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Composition and Resulting Band Alignment at the TiO,/InP
Heterointerface: A Fundamental Study Combining
Photoemission Spectroscopy and Theory
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The composition and resulting band alignment at the TiO, /InP
heterointerface are critical for optimizing semiconductor-based
photoelectrochemical and photovoltaic devices. Hence, a systematic
investigation of the chemical composition and electronic properties of TiO,
film grown via atomic layer deposition (ALD) on p-doped, atomically
well-ordered, phosphorus-terminated InP(100) surfaces is conducted. A
combination of UV and X-ray photoelectron spectroscopy with ab initio
molecular dynamics simulations is applied to provide a comprehensive
atomic-scale understanding of the heterointerface. These results reveal that
the P—P dimers in the first monolayer remain intact during the initial ALD
cycles, while oxygen preferentially binds between indium in the second
monolayer and phosphorus in the first monolayer, leading to the formation of
interfacial indium phosphate (InPO,) species. The presence of chlorine
residues from the TiCl, precursor persists throughout the deposition process
and influences the chemical environment of the interface. Band alignment
analysis confirms the formation of a type-ll heterojunction, characterized by a
valence band offset of approximately 2.3 eV and a conduction band offset of
0.45 eV, facilitating charge carrier separation essential for high-efficiency
photoelectrochemical applications. These detailed insights into the interfacial
chemistry and electronic structure are fundamental to advance the
development of efficient semiconductor-based energy conversion devices.

1. Introduction

In artificial photosynthesis, sunlight is di-
rectly converted into chemical fuels such as
hydrogen (H,). Currently, the majority of
H, is still produced from fossil fuels. A sus-
tainable alternative is photoelectrochemi-
cal (PEC) water splitting, which enables di-
rect solar-driven hydrogen production with-
out carbon dioxide emissions. Compared
to photovoltaic (PV)-powered electrolysis,
PEC devices offer advantages such as the
possibility to use Earth-abundant catalysts
due to much (20-100x) lower current den-
sities, and improved thermal management,
which enhances electrochemical reaction
kinetics.[!l Despite these benefits, a major
challenge remains: the generation of suffi-
cient photovoltage to drive water splitting
while maintaining the stability of the de-
vice under operation. While some oxide-
based wide-bandgap photoabsorbers pro-
vide the necessary photovoltage, they ab-
sorb only UV light, significantly limit-
ing the achievable efficiency.*?] In con-
trast, III-V semiconductors offer tunable
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bandgaps, enabling the design of multi-junction configura-
tions. In such structures, III-V photoabsorbers with different
bandgaps but the same lattice constant can absorb different
portions of the solar spectrum, thereby optimizing solar-to-fuel
(STF) or solar-to-electricity efficiency. Devices based on III-V
semiconductor multi-junction structures have consistently led in
efficiency records for photovoltaic*®! and solar-to-fuels(*I con-
version efficiencies. Among III-V materials, type I1I-phosphorus
(III-P) compounds exhibit exceptional thermal stability and
high electron mobility, making them highly suitable for ad-
vanced optoelectronic devices and multi-junction PV or PEC
cells.[#10-13]

The major challenge in developing PEC devices based on III-P
semiconductors is surface corrosion upon contact with the aque-
ous electrolyte during operation. Corrosion can lead to increased
surface charge carrier recombination(*l or even to dissolution
of the top layer and the underlying I11-V photoabsorber,*! ul-
timately considerably reducing the device stability. A common
approach to preventing corrosion in semiconductor photoelec-
trodes is the deposition of a thin metal oxide layer. Titanium
dioxide (TiO,) is a promising candidate for this purposel1®1116:17]
due to its excellent chemical stability across a wide pH and po-
tential range.['$1% Additionally, TiO, is optically transparent due
to its large bandgap and exhibits good electronic conductivity.
When used to protect a p-type III-V photoabsorber, the TiO,
selectively extracts the minority charge carriers from the con-
duction band of the underlying III-V material, while the ma-
jority carriers (holes) are blocked due to the large valence band
offset. This charge carrier-selective behavior helps to maintain
a high photovoltage.l1%11:17:20] To achieve high solar-to-hydrogen
efficiencies, the photovoltage must be maximized by minimiz-
ing, or ideally avoiding, charge carrier recombination at the
heterointerfaces.l!! In addition, detrimental Fermi level pinning
effects by interfacial midgap surface/interface states must be
avoided to secure preferential contact properties. The surface
preparation of III-P semiconductors prior to TiO, deposition af-
fects not only the surface properties such as presence of an elec-
tron trapping surface states/?!! but also interaction with precur-
sors such as water or oxygen, 2224l which are commonly used
in the deposition of TiO, in atomic layer deposition (ALD) pro-
cesses. Thus, defect states in the bandgap have an effect on both
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the band alignment and the position of the Fermi level, which
impacts the photovoltage as well as non-radiative charge carrier
recombination, reducing the photocurrent, the voltage, and pos-
sibly the formation of chemically reactive surface bonding sites,
which may lead to corrosion.

P-type indium phosphide (InP) is one of the most effi-
cient photocathode materials available for solar water split-
ting and has been extensively studied.>2®] Combining p-type
InP photoabsorbers with TiO, results in improved photovolt-
age generation.['7202931] InP-based ternary compounds, such as
AlInP or GalnP, are commonly used as p-n photoabsorbers or
thin n-type charge carrier-selective contacts in multi-junction de-
vices, which hold world records for solar-to-electricity and solar-
to-hydrogen efficiencies.*!%! Various surface treatment meth-
ods of InP(100) surfaces, including electrochemical etching!®? or
photoelectrochemical conditioning, have been extensively stud-
ied to reduce the native oxide layer and form a well-defined
one that can also passivate the surface.l?”] Such passivation pro-
cedures can be adapted to more complex ternary III-P com-
pounds, leading to a controlled Fermi level shift and im-
proved band alignment between the formed oxide and III-V
semiconductor.1*]

An alternative to chemical etching of the native oxide is
thermal deoxidation, for example by annealing the substrates
in the metalorganic vapor-phase epitaxy (MOVPE) reactor.*]
Under H-based ambient conditions, the surface reconstruction
of InP(100) is dictated by the phosphorus chemical potential,
which can be controlled by adjusting the precursor molar flow
rate and substrate temperature. Two distinct surface reconstruc-
tions can be prepared: (i) the P-rich surface: a phosphorus ter-
minated surface with (2 X 2)/c(2 X 4) reconstruction consist-
ing of buckled P—P dimers, each stabilized by one hydrogen
atom,**3*] and (ii) the In-rich surface: with (2 X 4) reconstruc-
tion, terminated by a mixed In—P dimer.**] The interaction of
water and oxygen with these two surfaces has been extensively
studied through experimental investigations as well as theoret-
ical calculations. The surface reconstruction of InP(100) plays
a critical role in the formation of chemical species, which in
turn significantly impacts surface stability.[?*] While In-rich sur-
faces are more reactive to oxygen than to water, P-rich sur-
faces are more destabilized by water than by oxygen. In-O-P
bonds dominate on both surfaces after exposure to water and
oxygen, whereas In-O-In bonds form more preferentially un-
der oxygen exposure on the In-rich surface.[2123243¢] On P-rich
surfaces, experimental observations show that, in addition to
In-O-P bond formation, the topmost P-P dimers break, allow-
ing oxygen to incorporate into the surface and form P-O-P
bonds.[?]

Recent density functional theory (DFT) studies extend beyond
calculating the surface structure upon contact with oxygen or
water to include interactions with TiO,. Cipriano et al. micro-
scopically studied the heterointerface between the anatase TiO,
films and InP(110) finding a type-II band alignment regard-
less of film thickness or TiO, surface orientation. However, di-
rect comparison to experiments has been challenging since only
amorphous TiO,/InP heterointerfaces have been studied exper-
imentally, with reports indicating both type-I1l'7] and type-112°]
alignments depending on the heterointerface preparation. In
a recent publication,!*”] we extracted ten geometries from the
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amorphous TiO,/InP heterointerface trajectory and calculated
their band alignments; while the overall alignment tends to re-
main type-I, the conduction band offset nearly vanishes in some
configurations, suggesting that both type-I and type-II align-
ments may be achievable depending on the precise heterointer-
face structure.

