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Abstract

Shifting our reliance from activities related to greenhouse gas emissions is important
to suppress global surface temperature rise. Renewable energy is key to decarbonising
industrial sectors; specifically, photoelectrochemical water splitting using III-V tandem
cells provides a viable route. However, atomistic-scale insight into interfacial changes–
such as phase transitions and surface passivation–is rather limited under electrochemical
conditions. Understanding the structural and temporal changes at the semiconductor–
electrolyte interface is therefore important. III-V semiconductors, such as indium phos-
phide and its associated multinary alloys, show high performance in direct solar water
splitting. In this work, we use first-principles calculations to investigate the thermo-
dynamic stability of InP(001) surface reconstructions. We further analyse structural
changes induced by oxygen exposure to mimic electrochemical conditions, providing
a theoretical framework aligned with previous experimental results. Finally, for stable
surface reconstructions, ab initio molecular dynamics and reflection anisotropy spec-
troscopy are used to analyse the evolution of optical anisotropy. These results could pro-
vide a correlation with real-time experimental observations at solid–vacuum and solid–
liquid interfaces, where the latter is modelled as water in contact with the semiconductor
surfaces. This study elucidates the thermodynamic landscape, demonstrating that P–
dimer surfaces, specifically the β2(2× 4). P-rich (2×2) configurations, dominate upon
oxygen exposure. Furthermore, our time-resolved optical anisotropy analysis reveals that
the semiconductor–water interface induces significant temporal variations in optical sig-
natures, driven by H2O dissociation and subsequent ion migration. The computational
insights gained from these InP(001) surfaces provide a foundational reference for inves-
tigating more complex III-V ternary alloys such as AlInP or GaInP. Future work could
leverage computational hydrogen electrode model to analyse H/OH (co-)adsorption. Ad-
ditionally transitioning from the IP-RPA toward GW or BSE methods will improve the
accuracy of simulated time–resolved optical transitions, thereby capturing the higher-
order electronic effects present.

Zusammenfassung

Die Verringerung unserer Abhängigkeit von Aktivitäten, die mit Treibhausgasemissio-
nen verbunden sind, ist wichtig, um den globalen Anstieg der Oberflächentemperatur
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zu unterdrücken. Erneuerbare Energien sind der Schlüssel zur Dekarbonisierung in-
dustrieller Sektoren; insbesondere die photoelektrochemische Wasserspaltung mittels
III-V-Tandemzellen bietet einen gangbaren Weg. Jedoch ist der Einblick auf atomistis-
cher Skala in Grenzflächenveränderungen – wie Phasenübergänge und Oberflächenpas-
sivierung – unter elektrochemischen Bedingungen eher begrenzt. Das Verständnis der
strukturellen und zeitlichen Veränderungen an der Halbleiter-Elektrolyt-Grenzfläche ist
daher wichtig. III-V-Halbleiter wie Indiumphosphid und ihre zugehörigen multinären
Legierungen zeigen eine hohe Leistung bei der direkten solaren Wasserspaltung. In
dieser Arbeit nutzen wir First-Principles-Berechnungen, um die thermodynamische Sta-
bilität von InP(001)-Oberflächenrekonstruktionen zu untersuchen. Wir analysieren ferner
strukturelle Veränderungen, die durch Sauerstoffexposition induziert werden, um elek-
trochemische Bedingungen nachzuahmen, und liefern damit einen theoretischen Rah-
men, der mit früheren experimentellen Ergebnissen übereinstimmt. Schließlich wer-
den für stabile Oberflächenrekonstruktionen Ab-initio-Molekulardynamik und Reflex-
ionsanisotropiespektroskopie eingesetzt, um die Entwicklung der optischen Anisotropie
zu analysieren. Diese Ergebnisse könnten eine Korrelation mit Echtzeit-Experimenten an
Festkörper-Vakuum- und Festkörper-Flüssigkeit-Grenzflächen liefern, wobei letztere als
Wasser in Kontakt mit den Halbleiteroberflächen modelliert wird. Diese Studie verdeut-
licht die thermodynamische Landschaft und zeigt, dass P-Dimer-Oberflächen, insbeson-
dere die β2(2× 4)- und die P-reichen (2×2)-Konfigurationen, bei Sauerstoffexposition
dominieren. Darüber hinaus zeigt unsere zeitaufgelöste optische Anisotropieanalyse,
dass die Halbleiter-Wasser-Grenzfläche signifikante zeitliche Variationen in den optis-
chen Signaturen induziert, angetrieben durch die Dissoziation von H2O und die an-
schließende Ionenmigration. Die aus diesen InP(001)-Oberflächen gewonnenen rechner-
ischen Erkenntnisse bieten eine grundlegende Referenz für die Untersuchung komplex-
erer ternärer III-V-Legierungen wie AlInP oder GaInP. Zukünftige Arbeiten könnten das
Modell der computergestützten Wasserstoffelektrode nutzen, um die (Co-)Adsorption
von H/OH zu analysieren. Zusätzlich wird der Übergang vom IP-RPA hin zu GW-
oder BSE-Methoden die Genauigkeit simulierter zeitaufgelöster optischer Übergänge
verbessern und dadurch die vorhandenen elektronischen Effekte höherer Ordnung er-
fassen.
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1 Motivation

1 Motivation

Life on Earth is now confronting an escalating climate emergency because of greenhouse
gas (GHG) emissions from fossil-fuel use, industrial activities, and land-use. These ac-
tivities lead to a considerable increase in the concentrations of CO2, CH4, and N2O in
the troposphere. Consequently, global mean surface temperature rise of approximately
1.1◦ C relative to 1850–1900 baseline can be attributed to the strengthening of radiative
forcing [1]. Since the mid-20th century, observed changes in global warming are unpar-
alleled over centuries, reflecting the combined, lasting effect of human-induced climate
drivers.

The consequences of this warming are already visible across both natural and human
systems. Physical manifestations include more intense and frequent heat extremes, al-
tered precipitation patterns, and a widespread decline of the cryosphere (e.g. sea-ice,
glaciers etc.). These changes are accompanied by accelerating sea–level rise, along-with
warming and acidification of the ocean [2].

Presently, international mitigation and adaptation policies are lagging severely behind
the stringent requirements necessary to reach the globally agreed climate target, under-
scoring a critical ”implementation gap” where some political promises do not turn into
effective action on the ground. (Fig. 1). Existing policies, are considered rather unlikely
to limit the warming to 1.5◦ C and also adds a hurdle to the goal of remaining below
2◦ C. Therefore, systematic transitions across energy systems, industry, land manage-
ment, and consumption patterns are necessary to achieve low emission pathways [1]. In
this context, systematic understanding of climate change and the improvement of mit-
igation techniques are crucial. Current renewable sources–including solar, wind, bio-
energy, geothermal, hydro-power, and ocean energy– are key to this transition. Although
these sources are expected to dominate the future energy sector, alternative solutions are
still required due to current limitations, such as intermittency, land-use conflicts, geo-
graphical dependence, and high early-stage technology costs [3]. Enabling large-scale
renewable deployment requires energy storage and conversion technologies. To shift
focus away from fossil fuels and toward sustainable alternatives, the use of lithium-ion
batteries has become well established, particularly in the automotive industry [4]. How-
ever, the battery industry currently faces significant concerns regarding resource scarcity,
safety, and long-term sustainability [5, 6, 7, 8].

Hydrogen is a versatile alternative: it is carbon-free at the point of use, has high
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Figure 1: IPCC AR6 SYR figure2.5,showcasing that the policies implemented will result
in higher GHG emissions by 2030 in comparison to those implied by nationally deter-
mined conributions (NDCs), taken from ref. [1].

gravimetric energy density, and can be produced through direct solar-water-splitting via
photoelectrochemical (PEC) processes [9, 10]. The urgent need for these technologies
stems from the requirement for renewable fuels of non-biological origins. These fuels
are essential for decarbonising hard-to-abate sectors such as heavy industry, aviation,
and shipping. Currently, several common routes for hydrogen production offer distinct
trade-offs:

1. Steam Methane Reforming (SMR) remains the lowest cost option, assessed at ∼
1.39$ per kg H2 in a 2016 analysis [11]; however, its heavy carbon footprint must
be offset by costly carbon capture [12].

2. Photovoltaic-Electrolysis (PV-E) represents a technologically advanced route; how-
ever, hydrogen from PV-E remains expensive due to the high cost of electrolysers
and Balance-of-System (BoS) components [13]. A 2020 techno-economic analy-
sis suggested that due to falling PV panel prices, the Levelised Cost of Hydrogen
(LCOH) for an off-grid PV-E is $6.22 kg−1

H2
at 10.9% efficiency [14].

2



1 Motivation

3. Photoelectrochemical (PEC) offers a simpler approach by integrating light absorp-
tion, charge separation, and catalysis into a single monolithic unit. Initially a lower
LCOH value was reported for a base-case PEC (∼$11.4 kg−1

H2
) compared to an off-

grid PV-E (∼$12.1 kg−1
H2

) [11]. Recent reports factoring in updated PV prices
estimate the PEC LCOH at $8.43 kg−1

H2
at 10% efficiency [14].

Thus, while PV-E leads in maturity and SMR in cost, the techno-economic benefits of
PEC systems remain uncertain and limited [14]. Hence, for long-term sustainability
and cost-effective decarbonisation, significant advances are required for PEC devices to
compete with already existing energy sources. A primary hurdle for renewable energy is
converting variable solar power into storable chemical fuel. A tandem PEC cell addresses
this by combining light harvesting and water splitting into one unit, potentially reducing
BoS costs by eliminating separate PV-arrays and an external electrolyser. However, PEC
systems currently face a higher LCOH value than PV-E due to contingency costs and
technical uncertainties [14]. These economic challenges originate from material sci-
ence limitations: specifically, poor operational lifetimes and low efficiencies caused by
corrosion and defect-mediated recombination at the semiconductor–electrolyte interface
[15, 16]. Overcoming these limitations is essential towards achieving high efficiency
(photo-)electrodes necessary for commercialisation.
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2 Introduction

A primary objective in photoelectrochemical energy conversion is achieving sustain-
able performance; however, a critical limiting factor remains the poor stability of high-
performance semiconductor (photo-)electrodes in aqueous electrolytes. Materials such
as indium phoshpide and its ternary alloys demonstrate excellent light absorption char-
acteristics for solar water splitting [17, 18], yet their surfaces are highly susceptible to
degradation [16]. The electrochemical environment induces alterations in surface struc-
ture and stoichiometry, which subsequently modify the electronic structure, resulting
in the formation of charge-carrier recombination centers and acting as points for mate-
rial dissolution [19]. Consequently, a comprehensive understanding of these interfacial
phenomena at the atomistic and electronic scales is essential to mitigate these corrosive
pathways that otherwise degrade device performance [20, 21].

Correlating experimental and theoretical data at electrochemical interfaces presents
significant challenges. To bridge this gap and reconcile discrepancies between models
and observations, inherent system limitations must be explicitly accounted for. Investi-
gating finite-temperature surface dynamics at the semiconductor–water interface via ab
initio molecular dynamics (AIMD) simulations on a picosecond timescale yields crucial
atomistic insights (Sec. 9.1). Specifically, these simulations facilitate a direct compari-
son between the semiconductor in contact with H2O and solid–vacuum interface. While
the vacuum interface establishes a baseline, the dynamic interactions with the aqueous
environment introduce effects that can profoundly alter the surface electronic structure.
Furthermore, these models track the temporal evolution of optical anisotropy for each
respective interface [22].

