut-off related to surface charging limits the ob-
servation of all conduction band states in the deposited TiO2 lay-
ers. The lowest observed cut-off energies at 1.3 and 2.5 nm TiO2
are 0.73 and 0.66 eV, respectively, in the corresponding UV –
UV measurements (Figure 1f,i). Above these cut-offs, emission
from likely conduction band states was detected, setting an upper
limit for the TiO2 CBM versus vacuum. This suggests an align-
ment at 1.3 nm of the TiO2 CBM positioned energetically at most
0.06± 0.10 eV above the InP CBM, and with theTiO2 CBM at least
0.06± 0.10 eV below the InP CBM at 2.5 nm TiO2. The uncertain-
ties are aggregated from uncertainties in state positions before
and after TiO2 deposition. In the 10 nm TiO2 layer (Figure 1k),
a lower bound for the TiO2 CBM is determined by the position
of the TiO2 surface state pinning the Fermi level, indicating that
the TiO2 CBM is less than 0.25 ± 0.10 eV below the InP CBM.
Fitting indicated the presence of the P-rich InP C1 state below
the cut-off energies at each TiO2 thickness in Figure 1, although
accurate fitting was challenging. Therefore, the TiO2 and p-InP
conduction bands seem to align remarkably well, consistent with
literature on this interface.[3–5,8,62]

2.1.1. Annealing the 10 nm Tio2 Surface

The previously discussed 10 nm TiO2 layer deposited on the P-
rich InP surface was subjected to annealing using the ALD ap-
paratus to investigate alterations in electron thermalization. An-
nealing was conducted at 300 °C, a temperature below the decom-
position threshold of the P-rich InP surface at ≈356 ± 5 K,[74]

for 3 h in the presence of hydrogen. Hydrogen is commonly
used as carrier gas in MOVPE-preparation and different gas en-
vironments are known to change the surface reconstruction of
the P-rich InP(100) essentially, due to its H-stabilized nature
[see below]. Hence, hydrogen was used for the preparation and
annealing procedure of the surface to avoid desorption of hy-
drogen involved in the P-rich InP/TiO2 interface affecting ob-
served states.[75] Annealing TiO2 at sample temperatures above
350 °C typically results in crystalline structures, while lower tem-
peratures lead to amorphous formations.[76,77] As amorphous

Figure 4. tr-2PPE spectra of the 10 nm TiO2 on P-rich InP surface after
annealing are given in a,b), in UV-UV and VIS-UV respectively. 1PPE from
around the Fermi level is the prominent feature in both excitation schemes,
CB states appear to be observed in VIS – UV (b).

TiO2 layers have been linked to the highest PEC efficiencies in
literature,[3,5] the annealing temperature was deliberately kept be-
low crystallization thresholds to prevent the formation of a well-
ordered lattice and to preserve the integrity of the InP layer, with
LEED imaging indicating no crystallinity associated with rutile or
anatase TiO2. Subsequent to annealing, significant alterations in
tr-2PPE were observed. In UV – UV (Figure 4a), a single emis-
sion peak emerges at 0.38 eV kinetic energy, accompanied by
an emission tail at higher energies, albeit lacking clear peaks
in the time-dependent emission (Figure S17b, Supporting Infor-
mation). This likely corresponds to emission from the rising oc-
cupied DOS around the Fermi level as well as potential surface
states around the Fermi level. Given the lack of clear evidence for
surface states around the Fermi level from UPS (Figure S9, Sup-
porting Information) as well as from the TiO2 bandgap states,
it cannot be clearly discerned which contribution to emission
is larger. Murakami et al. reported that annealing a TiO2 layer
following exposure to TiCl4 lowered the conduction band edge
position by 110 mV, resulting in enhanced photovoltaic perfor-

Adv. Funct. Mater. 2024, 34, 2409455 2409455 (9 of 13) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 2024, 49, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202409455 by H
elm