A common technique for depositing TiO, on semiconductors
is ALD. In our vapor-phase deposition procedure, ultrathin films
are grown through repeated alternating half-cycles. The ALD pro-
cess of TiO, has been extensively applied, involving various tita-
nium (Ti) or oxygen (O) precursors as well as different substrate
materials.[®®3°] The three most common Ti precursors used for
surface passivation on semiconductors are titanium tetrachlo-
ride (TiCl,),[*** titanium tetraisopropoxide (TTIP),*%3] and
tetrakis(dimethylamino)titanium (TDMAT).['738] TiO, grown
from TiCl, and (H,O) has demonstrated enhanced performance
for Si surface passivation and as an electron-selective contact.!*}]
While the ALD reaction steps of TiO, using these precursors
has been extensively studied on Si,[*I-**] research on InP sub-
strates remains limited and has primarily focused on bulk
TiO, properties.['7203839 However, a detailed investigation of
the chemical composition of the InP substrate during the ini-
tial stages of ALD, as well as of the formation of the heteroint-
erface and the evolution of band alignment throughout the dif-
ferent growth stages are still mostly missing. Substrate surface
reactions and the potential formation of different oxide species
during the initial stages of TiO, nucleation and growth can re-
sult in a highly complex heterointerface which can impact inter-
facial charge carrier injection, transport, and recombination. Fur-
thermore, depending on the Ti precursor, atomic impurities can
absorb onto the semiconductor substrate, introducing electroni-
cally active states within the band gap. For a fundamental micro-
scopic understanding of the surface and heterointerface chem-
istry, contamination-free and atomically well-defined surfaces are
essential. Without such well-defined surface studies, it is diffi-
cult to resolve the heterointerface properties experimentally, and
it becomes more difficult to simulate more complex surfaces for
theoretical comparisons.

Hence, we have investigated the chemical composition and
the band alignment of the amorphous TiO, /InP heterojunction.
We combine (DFT-based) ab initio molecular dynamics (AIMD)
calculations with experimental results based on ultraviolet pho-
toemission spectroscopy (UPS) and X-ray photoemission spec-
troscopy (XPS) during the initial nucleation process and growth
of TiO, from TiCl, and H,O on P-rich InP(100) substrates. We
have analyzed the changes in the elemental composition and
chemical state of the P-rich InP(100) surface after the very first
ALD cycles and after subsequent growth of very thin TiO, layers.
The transfer from the ALD chamber to the XPS chamber was per-
formed in ultrahigh vacuum (UHYV) conditions to avoid any sur-
face contamination. Therefore, our systematic, contamination-
free study provides a comprehensive atomic-scale understanding
of heterointerface chemistry and band alignment. These findings
contribute to the optimization of TiO,/InP heterojunctions. Ad-
ditionally, it has been shown that the dimerized P-rich InP sur-
faces closely resemble those of T11-P.[22446] Therefore, the results
may also be relevant for more complex TiO,/ternary InP-based
heterointerfaces, commonly used in high-efficiency devices, in-
cluding PEC systems with highest performance.
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2. Results and Discussion

2.1. Chemical Composition at the Heterointerfaces Based on the
Photoemission Spectroscopy

The specific ALD cycles after which XPS measurements were per-
formed (see Atomic Layer Deposition in Experimental Section)
were carefully selected to systematically investigate the chemi-
cal and electronic properties at different stages of TiO, growth
on the P-rich InP(100) surface. These stages include: (a) modi-
fication of the P-rich InP substrate during the initial nucleation
stage, (b) formation of the heterointerface, (c) the buried inter-
face, which lies beneath the TiO, film and does not undergo
significant changes with further TiO, deposition, and (d) the
TiO, film.

Figure 1 shows XP spectra of O 1s (a), Ti 2p (b), In 3d;, (),
P 2p (d), and Cl 2p (e) on the P-rich InP(100) surface prior to
the ALD process (black line) and after a selected number of ALD
cycles. The measurement was performed at normal emission an-
gle (90°). Prior to TiO, deposition, no oxygen (Figure 1 a) was
detected (see Figure S1, Supporting Information). Furthermore,
as shown in Figure S1 (Supporting Information), no carbon con-
tamination was observed prior to and throughout the ALD pro-
cess, proving the quality of the sample transfer process. With an
increasing number of ALD cycles, the intensity of the O 1s (a)
and Ti 2p (b) peaks increases due to the growth of the TiO, film,
while the emission intensity related to the InP substrate, In 3d;,
(c) and P 2p (d) are reduced. After 212 ALD cycles, the intensities
of the In 3d;, and P 2p core-levels approach zero. This is due to
the limited information depth defined by the inelastic mean free
path (IMFP) of photoelectrons, which is approximately 3XIMFPs.
Given the fixed photoelectron energy of an Al Ka source, the
IMFP reaches approximately 2.6 nm, which agrees well with the
measured thickness by in situ ellipsometry (see Atomic Layer De-
position in Experimental Section).

In the initial ALD cycles, the In 3ds, and P 2p core-level spec-
tra exhibit a consistent shift of approximately 100-200 meV to-
ward higher binding energies. Although this shift is below the
energy resolution of our setup (0.580 eV) and should therefore
be interpreted cautiously, the fact that both core-levels shift by
a similar magnitude could suggest a small variation of the va-
lence band maximum (VBM), as discussed in the following sec-
tion. This variation is attributed to minor changes in the sur-
face electronic structure which results in increasing downward
band bending induced by the changes on the surface upon TiO,
growth. After approximately 17 ALD cycles, when the heteroint-
erface is effectively buried beneath the grown layer, the binding
energies of the core-levels remain nearly identical.

The broadening and asymmetry of the O 1s core-level after
17 and 32 ALD cycles indicate the presence of multiple oxygen-
containing components. One component corresponds to oxygen
in the TiO, bulk, while the other one is likely associated with
oxygen bonded to the InP(100) surface. The energy range of
the Ti 2p core-levels overlaps with the energy of the In 3d plas-
mons, as shown in Figure 1b. Furthermore, the photoionization
cross-section of Ti 2p is around three times smaller than that of
In 3d, which means that its contribution to the spectra is three
times weaker, which in addition to the overlapping with the In
3d plasmons further hinders the analysis of the Ti 2p core-level.
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Figure 1. XP spectra of O 1s, Ti 2p, In 3d5/2, P 2p, and Cl 2p for as received sample and after 0.5, 1, 1.5, 2, 17, 32, 62, 122, 152, 212 ALD cycles. The
measured binding energy values are given in Table S1 (Supporting Information).

Therefore, resolving the Ti signal after the first few cycles is
challenging. After 17 cycles, a change of the intensity of the In 3d
plasmon is observed and a small peak at the binding energy cor-
responding to Ti 2p; , (at 458.96 eV) is visible. After 32 cycles, we
can clearly see the Ti 2p; ), peak emerging. After introducing the
first TiCl, cycle, we observed a small amount of chlorine on each
surface, see Figure le. The Cl 2p core-level overlaps with the P 2s
plasmon (see fitted spectra in Figure S2a, Supporting Informa-
tion, for the sample after 2 cycles). With increasing the thickness
of TiO,, the intensity of the Cl 2p peak gradually decreases as
the contribution of the P 2s plasmon decreases. After 122 cycles,
at which the intensity of P 2p is close to zero, the contribution
of the P 2s plasmon is also lost in Figure 1e. The fitting of the Cl
2p spectrum after 212 cycles, shown in Figure S2a (Supporting
Information), reveals peaks that are related only to chlorine. The
presence of chlorine after each measured cycle confirms the in-

corporation of chlorine in the heterointerface and in the formed
TiO, film.

To analyze the chemical composition of the P-rich InP(100)
surface during the nucleation of TiO, and at the TiO,/InP het-
erointerface, the measured core-levels were analyzed by a de-
tailed curve-fitting routine (for details see Sample Characteriza-
tion with Photoemission Spectroscopy, Experimental Section).
The first row in Figure 2 shows the fitted core-level spectra of
In 3ds;, and P 2p of the P-rich InP(100) surface prior to TiO, de-
position, and at normal emission angle (same spectra as shown
in Figure 1). The P 2p core-level was fitted with two components.
The larger component at 128.41 eV (light red line) is related to
In—P bonds. The smaller surface component, which is shifted by
0.55 eV toward higher binding energies compared to the In—P
component, is a characteristic fingerprint of well-studied P—P
dimers on the reconstructed InP(100) surface (dark red line).[2147]

O1s Ti 2p In 3d,, P 2p
In-P P-In
P-rich
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_ 1 1 1 1 1 1
2 cycles i
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Figure 2. Fitted XP spectra of O 1s (left column), Ti 2p (second left column), In 3ds, (third left column), and P 2p (right column) regions of as prepared
sample (top row), after 2 (second row), 17 (third row), and 212 (bottom row) ALD cycles, respectively.