The remainder of this work is structured as follows: Sec. 2.1.1 outlines the funda-
mental principles governing PEC water splitting; Sec 2.1.2 introduces key concepts and
challenges associated with electrochemical interfaces; and Sec. 2.1.3 provides a brief
overview of reflection anisotropy spectroscopy (RAS). Following these introductory sub-
sections, the theoretical framework based on density functional theory (DFT) is detailed
in Sec. 4. Subsequently, our findings are presented and discussed: Sec. 5.1 evaluates
the thermodynamic phase stability of the InP(001) in vacuum and post oxygen exposure,
while Sec. 5.2 showcases the surface dynamics of these stable phases as resolved via
RAS.

4



2 Introduction

2.1 Photoelectrochemical Water Splitting

PEC water splitting can be conceptualised as a process utilising a semiconducting (photo-
)electrode that directly converts solar energy into a (photo-)voltage and the resulting
(photo-)current, which is essential to drive the water splitting reaction, resulting in H2 &
O2 evolution. The overall reaction is expressed as:

2H2O(l)→ 2H2(g)+O2(g) (2.1)

The standard Nernst potential required for the reaction is 1.23 V. In practice, the operat-
ing (photo-)voltage must be higher than this theoretical threshold due to energy losses,
such as the overpotential required to overcome kinetic barriers and ohmic losses in the
setup. While 1.23 eV sets the thermodynamic limit under standard conditions, additional
kinetic barriers introduce an overpotential of ∼ 0.4–0.6 V, meaning (photo-)voltages of
∼ 1.6–1.8 V are typically required for the device operation [23]. III-V tandem (photo-
)absorbers, particularly combinations such as GaInP/GaAs, are attractive for PEC de-
vices [18]. Their tunable bandgaps allow optimised absorption of solar spectrum.

2.1.1 Working Principles

Under operating conditions, for PEC device, charge-carrier generation and migration
can be regarded as a process that is driven by the gradient of the electrochemical po-
tential (Fermi level), rather than by the built-in electric field [24, 25]. Consequently,
surface reactions are controlled by the quasi-fermi level splitting at the interface, so suf-
ficient carrier accumulation or inversion can enable hydrogen evolution even when the
redox potential lies outside the band gap under flat–band conditions [26]. Upon contact
between the semiconductor and the electrolyte, equilibration of the fermi level (EF) and
the electrolyte redox level (ER,O) leads to an interfacial potential difference (e∆Φ). In the
absence of surface states (Fig. 2a), this potential drop occurs entirely within the semicon-
ductor and results in band bending (Vbb1), such that e∆Φ=Vbb1. The associated electric
field extends over the space-charge region of width dSC. In contrast when a high density
of surface states is present (Fig. 2b), fermi-level pinning occurs and the band bending is
fixed at Vbb2. The total interfacial potential difference is then partitioned between the
semiconductor and the electrolyte as; e∆Φ=eVbb2+e∆ΨH, where ∆ΨH corresponds to
potential drop in the Helmholtz region with the width dH , effectively shifting the electric
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Figure 2: Band diagram of a p-type semiconductor in contact with an electrolyte. (a)
showcases the semiconductor–electrolyte surface without surface states, (b) is the same
situation as (a) but with high density of electronic states (vertical box, striped for oc-
cupied). The energy levels depicted are for the vacuum level EVAC, the conduction and
valence band edges as ECB and EVB resp., the semiconductor fermi level EF, and the
redox level of the electrolyte as ER,O. This figure is taken from ref. [27].

field from the semiconductor space-charge region to the Helmholtz layer.

2.1.2 Electrochemical Interface

The main issue that hinders the increase of technological readiness level (TRL) is the
lack of a fundamental understanding of the complexities governing the semiconductor–
electrolyte interface. Here, the applied potential and the chemical environment often
induce structural changes such as (phase transitions, corrosion, and degradation) of the
(photo-)absorber. These modifications, in turn, alter the electronic structure by incorpo-
rating inhomogenieties in the surface electron density, which facilitates the formation of
charge-carrier recombination centres or leads to material dissolution [28, 29]. Hence, it
is important to analyse the structure, stability, and reactivity of the interface for improv-
ing the sustenance of the PEC water splitting device [30].

InP, a binary semiconductor, is a good model system for photoelectrochemical pro-
cesses due to its direct 1.34 eV bandgap and high electron mobility. Its multinary alloys,
such as GaInP2 absorbers or AlInP window layers, are critical for high efficiency photo-
voltaic or photoelectrochemical solar cells [17, 31, 18].

The microscopic structure of the surface reconstructions has been explored for the
InP(001) surfaces along In- and P-rich regions [32, 33]. Most computational studies of
InP(001) focus on the (2×4) mixed-dimer reconstruction, which is synthesised through

6



2 Introduction

epitaxial growth or ion bombardment and annealing [34]. The interfacial characteristics
are as follows:

1. Surface Passivation: Prior studies related to oxygen/hydroxyl adsorption on In-rich
surface reconstructions, reported the formation of surface limited M-O-M and M-
O-P bridges, where M-O-M bridge acts as a hole trap that facilitates charge-carrier
recombination and subsequent corrosion [35]. These distinct bonding motifs are
found to form preferentially under oxygen exposure, and to a lesser extent under
water exposure [19], where the surface instead tends to form PxOy polyphosphate
motifs that can passivate and stabilise under operating conditions [36].

2. Interfacial dynamics: Reactivity towards the electrolyte is highly sensitive to the
surface structure. While a pristine surface exhibits a high energy H2O dissocia-
tion barrier, the presence of a thin native oxide layer renders H2O adsorption and
dissociation exothermic and barrier-less [37]. AIMD simulations reveal that the
strong H-bond network at this hydroxylated interface aids in proton hopping via
the Grotthus mechanism [38], directly linking the interplay of the surface–water
dynamics to the overall kinetics of the hydrogen evolution reaction.

While these studies established an initial understanding of the electrochemical interface,
the broader problem remains divided into two aspects: first, determining the thermody-
namically stable phases under operating conditions; and second, correlating interfacial
dynamics through measurement. Using a model system allows for a deeper understand-
ing of how surface chemistry evolves under these conditions. RAS can be helpful as it
can provide insight into structural changes in real-time, but it has some problems, such
as correlating the optical response to a definitive surface structure without the use of
computational models. Quite recent work showed that highly ordered InP(001) surfaces
can be stabilised directly in aqueous electrolytes under a suitable potential [39], and the
study also showcases the possibility of correlating results obtained from experiments and
DFT models.

Missing links from theoretical insights are what this work is trying to provide by as-
sessing the thermodynamic stability and then developing an understanding of the time-
resolved optical response of the stable structures in contact with H2O.

7



2.1.3 Optical Probing of Surfaces & Interfaces

There is a broad class of surface–probing optical methods, collectively known as epiop-
tics (from Greek epi meaning ”upon” the surface). For example, experiments which mea-
sures the change in absolute reflectivity (∆R) are referred to as Differential-Reflectance
Spectroscopy (DRS) or Surface Differential reflectivity (SDR), but they suffers from the
drawback that they require two different measurements i.e. an additional externally-
defined reference state (e.g., a known clean surface or a separate reference sample) to
normalise the signal (∆R

R =
Rclean−Rre f

Rre f
) [40, 41]. In contrast RAS measures the present

optical anisotropy by comparing the reflectivity between two perpendicular principal
axes. RAS, a highly surface sensitive optical-probe, can operate in a wide range of en-
vironments [42], from ultra-high vacuum to liquid electrolytes [43]. It can be regarded
to some extent as a further development of spectroscopic ellipsometry (SE) [44]. This
technique is particularly valuable for its ability to perform in-situ studies, allowing for
a real-time investigation of dynamic interfacial changes as they occur [19] due to the
break in symmetry from bulk towards the surface. Recent studies related to the moni-
toring of surface morphology and reconstruction changes, with oscillations in the RAS
signal during epitaxial growth linked to the periodic modulation of surface strain, are also
reported [45]. RAS measures the difference in optical reflectivity between two princi-
pal axes of a crystal surface, i.e. RAS:=∆r

r = 2
r[1̄10]−r[110]
r[1̄10]+r[110]

. It was usually thought that
the bulk signal is suppressed due to the absence of anisotropy, a recent study suggests
that many ”bulk-related” features are bulk-enhanced surface anisotropies. This is due to
the localisation of states at the surface that are strongly modulated by the bulk dielectric
function [46]. For a long time, the full exploitation of experimental RAS was limited
because it being an ”inverse problem”: it doesn’t directly provide information regarding
the cause of the effect (optical response). One can experimentally link RAS to a specific
atomic arrangement, resulting in the use of high-resolution techniques like STM, SEM,
or LEED [48, 49, 50].

This gap is addressed by computational methods such as RPA (see Sec. 4.1.9) and GW
(full RPA), approaching the accuracy required for the predictive modelling of surface op-
tical responses [51]. There has been a transition from identifying structural fingerprints
towards many-body electronic effects and the analysis of changes under dynamic envi-
ronments. RAS calculations are performed on top of a ground state calculation of the
electronic structure. Initial studies comparing results obtained from the DFT-LDA and

8



2 Introduction

Figure 3: Overview of Epioptics, (i) principle showing the interaction of incident po-
larised light, and reflected light (including elastic, Raman, or second-harmonic photons),
adapted from ref. [47], demonstrating the ability to probe buried interface due to the
penetration depth of optical radiation (ii) RAS principles: White, polarised light reflects
off the sample, and if optical anisotropy exists, the reflected light becomes elliptically po-
larised, with its behaviour analysed as a function of energy. Case (a) shows a dimerised
surface with dimers oriented along the [01̄1] direction (green). Case (b) shows the same
surface with dimers oriented along the [011] direction (red), resulting in a reversed RAS
signal, (iii) theoretical RAS of β2(2×4) InP(001) with and without H2O. Sub-figure (ii)
is taken from ref. [19].

GW framework, on GaP(001) surfaces were able to link the spectral features related to
transitions between Ga-Ga bonding states and empty Ga bonds [32]. The accuracy can
be further refined by including many-body corrections that account for excitonic effects
by using GW and Bethe-Salpeter equations (BSE) [52]. Currently, it is possible to iden-
tify the structural fingerprints of AlInP(001), a ternary semiconductor [53]. Recently,
time-dependent fluctuations in the optical anisotropy of metallic systems observed during
AIMD simulations have also been reported [54], highlighting that thermal fluctuations
and surface reordering–especially in liquid environments–are crucial for a realistic theo-
retical analysis.

9



3 Objectives

The focus of this study is to provide an atomistic-scale understanding of the InP(001)
surface chemistry via density functional theory. The specifics of the study are as follows:

1. Phase stability analysis: To establish the thermodynamic stability of clean InP(001)
reconstructions and evaluate the impact of oxygen adsorption on In- and P-rich sta-
ble surfaces. This involves characterising the formation of experimentally reported
PxOy motifs that alter the surface energy relative to the degree of passivation, ulti-
mately enabling the determination of stability from the overall phase diagram, as
illustrated in publication A1.

2. Semiconductor–water interface: To analyse the structural dynamics of solid–vacuum
and solid–liquid interfaces by introducing H2O layers onto the respective stable
surfaces. Herein, we aim to analyse how structural changes during AIMD simula-
tions influence the resulting RA-spectrum, illustrated in publication A2.

3. Dynamic response: To compute the time-resolved optical response of stable inter-
faces. RA-spectra of snapshots from equilibrated AIMD trajectories aim to corre-
late structural changes with the optical signals, as illustrated in publication A2.

4. Potential dependent phase transformations: To investigate the impact of the ap-
plied electrochemical potential on surfaces. Using the computational hydrogen
electrode model, the study aims to characterise the transitions between In-rich and
Cl-rich reconstructions under H/Cl (co-)adsorption, highlighted in publication A3.