holtz-Z
entrum

 B
erlin Für, W

iley O
nline L

ibrary on [09/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

mance in their perovskite absorber based system.[78] This corre-
lates well to the reduced energetic position of the Fermi level after
annealing, as TiCl4 was used as the Ti precursor. Moreover, Liu
et al. highlighted that TiO2 surfaces treated with TiCl4 exposure
and subsequent sintering exhibited an increased ratio of Ti3+ to
Ti4+,[79] with Ti3+ acting as the donor species in the TiO2 film.
This shift toward Ti3+ resulted in a movement of the Fermi level
toward the conduction band, leading to an increased VOC in their
perovskite absorber-based cells due to improved band alignment
facilitating electron extraction. In a related study, Mansfeldova
et al.[80] reported a range for the CBM of crystalline TiO2 sur-
faces between 3.60 and 4.63 eV below vacuum energy, depending
on surface reconstruction, with Fermi levels only marginally be-
low the CBM due to the highly n-doped nature of their samples.
This information supports the interpretation that the emission
observed at 0.34 eV in UV-UV after annealing the 10 nm TiO2
layer (Figure 4a) likely is located at the Fermi level, estimated to
be at –4.15 eV versus vacuum. Additionally, Onda et al. associated
the upper end of the defect DOS, located ≈2.7 ± 0.1 eV kinetic
energy in our measurement, with the Fermi level position, as it
represents the upper edge of the bandgap defect DOS. Given the
emission pattern observed via a combination of VIS and UV pho-
ton, the estimated Fermi level position of –4.12 eV correlates well
with the surface state/Fermi level position observed in UV – UV.

In the VIS – UV spectrum (Figure 4b), this peak appears to
be partially cropped off at 0.30 eV, likely due to surface charging
and the work function edge. This effect arises because the pho-
ton energy of the VIS beam is lower than that of the UV beams,
preventing direct 1PPE from the observed surface state. The de-
crease in surface charging observed in VIS – UV after annealing
compared to before is likely due to a reduction in surface defects
following the annealing process, as reported in literature.[52] The
presence of a time-independent peak at 0.71 eV kinetic energy
likely corresponds also to emission from around the Fermi level
but is associated with direct 2PPE emission induced by the VIS
pump. Given that two VIS photons collectively provide ≈4.66 eV,
compared to 4.44 eV of one UV photon in this measurement, the
increased kinetic energy in VIS 2PPE relative to UV 1PPE results
in the observed double feature. Although time-dependent emis-
sion is evident in Figure 4b at kinetic energies above these peaks,
identifying states in this region is challenging due to the dom-
inance of the relatively large 1PPE peak. Another sample after
deposition of 14 nm TiO2 was found to show similar features to
the 10 nm TiO2 sample after annealing, a detailed description of
the measurement is found in Figure S18 and Note S3 (Support-
ing Information).

The discrete interface states observed after deposition of TiO2
layers up to 10 nm (Figure 1) are suggested as a reference system
for the study of electron transfer from adsorbates and surface lay-
ers, e.g. nanodot plasmonics and QD. As the states at the P-rich
InP/TiO2 interface are discrete, observing changes in emission
amplitude may give information about the energy distribution
and timing of electrons reaching the interface. To reduce the ef-
fects of thermalization within the TiO2 layer, using layers below
2.5 nm thickness may be preferable. The chemically well-studied
nature of the TiO2 surface will be of advantage here, as many sys-
tems can be easily deposited or synthesized in situ.

Comparison of the time-dependent components of the VIS –
UV spectrum (Figure 5b) after annealing the 10 nm TiO2 layer

Figure 5. Differences in emission in VIS-UV between different time delays
to measurement at 5000 fs, where emission had stabilized. The 10 nm
TiO2 on P-rich InP is shown in a), and after annealing in b). The dotted
vertical lines denote kinetic energies at which emission peaks are observed
during thermalization of hot carriers toward the CBM, states become less
distinctive after annealing.

with those before annealing (Figure 5a) reveals a visually simi-
lar emission shape, with the width and energetic position of the
features falling within the uncertainty of the surface before an-
nealing.

Figure 5 displays the temporal evolution of state occupation in
VIS – UV emission at the 10 nm TiO2 layer before and after an-
nealing, depicted in (a) and (b) respectively. Following annealing,
significant surface state emission is evident in Figure 5b ≈0.6 eV,
though this does not correspond to an electronic state. Peaks are
discernible both before and after annealing, with C2 and below
cut-off due to vacuum states as well as the surface state emis-
sion signal. Before annealing, peaks are clearly visible at delays in
the tens of fs, encompassing all previously described P-rich InP
states. However, after annealing, these peaks become notably less
distinct, suggesting that the heat treatment has compromised or
eradicated these P-rich InP states. While the sample temperature
of 300 °C during annealing should not lead to decomposition of
the P-rich InP surface itself, it may provide the activation energy
for a restructuring of the P-rich InP/TiO2 interface, or relaxation

Adv. Funct. Mater. 2024, 34, 2409455 2409455 (10 of 13) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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of lattice-matching at this interface. This could potentially result
in a less ordered interface than before, thereby disrupting the
distinct surface states observed prior to annealing. Notably, even
annealing at 300 °C seems to compromise or obliterate the sur-
face states on InP. Consequently, when creating rutile or anatase
TiO2 surfaces through annealing above 350 °C, InP surface states
would always be destroyed. This observation may elucidate the
higher- than-expected performance of amorphous TiO2 on InP-
based absorbers,[3,40] particularly in PEC applications, which may
be less contingent on TiO2 crystallinity and more influenced by
preserving a well-ordered interface between absorber and protec-
tive layer. Modifying the interface could introduce additional de-
fect sites that hinder transmission, while also removing energeti-
cally distinct states and facilitating efficient charge transfer across
the InP / TiO2 interface.