Adv. Funct. Mater. 2025, 2506105 2506105 (4 of 16)

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

85U8017 SUOWILLOD BAITea.D 3(dealidde au} A peuienob afe Saoie YO ‘88N JO S8|nJ o} A%eiq1 8UlUO A8]IM UO (SUOTIPUOD-pUB-SWSI W00 A8 | ImAeIq Ul |UO//SdnY) SUORIPUOD PUe sWLB | 81 88S *[6202/60/8T] UO AriqiTauluO AB[IM ‘Ind Uleg wnnueZ-z)oyw eH AQ SOTI0SZ0Z WIPe/Z00T OT/I0p/u0d A8 | Afe.q 1 jpul|uo"peoURADe// Sy WO1) papeojumod ‘0 ‘820£9TIT


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

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

= P-rich 90°
= 0.5c. 90°
B 1c.90°

[ 1.5¢.90°

[ In 3d,,

N

Intensity (cps)

F~——‘——-—¢""—N\~/ —_

____________ N

N Difference spectra (\)é:-is-rich InP)ix'E;
446 445 444 443 442
Relative binding energy (eV)

Figure 3. The XP spectra of the In 3ds,, core-level in P-rich InP are com-
pared after 0.5, 1, and 1.5 ALD cycles at a normal emission angle of 90°.
To highlight changes in the line shapes, the difference spectra are plotted
by subtracting the InP P-rich spectrum from the other spectra. To illus-
trate only the changes in the line shapes, peaks are shifted to maximize
the overlap with P-rich InP; therefore, the x-axis represents relative bind-

ing energy.

After the first pulse of water during ALD, we did not detect the
presence of oxygen in the O 1s core-level, see Figure S3 (Support-
ing Information). The line shape of the P 2p peak, including the
region on the binding energy at which phosphates are formed
(around 134 eV) did not change after the first water pulse, as
shown in Figure S4 (Supporting Information). In the In 3d;),
core-level, we observed a very small increase in signal around
444.7 eV compared to the as-prepared P-rich sample (Figure 3,
red line). Its intensity increases with each subsequent pulse of
the TiO, nucleation as shown in Figure 3, which compares the
difference of the line-shape of the In 3d;, core-level before and
after three first cycles. As we did not detect C, Cl or other con-
taminants after the first pulse of water, the small component at
444.7 eV should be related to oxygen. The contribution to the XP
spectrum from the O 1s core-level is around 7.5 times weaker
compared to In 3d core-level, which could explain that due to a
limited resolution of our XP spectrometer we did not measure a
signal of O 1s.

To enhance surface sensitivity, we performed XPS measure-
ments in which samples were tilted 60° against normal emis-
sion (i.e., at 30° photoelectron take-off angle). After the first TiCl,
pulse (1 cycle), the second water pulse (1.5 cycles), and the sec-
ond TiCl, pulse (2 cycles), a similar change in the O 1s core-level
was observed for all samples, see Figure S3 (Supporting Infor-
mation). The fitted XP core-level spectra (measured at 30° pho-
toelectron take-off angle) of O 1s, Ti 2p, In 3ds;, and P 2p after 2
cycles are shown in the second row in Figure 2. In the O 1s core-
level, a small increase in intensity can be observed. Although the
signal is highly noisy, a rather broad peak with very low intensity
can still be fitted. While one might argue that no clear feature is
visible, the fitting suggests the presence of a peak with very low
intensity. The broad peak in O 1s suggest more than one chemical
state of oxygen, which could be associated with chemisorbed oxy-
gen on the InP(100) surface and the initial steps in the formation
of a TiO, film. The presence of chemisorbed oxygen on the sur-
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face after 2 cycles is confirmed by the presence of an additional
peak at445.1 eV in the In 3d; , core-level (dark green line), which
is shifted toward higher binding energy by 0.7 eV compared to
the peak related to the InP bulk (green line, at 444.4 eV). Near
this binding energy, species such as InPO,, In(PO,),/***1 and
indium oxide (In,0;) can be expected with a higher binding en-
ergy compared to the In-P bulk by approximately 1.0-1.8 eV and
0.2-0.8 eV, respectively. Indium chloride (InCl,) species are also
found in this range, 0.7-1.1 eV higher than the In—P bond.[>*>2]
Due to the limited resolution of our XPS and the low atomic con-
centration of both oxygen and chlorine, we cannot confirm or
rule-out the presence of any of the above-listed species, as their
contribution appears as a single broad feature in the spectrum.
In addition, it is reasonable to assume that at this stage of the
reaction no species with well defined stoichiometry has already
been formed (see also discussion below in Section 2.3)

In the P 2p core-level spectrum after 2 ALD cycles (Figure 2,
second row, last column) the component related to P—P dimers
remains present. This confirms that the P—P dimers in the first
monolayer have not dissociated by reacting with O, Cl, or Ti. Note
that the area of this component is slightly larger than the P-rich
surface shown in the first row. This difference arises due to a
higher surface sensitivity during the measurement, as the photo-
electron take-off angle was reduced from 90° to 30°. PCI species
are known to exhibit a chemical shift of 0.34 eV from the bulk
InP,%3] which is only 0.2 eV lower than the binding energy of
P—P dimers. If PCl species were present on the surface, their
peak would overlap with the P—P dimer component. However,
since no significant broadening of the surface-related peak is ob-
served, we can exclude the presence of PCl species. Additionally,
P—Ti bonds are expected to appear at 130.5 eV.>*! If present on
the surface, they should be visible in the P 2p core-level spectrum,
but no such feature was detected.

As the number of ALD cycles increases, XPS results (Figure 2)
show the formation of characteristic TiO, peaks in the O 1s and
Ti 2p core-levels, indicating the progressive formation of TiO, on
the InP(100) substrate. After depositing approximately 0.7 nm of
TiO, (after 17 cycles), the O 1s core-level intensity increases sig-
nificantly, and the spectrum can be fitted with two distinct peaks
(Figure 2). The larger component at 530.6 eV binding energy is re-
lated to oxygen in the TiO, lattice.l>) The second smaller peak at
around 531.7 eV can be related to indium phosphate compounds
(InPO,) at the TiO,/InP heterointerface,[***¥] as its ratio to the
oxygen in the TiO, bulk decreases with increasing TiO, thickness
(compare with fourth and fifth row, first column). The presence
of P—O—P bonds at the heterointerface can be excluded as they
are expected at 533.5 eV binding energy in O 1s core-level, which
we do not observe here.[*3657] Indium oxide exhibits In—O—In
bonds that are typically visible in the O 1s core-level at binding
energies of 530.2 eV,[23%856 in addition to the peak in the In 3d
core-level. Since this binding energy overlaps with the oxygen in
the TiO, bulk, precise fitting is difficult. Even though we could
not fit another component, we cannot exclude In—O bonds at
the heterointerface.

The P 2p core-level spectra after 17 and 32 cycles, shown in
Figure 2, exhibit an additional peak at 132.9 eV, confirming the
formation of phosphate and phosphite species (PO, and PO;)
atthe TiO, /InP heterointerface.[*®] Indium phosphate/phosphite
compounds, InPO, and In(PO,),, produce characteristic peaks
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near the In 3d; ,, P 2p, and O 1s binding energies at 445.5, 133.9,
and 531.6 eV, respectively,*8] which fits very well to our measured
values, and can be assigned to the In—O—P bonds. Most proba-
bly the phosphate is already present on the surface after 2 cycles,
however its detection is hardly possible due to the limited sensi-
tivity of the XPS measurements. The area ratio of the component
associated with P—P bonds, relative to the InP bulk, increases af-
ter 17 cycles and continues to rise with further TiO, deposition.
This is due to the increasing TiO, layer thickness, which reduces
the probed depth of the underlying InP.