10



4 Methods

4 Methods

DFT provides a practical and powerful framework for electronic structure calculations.
Its success lies in reformulating the many-body Schrödinger equation into a problem
which is expressed in terms of the electron density ρ(r), a function of three spatial co-
ordinates, rather than the 3N-dimensional many-electron wave-function Ψ(r1, . . . ,rN).
This simplification makes DFT computationally feasible for realistic materials and molecules,
while still capturing essential quantum-mechanical effects.

4.1 Density Functional Theory

Within the Born-Oppenheimer approximation, the non-relativistic electronic Hamilto-
nian operator (Helec) of a system containing Ne electrons and Nnuc nuclei can be expressed
as a sum of specific energy operators:

Helec = Te +Ve-nuc +Ve-e =−1
2

Ne

∑
i=1

∇
2
i −

Ne

∑
i=1

Nnuc

∑
α=1

Zα

|ri −Rα |
+

1
2

Ne

∑
i ̸= j

1
|ri − r j|

. (4.1)

Here, the first term represents the electronic kinetic energy operator (Te), describing the
motion of the electrons. The second term is the electron–nucleus attractive potential
energy operator (Ve-nuc), representing the electrostatic Coulomb attraction between the
negatively charged electrons at positions ri and the positively charged nuclei with atomic
numbers Zα fixed at positions Rα . The third term is the electron–electron repulsive
potential energy operator (Ve-e), accounting for the mutual Coulomb repulsion between
all pairs of interacting electrons.

The central quantity in DFT is the ground-state electron density, defined from the
many-electron wavefunction Ψ as:

ρ(r) = Ne

∫
|Ψ(r,r2, . . . ,rNe)|2 dr2 . . .drNe . (4.2)

This formulation represents the probability of finding any of the Ne electrons within a
specific volume around the spatial coordinate r, which properly integrates to the total
number of electrons in the system: ∫

ρ(r)dr = Ne . (4.3)
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4.1.1 Hohenberg–Kohn Theorems

Hohenberg and Kohn (1964) established two fundamental theorems that lay the ground-
work for DFT [55]:

1. The ground-state density ρ(r) uniquely determines the external potential vext(r)
(up to an additive constant), and thus the full Hamiltonian and all ground-state
observables.

2. A variational principle exists: for any trial electron density ρ̃(r) consistent with
the total number of electrons N, the total energy satisfies:

E[ρ̃]≥ E[ρ0] , (4.4)

where ρ0 is the exact ground-state density, obtained by minimising the energy
functional E[ρ] with respect to ρ(r).

4.1.2 Kohn–Sham Equations

Kohn and Sham (1965) introduced the idea of an auxiliary system of non-interacting
electrons that reproduces the exact ground-state density [56]. The total energy functional
can then be partitioned as:

E[ρ] = Ts[ρ]+
∫

vext(r)ρ(r)dr+
1
2

∫
ρ(r)ρ(r′)
|r− r′| drdr′+Exc[ρ] . (4.5)

Variation of this functional with respect to ρ(r) yields the Kohn-Sham (KS) equations:[
−1

2
∇

2 + vext(r)+ vH(r)+ vxc(r)
]

ψi(r) = εiψi(r) , (4.6)

where vext(r) is the external potential representing the electrostatic interaction between
the electrons and the nuclei, vH(r) is the Hartree potential defined as the classical, afore-
mentioned electron-electron repulsive potential:

vH(r) =
∫

ρ(r′)
|r− r′| dr′ , (4.7)

and the exchange-correlation potential vxc(r) accounts for all remaining many-body
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quantum effects, represented as the functional derivative of the exchange-correlation en-
ergy that maps quantum exchange, electron correlation, and self-interaction corrections
into a local potential:

vxc(r) =
δExc[ρ]

δρ(r)
. (4.8)

Herein, the electron density is constructed from the occupied KS orbitals, and can be
expressed as:

ρ(r) =
occ

∑
i
|ψi(r)|2 . (4.9)

4.1.3 Self Consistent Field Method

The Self-Consistent Field (SCF) method is an iterative approach used to obtain a stable
electronic charge density that satisfies the KS equations in DFT. The method involves
repeatedly updating the electron density until self-consistency between the input and out-
put densities is achieved, which illustrates the schematic workflow of the SCF procedure
(Fig. 4).

The process begins with an initial guess for the electron density, ρ(r), which can be
generated from atomic superpositions or a previous calculation. Based on this density,
the effective KS potential is calculated as:

vKS[ρ(r)] = vext(r)+ vH[ρ(r)]+ vxc[ρ(r)] . (4.10)

Using this potential, the KS equations are solved:[
−1

2
∇

2 + vKS[ρ(r)]
]

ψi(r) = εiψi(r) , (4.11)

yielding a new set of KS orbitals ψi(r) and corresponding eigenvalues εi. From these
orbitals, an updated electron density is constructed as:

ρout(r) =
occ

∑
i
|ψi(r)|2 . (4.12)

The newly obtained density is compared to the previous iteration’s density. If the dif-
ference is within a predefined convergence threshold, the calculation is considered self-
consistent, and relevant quantities such as the total energy, charge density, and band
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Figure 4: The Self-Consistent Field (SCF) method with density mixing. This figure is
adapted from ref. [57].

structure are extracted. If self-consistency has not yet been achieved, the densities are
mixed to generate a new input density for the next iteration. Various mixing schemes are
employed to accelerate convergence, one common approach being the Direct Inversion
in the Iterative Subspace (DIIS) method, expressed as:

ρ
n+1
in = ∑

j
α j(ρ

j
in +βR j) , (4.13)

where R j denotes the residual error vector between the input and output densities, and
α j, β are mixing parameters.

This iterative loop continues until the input and output densities become indistinguish-
able within the desired tolerance, marking the system as self-consistent.

14



4 Methods

4.1.4 Pseudopotentials

The explicit treatment of all electrons in a system is computationally inefficient due to
core states being tightly bound and oscillatory near the nucleus. In practice, most chem-
ical and structural properties related to interfacial phenomena are determined by the va-
lence electrons, while the core remains chemically inert. Hence, via pseudopotentials,
the strong nuclear potential is replaced by a smoother effective potential that acts only
on the valence electrons [58].

In the KS framework with pseudopotentials, the effective H for the valence electrons
can be expressed as:

HPP
KS = Ts + vPP

loc(r)+ vPP
nl + vH[ρ]+ vxc[ρ] , (4.14)

where vPP
loc is a smooth local potential that models the long-range electrostatic interaction

outside a chosen core radius, vPP
nl introduces angular momentum dependence through

non-local projectors to capture the short-range scattering effects of different core shells,
and vH, vxc are the Hartree and exchange–correlation contributions [59].

There are several widely used pseudopotentials:

1. Norm-conserving pseudopotentials, which preserve the norm of the valence wave-
functions inside a chosen core radius [60].

2. Ultrasoft pseudopotentials, which relax the norm-conservation condition to allow
smoother pseudo-wavefunctions and smaller basis sets [61].

3. Projector augmented-wave (PAW) method, which reconstructs all-electron wave-
functions from smooth auxiliary orbitals via linear transformations [62].

The choice of the pseudopotential depends on the basis set and the code. For example,
the Gaussian and plane-wave (GPW) approach often employs Goedecker-Teter-Hutter
(GTH) pseudopotentials, while plane-wave codes commonly support norm-conserving,
ultrasoft, and PAW formulations of the pseudopotentials.
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4.1.5 Basis Sets

In KS DFT, the single-particle orbitals, ψi(r), are structured as a linear combination of
basis functions {χµ(r)}:

ψi(r) = ∑
µ

Cµi χµ(r) , (4.15)

where Cµi are the expansion coefficients determined from the self-consistent field method,
forming the density matrix that maps the continuous electronic problem onto a discrete
matrix eigenvalue problem.

Two main types of basis sets are commonly used. In periodic systems, plane waves
provide a natural and unbiased basis, where each orbital is expanded:

ψi(r) = ∑
|G|2/2≤Ecut

ci(G)eiG·r , (4.16)

where G are the reciprocal lattice vectors that span the Fourier space of the periodic
cell, and Ecut is the kinetic energy cutoff, a critical convergence parameter that truncates
the infinite Fourier series to a finite, computationally manageable set. Due to plane
waves being delocalised, they are known to efficiently represent smoothed-out valence
wavefunctions, although requiring pseudopotentials to eliminate the need to describe the
oscillatory core states.

The orbital representation can also be presented if one uses the localised basis func-
tions centred at atomic sites, such as Gaussian-type orbitals (GTOs):

χµ(r) = ∑
p

dµ p e−αp|r−RA|2 , (4.17)

where αp is the Gaussian exponent exponent governing the radial decay and spatial width
of the orbital shell, dµ p is the contraction coefficient used to combine primitive Gaussians
into fixed atomic-like functions, and RA denotes the position of nucleus A. These basis
sets are compact and efficient for describing molecular environments and localised states.

Also, on the other hand, a few electronic structure methods combine the advantages
of both approaches. For instance, the Gaussian and Plane Wave (GPW) scheme uses
atom-centred Gaussian orbitals for the Kohn-Sham states, while the electron density is
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represented in an auxiliary plane-wave basis:

ρ(r) =
occ

∑
i
|ψi(r)|2 ⇒ ρ(r) = ∑

|G|≤Gmax

ρ̃(G)eiG·r , (4.18)

where ρ̃(G) represents the complex Fourier coefficients of the electron density, and Gmax

is the density cutoff in reciprocal space. This allows efficient computation of the Hartree
potential in reciprocal space via the fast Fourier transform (FFT) while retaining the
locality and efficiency of Gaussian orbitals [63].

The choice of basis depends on the system and computational code: plane-wave ap-
proaches (e.g., QUANTUM ESPRESSO) emphasise systematic convergence [64],
whereas localised or mixed schemes (e.g., GPW methods in CP2K) provide efficiency
for large heterogeneous systems [65]. In all cases, the basis set defines the balance
between computational cost and accuracy.

4.1.6 Exchange-Correlation Approximations

The challenge of DFT is the construction of accurate approximations to Exc[ρ]. Perdew
famously described these as rungs on a “Jacob’s ladder” of density functional approxi-
mations, climbing from the simplest local forms toward the “heaven” of chemical accu-
racy. The explicit sum of the exchange–correlation functional can be expressed as the
exchange and correlation terms:

Exc[ρ] = Ex[ρ]+Ec[ρ] . (4.19)

Local Density Approximation (LDA) has been one of the earliest formulations of the
exchange–correlation functional in the framework of DFT. Herein, the assumption made
for calculating the exchange-correlation energy is that ELDA

xc [ρ] at each point in space
depends solely on the local electron density, as if each infinitesimal region of the system
were part of a homogeneous electron gas (HEG) with the same density. Accordingly, the
Exc functional can be expressed as:

ELDA
xc [ρ] =

∫
ρ(r)ε

HEG
xc (ρ(r))dr , (4.20)
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where εHEG
xc (ρ) denotes the exchange–correlation energy per particle of a uniform elec-

tron gas with density ρ . The exchange component, derived from the HEG model, can be
expressed as:

ε
LDA
x (ρ) =−3

4

(
3
π

)1/3

ρ
1/3 . (4.21)

On the other hand, correlation effects cannot be solved analytically and are dealt with
using Quantum Monte Carlo (QMC) data for the homogeneous electron gas [66]. An
analytic expression for εc of the HEG is available in the high-density limit [67], corre-
sponding to:

εc = A lnrs +B+ rs(C lnrs +D) , (4.22)

and in the case of the low-density limit, it corresponds to:

εc =
1
2

(
g0

rs
+

g1

r3/2
s

+ . . .