3. Conclusion

We investigated the electron excitation dynamics and -pathways
on phosphorus-terminated, p(2 × 2)/c(4 × 2)-reconstructed
InP(100) surfaces following the deposition of TiO2 layers with
varying thicknesses via ALD. Conduction band surface reso-
nances previously identified on the P-rich p-InP surface re-
mained intact post-TiO2 deposition, maintaining their energetic
positions within the range of ≈−3.7 and −1.7 eV relative to vac-
uum energy. Photoexcited electrons follow a trajectory through
the InP bulk-to surface transition cluster of states and InP C4,
traversing P-rich InP surface states until reaching the TiO2 layer.
Within this layer, an alternative thermalization path to the InP
layer is offered, reducing lifetimes of states energetically be-
low InP C4. Notably, even at 10 nm TiO2 layer thickness, the
thermalization behavior is impacted by electron scattering be-
tween the dense TiO2 CB DOS and the discrete P-rich InP sur-
face/interfacial states. These discrete states carry profound im-
plications for the design of photovoltaic or electrochemical de-
vices incorporating P-rich InP protected by TiO2. Annealing the
samples at 300 °C induces a notable shift in the TiO2 CBM, tran-
sitioning toward a more classically continuous DOS, a change
likely attributed to reconstruction of the interface to be less well-
structured. The discrete states situated above the CBM offer op-
portunities for applications such as hot carrier cells, facilitating
electron extraction to the TiO2 layer without prior thermaliza-
tion to the InP CBM. This is particularly significant, consider-
ing previous findings on phonon bottlenecking effects in bulk
InP,[81] a critical aspect for the design of such cells. Crafting in-
terfaces that leverage these discrete states will likely necessitate
low-temperature processing and the use of thin TiO2 layers in
the nanometer range, as surface relaxation may compromise the
observed state discreteness.[81]

4. Experimental Section
Sample Preparation in MOVPE: InP(100) samples with a P-rich,

p(2 × 2)/c(4 × 2) surface reconstruction (Figure S1, Supporting infor-
mation) were prepared in a horizontal-flow MOCVD reactor (Aixtron,
AIX-200) on p-doped InP(100) substrates with a doping concentration of
2 × 1018 cm−3 (Zn-doped) and a 0.1° miscut toward the [111] direction.
The sample preparation was described in detail in a previous paper.[31]

Sample Characterization Using XPS: XPS measurements utilized a
SPECS Focus 500 monochromator and Phoibos 100 electron analyzer, us-
ing Al K𝛼 radiation at 1486.74 eV. The XP spectra were measured at a 90°

photoelectron take-off angle, and the angle between the X-ray source and
the analyzer was 54.7°. The high-resolution core level peaks were mea-
sured with a pass energy of 10 eV, in energy steps of 0.05 eV.

Surface Modification Using ALD: Surface modification of the P-rich
InP(100) surface was performed using ALD, a gas phase deposition tech-
nique with which ultrathin films were grown in sub-monolayer steps
through alternating half-cycles, depositing oxygen and a metal respectively
in the case of metal oxide deposition. The reactions of gas phase precur-
sors with the surface during the ALD half-cycles were self-limiting,[82] en-
abling growth control at the single atom layer level. The self-limiting half-
cycles enable uniform and conformal deposition over large areas and di-
verse substrates. In this study, titanium dioxide thin films were deposited
on the P-rich InP(100) samples utilizing a custom-built, hot-wall stainless
steel ALD reactor. This reactor operates in an in-line configuration with an
ultrahigh vacuum (UHV) chamber, facilitating XPS measurements for el-
emental composition and chemical state analysis during film growth. The
reactor was continuously pumped by a turbomolecular pump backed-up
by a roughing pump, reaching a base pressure of 2−4 × 10−7 mbar. Ti-
tanium tetrachloride (TiCl4, 99.999% Sigma-Aldrich) and H2O were used
as the titanium and oxygen precursors, respectively; both precursors were
maintained at room temperature during deposition. The precursors were
alternatingly introduced into the system via ALD diaphragm valves using
the vapor draw method (i.e., without using a carrier gas). While the reac-
tor wall was heated to 125 °C, the tubing and fittings were unheated. The
substrate temperature remained constant at 200 °C for all depositions. Af-
ter each precursor exposure, a pump/purge/pump step was carried out,
involving 15 s of pumping, followed by a 100 ms Ar purge, and conclud-
ing with another 15 s of pumping. This ensured that the base pressure
could be consistently maintained at 3−5 × 10−6 mbar. To conclude each
deposition cycle, an additional H2O pulse/purge sequence was carried
out. During experiments investigating the effects of the ALD process it-
self, the TiCl4 pulse and purge steps were omitted, keeping the rest of the
process unchanged. This ALD deposition cycle is described in Table S1
(Supporting Information). An example of a deposited TiO2 layer is shown
in Figure S2 (Supporting Information), with AFM showing a wave-shaped
surface coverage.