The Ti 2p core-level after 17 cycles (Figure 2) shows a clear
presence of Ti. The fitted gray component is related to the In 3d
plasmon and its intensity decreases during further ALD growth,
while the Ti 2p contribution becomes dominant. The fitting of the
spectra reveals two distinct peaks at binding energies of 459.0 eV
and 464.7 eV, which correspond to the Ti (2p;,) and Ti (2p;,)
core-levels of Ti**+ cations, respectively. The intensity ratio of the
2p;, to 2p, ), peaks was maintained at 2:1. We only observed a
shoulder corresponding to the Ti** defects at the very last step,
after 212 ALD cycles.>) In the last row of Figure 2, a zoomed-
in graph shows this contribution for the Ti 2p spectrum, in dark
purple.

The O 1s core-level component at higher binding energies (ca.
531.50 eV) remains visible even after 212 ALD cycles, despite the
absence of detectable In and P core-level signals. Furthermore,
its relative contribution increases from 3.8% in the 90° measure-
ment to 4.9% in the 30° measurement, suggesting that this com-
ponent is primarily located at the TiO, surface. Considering its
binding energy and the use of water as the oxygen precursor dur-
ing ALD, this signal may be attributed to hydroxyl groups present
on the TiO, surface. Additionally, the O/Ti ratio at the beginning
of the ALD process is approximately 3.7 after 17 cycles and grad-
ually approaches 2 as the TiO, layers grow. This suggests that at
the initial stages of the ALD process the O/Ti ratio deviates from
the stoichiometric value, likely due to the presence of Ti atoms
additionally bonded to hydroxyl groups. As the ALD process pro-
gresses, these bonds transform into bulk-like TiO, bonds. There-
fore the component at ca. 531.50 eV in the O 1s core-level after
17 and 32 ALD cycles stems not only from indium phosphate
compounds (InPO,, In(PO,),), but also from the hydroxyl groups
present on the TiO, surface.

Figure 4 illustrates the calculated atomic concentrations de-
rived from fitted core-levels. The calculation method is detailed
in Section 5 in the Supporting Information. Since the P 2p and
In 3d core-levels contain contributions from both the InP bulk
and oxide species at the heterointerface, we plotted the atomic
concentrations of phosphorus and indium in the InP bulk (filled
symbols) and InPO, (open symbols). Similarly, the O 1s core-level
contains contributions from the oxide species at the heterointer-
face (open triangle symbol) as well as from the TiO, bulk (filled
triangle symbol) and are plotted separately. However, we have not
distinguished between different types of oxide species in the cal-
culations and fitting, as their concentrations are low, and precise
evaluation is beyond the resolution and surface sensitivity of the
XPS results. As the thickness of the TiO, layers increases, the
ratio of the atomic concentration of oxide species to the contri-
butions from InP in the In and P core-levels increases, since the
thickness of the probed InP layer decreases. Conversely, the ra-
tio of InP oxide species to TiO, in the O 1s core-level decreases,
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Figure 4. Calculated atomic concentration as a function of ALD cycles.

as the signal from the TiO, layer becomes dominant. The grad-
ual decrease in the In and P atomic concentrations in the InP
layers and the corresponding increase in O and Ti atomic con-
centrations in TiO, indicate layer-by-layer growth of TiO, film.
Calculation of the atomic concentration of Cl shows that after 2
cycles, 4.2% Cl is present on the sample. As the number of ALD
cycles increases, the Cl concentration rises to 7.2% after 17 cycles,
then gradually decreases to approximately 3.0% after 122 cycles,
remaining constant from that point onward. This suggests that
the Cl concentration is higher at the heterointerface than in the
bulk of the TiO, layer. However, since 3.0% of Cl remains in-
corporated into the sample even after 212 cycles, where the InP
and the heterointerface are no longer resolvable by XPS, it indi-
cates that a small amount of Cl is also incorporated into the TiO,
bulk. After 212 ALD cycles, XPS measurements reveal an atomic
Cl concentration of approximately 1.5% at a 90° emission angle,
while at 30°, it increases to 2.9%. The higher Cl concentration ob-
served at 30°, which is more surface-sensitive, suggests that most
of the Cl is localized at the surface rather than being distributed
throughout the bulk of the TiO, layer. Thus we conclude that
the termination of the TiO, film consists of hydroxyl groups and
chloride species. Postdeposition annealing in vacuum at temper-
atures above 350 °C is a well-known method to reduce the chlo-
rine content in TiO, films.[*1#2] Additionally, increasing the TiO,
deposition temperature above 250 °C has also been shown to
lower Cl incorporation.>®*"] However, such thermal treatments
must be carefully studied, as annealing above 370 °C can lead to
phosphorus desorption from the InP substrate, potentially alter-
ing the interfacial stoichiometry and electronic structure at the
heterointerface.[**] While chlorine species may contribute to the
observed band bending!®] their isolated effect is difficult to dis-
tinguish due to the concurrent presence of Ti and oxygen species.

To complement the XPS data, we measured the studied sur-
faces at different stages of TiO, growth using UPS. UPS is
more surface sensitive than XPS and provides a significantly
higher signal intensity near the valence band (VB) edge. Figure 5
presents selected He I UP spectra of the surface before growth
and after 0.5, 1, and 2 cycles (a), as well as after 17 and 212 cycles
(b). The UP spectrum of the P-rich InP(100) surface (Figure 5a,b
black lines) is characteristic for an atomically well-ordered
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Figure 5. UP spectra of a) P-rich InP compared with the same sample after
0.5, 1, and 2 ALD cycles and b) compared with 2, 17, and 212 cycles.

surface terminated with P—P dimers.[®) A rather broad peak P,
(1.8 eV) was assigned to a superposition of two peaks, one related
to the bulk, and one closer to the VBM related to surface states.
Peaks P, (5.8 eV) and P, (6.8 eV) have been associated with a sur-
face resonance and phosphorus on the surface, respectively. Sur-
face states (origin of the P, peak) were found to be introduced by
a missing hydrogen atom on the P-P dimers.[?!] These surface
states have energy levels that lie within the bandgap and result
in Fermi level pinning and band bending, as discussed in detail
in Ref. [21]. Experimental and computational results showed that
this H vacancy, which leaves a dangling bond defect, does not sig-
nificantly change the adsorption behavior of the InP(100) surface
compared to the hydrogen-saturated surface. After the first H,O
pulse, the intensity of the peak associated with the surface states
reduces which indicates a reduction of the density of the dan-
gling bond in the P—P dimers. In addition, the P, peak is strongly
reduced, while the intensity of the P; peak related to the P on

Adv. Funct. Mater. 2025, 2506105 2506105 (7 of 16)

www.afm-journal.de

the surface hardly changes and other features of the spectrum
remain almost identical (see red peaks in the difference of the
spectra in Figure 5a). Given the high surface sensitivity of UPS,
this strongly supports the XPS findings that the majority of P—P
dimers remain intact on the surface. Additionally, it suggests that
P—O-P bonds do not form, as the top-most P—P dimers are not
dissociated by oxygen. This indicates that the surface reconstruc-
tion with some small modifications induced by the initial expo-
sure to the ALD reactants is “buried” under the TiO, film. Fur-
thermore, we observe a rise of a small peak near 5.5 eV, as shown
in the difference spectrum, where the P-rich spectrum is sub-
tracted from the spectrum after one cycle in Figure 5 (red peak).
After the first water pulse is followed by the first pulse of TiCl, (1
cycle), the intensity of the peak near 5.5 eV increases significantly,
while other features of the spectrum remain almost unchanged
(Figure 5 light red line). The peak near 5.5 eV could be assigned to
O 2p states.[’] The UP spectrum of He I after exposing the P-rich
InP(100) surface to oxygen in UHV (see the Supporting Informa-
tion, Section 6, Figure S5) shows a peak at same binding energy
of 5.2 eV. Since no other contaminants were detected on the sur-
face (Figure S6, Supporting Information), this peak must origi-
nate either from adsorbed oxygen or chlorine on the InP surface.
This would indicate that oxygen is present on the surface already
after the first water pulse. After the second cycle, the intensity
of the peak near 5.5 eV further increases and no other changes
in the spectrum are visible, see the difference of the spectra, or-
ange peak in Figure 5. Since the intensity of this peak increases
significantly after the first and second cycle compared to the 0.5
cycle, two additional contributions to that peak could be consid-
ered: (i) a contribution from TiO, species, which is expected to be
small, as the XPS data suggest a very small atomic concentration
of Ti; (ii) presence of Cl on the surface as the Cl 3p core-level is
at 6 eV.[6L62]

The UP spectra after 17 cycles in Figure 5b provide a clear ev-
idence of TiO, on the sample as a characteristic broad signal in
the range of 4-8 eV is observed. Additionally, the valence band
edge of TiO, appears around 3.2 eV. However, since the TiO, layer
is still very thin (approximately 0.7 nm, see experimental), the
VB edge of InP at lower binding energies remains visible. As the
thickness of TiO, increases, the signal from this layer becomes
more dominant, eventually at 212 cycles obscuring the InP sig-
nal, see the difference of the P-rich InP spectrum, green peaks in
Figure 5b.