)
, (4.23)

where A,B,C,D and g0,g1 are parameterization coefficients fitted to numerical QMC
data, and rs is the dimensionless Wigner–Seitz parameter [68], defined as the radius
of a sphere which encompasses exactly one electron. Being on the first rung of the
ladder, regarding the simplicity of the LDA, it performs well for metallic, densely packed
systems. Although, for systems with strong inhomogeneity in the charge distribution like
molecules or surfaces, the accuracy is strongly diminished, thus necessitating gradient-
based approaches.

Generalised Gradient Approximation (GGA) is on the second rung; the PBE func-
tional is a widely used GGA that depends on the magnitude of the local electron density
gradient. Hence, the electron density-dependent functional can be formulated as:

EGGA
x [ρ] =

∫
ρ(r)ε

unif
x (ρ(r))Fx(s(r))dr , (4.24)

with the dimensionless reduced density gradient defined as:

s(r) =
|∇ρ(r)|

2kF(r)ρ(r)
, kF(r) =

(
3π

2
ρ(r)

)1/3
, (4.25)

where kF(r) is the local Fermi wave vector acting as a scaling factor for the spatial
variations of the density. The enhancement factor, Fx(s), is used to describe deviations
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from a homogeneous electron gas. For PBE, it is written as [69]:

Fx(s) = 1+κ − κ

1+µs2/κ
, (4.26)

with the non-empirical fundamental constants defined as κ = 0.804, which satisfies the
Lieb–Oxford bound constraint, and µ ≈ 0.21951, the effective gradient coefficient for ex-
change. PBE systematically improves binding energies and chemical energetics. Closely
related, the meta-GGA functionals on the third rung of the ladder add the local kinetic
energy density (τ), or the Laplacian of the density (∇2ρ), to the electron density and its
gradient (∇ρ) for electronic structure calculations.

Hybrid functionals fall on the fourth rung of the ladder. They can be classified as un-
screened and range-separated (i.e., screened). The electron density-dependent exchange–
correlation energy can be formulated for the case of PBE0, HSE, etc., as:

Ehybrid
xc = α EHF

x +(1−α)EPBE
x +EPBE

c . (4.27)

Hybrid functionals include a fraction of exact Hartree–Fock (HF) exchange (the standard
value of the α parameter is 0.25) and improve the band-gap value which is closer to the
experimental results in comparison to the functionals from the lower rungs like LDA and
GGA. Although, it requires a higher computational cost. The total HF exchange energy
is expressed as:

EHF
x =−1

2

occ

∑
i, j

x ψ∗
i (r1)ψ j(r1)ψ

∗
j (r2)ψi(r2)

|r1 − r2|
dr1 dr2 , (4.28)

where the non-local integration calculates the exact exchange interaction between pairs
of occupied spatial orbitals, effectively eliminating the spurious self-interaction error
present in pure semi-local functionals.

4.1.7 Dispersion Corrections

Standard LDA, GGA, and hybrid functionals fail to fully capture long-range dispersion
(van der Waals) interactions, which arise from correlated fluctuations of the electron
density. These interactions are crucial for weakly bound molecular complexes, layered
materials, and adsorption phenomena. A widely used correction to account for these in-
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teractions is the semi-empirical Grimme-D3 scheme [70], which adds a damped pairwise
dispersion term to the DFT energy:

EDFT-D3 = EDFT +ED3
disp , (4.29)

with ED3
disp calculated as:

ED3
disp =−∑

i< j
∑

n=6,8

C(n)
i j

Rn
i j

f (n)damp(Ri j) , (4.30)

where i and j run over all atomic pairs in the system, n = 6 and n = 8 denote the higher-
order asymptotic multipole expansion terms, C(n)

i j are the geometry-dependent dispersion

coefficients, Ri j is the interatomic distance, and f (n)damp is a damping function ensuring
the correction vanishes at short range to prevent double-counting of correlation effects
already captured by the semi-local functional. The D3 correction is computationally
inexpensive and has been widely adopted in molecular and solid-state simulations.

DFT provides an efficient and versatile framework for electronic structure theory. The
Hohenberg-Kohn theorems guarantee that all ground-state properties are encoded in the
density, while the KS formalism enables practical orbital-based implementations. The
accuracy of any DFT calculation depends critically on the approximation chosen for
Exc[ρ].

1. LDA is robust for structural properties but could lead to inaccuracy due to correla-
tion energy calculation in inhomogeneous systems.

2. GGA (e.g., PBE) and meta-GGA balance accuracy and cost, and remain a default
choice.

3. Hybrid functionals (e.g., PBE0) include non-local exchange and improve chemical
energetics and band gaps, at higher cost.

4. Adaptive (e.g., D3) and non-local dispersion corrections are essential for incorpo-
rating long-range correlation effects [71].
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4.1.8 Ab initio Molecular Dynamics

Under operating conditions, temperature induced structural dynamics can bring changes
at the solid–liquid interface resulting in electronic fluctuations, altering the stability and
functionality. Hence, analysing time-dependent phenomena requires a theoretical frame-
work that can give insight into both atomic motion and the associated changes in elec-
tronic structure. Ab Initio Molecular Dynamics provides such an approach by directly
coupling molecular motion with quantum-mechanical force evaluation.

In AIMD, the inter-atomic forces are computed at each simulation step from first-
principles. The nuclear motion over time is resolved according to Newton’s equations of
motion, hence providing a time-resolved description of structural evolution, as used in
classical molecular dynamics.

The motion of the nuclei is governed by the Lagrangian [72]:

L({RI},{ṘI}) = T ({ṘI})−V ({RI}) = ∑
I

1
2

MIṘ2
I −Eel({RI}) , (4.31)

where MI and RI denote the mass and position of the nucleus I, and Eel is the electronic
energy of the system obtained from DFT for the instantaneous atomic configuration. The
resulting equations of motion,

MIR̈I =−∇IEel({RJ}) , (4.32)

are integrated numerically using schemes such as the velocity–Verlet or leapfrog algo-
rithms [73], ensuring good energy conservation and stable trajectories over extended
simulation times.

To mimic realistic thermodynamic conditions, thermostats are often introduced to con-
trol the temperature and enable sampling, corresponding to a canonical (NVT) ensemble.
Common approaches include the Nosé–Hoover and Langevin thermostats, which regu-
late the kinetic energy of the nuclei by introducing friction and stochastic forces. In
particular, the adaptive Langevin thermostat provides robust temperature control with
minimal disturbance to the system’s intrinsic dynamics [74]. It combines stochastic
noise with a dynamically adjusted friction coefficient γ(t) that is tuned based on the
instantaneous kinetic energy of the system. The friction coefficient is automatically in-
creased when the kinetic energy exceeds the target value and decreased when it falls
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below, thus maintaining the set temperature without overdamping the natural motion
of the atoms. AIMD is a powerful tool for exploring the finite-temperature behaviour
of materials from first principles. It bridges the gap between static electronic structure
calculations and experimental observations under dynamic, realistic conditions, thereby
providing atomistic insight into the mechanisms governing surface stability, reactivity or
energy conversion processes [75, 76].

4.1.9 Computational RAS

Reflection Anisotropy Spectroscopy is a non-destructive, linear optical probe highly sen-
sitive to surface-induced anisotropies. It measures the normalized difference in the com-
plex reflectivity r of light at normal incidence between two orthogonal in-plane crystal
directions. For cubic(001) surfaces, these directions are typically [1̄10] and [110]. The
RA signal is defined as:

RAS :=
∆r
r

= 2
r[1̄10]− r[110]

r[1̄10]+ r[110]
, r ∈ C , (4.33)

where r[1̄10] and r[110] represent the complex reflection coefficients for light polarized
along these specific orthogonal axes. This rendering makes RAS highly surface-sensitive,
particularly to anisotropies arising from surface reconstructions or adsorbate ordering.
From a theoretical perspective, RAS is connected to the anisotropy of the dielectric re-
sponse function of the semi-infinite system.

According to the three-phase model devised by McIntyre and Aspnes [77], this re-
sponse can be described by combining the individual dielectric functions of the bulk
substrate, the surrounding vacuum, and a distinct surface layer characterized by an effec-
tive isotropic thickness d. For the case where ∆r ≪ r, the real part of the signal can be
related to the reflectance R via Re(∆r

r )≈ 1
2

∆R
R and can then be expressed with respect to

the anisotropy of the surface dielectric function ∆εs as [78]:

∆R
R

=
4πd

λ
Im
[

∆εs

εb −1

]
, (4.34)

where λ is the wavelength of the incident light, and εb is the bulk dielectric function.
Expanding this to separate the real and imaginary components of the anisotropic surface
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dielectric tensor (∆ε ′s and ∆ε ′′s , respectively) yields:

∆R
R

=
4πd

λ

(
A∆ε

′′
s −B∆ε

′
s
)
, (4.35)

where the weighting parameters A and B are defined by the real (ε ′b) and imaginary (ε ′′b )
components of the bulk dielectric function:

A =
ε ′b −1

(1− ε ′b)
2 +(ε ′′b )

2 , B =
ε ′′b

(1− ε ′b)
2 +(ε ′′b )

2 . (4.36)

At the microscopic level, the surface anisotropy is obtained from Independent-Particle
Random Phase Approximation (IP-RPA) calculations that neglect local field effects. For
an idealized, symmetric slab, the imaginary part of the half-slab polarisability along the
x-axis (corresponding to [1̄10]) is written as:

Im[4πα
hs
xx (ω)] =

4π2e2

m2ω2A∑
k

∑
v,c

∣∣Px
vk,ck

∣∣2 ×δ (Eck −Evk − h̄ω) , (4.37)

where e and m are the fundamental electron charge and mass, A is the surface area,
ω is the photon frequency, and δ represents the Dirac delta function. The term Px

vk,ck
represents the transition matrix element of the momentum operator between the occu-
pied valence (v) and unoccupied conduction (c) Kohn-Sham (KS) single-particle states
at wave vector k.

Evaluating this polarisability requires explicit input of the KS eigenvalues and wave-
functions from ground-state DFT. However, if the simulated slab profile is non-symmetric,
a real-space cutoff approach using a step-like window function θ(z) is required to cleanly
isolate the surface response. The modified, non-local matrix elements are constructed as
follows [79]:

P̃x
vk,ck =−i

∫
drψ

∗
vk(r)θ(z)

∂

∂x
ψck(r) , (4.38)

and the corresponding half-slab polarisability transforms into:

Im[4πα
hs
xx (ω)] =

8π2e2

m2ω2A ∑
k

∑
v,c

Re
[(

Px
vk,ck

)∗ P̃x
vk,ck

]
×δ (Eck −Evk − h̄ω) . (4.39)

In practice, this IP-RPA post-processing framework (e.g., via the YAMBO code [80])
systematically underestimates optical excitation energies. This deficiency stems funda-
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mentally from the unphysical self-interaction error and the missing derivative disconti-
nuity in standard semi-local exchange-correlation functionals, resulting in an incorrect
semiconductor band gap. To correct this limitation for semiconductors and insulators,
a empirical scissors shift operator is rigidly applied to the KS eigenvalues to shift the
conduction bands upward, enabling accurate comparison with experimental RAS mea-
surements.