Time-Resolved Two-Photon Photoemission Spectroscopy: In tr-2PPE, an
ultrashort laser pulse photoexcites (“pumps”) electrons to energy levels
below the vacuum energy, from where they thermalize into unoccupied
states (Figures S3 and S5, Supporting Information). After a variable time,
delay a lower-intensity probe pulse photoemits the electrons into the vac-
uum, and their energy distribution as a function of pump-probe delay was
recorded. This allows for determination of state energies and -lifetimes,
the latter by scanning over varying time delays in steps as small as 5 fs.
Near-surface ultrafast electron dynamics through both occupied and un-
occupied states were observed, particularly unoccupied conduction band
states, which could not be accessed by single-photon emission methods
such as XPS/UPS.[83,84] In previous studies in this group the information
depth of n-type InP was estimated at 45 Å,[30] which means that both bulk
and surface features as well as bulk-to-surface transitions could be cap-
tured.

Pump and probe photon energies could be varied to allow for pumped
electrons to access different energy levels. As a result, a difference between
pump and probe energy creates an asymmetry in the time-domain about
the zero-delay point. The experimental procedure for the tr-2PPE mea-
surement was described.[31] Visible light pump pulses were usually set
≈533 nm (2.33 eV) and 3.3 nJ pulse energy with a FWHM of 40 fs at the
sample. Ultraviolet (UV) pump and probe pulses were tuned to ≈276 nm
(4.49 eV) at 30 fs FWHM. The UV pump was usually set to 0.26 nJ pulse
energy, the UV probe to ≈0.13 nJ. To detect photoemitted electrons a time-
of-flight (TOF) detector with a 7.3° acceptance angle was positioned 3–
5 mm from the sample surface. The detector has an energy resolution of
ca. 50 meV, with the spectral width of photon energies of similar magni-
tude. The angle between the pump and probe beams to the sample was
45°. Pump and probe intensities were adjusted to prevent charging of the
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surface and to avoid influencing the observed electron dynamics at higher
emission rates. The spot size of the pump-probe overlap was of the or-
der of 100 μm, resulting in pump fluences below 100 nJ cm−2 for the VIS
pump, and below 10 nJ cm−2 for UV excitation. In the resulting tr-2PPE
plots, peaks were fitted using a custom-written composite-Voigt script, in-
cluding binning and gaussian smoothing. The procedure was described in
more detail.[31] All tr-2PPE measurements were repeated several times to
avoid artifacts or features related to local defects, with the most represen-
tative measurements given.

Density-Functional Theory Calculations: Density-functional theory
(DFT) calculations were performed using the Vienna Ab-Initio Simulation
Package (VASP).[85] The electron exchange and correlation effects were
treated within the generalized gradient approximation (GGA) using
the PBE functional.[86] The electron−ion interaction was described by
the projector-augmented wave (PAW) scheme.[87,88] The surfaces were
modeled using periodic supercells, consisting of a slab of twelve atomic
layers. A vacuum region of ≈15 Å was used to decouple the material
slab from its periodic image. The electric field in the vacuum region
resulting from the two nonequivalent slab surfaces was quenched using
a dipole correction. The wave functions were expanded into plane waves
up to an energy cutoff of 500 eV. The surface Brillouin zone was sampled
using a Γ-centered 4 × 4 k-point mesh. The uppermost six atomic layers
were structurally relaxed until the forces acting on the atoms were below
0.02 eV Å−1, while the remaining six bottom layers were kept frozen in the
bulk position. To determine the most favorable adsorption sites for single
water molecules and hydroxyl groups, the surface unit cell was sampled
using a mesh of 64 equidistant points.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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