2.2. Empirical Band Alignment from Photoemission Spectroscopy

It was shown experimentally that TiO, on InP can form a
type-11 heterojunction,'”] while recent theoretical calculations
predicted that both type-l and type-Il heterojunctions are
possible.’”] Based on the UPS and XPS measurements we draw
the structure of the energy band alignment at the TiO,/InP
heterojunction. Figure 6a,b shows the energetic band alignment
of bare P-rich InP and the TiO, /InP heterointerface, respectively.
The Fermi level position in the bulk of InP is estimated based
on the doping concentration, where zinc acts as a p-type dopant
with N, ~ 2 x 10" cm~. Using the Boltzmann approximation
(kgT) and the effective valence band density of states (N, =
1.1 x 10 ¢m™),[%] the bulk Fermi level is expected to lie
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Figure 6. Band alignment of a) p-doped P-rich InP and b) TiO,/InP heterointerface.

approximately 0.04 eV above the VBM, as calculated using
Equation (1)1%]:

N,
E; — Eyp = ky Tln( )—OO4eV (1)
Ny
Figure S7 (Supporting Information) shows UPS He I spectra
from all measured samples and in Figure S8 (Supporting Infor-
mation), He II spectra of the initial interface formation steps are
presented. In the first ALD cycles the VB of InP is dominant and
as the thickness of the TiO, film increases, its VB is visible and
the signal from the VB of InP decreases. After the first half-cycle
the VBM of InP is slightly shifted toward higher binding energy,
see Figure 5a. The VBM values with respect to the Fermi level
(Eg - Eyp) on the surfaces were estimated from the intersection
of the slope of each spectrum in Figure 5a,b with the extrapo-
lated background. We estimate the VBM of the P-rich surface to
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0.65 eV and the VBM of the surface after the half-cycle to 0.80 eV,
see Figure 5a. To confirm whether the shift in VBM to 0.80 eV
indicates an increase in band bending in InP toward the sur-
face, we also evaluated the binding energy shift of all InP core-
levels measured at 30° photoelectron take-off angle; see Table S1
(Supporting Information). The In and P core-levels, along with
the InP VBM, shift toward higher binding energies by approxi-
mately 200 meV, confirming an increase in band bending in InP
toward the heterointerface. The discrepancy between the mea-
sured VBM by UPS and calculated Fermi level position relative
to the VBM in the bulk of InP of 0.04 eV indicates the magnitude
of the surface band bending (Vy;) in InP. The Vg, is 0.61 eV
for the P-rich surface and increases to 0.76 €V after the first half
ALD cycle and remains constant thereafter. This change in band
bending can be attributed to variations in the concentration of
surface states, which influence the Fermi level pinning position,
as well as the formation of new bonds and interfacial dipoles
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that modify the charge carrier distribution.[®] A similar obser-
vation of an increased density of states after TiO, deposition on
P-rich InP was previously reported using two-photon photoemis-
sion spectroscopy.[®® The flat-band condition, i.e., a rigid, step-
like change in the energy diagram observed in the TiO, layer is
consistent with the fact that the Ti 2p,, binding energy remains
essentially unchanged across samples with different ALD cycles
(see Figure S9 and Table S1, Supporting Information). This in-
dicates negligible internal electric field in the amorphous TiO,,
which we attribute to its relatively high defect density and the
high n-type doping.

After 17 cycles, the VBM of TiO, is estimated to be around 2.9—
3.1 eV. However, precisely determining this value is challenging
due to signal overlap from both TiO, and InP (Figure 5b, yellow
line). Therefore, the VBM of TiO, is taken from the sample after
212 cycles, which corresponds to the TiO, thickness of 8.7 nm
and the InP valence band is not visible anymore due to the in-
formation probe depth (~3 x IMFPs), which should be around
2.5 nm,[%] green line in Figure 5b. The UP spectrum after 212
cycles reveals mid-gap states near ca. 1 eV below the Fermi level,
which is known to be related to Ti** states. These states are
located in proximity to the conduction band minimum and ex-
hibit spin-orbit splitting. One of these states, situated within the
bandgap, accommodates a single electron, while the other is po-
sitioned above the conduction band minimum.[®*%] The valence
band offset (VBO) is determined with two methods, based on the
UPS and XPS (Kraut’s approach) measurements. The difference
of the VBM of InP and TiO, in UP spectra directly allows to deter-
mine the VBO. In Kraut’s approach, the VBO is calculated by first
determining the core-level binding energies relative to the VBM
in the bulk material, where the heterointerface is unresolved and
the crystal lattice is in its relaxed state. This gives the reference
binding energies for each material. Then, the VBO is calculated
by comparing the core-level binding energies of InP and TiO,
when the heterointerface enables the determination of both val-
ues, as described in the Supporting Information. Both methods
are in agreement and the VBO of ca. 2.3 eV is deduced. Con-
sidering the bandgap of 1.34 eV and 3.20 eV for InP and amor-
phous TiO,, respectively, we calculated the conduction band off-
set (CBO) of 0.45 eV. This means the conduction band maximum
(CBM) of TiO, is 0.45 eV below the CBM of InP and the het-
erostructure forms a type-II band alignment. Alvarado et al. pre-
dicted that both type-I and type-II junctions are possible for the
amorphous TiO, /P-rich InP interface, with the band alignment
depending on the specific preparation conditions.l*’”] In our ex-
periments we clearly observe a type-1I alignment. However, vari-
ations in CBO and VBO observed in theoretical and experimental
studies can be influenced by high doping concentration and the
presence of mid-gap states at the heterointerface, which are chal-
lenging to accurately simulate. The downward band bending of
InP toward the interface is caused by Fermi level pinning of mid-
gap states related to missing hydrogen on P—P dimers.[?!] Since
P—P dimers are still resolved even after TiO, deposition, defects
associated with these dimers and P dangling bonds are expected
to persist. As a result, these remaining defects can still influence
the band diagram and pin the Fermi level. Although the concen-
tration of defect states within the bandgap is reduced, even a low
concentration can be sufficient to induce Fermi level pinning.
This is observed in our experiments as shown in the comparison

Adv. Funct. Mater. 2025, 2506105 2506105 (9 of 16)

www.afm-journal.de

of Figure 6 and also in Figure S10 (Supporting Information) indi-
cating that the band bending induced by these surface/interface
defect states is nearly not affected during the different stages of
the TiO, over-layer growth.

Figure S9 (Supporting Information) illustrates the work func-
tion evolution of the sample at each step of TiO, deposition. Ini-
tially, the P-rich InP surface exhibits a work function of approxi-
mately 4.50 eV, which slightly increases after the first three half-
cycles. Following two ALD cycles, the work function rises to about
5.65 eV and remains at this elevated level throughout the subse-
quent ALD process. Studies have shown that surface treatments
can significantly influence the work function of TiO,, with vari-
ations up to 1 eV depending on the surface condition.”! This
significant increase in work function may be attributed to the
presence of chlorine anions on the TiO, surface, as negatively
charged adsorbates can induce surface dipoles that elevate the
work function.l’*72!