4.2 Ab initio Thermodynamics

In this work, the Gibbs free surface energy (γ = ∆G/A) is used to assess the thermody-
namic stability of different reported surface reconstructions of InP(001). A lower γ value
results in the stability of a surface reconstruction. The general formula for γ is given by:

γ(T, p) =
1
A

(
G(T, p,Ni)−∑

i
Niµi(T, p)

)
, (4.40)

where T and p denote temperature and pressure, Ni represents the number of atoms of
a particular surface constituent species i, and µi is its corresponding chemical poten-
tial. Here, G is the Gibbs free energy of the slab, and A is the total surface area of
the cell. While G in principle depends on temperature and pressure, it is often simply
approximated in ab initio-based approaches by the calculated total electronic energy of
the corresponding slab (Eslab), thus neglecting vibrational entropy and volume changes.
Moreover, the chemical potential is frequently normalised with respect to the bulk ener-
gies of the respective elements (∆µi(T, p) = µi(T, p)−Ei,bulk). This equation then can
be represented as:

γ(T, p) =
1
A

(
Esurf −∑

i
Ni∆µi(T, p)

)
, (4.41)

where Esurf is the normalized surface energy contribution derived from subtracting the
reference bulk energy from the slab’s total electronic energy. Under equilibrium, the
surface constituents’ chemical potentials, i.e., µIn and µP, are connected via the bulk
formation energy of InP, which can be exploited:

µIn +µP = µInP,bulk = µIn,bulk +µP,bulk +∆HInP
f . (4.42)
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Hence, the surface free energy can be expressed as a function of a single variable, ∆µIn.
The range for ∆µIn is constrained by the experimentally determined InP formation en-
ergy, which is −0.81 eV, yielding ∆HInP

f ≤ ∆µIn ≤ 0, where the lower bound corresponds
to P-rich conditions and the upper bound signifies In-rich conditions. After determining
the phase stability of clean surface reconstructions as a function of ∆µIn, the overall
phase stability upon oxygen exposure can be represented as a function of ∆µIn and ∆µO,
where the oxygen chemical potential can usually be determined as a function of partial
pressure p and temperature T :

∆µO(p,T ) =
kBT

2

[
ln
(

pλ 3

kBT

)
− lnZrot − lnZvib

]
− 1

2
EO2 . (4.43)

Herein, kB is the Boltzmann constant, λ is the de Broglie thermal wavelength of the
O2 molecule, while Zrot and Zvib are the rotational and vibrational partition functions
of the gas-phase O2 molecule, respectively. EO2 represents the total energy of the oxy-
gen molecule in its computational spin-triplet ground state. For determining the overall
phase stability, the surface energy (γ(∆µIn,∆µO)) has to be mapped onto the x–y plane
(∆µIn,∆µO).

4.3 Computational Details

Investigation into the structural stability and time–resolved reflection anisotropy of InP(001)
interfaces are carried out via first principles calculations. The system buildup and com-
putational configuration are established as follows:

1. Code: Phase stability and AIMD analysis are performed using CP2K [65]. Sub-
sequent RA-spectra of equilibrated trajectories are calculated via the Yambo code
[80, 81]. Yambo requires ground-state wave functions from a plane wave DFT
code, which are provided via QUANTUM ESPRESSO [64].

2. System setup: Calculations initiated from the experimentally reported zinc-blende
InP bulk structure, where systematic convergence tests regarding slab thickness,
vacuum size, and k-point grids are conducted using a

√
2×

√
2 cell layout. Based

on these convergence tests, the (2× 4) and (2×2) based surface reconstructions
were modelled using asymmetric slab geometries.
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3. Slab Structure: The asymmetric InP(001) slabs comprise 12 atomic layers alternat-
ing as 6 In and 6 P layers. To prevent nonphysical interactions between periodic
image replicas along the surface normal, a vacuum region of ∼ 36 and 20 Å was
included for the analysis of phase stability (paper A1) and surface dynamics (paper
A2) resp. During geometry optimisation, the bottom 3 In and 2 P layers were fixed,
with the bottom-most In-layer passivated using pseudo-hydrogen atoms (Z=1.25)
to prevent the formation of an internal electric field arising from charge imbalance,
thereby avoiding the artificial creation of spurious surface states.

4. XC-functional: The PBE functional is used to describe the exchange-correlation
effects during the phase stability and AIMD simulations (paper A1,A2). For the
subsequent optical response calculations, electronic band structure benchmarks
are obtained via hybrid PBE0 XC-functional for a representative mid-trajectory
snapshot in the equilibrated phase. The resulting scissors-shift parameters are
then applied uniformly across the PBE-derived electronic ground-state structures
for all trajectory snapshots to compute the time-resolved RA-spectra within the
Independent-Particle Random Phase Approximation (IP-RPA) without local field
effects (paper A2).

5. Dispersion Correction: Semi-empirical Grimme-D3 corrections are applied across
phase stability and AIMD simulations to account for long-range Van der Waals
interactions (paper A1,A2).

6. Pseudopotentials: Non-local, norm conserving GTH-PBE pseudopotentials are eom-
ployed to describe the electron–core interactions during the phase stability and
AIMD calculations (paper A1,A2), for the ground-state electronic structure and
subsequent RA-spectra calculations, Optimised Norm-Conserving Vanderbilt (ONCV)
pseudopotentials are utilised (paper A2).

7. Basis Sets: For the CP2K-based mixed Gaussian plane-wave (GPW) calculations,
the DZVP basis set is used for the phase stability analysis (paper A1), while the
more extended TZV2P basis set is used for the AIMD simulations (paper A2).
These configurations utilise a plane-wave kinetic energy cutoff of 400 Ry and a
relative cutoff of 60 Ry, Conversely, for the subsequent post-processing optical re-
sponse calculations an explicit expansion of the wave-functions, a pure plane-wave
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basis formulation is employed with a kinetic energy cutoff of 60 Ry is employed
to obtain the electronic band structure.

8. solid–liquid interface modelling: To incorporate the impact of an aqueous environ-
ment, stable surfaces at specific ∆µIn chemical potentials are solvated using seven
layers of water, This corresponds to the inclusion of 58 H2O molecules for the
(2×2) surface cells and 116 H2O molecules for the larger (2×4) surface recon-
structions, respectively.

9. AIMD simulations: Prior to AIMD simulations, both the solid–liquid and solid–
vacuum interfaces are geometrically optimised to achieve a stable starting config-
uration. Thereon, AIMD trajectories are simulated within the canonical ensemble
(NVT) at a temperature of 300 K, regulated by an Adaptive Langevin thermostat
with a integration time step of 0.5 fs. Each simulation are ran for ∼ 20 ps, which
includes system-dependent equilibration windows (paper A2).

10. Band gap corrections: Calculation of the optical response requires a precisely de-
fined electronic structure. To mitigate the band gap underestimation inherent to
the semi-local PBE XC-functional, an empirical scissors operator correction (Eqs.
(9.1) and (9.2)) is applied and is applied to align the PBE-derived valence and
conduction bands with the bands obtained from the hybrid PBE0 functional. This
approach is justified since, once the system attains structural equilibrium, minor
fluctuations in the principal thermodynamic variable (e.g. T ) exert a negligible
impact on the ground-state surface electronic properties.

11. Optical anisotropy: For the RAS calculations, IP-RPA framework (Sec. 4.1.9) is
employed to evaluate the half-slab dielectric polarisability contributions.. A real-
space cutoff is applied such that only the topmost four atomic layers of the InP(001)
slab contribute to the optical spectrum. To capture the impact of thermal and struc-
tural fluctuations on the electronic structure, AIMD snapshots are extracted every
500 fs for the subsequent determination of the time–resolved optical anisotropy.
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5 Results

This section represents the results published in publication A1. Herein, the structural and
thermodynamic stability of InP(001) surface reconstructions–both for clean surfaces and
under oxygen exposure–is investigated using first-principles calculations. Determining
their stability in aqueous and oxidising environments remains an ongoing challenge due
to the complexities of surface oxidation and defect formation.

The clean surface phase diagram of InP(001) is analysed, identifying five stable re-
constructions. These are predominantly P-terminated structures under P-rich conditions,
such as (2×2)-2D, and c(4×4) reconstructions. The α2(2× 4) and β2(2× 4) recon-
structions are found to be stable under intermediate ∆µIn chemical potential, whereas
the mixed-dimer (2×4) surface is stable under In-rich conditions. Subsequently, the
additive adsorption of oxygen atoms onto these stable surface reconstructions is eval-
uated to map the overall phase stability with respect to the chemical potentials of the
surface constituents. Structural analysis indicates that oxygen binding preferentially oc-
curs on P-rich surfaces, driving the formation of experimentally reported polyphosphate
PxOy motifs [82]–specifically the In(P2O7) species, which is theoretically established
in this study [83]. Conversely, the commonly cited In-rich mixed-dimer surfaces be-
come thermodynamically unstable across a broad range of chemical potentials. These
findings imply that the surface passivation and oxidation pathways of InP are governed
by polyphosphate formation rather than indium-oxide-like bonding [36].

5.1 Phase Stability of InP(001) surfaces

Theoretical analysis of the surface chemistry and phase stability of P- and In-rich InP(001)
reconstructions—including the (2×2)-1D, (2×2)-2D, c(4×4), α2(2×4), β2(2×4), and
mixed-dimer (2×4) structures–has been previously reported [33]. Early models relied on
the Electron-Counting Rule alongside surface dimer formation as guiding principles to
explain several of these observed phases [84, 85]. For InP(001), combined experimental
and first-principles studies have identified a characteristic set of surface structures: under
In-rich conditions, the surface forms a mixed-dimer (2×4) configuration, whereas inter-
mediate conditions favor the stepped α2(2×4) and β2(2×4) reconstructions, and more
P-rich preparation conditions yield (2×2)-based and c(4×4) structures.

Taking these previous investigations into consideration, our resulting phase diagram
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confirms the existence of five stable reconstructions (Fig. 5b). These reconstructions
can be classified into two distinct categories based on whether dimer formation occurs
on an underlying In-terminated or P-terminated sublayer, as theoretically established in
a recent study [83]. When compared directly to Schmidt’s LDA-based phase diagram
(Fig. 5a) [33], our results shift the stability window of the P-rich (2×2)-1D reconstruc-
tion, which appears slightly unstable in the present PBE-based phase diagram (Fig. 5b).
This deviation can likely be attributed to differences in the exchange-correlation treat-
ment, as well as the explicit inclusion of the semi-empirical Grimme-D3 dispersion cor-
rection to the PBE functional in the present study.

Figure 5: Phase stability diagram of InP(001) surface reconstructions, Sub-figures a, b
corresponds to LDA- and PBE-D3 derived phase diagrams. Sub-figure (a) is taken from
ref. [33], while sub-figures b is take from the paper A1.

In the P-rich region, the stable configurations fall into the P-terminated sublayer cat-
egory and include the (2×2)-2D and c(4×4) structures. Both are characterized by the
formation of P–P dimers on the surface: the (2×2)-2D reconstruction exhibits two P–
P dimers per unit cell, while the c(4×4) reconstruction consists of three P–P dimers
arranged within a

√
2×

√
2 surface unit cell that is rotated by 45◦ with respect to the

conventional one (Fig. 6a). At intermediate chemical potentials, stepped reconstructions
situated on an In-terminated sublayer are stable. Namely, the β2(2× 4) surface com-
prises three P–P dimers, with two dimers occupying the upper plateau and one dimer
located on the lower terrace. Similarly, the α2(2× 4) surface exhibits a distinct step-
edge configuration containing only one dimer on the upper plateau and one dimer on the
lower terrace (Fig. 6b). Toward In-rich conditions, the stable structure transitions to a
mixed In–P dimer reconstruction, which is also structurally supported by the underlying

29



In-terminated sublayer.