The band energy diagram, as it was deduced from our exper-
imental studies, may now be related to the application of such
heterointerfaces in photoelectrochemical cells. At first, one may
consider the contact potential of the buried interface. Due to the
existence of the electronic defect states and the band bending, the
photovoltage needed for optimized conversion efficiencies which
should be close to the bandgap of 1.34 eV for the InP semicon-
ductor would be strongly reduced. This limitation has also been
observed for InP photoelectrochemical cells which do not lead
to sufficiently high photovoltages.l”3”*] Therefore, there is a need
for the preparation of heterointerfaces with lower interfacial de-
fect concentrations which may be hard to realize. Another factor
is the experimentally determined position of the work function of
the TiO, layer which with the measured value of 5.65 eV is located
at a too high positive electrode potential for H, evolution referred
to the normal hydrogen electrode with a work function value of
around 4.44 eV(”] see Figure 6b. However, when the device is in
contact with an electrolyte under operational conditions and il-
lumination, the electronic structure at the interface can change
significantly. The electrode potential for H, evolution must be
considered with care as small amounts of adsorbates from the
electrolyte can significantly shift the ionization potential. Con-
sequently, the exact position of the electrode’s electronic states
relative to the electrolyte’s redox potentials, as deduced from the
reference values without contact formation, may be shifted due
to additional electrochemical dipolar potentials drops.

Under these operational conditions, the band bending in
InP decreases under flat-band conditions due to the generated
photovoltage.”*78 Consequently, the conduction band position
of TiO, shifts upward, leading to a reduction in the work func-
tion of the TiO, surface. Furthermore, operational conditions
may facilitate the removal of chloride species, which act as neg-
atively charged adsorbates, thereby further elevating the conduc-
tion band position of TiO,. Ultimately, this shift may position
the conduction band of TiO, above the reduction potential of wa-
ter, a crucial requirement for the cathodic side in water-splitting
PEC devices. For a more detailed analysis of the energetic con-
ditions under operational conditions, additional series of exper-
iments using near ambient-pressure XPS set-ups working with
wet electrolyte contacts are required’*®] and are planned for
the future. Furthermore, as the chemical composition at the
(buried)heterointerfaces is rather complex, using synchrotron
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radiation with higher sensitivity and resolution may be needed to
get a more detailed insight of the interfacial reactions and elec-
tronic structure.

2.3. Discussion of the Experimental Part

To summarize the experimental part based on the analysis of
the XPS and UPS measurements, we suggest that the hydrogen
terminated P—P dimer is not a favorable bonding site for wa-
ter, as the molecule preferably sits in the trench between the P
dimer rows, Which agrees with previous theoretical and experi-
mental analysis.[?!] As a consequence, also the initial adsorption
and dissociation of the precursor molecules of the ALD process
seems to be hindered by unfavorable bonding sites. This leads
to an initiation sequence without deposition of TiO,. The initial
nucleation of TiO, on the P-rich InP(100) surface at 200 °C ap-
pears to induce surface changes similar to those observed by May
et al. after prolonged exposure to either water or oxygen at room
temperature.l?’] They reported that oxygen attacks the bond be-
tween the first-layer P atom and the second-layer In atom. How-
ever, in contrast to their findings, we did not observe P—O—P
species formed by breaking of P—P dimers in the top layer, which
may be due to the significantly shorter exposure time. After ex-
posure to water and oxygen, the P-terminated ternary surface of
GalnP(100) show that the P—P dimers remain on the surface.[??

While we can confirm the the presence of In—O—P species on the
surface, we cannot exclude hole-trapping In—O—In bonds, but if
present, their atomic concentration is rather low, based on the
analysis of the core-levels of In 3ds;, and O 1s. Ti does not bond
to P, but to O placed in the second monolayer. This is probably
also the reason that TiCl, does not dissociate initially on the P-
terminated surface as also In—Ti bonds are not easily formed. In
contrast, the formation of In—Cl bonds is preferred which may
thus provide catalytic sites for the further ALD growth. The TiO,
film grows over the P—P dimers. As a result of the complex initial
deposition steps, the surface states related to the P—P dimers and
in consequence the downwards band bending remains present
at the heterointerface after the deposition of TiO,. Chlorine is
deposited in small amounts as chloride ion on the initial P-rich
InP surface and remains present on the growing TiO, layer. As
a result, the buried junction formed between p-doped InP and
n-doped TiO, shows Fermi level pinning due to the still existing
interface states reducing the contact potential. Additionally, the
band alignment of InP to the TiO, and the large work function of
the deposited TiO, layer may reduce the energetic driving force
(photopotential) in the electrochemical cell for the application in
H, evolution.

Asis evident from the presented results, the formation and ini-
tial reactions steps in the deposition of passivating oxide layers, in
this case TiO,, may be rather complex. In order to gain a more de-
tailed atomistic understanding of the buried TiO,/InP heteroin-
terface and to better interpret the experimental results, we per-
formed AIMD simulations, which provide valuable insights.

2.4, Computational Results
We performed ab initio molecular dynamics (AIMD) simulations

to obtain a detailed atomistic picture of the TiO,/InP interface.
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Figure 7. Subfigures (a) and (b) show snapshots from an AIMD sim-
ulation of the TiO,/InP interface. For these simulations perfect surface
terminations are assumed consisting of H terminated P-P dimer passi-
vated InP. In (a), oxygen atoms are observed to populate the trenches,
while (b) demonstrates the short-range order induced by the InP surface—
characterized by alternating layers of Ti and O atoms. Subfigure (c)
presents the atomic density distributions along the [100] equiv z-axis
for the TiO,/InP interface. For comparison, the oxygen density for the
H,O/InP interface is shown as a dashed line. Color scheme: O: red; H:
light grey; P: green; In: violet; Ti: dark grey/black.

For these simulations perfect surface terminations are assumed
which consist of H terminated P—P dimer passivated InP(100)
surfaces. Analysis of the AIMD trajectories allowed us to com-
pute interatomic distances and elucidate the bonding patterns be-
tween atoms at each time step. To assess whether oxygen species
on the InP surface behave uniformly, we also carried out AIMD
simulations of the technologically relevant H,O/InP interface
for comparison.

First, we report that the surface reconstruction - particularly
the P-dimers - remains intact throughout the AIMD simula-
tion timescale, consistent with experimental findings. Originally
present small concentrations of missing H atoms on the P-P
dimers are not considered in the simulation; also the initially
formed reactive interface is not yet taken into account.

Figure 7 presents snapshots from the trajectory of the
TiO, /InP system. These snapshots reveal that oxygen atoms oc-
cupy the trenches in the InP surface reconstruction and that a
short-range order - characterized by alternating layers of Ti and
O atoms - is present near the InP surface.

However, a reliable description of the atomic structure can only
be achieved by averaging over the entire MD trajectory. Accord-
ingly, we computed atomic density profiles (see Figure 7c) along
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Figure 8. Histogram of distances between Ti or O atoms located near the
InP surface and their nearest P or In neighbors.

the [100] direction (perpendicular direction to the InP surface).
From Figure 7c we derive that (1) the atomic densities of P and O
atoms overlap, and (2) the densities of O and Ti atoms near the
InP surface exhibit distinct minima and maxima. These findings
confirm that (1) oxygen atoms not only fill the surface trenches
but also (2) contribute to the formation of the surface-induced
short-range order.

Figure S11 (Supporting Information) shows the radial distri-
bution functions (RDFs) for the P—O, In—0, and Ti—P distances,
confirming the presence of very short interatomic distances cor-
responding to covalent bonds.

Figure 8 presents the distances between Ti or O atoms located
near the InP surface and their nearest P or In neighbors. “Prox-
imity to the InP surface” is operationally defined by selecting
meaningful maximum z-values in Figure 7c: z <18.5 A for O and
z < 20 A for Ti. We observe that many of the nearest P or In neigh-
bors are more than 3 A away from the Ti or O atoms, indicating
that not every Ti or O atom on the InP surface forms a covalent
bond with In or P atoms. Moreover, Figure 8 clearly shows that
In—O distances are much smaller than P—O distances, suggest-
ing a preferential interaction between In and O atoms.

In the Supporting Information, Figure S12 illustrates the dis-
tances between Ti or O atoms near the InP surface and their
next-nearest P or In neighbors. The distance distribution con-
firms that none of these contacts is shorter than 3.0 A. This find-
ing indicates that covalent bonds are not formed between these
atoms, thereby ruling out the formation of (symmetric) P—O—P
and In—-O-In bonds.

For a quantitative understanding of the bonding pattern at the
interface, Table 1 reports the average minimum distances for
P-0, In—-0, and Ti—P interactions, along with the correspond-
ing number of bonds. In our analysis, a bond is defined as any
pair of atoms with a distance less than 2.7 A for PO and In-O
interactions, and less than 3.0 A for Ti—P interactions. It is impor-
tant to note that, while we have excluded the existence of P—O—P
and In—O—In bonds, this does not contradict the observation of
individual P—O or In—O bonds. For example, forming a P-O-P
bond would require two short O—P distances connecting one oxy-
gen atom with two phosphorus atoms, yet our simulation reveal
only one short O-P distance per oxygen atom. The minimum
observed In—O or P—Ti distance is shorter than the minimum
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observed O—P distance, underscoring that oxygen interacts pref-
erentially with In atoms.

The overall bonding pattern at the surface and the resulting
short-range order can be attributed to the strong oxygen-indium
interaction. This can confirm the experimental results, of the for-
mation of In—O—P bonds, by oxygen atom attaching to In in the
second monolayer. As implied by the snapshot of the interface
shown in Figure 7b, Ti and O atoms form ...—O-Ti—-O-Ti—O—...
zigzag chains within the trenches of the surface reconstruction.
These zigzag chains can be viewed as two parallel strands of
atoms that are relatively shifted with respect to each other.

In contrast to phosphorus, indium atoms are embedded
within the InP interface because they do not form dimers on the
surface. To facilitate the attractive interaction between oxygen and
indium atoms, oxygen preferentially populates the lower strand
of the zigzag chain, which penetrates deeper into the trenches.
Consequently, oxygen atoms establish a first layer or chain within
the trenches. In addition to interacting with indium, the oxy-
gen atoms form covalent bonds with titanium atoms. These ti-
tanium atoms constitute the upper strand of the zigzag chain,
forming a second layer or chain within the trenches. Owing to
their proximity to the phosphorus dimer atoms, these titanium
atoms exhibit short Ti—P distances. The predicted formation of
Ti—P covalent bonds per unit cell has a low probability; as shown
in Figure 7a, only one Ti—P bond is typically identified per snap-
shot. If such bonds are present at the heterointerface, their con-
centration would be below the XPS detection limit, which could
explain the absence of a P 2p peak near 130.5 eV. However, XPS
confirms that oxygen atoms are bonded to the underlying mono-
layer beneath the P—P dimers prior to Ti detection. As the Ti
atoms follow the oxygen atoms structurally, they are positioned
close to the surface phosphorus atoms, supporting the geometri-
cal proximity required for Ti—P bonding suggested by theory.

The ...—O-Ti—O-Ti—O-... zigzag chain completely fills the
valley, and the upper titanium strand is further covered by an
additional layer of covalently bonded oxygen atoms. This outer
layer is less ordered due to the lack of confinement by the InP
surface reconstruction. With increasing distance from the well-
ordered chain in the trenches, the TiO, phase becomes progres-
sively more amorphous or less ordered.

To compare the bonding patterns of oxygen atoms at the
InP surface for different oxygen-containing compounds, we per-
formed AIMD simulations of the H,O/InP interface. Consis-
tent with previous AIMD simulations,**#!] we observed that the
P-dimers remain intact throughout the simulation. Instead of
forming bonds with the P-dimers, the oxygen atoms of the water

Table 1. Time average of a) the minimum P—O, In—0O, and Ti—P distances,
and b) the number of bonds formed per simulated system size.

TiO,/InP H,0/InP
min. P - Ti distance [A] 2.46 -
min. In - O distance [A] 2.56 2.73
min. P - O distance [A] 2.76 3.05
no. of Ti-P atoms < 3.0 A 3.57 -
no. of In - O atoms < 2.8 A 1.67 0.82
no. of P- O atoms < 2.8 A 0.98 0.0
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Figure 9. Snapshots from AIMD simulations of the H,O/InP (right) and
TiO,/InP (left) interfaces. Willard—Chandler interfaces (blue) are obtained
from all atoms in the InP phase. Oxygen atoms in the TiO, system pen-
etrate much deeper into the trenches of the InP surface reconstruction
compared to those in the H,O system. Color scheme: Oxygen: red; Hy-
drogen: light grey; Phosphorus: green; Indium: violet; Titanium: dark grey.

molecules also tend to occupy the trenches of the surface recon-
struction. In Figure 9, we compare snapshots of the H,O/InP and
TiO,/InP interfaces. Willard—Chandler interfaces (WCIs) were
calculated for these snapshots. WCIs represent planes of con-
stant atomic density and can be used to define the surface of
a compound in heterogeneous systems.!®?] In this study, WCls
were determined from the positions of all atoms in the InP phase.
By comparing the distances of oxygen atoms to the WCIs in
Figure 9, we observe that oxygen atoms in the TiO, system pen-
etrate much deeper into the trenches of the InP surface recon-
struction compared to those in the H,O system. This reduced
penetration depth of the water oxygen atoms is also confirmed
by the density profiles in Figure 7c, where the dashed line rep-
resents the oxygen density from H,O. In line with the interpre-
tation of the snapshots, we find that the smallest observed O-P
distance in the H,O/InP system is significantly larger than that
in the TiO,/InP system (3.05 A vs 2.76 A, cf. Table 1)

MD simulations indicate that the amorphous TiO,/InP in-
terface exhibits short-range order - characterized by alternating
layers of Ti and O atoms. Oxygen atoms preferentially interact
with In rather than P atoms, tending to occupy the trenches of
the surface reconstruction. This tendency is significantly more
pronounced in the TiO, system compared to the water system.
Consistent with the XPS measurements, we observe that P—P
dimers remain intact on the surface and that P-O—P bonds do
not form, as the topmost P—P dimers are not disrupted by oxy-
gen. Furthermore, our calculations provide no evidence for the
formation of In—O—In bonds. The atomically well-ordered P-rich
InP(100) surface induces an ordered arrangement of oxygen on
the InP(100) surface and a subsequent ordered arrangement of
Ti at the heterointerface. This initial ordering further guides the
growth of TiO,, resulting in a crystalline structure within the first
few monolayers before transitioning to an amorphous bulk. The
experimentally observed small concentrations of interfacial de-
fects either due to not H-passivated P—P dimers or due to the
initially formed interfacial nucleation sites of the ALD process
will not be further changed when the ALD deposition of TiO,
setin.
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3. Conclusion

We have systematically studied the chemical composition and
electronic structure of the TiO,/InP(100) heterointerface using
a combined experimental and theoretical approach. Our XPS
and UPS measurements, complemented by AIMD simulations,
reveal that the P-terminated InP(100) surface retains the exist-
ing P—P dimers during the initial ALD cycles. But the selective
binding of O with In in the second substrate monolayer and P
in the first monolayer leads to the formation of InPO, species
to which Ti atoms are bonded. Both experimental and theoret-
ical results provide no evidence for the formation of In—O—In
and P—O—P bonds. We confirm the presence of residual chlo-
ride ions from the TiCl, precursor on InP and TiO, surfaces.
The atomically ordered P-rich InP(100) surface induces a struc-
tured oxygen arrangement, guiding the initial growth of TiO,
in a crystalline manner before transitioning to an amorphous
phase. The band alignment analysis confirms a type-II hetero-
junction, with a conduction band offset of 0.45 eV, which facil-
itates charge carrier separation crucial for photoelectrochemical
applications. However, small amounts of the initial concentra-
tions of surface defects resulting from missing H-passivation of
some of the P—P dimers predominate and are not passivated by
the growing TiO, passivation layer. Additionally, the initial nu-
cleation of the TiO, overlayer leads to the formation of interfa-
cial defects to chemisorbed chloride and oxide. These interfa-
cial defects lead to Fermi level pinning reducing the operative
band bending at the n-TiO, /p-InP heterojunction. These insights
into interfacial chemistry and band alignment are instrumental
in optimizing charge carrier transport in semiconductor-based
energy conversion devices. To mitigate the observed downward
band bending, future studies could explore alternative Ti and
O precursors, modified ALD process parameters, group-I1I-rich
(Al)InP(100) surface terminations, or surface modifications such
as the controlled formation of specific oxygen-containing species,
such as phosphates. The findings presented here contribute to
the broader understanding of metal oxide/III-V heterointerfaces
and serve as a foundation for future engineering strategies to ad-
vance photoelectrochemical applications.