Figure 6: Stable InP(001) surface reconstructions, viewed along the (001) plane. Surface
dimers, i.e. P–dimers and dimers are indicated in dark-grey. In and P are indicated by
pink, and grey spheres. This figure is taken from paper A1.

5.1.1 Oxygen Passivation

It is essential to understand the distinct behaviour of oxygen addatom adsorption on
InP(001) surfaces after ascertaining the thermodynamic stability of the (Sec. 5.1). For
this purpose an analysis identifying the favourable sites for oxygen insertion and adsorp-
tion is important. This is achieved by a constrained relaxation of a single oxygen atom
placed across a grid of surface sites while keeping all atoms in the slab fixed, thereby pro-
ducing a potential energy surface mapped as a heat of formation(∆H f ) colour map. As
shown in Fig. 7, oxygen atoms preferentially adsorb onto P atoms, specifically targeting
surface dimers and sites in the vicinity of step edges. This preference for P-atom adsorp-
tion remains consistent even on the In-rich mixed-dimer surface. According to the phase
stability analysis, increasing the total oxygen content on the mixed-dimer reconstruction
favours the formation of In-O-In bonds with the neighbouring atoms, alongside oxygen
insertion into the underlying P-layer situated below the In-termination (Sec. 5.1.3). Con-
versely, P-rich surfaces such as β2(2× 4) and c(4×4) phases exhibit highly negative
∆H f values directly on the P-P dimer sites. Similar to the In-rich surface, the addatom
adsorption process on these P-rich surfaces involves favourable O-atom insertion into
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the In–P back bonds, driving the formation of bridging In-O-P networks. Crucially, this
mechanism of oxygen insertion into the back bonds is consistent with experimental and
theoretical observations in the literature [86, 38].

Figure 7: Potential energy surfaces for oxygen adsorption on different InP(001) surface
reconstructions (heat of formation colour map). Sub-figures a,b, and c corresponds to
mixed-dimer, c(4×4), and β2(2× 4) reconstruction. In and P atoms are constrained,
whereas O is allowed to relax along the surface normal. This figure is taken from paper
A1.

From these initial constrained simulations, it becomes evident that, across both P-
rich and In-rich reconstructions, oxygen preferentially binds to P–P dimer sites or the
underlying P-terminating layer as the total oxygen content increases.

5.1.2 Oxygenation Approach

To investigate the findings regarding the structure-sensitive oxidation of InP(001) upon
exposure to oxygen or water [19, 34, 86, 87], two complementary strategies are em-
ployed: a step-wise screening method and an motif-transfer method.

The first approach is the step-wise screening method, in which individual O atoms
are sequentially placed above the surface and relaxed at specific positions informed by
the prior potential energy surface heatmap analysis. In this approach, the oxygen and
substrate surface atoms are left unconstrained during geometry optimization. The most
favorable position for each additional O addatom is chosen on the basis of the lowest cal-
culated ∆Hf. Stable surfaces are thus iteratively occupied until the surface becomes fully
passivated, avoiding the formation of surface-bound O2 molecules or the emergence of
significant structural distortions. This step-wise approach provides direct insight into the

31



sequential formation of indium polyphosphate motifs (PxOy) via the following mecha-
nism:

1. Adsorption onto P–P dimers leading to the formation of P–P–O networks.

2. Adsorption onto an available vacant site, forming O–P–P–O configurations. Addi-
tionally, at higher coverage, O-atom deposition onto an existing PxOy motif leads

to the formation of a P
O

O
bonding state.

3. Charge depletion and a concurrent increase in the P–P bond length, leading to
oxygen insertion and the formation of a bridging P–O–P bond.

4. Consequent adsorption driving oxygen insertion into the underlying In–P back
bonds.

As the surface addatom coverage increases during step-wise screening, the surface layer
tends to distort, characterized by significant in-plane displacement of the underlying P-
or In-layers or an upward shifting of the PxOy motif along surface normal. This distortion
ultimately suppresses further oxygen insertion into the P-back bonds, an effect observed
predominantly for P–P dimers situated on the underlying P-termination (Fig. 8a).

The second approach is the extrapolation method, which utilises a motif-transfer scheme
to bypass the structural distortions encountered during high-coverage sequential screen-
ing. A combination of these approaches is required for full surface passivation because
the techniques used to achieve maximum coverage on the stepped β2(2×4) reconstruc-
tion cannot always be directly translated to other surfaces. For example, the α2(2× 4)
surface—an equivalent stepped phase but with only two surface P–P dimers—possesses
exposed In atoms in the underlying layer that tend to form competing InxOy species.
Similarly, the P-terminated planar c(4×4) and (2×2)-2D surfaces contain three and two
P–P dimers, respectively, requiring an alternate pattern. Finally, the mixed-dimer surface
lacks surface P–P dimers altogether, necessitating a distinct scheme to achieve full pas-
sivation. To address these variations, the following extrapolation pathways are utilised
to systematically construct and optimize passivated surface models:

1. Simultaneous motif transfer: The concurrent deposition of a specific polyphos-
phate motif onto all equivalent surface sites at once. For example, all three P–P
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dimers of the β2(2× 4) reconstruction are covered with P2O7 motifs simultane-
ously, followed by full geometry optimization to verify if the surface remains stable
and retains its characteristic surface chemistry.

2. Sequential motif transfer: The systematic transfer of a P2O5 motif (derived from
the step-wise approach) onto a stable surface that already hosts the same or a dif-
ferent PxOy unit, resulting in extended configurations such as (P2O5)2 (Fig. 9).
Note that for the clean P-rich (2×2) surface, this motif-transfer scheme is carried
out exclusively (Fig. 9b).

3. Systematic build-up: A hybrid implementation of step-wise deposition and motif-
transfer, proceeding with the ideal deposition of structural motifs onto stable in-
termediate surfaces previously identified via the sequential step-wise approach
(Fig. 9, top-left).

Figure 8: Representative surfaces obtained during oxygen adsorption for (2×2)-2D,
along-with side-view cutouts of the right-hand PxOy motif. (a) Top view of the oxy-
genated phase obtained during sequential screening, illustrating distorted surfaces with
emerging polyphosphate units. (b) Top view of the oxygenated phase generated by fur-
ther extrapolation, showing the relaxed structure after deposition on favourable sites and
the stabilisation of (PxOy) motifs.

These combined approaches are used to identify the most favorable stable surface geom-
etry possessing the lowest ∆Hf at any given target oxygen coverage. Figure 9 provides a
visual representation of a ten-oxygen-atom adsorption workflow on two classes of stable
surface reconstructions: those with dimer formation on the P-rich (2×2) or the (2×2)-
2D phases. This systematic framework reveals the various pathways available to evalu-
ate thermodynamic stability at a specific oxygen coverage. For instance, in the case of
the (2×2)-2D reconstruction, multiple distinct structural options are evaluated (Fig. 9a).
Conversely, for the P-rich (2×2) reconstruction, a direct combination of motif transfer
steps is used exclusively to achieve the target ten-oxygen-atom coverage (Fig. 9b). This
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ten-oxygen-atom scenario serves as a representative benchmark highlighting how differ-
ent pathways are leveraged to locate the global minimum of ∆Hf. It further illustrates the
interaction of P-rich surfaces with oxygen and showcases how passivation pathways for
higher oxygen contents are computationally determined.

Crucially, both the step-wise and motif-transfer methods converge on the conclusion
that PxOy species–particularly the P2O7 motifs–represent the thermodynamically most
stable oxygenated configurations from moderate to high oxygen coverage. These mo-
tifs incorporate oxygen through the formation of P–O, P–O–P, and specifically bridging
In–O–P bonds for cases involving P–P dimers on an underlying In-termination, which
fundamentally reflects the preferential affinity of oxygen adsorption toward surface P–P
dimers.

Figure 9: Representation of PxOy motif formation for the adsorption of ten oxygen atoms.
The figure is organised into two rows: (a) shows adsorption on the (2×2)-2D reconstruc-
tion, and (b) shows adsorption on the P-rich (2×2) surface. The axis at the bottom de-
notes lower ∆Hf and hence higher stability, as one moves along the right for both (2×2)
and (2×2)-2D phases.

It is worth noting that for the (2×2)-2D surface, it is difficult to directly transfer the
P2O7 motifs onto the clean clean surface as isolated single units. This difficulty arises
because the two surface dimers differ inherently in their initial bond lengths and spatial
positions relative to the underlying P-layer, making uniform motif-transfer challenging.
Therefore, following the initial formation of two local P2O5 motifs, additional oxygen
is explicitly inserted into the P-back bonds to arrive at full coverage via two distinct

34



5 Results

P2O7 motifs. This hybrid approach successfully allows the surface to retain its macro-
scopic symmetry despite significant local displacement of surface atoms–an effect ob-
served uniquely for the (2×2)-2D surface–provided alternative approaches to passivate
the surface are systematically implemented.

For the In-rich mixed-dimer surface, direct motif extrapolation is entirely impossi-
ble due to the total absence of surface P–P dimers. Following the sequential step-by-
step oxygen coverage approach instead, the surface effectively retains its initial in-plane
structural arrangement of surface atoms at low coverage. However, beyond a critical
threshold of oxygen coverage, the underlying In- or P-atomic layers begin to exhibit
substantial vertical and horizontal displacements. This distortion can be attributed to
oxygen insertion toward the bulk, leading to the formation of bridging In–O–P bonds,
which have also been reported experimentally [86].

5.1.3 Phase Stability of InP(001) upon oxygen exposure

Finally, the combination of the approaches discussed above provided an insight into the
thermodynamic phase stability of each surface reconstruction with respect to ∆µO. The
resulting stability trends are evaluated by calculating the surface energy (γ) as a function
of ∆µO and ∆µIn (Fig. 10). These results highlight that the oxygen-rich stable configu-
rations—specifically those saturated by the PxOy motifs—are thermodynamically favor-
able.

Regarding the (2×2)-2D phase, the configuration featuring two P2O7 motifs (Fig. 12b)
spans the phase diagram for ∆µO >−2.5eV as one moves toward the P-rich limit (∆µIn <

−0.4eV). Conversely, low oxygen coverage (3 and 4 O-atoms) fall outside the overall
stability region, appearing only in a narrow region where ∆µIn < 1.05eV near the metal-
lic phosphorus boundary, as illustrated in Fig. 12a. Interestingly, for oxygen contents up
to 7 atoms, stable phases are achieved solely via the step-wise screening (Fig. 10a). This
highlights that due to the distinct features of the two P–P dimers, a combination of both
approaches had to be used to accurately map the stability. For the c(4× 4) reconstruc-
tion, scanning the stable configurations for a specific O-content is done only via the PxOy

motif-transfer approach, similar to the P-rich (2×2) surface. Regardless of the different
structural motifs investigated, the results (Fig. 10b) indicate that none of the c(4× 4)
configurations occupy a region of stability in the overall phase diagram (Fig. 12). Upon
comparing Figs. 10a,b, the adsorption energy γad across a wide range of ∆µO is higher
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Figure 10: Surface energy with respect to oxygen chemical potential of the energetically
favourable O adsorption sites for (a) (2×2)-2D, (b) c(4×4), (c) β2(2×4), (d) α2(2×
4), (e) P-rich (2× 2), and (f) mixed-dimer surface reconstructions. Sub-figure(a,c,e–f)
are taken from paper A1.

for the case of the fully passivated c(4×4)(P2O7)3 compared to the (2×2)–2D(P2O7)2

phase.

Figure 11: Surface structure of the α2(2×4) reconstruction beyond the 14 O-atom cov-
erage limit, illustrating the saturation of P–dimer and the subsequent formation of InxOy
species.