4. Experimental Section

Experimental Part—Sample Preparation: P-rich (2 X 1)-like InP(100)
surfaces were prepared using a horizontal-flow MOVPE reactor (Aixtron,
AIX-200) on p-doped InP(100) substrates. The substrates had a doping
concentration of 2 X 10'® cm~3 (Zn-doped) and a 0.1° miscut toward the
[111] direction. Before surface preparation, the InP(100) wafers were de-
oxidized at 620 °C for 10 minutes by supplying tertbutylphosphine (TBP)
as a precursor, with H, used as a carrier gas.[®] Following deoxidation,
a 100 nm thick homoepitaxial layer was grown at 600 °C, using TBP,
trimethylindium (TMIn), and diethylzinc (DEZn) as the p-dopant precur-
sor. After the growth, the samples were cooled under a TBP precursor
to prepare a dimerized P-rich surface applying a well-established process
procedure described in literature.l503384] On multiple samples, changes
in atomic ordering were monitored throughout each preparation process
using in situ reflection anisotropy spectroscopy (RAS), an optical method
highly sensitive to the asymmetrically reconstructed (100) surfaces of cu-
bic crystals.[35] The RAS measurements (LayTec EpiRAS-200) were aligned
to detect differences in reflection along the [011] and [011] directions and
provided a characteristic spectral fingerprint indicative of the P-rich termi-
nation and (2 X 2)/c(2 X 4) reconstruction (see Figure S13, Supporting
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Information). Such RA spectrum was previously benchmarked with scan-
ning tunneling microscopy in which P—P dimers were resolved.[®¢] The
prepared P-rich InP(100) samples were transferred from the MOVPE reac-
tor to UHV-based characterization techniques using a mobile UHV shut-
tle with a base pressure of <5 x 10719 mbar.[¥’] Prior to ALD, low energy
electron diffraction (LEED) was measured, shown in the Supporting Infor-
mation in Figure S13, which showed the characteristic (2 x 1)-like LEED
pattern with high contrast between background and spots, confirming a
uniform long-range surface reconstruction.

Experimental Part—Atomic Layer Deposition: Surface modification of
the P-rich InP(100) surface was conducted using ALD, a gas-phase tech-
nique for depositing ultra thin films in sub-monolayer increments through
alternating half-cycles. TiO, thin films were deposited on the P-rich
InP(100) samples using a custom-designed, hot-wall stainless steel ALD
reactor. This reactor operates in line with an UHV chamber, allowing in sys-
tem XPS measurements for analyzing elemental composition and chemi-
cal states during the growth process. The system, equipped with a turbo
molecular pump backed by a roughing pump, achieved a base pressure
of 2 — 4 x 1077 mbar. TiCl, (99.999%, Sigma-Aldrich) and H,O were
used as titanium and oxygen precursors, respectively, both maintained at
room temperature. The precursors were introduced alternately via ALD
diaphragm valves using a vapor-draw method without a carrier gas. The
reactor wall was heated to 125 °C, while the tubing and fittings were un-
heated. The substrate temperature was consistently held at 200 °C dur-
ing deposition.

Each precursor exposure was followed by a pump/purge/pump se-
quence to maintain the base pressure at 3 — 5 X 107% mbar. This sequence
included 15 s of pumping, a 100 ms Ar purge, and another 15 s of pump-
ing. After 15 s pumping the base pressure is <107 mbar and the mean
free path becomes significantly larger than the geometry of the reactor.
This ensures that gas phase reactions are effectively avoided. After com-
pleting each deposition cycle, an additional H,0 pulse/purge sequence
was performed. For experiments evaluating the ALD process’s impact, the
TiCl, pulse and purge steps were omitted while keeping the rest of the
procedure unchanged. Figure 10 depicts the schematic of a ALD cycle.
Table 2 presents the number of ALD cycles and corresponding TiO, thick-
ness which was measured by ellipsometry (see Figure S14, Supporting
Information). The thickness was measured in situ by spectroscopic ellip-
sometry (J.A. Woollam Co. Inc., M-2000D, 193-1000 nm). The dielectric
function of the TiO, films was modeled with a Tauc-Lorentz dispersion
formula.[®8] The TiO,-growth per cycle is found to be 0.04 nm per cycle.

Experimental Part—Sample Characterization With Photoemission Spec-
troscopy:  Spectroscopy XPS characterization was performed using a
SPECS Focus 500 monochromator and a Phoibos 100 electron analyzer,
employing Al Ka radiation (1486.74 eV). The XP spectra were collected at
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a 90° photoelectron take-off angle, with the X-ray source and analyzer sep-
arated by an angle of 54.7°. High-resolution core-level peaks were recorded
with a pass energy of 10 eV, step of 0.05 eV, and energy resolution of
0.580 eV (verified by measuring the full width at half maxima (FWHM)
of Ag 3d core-level). The fitting of the XP core-level spectra were done us-
ing software CASA XPS. A Shirley background was used for all core-levels
except In 3d;; for which a Tougaard background was used. For P 2p and
O 1s a Gaussian/Lorentzian line shape was used, for Ti 2p and In 3d;,
a Voigt function was used. An asymmetry in the In 3ds,, core-level was
considered. The P 2p and Ti 2p core-levels were fitted with the spin-orbit
splitting with the ratio of 2p;, and 2p,;, of 2:1. The ratio of FWHM of
2p3; and 2p; , peaks was equal for P 2p and 1:2 for Ti 2p core-levels.

Grazing incidence X-ray diffraction (GIXRD) was employed to inves-
tigate the morphology of TiO, layers deposited on an InP (PANalytical
X'Pert Pro MPD). Measurements were conducted at grazing incidence an-
gles (¥) of 1° and 3° to analyze the structural properties of the thin film,
see Figure S15 Section 14 of the Supporting Information.

Computational Details—Preparation of Initial Structures for Simulation:
The TiO,/InP heterointerface was constructed by the following protocol:
Starting from an InP slab, additional TiO, building blocks were added to
the simulation box, corresponding to the rutile structure. In a second step,
a classical MD simulation at 2273.15 °C (2000 K) utilizing the force field of
of Matsui and Masakil®] was used to convert the crystalline rutile struc-
ture into amorphous a-TiO,. During the classical MD simulation, the po-
sitions of the atoms of the InP slab were fixed and the Ti and O atoms
were free to move. After subsequent annealing of the system for 100 ps at
—273.15 °C (0 K), the resulting structure was subjected to geometry opti-
mization at the DFT level and used as the initial frame for an AIMD simula-
tion. Annealing at —273.15 °C (0 K) should ensure a well-relaxed structure
as the starting point for the DFT-based MD simulations. It results in only
minor differences in the relaxed structures and does not critically influence
the final structural model used in our DFT simulations. The classical MD
simulations were performed by the program package Lammps.

Computational Details—Ab Initio Molecular Dynamics Simulation: ~Ab
initio molecular dynamics simulations (Born-Oppenheimer MD scheme)
of the a-TiO,/InP and H,O/InP heterointerface are performed using the
CP2K program package.[°0-2] The electronic structure was calculated with
density functional theory using the PBEI®>4] functional. A basis set of the
type DZVP-MOLOPT-SR-GTHI®®l and GTH pseudopotentials®®°7] were
chosen. The empirical dispersion correction (D3) of Grimme was utilized
to account for van der Waals interactions.[®!] The temperature is set to
19.85 °C (293 K) by a Nose-Hoover chain thermostat[®*-111 (NVT ensem-
ble). AIMD simulations are performed for 15 ps of the a-TiO,/InP and
10 ps of the H,O/InP and terminated the bottom of each InP slab with
an indium layer and additional pseudo-hydrogen atoms to mimic the bulk
properties. The positions of these indium and pseudo-hydrogen atoms
were kept fixed during all simulations. The H,0/InP [a-TiO,/InP] system
was comprised of 787 [676] atoms. For the InP surface, we used the b-(2 X
1)-H, “buckled dimer,” reconstructed P-rich surface reported by Schmidt

Table 2. Number of ALD cycles and corresponding TiO, thickness.

# of ALD cycles TiO, Thickness [nm]

0.5 (H,0) puls
1 0.04
1.5 (H,0) puls
2 0.08
17 0.70
32 1.32
62 2.55
122 5.20
152 6.25
212 8.72
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et al.[192.193] Dyring the AIMD simulations the P—P dimers were fully mo-
bile.

Supporting Information

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