As the most extensively studied surface in this work, the β2(2× 4) reconstruction
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accommodates multiple structural combinations via the motif-transfer approach due to
the availability of three distinct surface P–P dimers. Through this systematic evaluation,
it is found that the surface reaches its maximum passivation coverage at a content of 21
oxygen atoms, which corresponds to the complete saturation of all three P–P dimers with
P2O7 motifs (Fig. 12b). This 21-O phase represents the most stable configuration across
the entire experimentally accessible P-rich region (∆µIn < 0eV) within the overall phase
diagram. Furthermore, while intermediate configurations hosting only one or two P2O7

motifs (equivalent to lower oxygen contents) are also found to be thermodynamically
stable, they are restricted to narrow domains of the oxygen chemical potential (Fig. 12).
Similarly, the α2(2 × 4) surface—which has one less P–P dimer than the β2 recon-
struction—reaches maximum passivation when both of its dimers are covered with P2O7

motifs at a 14-O atom limit (Fig. 10d). Further adsorption beyond this stage occurs near
the In-layer of the upper terrace, creating InxOy species such as In2O3 that slightly distort
the underlying In-termination, with full structural saturation eventually achieved at 17 O-
atoms (Fig. 11). However, despite accommodating these configurations, this specific re-
construction does not hold a stable region in the overall phase diagram because it remains
energetically less stable than competing phases (Fig. 12a). This lack of a stable domain
confirms that such indium oxide formations are thermodynamically unstable under equi-
librium conditions compared to the dominant polyphosphate phases, a finding consistent
with experimental observations indicating that indium oxides are easily removed or un-
stable on these treated surfaces [36]. For the P-rich (2×2) phase, stable configurations
are found solely via the motif-transferring approach (Fig. 10e). The resulting phases
feature (P2O6)2 and (P2O7)2 motifs (Fig. 12b), appearing as stable phases in the overall
phase diagram for ∆µO > −2.5eV, and within the range −1.9 < ∆µIn < 0.9eV. These
two configurations occupy a vast region of the overall phase diagram (Fig. 12a). Fur-
thermore, the surface exhibited minimal surface distortion, equivalent to the β2(2× 4)
surface, and is well suited for accommodating these polyphosphate motifs without sig-
nificant strain on the underlying layers.
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Figure 12: (a) Overall phase diagram of oxygenated InP(001) surfaces, as a function of
indium and oxygen chemical potentials. PxOy-containing P-rich surfaces dominate the
stability region, whereas In-rich mixed-dimer phases are restricted to the near-metallic
limit, (b) Ball-and-stick representation for InP(001) oxygenated surface reconstructions,
viewed along the (001) direction. To distinguish between the types of dimers, surface P–
dimers are shown in dark grey, and dimers are represented with a magenta-grey pattern.
In, P, and O atoms are shown in pink, grey, and red spheres respectively, this figure is
take from the paper A1.

An additional calculation is done by transferring the motifs to achieve a (P2O7)3 cov-
erage on the P-rich (2×2) phase. This is performed by extending the surface along the
[110] direction to form a P-rich (2× 4) surface with four P–P dimers; however, the re-
sults indicated that this configuration remains unstable. The difficulty in identifying a
stable configuration can be attributed to the topological constraints of the potential en-
ergy surface (PES). The optimization of the surface to find a local minimum is highly
dependent on the initial guess of the oxygen atomic positions. The placement of oxy-
gen atoms—whether on a clean surface or as coverage increases—largely determines the
height of barriers on the PES. This indicates the extent of cumulative atomic displace-
ment required for surface atoms to invoke changes in bond lengths and angles to reach
the minimum. Consequently, if the initial guess for the positions of a single atom, a mo-
tif, or a combination of motifs is sub-optimal, the system may converge to an incorrect
local minimum or a saddle point.

Lastly, the In-rich mixed-dimer structures become energetically stable for 6 and 24
O-atom coverage (Fig. 12b) when ∆µIn > 0.88eV. However, this stability domain rep-
resents unrealistically In-rich and O-poor conditions, closely approaching the stability
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limit of metallic indium. Thus, the emergence of PxOy motifs, and particularly P2O7,
can be regarded as the central mechanism for stabilizing the InP(001) surface under oxy-
gen exposure.

5.2 Time–Resolved Reflection Anisotropy Spectroscopy

This section presents the results published in Publication A2. Herein, we analyze the
structural dynamics of pristine and oxygenated InP(001) surfaces in vacuum and in
explicit contact with H2O via AIMD simulations at 300 K. The impact of these struc-
tural modifications on the optical anisotropy is subsequently determined via computa-
tional RAS. This dual approach provides critical insights into atomic re-ordering and
the structural impact of adsorption/desorption processes at the solid–water interface,
which are highly relevant for stable (photo-)electrode design. The inherent phase trans-
formations (Sec. 5.1) and surface passivation mechanisms under electrochemical envi-
ronments—frequently involving the adsorption of PxOy motifs (Sec. 5.1.3)—can drasti-
cally alter the electronic structure of the surface, and, consequently, its optical response.
Therefore, combining AIMD simulations with computational RAS allows for a detailed
analysis of these underlying interface phenomena at atomistic lengths and femtosecond
timescales. However, when evaluating these dynamic properties and their resulting op-
tical spectrum, one must explicitly take into consideration the systematic limitations of
semi-local functionals, finite supercell sizes, and AIMD timescales, as detailed exten-
sively in Sec. 9.1.

Solid–liquid and solid–vacuum interfaces of the stable InP(001) reconstructions iden-
tified in Publication A1 are investigated at specific indium chemical potentials. In par-
ticular, we examine the pristine β2(2 × 4) phase alongside three characteristic oxy-
genated phases: β2(2× 4)(P2O7), (2× 2)(P2O6)2, and (2× 2)(P2O7)2 (Fig. 12b). To
overcome the fundamental electronic limitations of semi-local DFT, appropriate scis-
sors operator parameters (∆scissor, vslope, and cslope) are obtained for both the solid–
liquid and solid–vacuum interfaces. This parameter fitting is performed by mapping the
PBE-derived band structures onto a reference PBE0-derived band structure calculated
from a representative mid-trajectory surface snapshot (Table 1). A positive or negative
value for the correction accounts for the relative change in the PBE band gap compared
to the PBE0 exchange-correlation functional; specifically, a positive shift compensates
for the characteristic underestimation of the gap, while a negative adjustment compen-
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Surface ∆scissor ( eV) cslope vslope

β2(2×4) without H2O 0.403 1.098 1.138
β2(2×4) with H2O 0.35 1.117 1.164
β2(2×4)(P2O7)3 without H2O 0.246 1.085 1.178
β2(2×4)(P2O7)3 with H2O 0.7097 1.1 1.198
(2×2)(P2O6)2 without H2O 0.487 1.086 1.147
(2×2)(P2O6)2 with H2O -0.143 1.207 1.206
(2×2)(P2O7)2 without H2O 0.775 1.037 1.183
(2×2)(P2O7)2 with H2O -0.469 1.08 1.207

Table 1: Scissors-operator parameters obtained for different surface, used to determine
the RA-spectrum. ∆scissor, cslope, and vslope correspond to the shift in band gap and scaling
of conduction and valence bands, respectively. The respective values are taken from
paper ref. A2.

sates for any localized overestimation. From there, the resulting time-resolved RAS–
representing the optical response for configurations belonging to the equilibrated region
of the AIMD trajectories–is calculated to correlate the interface dynamics with the re-
sulting anisotropy. To evaluate the spectral variations between individual snapshots, the
RAS of each snapshot is compared against a geometry-optimized mid-trajectory refer-
ence state, yielding the reference and time-averaged RA-spectra, respectively. The RA-
spectra of different snapshots are then combined to generate color plots for the respec-
tive interfaces, visually displaying the spectral evolution over time. This analysis aims to
uncover how dynamic surface fluctuations and specific structural motifs fundamentally
influence the optical anisotropy.

For the pristine β2(2× 4) surface, H2O adsorption and subsequent kinetic dissocia-
tion occur, resulting in the adsorption of surface hydroxyl (OH) groups. An interesting
phenomenon is observed for the (2× 2)(P2O6)2 phase in contact with H2O: the P2O6

moieties adsorb a hydrogen atom, while an additional oxygen atom is inserted into the
underlying In-layer, leading to significant in-plane distortion. This insertion drastically
impacts the optical anisotropy of the sample, prompting the appearance of a large nega-
tive feature that clearly distinguishes it from the water-free case. Conversely, the overly-
ing H2O layer acts to stabilize the surface (Sec. 5.2.3).

Notably, the fully passivated P-rich (2× 2) surface exhibits the opposite trend com-
pared to its partially passivated counterpart. The strong negative anisotropy present for
the solid–liquid interface of the (P2O6)2 phase is also observed for the solid–vacuum
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interface of the (P2O7)2 phase (Sec. 5.2.4). This correspondence highlights how the-
oretical insights can be effectively leveraged to isolate and identify changes in optical
anisotropy across distinct chemical interfaces.
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5.2.1 β2(2×4)

First, AIMD simulations are used to study the structural dynamics and thermal sta-
bility of the β2(2× 4) reconstruction–a stepped surface with 3 P–P dimers on an In-
termination–in vacuum and in contact with H2O molecules at 300 K using an NVT en-
semble (see Sec. 4.3). The simulations are conducted for ∼ 21 ps and 15 ps for the solid
-vacuum and solid–liquid interfaces, respectively, to ensure sufficient equilibration for
both systems.

Figure 13: AIMD trajectories of the β2(2×4) reconstruction: (a) temperature (blue) and
energy (black) variation wrt. time for the solid–vacuum interface; (b) depicts variations
for the clean interface in contact with H2O. The grey shaded area in both (a) and (b)
depicts the equilibrated region, (c) shows the RDF of the In–P pairs in the topmost layers,
calculated for the equilibrated (grey) region with (blue lines) and without H2O (red lines).
Sub-figure (c) is adapted from the paper A2.

Fig. 13 shows the time-evolution of temperature (blue) and total energy (black). In the
solid–vacuum case (Fig. 13a), a rapid jump in temperature is observed during the initial
equilibration phase, reaching ∼ 450 K before stabilising around ∼ 300 K alongside some
noticeable fluctuations. The total energy fluctuates around a mean value of -2895.47 Ha.
Similarly, for the solid–liquid interface (Fig. 13b), reduced fluctuations around a mean
value of -4895.45 Ha are observed. The grey-shaded areas (Fig. 13a, b) correspond to
the equilibrated regions where the time-resolved spectroscopy is calculated.

To investigate the structural origins of the optical response, radial distribution function
(RDFs) are are calculated for the In and P atoms in the topmost layers of the structure.
The solid lines denote the average RDF obtained along the equilibrated region of the
AIMD trajectory, whereas the dashed lines correspond to the reference structure, which
has been convoluted with a Gaussian function to allow for better direct comparability.
The data are scaled with respect to the respective maxima. For the solid–vacuum in-
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terface, snapshot visualisations reveal that the atomic distance between the phosphorus
atoms of the three P–P dimers barely change throughout the trajectory (∆r(t)P−P ∼ 0).
The slight variations in the In–P RDF, characterised by a shoulder peak at ∼ 4 Å, are
primarily attributed to the thermal displacement of In atoms in the underlying In-layer
(Fig. 13c).

Interestingly, the solid–liquid interface exhibits significant structural changes. H2O

undergoes both molecular and dissociative adsorption (Fig. 14), as observed during re-
laxation (pre-AIMD) and within the equilibrated region (grey (Fig. 13b). The surface is
highly dynamic, frequently changing between configurations with two or three hydroxyl
groups. This temporal variation, combined with the potential formation of H3O+ ion the
bulk water layer, leads to variations in the P–P dimer bond lengths in in comparison to
the solid–vacuum counterpart. In contrast, for the solid–liquid interface, the RDF peak
for the third nearest neighbour (at ∼ 5 Å, situated below the two P-dimers on the upper
plateau) exhibits a broader distribution. The indium atoms for this peak corresponds to
the In-layer below the P-dimer on the lower terrace.

Furthermore, adsorbed OH groups on the In terrace continuously switch positions via
interaction with nearby H2O molecule (Fig. 14), a mechanism reminiscent of Grotthus-
and Zundel-type behaviour [38]. To investigate the structural dynamics, a total of 20
equidistant configurations–referred to as trajectory snapshots–sampled at intervals of
500 fs are extracted. To get an overview of the relative differences induced by these
fluctuations, the calculated RA-spectra of the individual snapshots are analysed along-
side the mid-trajectory reference state and the overall time-averaged spectrum.

Figure 14: Top view of β2(2×4) surface, used for RA-spectra calculations in the pres-
ence and absence of H2O. Surface dimers, i.e. P–dimers are indicated in dark-grey. In,
P, O, and H are indicated by pink, grey, red, and green spheres.
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Second, as discussed in Sec. 4.3, scissors operator parameters are obtained for mid-
trajectory surfaces by fitting the semi-local PBE-derived bands to hybrid PBE0 reference
band structures for both cases with and without H2O (Table 1). For the solid–vacuum
interface, the time-averaged RA-spectra (Fig. 15c) displays major peaks centered at ∼
3.1 eV, 3.9 eV, alongside a complex multiple peak feature spanning the range 4.1–5.5 eV
ultraviolet range. Additionally, a minor low-energy spectral feature emerges at ∼ 1.9 eV
within specific individual snapshots. The prominent feature at ∼ 3.9 eV, consistently
identified snapshots (Fig. 16), dominates the colour plot over the entire 20 ps trajectory
(Fig. 15a), likely due to the high structural rigidity of the surface P–P dimers.

Figure 15: Evolution of RAS during the MD trajectory of the β2(2×4) surface. (a) and
(b) show the time-resolved RAS colour plots for the β2(2×4) surface without and with
H2O, respectively. (c) presents the time-averaged and reference RA-spectra for both the
with H2O (blue lines) and without H2O (red lines) cases. This figure is adapted from
paper A2.

The feature at ∼ 3.1 eV is prone to more pronounced changes, exhibiting peak splitting
and intensity reduction in specific snapshots (e.g. at 8.5 ps relative to 15 ps and 16.5 ps
in Fig. 16). Similarly, the high intensity feature at 5.5ėV shows variations and splitting
at specific timesteps (e.g., 16.5 ps). Regarding solid–liquid interface, the RA-spectra
undergo small deviations over time characterised by systemic peak broadening and in-
tensity reduction (Fig. 15b). Prominent peaks centered at ∼ 2.7 eV, 3.3 eV, 3.8 eV are
resolved in the time-averaged RA-spectra. Interestingly, the minor low-energy spectral
feature observed at ∼ 1.8 eV completely diminishes for the 14 ps snapshot (Fig. 17). It is
worth noting that while the profiles obtained for different snapshots along the trajectory
remain in good qualitative agreement with the overall time-averaged spectra, clear devi-
ations from the reference structure are observed. Upon comparing the individual spectra,
the peaks present at ∼ 3.3 eV and 3.8 eV fluctuate prominently along the trajectory, as
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Figure 16: RA-spectra of the β2(2× 4) surface without H2O along the AIMD trajec-
tory. The blue line represents the RA-spectra at an individual time-step, while the time-
averaged, and the reference structure RA-spectra are depicted as black and red dashed
lines, resp. This figure is adapted from paper A2.

confirmed by the intensity fluctuations in the colour plots (Fig. 15b). Concurrently, the
peak intensity for the spectral feature at ∼ 2.7 eV is prone to broadening (e.g. @ 12 ps
and 14 ps in Fig. 17), and a notable red-shift of the peak position is also observed for
several snapshots (13.5 ps and 14.5 ps).

Figure 17: RA-spectra of the β2(2×4) surface with H2O along the AIMD trajectory. The
blue line represents the RA-spectra at an individual time-step, while the time-averaged,
and the reference structure RA-spectra are depicted as black and red dashed lines, resp.
This figure is adapted from paper A2.

In summary, the RA-spectra for the case without H2O changes only slightly over
time (Fig. 15a). This is directly related to the highly constrained changes in the atomic
positions of the P–P dimers and the upper indium layer; however, peak–splitting and
deviations from the reference structure are observed in only a few isolated snapshots.
In contrast, for the solid–liquid interface, cumulative atomic displacements of surface
atoms reaching up to 5 Å toward the bulk are observed over the 20 ps AIMD trajectory.
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As is evident from the broadening and shifts in the structural RDF, dynamic interfacial
changes driven by the adsorption, desorption, and exchange of hydroxyl groups or co-
ordinating H2O molecules strongly perturb the electronic eigenvalues along the sampled
k-path. These dynamic physio-chemical changes modulate the accessible optical tran-
sitions at specific photon energies, manifesting macroscopically as the broadening and
splitting observed in the time-resolved RA-spectra (Fig. 15b). While, a full snapshot-by-
snapshot evaluation via unique PBE-to-PBE0 hybrid band fittings would theoretically
capture these variations with high precision, such a procedure remains computationally
prohibitive.
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5.2.2 β2(2×4)(P2O7)3

Following the same approach as used for the clean surface, we performed time-resolved
anisotropy analysis on configurations from AIMD simulations of the fully passivated
β2(2 × 4)(P2O7)3 surface. This analysis provides insight into the interplay between
surface dynamics and the resulting optical response. The vacuum dimensions and the
total number of H2O molecules remain identical to the previous case.

AIMD simulations are conducted for ∼ 15 ps and 18 ps for the solid -vacuum and
solid–liquid interfaces, respectively. While full passivation successfully reduced the
equilibration time for the solid–vacuum interface, it conversely increased the time re-
quired for the solid–liquid interface. This suggests that while passivation enforces struc-
tural rigidity–leading to faster stabilisation in vacuum–it introduces interfacial dynamics
or re-ordering at the interfacial boundary that invokes a longer equilibration period com-
pared to the clean β2(2× 4) surface. In the solid–vacuum case, an initial temperature
increase is followed by stabilisation of both temperature at around 300 K (Fig. 18a), with
the total energy in the equilibrated region fluctuating around a mean value of -3232.96 Ha
(Fig. 18a). For the solid–liquid interface, the temperature stabilises around 300 K after
an initial peak of ∼ 450 K at 2 ps during equilibration, with energy fluctuating around
-5233.00 Ha (Fig. 18b).

Figure 18: AIMD trajectories of the β2(2× 4)(P2O7)3 reconstruction: (a) temperature
(blue) and energy (black) variation wrt. time for the solid–vacuum interface; (b) depicts
variations for the clean interface in contact with H2O. The grey shaded area in both (a)
and (b) depicts the equilibrated region, (c) shows the RDF of the In–P, In–O, and P–O
pairs in the topmost layers, calculated for the equilibrated (grey) region with (blue lines)
and without H2O (red lines). Sub-figure (c) is adapted from the paper A2.

To investigate the structural origins of the optical response, we examine the pair-wise
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distributions in Fig. 18c. For the solid–vacuum interface, the P–O–P bridge within the
three P-dimers is stable, with P–P distances ranging from 2.8 to 3.2 Å. However, the
story differs for the In–O–P bridge back-bonds, particularly for the P2O7 unit on the
lower terrace. This discrepancy results in a sharp shoulder in the In–P RDF: while the
two P-dimers on the upper terrace maintain an In–P bond distance of ∼ 2.8 Å (the sharp
RDF peak), the In–P distance for the lower terrace unit shifts from 3.4 to 3.7 Å.

A distinct behaviour emerges for the solid–liquid interface in comparison to the clean
surface (Sec. 5.2.1). Here, H2O molecules dissociate, allowing hydroxyl groups to
bind directly to the underlying In-layer, forming In–OH–In or In–OH species (Fig. 20).
Throughout the trajectory, we observe the coordination of two water molecules on an
indium atom.

Figure 19: Top view and side view of β2(2× 4)(P2O7)3 7.5 ps snapshot, used for RA-
spectra in contact with H2O. Surface dimers, i.e. P–dimers are indicated in dark-grey.
In, P, O, and H are indicated by pink, grey, red, and green spheres.

An interesting structural event is captured in the 7.5 ps snapshot: the oxygen atom
of a P–O bond bends toward the bulk to form an In–O–P bond involving the middle
P-dimer and the second indium layer. This ”short lived” geometry plays a role in the
broadening of the peak corresponding to the second nearest neighbour in the In–P pair
wise distribution (Fig. 19 and 18c). While the P–P distance within the P–O–P bridge
remains ∼ 2.9 Å (similar to vacuum), the left phosphorus atom of the upper plateau dimer
undergoes an upward shift along the [110] direction (Fig. 20). Combined with stronger
fluctuations in the lower

48



5 Results

Figure 20: Top view of β2(2×4)(P2O7)3 surface, used for RA-spectra calculations in the
presence and absence of H2O. Surface dimers, i.e. P–dimers are indicated in dark-grey.
In, P, O, and H are indicated by pink, grey, red, and green spheres.

terrace In–P distance reaching up to 3.6 Å, these temporal changes result in a much
broader second nearest neighbour peak within the In–P RDF distribution compared to the
solid–vacuum interface. Second, as discussed in Sec. 4.3, scissors operator parameters
for both cases are obtained by fitting PBE-derived to PBE0-derived band structures, using
mid-trajectory configurations (Table 1).

Figure 21: Evolution of RAS during the MD trajectory of the β2(2×4)(P2O7)3 surface.
(a) and (b) show the time-resolved RAS colour plots for the β2(2×4)(P2O7)3 surface
without and with H2O, respectively. (c) presents the time-averaged and reference RA-
spectra for both the with H2O (blue lines) and without H2O (red lines) cases. This figure
is adapted from paper A2.

The optical analysis of the solid–vacuum interface reveals prominent features at 4.1
and 5.0 eV, alongside several peaks in the 1.6 to 3.0 eV range within the time-averaged
RA-spectra (Fig. 22). Peaks in the range of 1.6 to 3.0ėV exhibit a uniform fluctuation in
intensity relative to the time-averaged RAS (e.g., at 4.5 ps relative to 5.0 ps and 13.0 ps).
The peak at 4.5 eV shows a minor change in intensity over time and the appearance of
shoulders in the 5 ps and 6 ps snapshot.
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Figure 22: RA-spectra of the β2(2× 4)(P2O7)3 surface without H2O along the AIMD
trajectory. The blue line represents the RA-spectra at an individual time-step, while
the time-averaged, and the reference structure RA-spectra are depicted as black and red
dashed lines, resp. This figure is adapted from paper A2.

For the solid–liquid interface, the optical response is qualitatively similar to the vac-
uum phase, characterised by peaks in the 1.6 to 3.0 eV range, a prominent feature at ∼
4.4 eV, and appearance of shoulders in the high intensity region (Fig. 23). Peak split-
ting is observed for the ∼ 4.4 eV feature in specific snapshots (e.g., at 7.5 ps relative to
10.5 and 13.5 ps). Notable change occur for the high-intensity peak at ∼ 5.0 eV dur-
ing 7.5 to 13.5 ps interval. This feature showcases probable instability, characterised by
fluctuating emergence and gradual reduction in intensity that eventually leads to its dis-
appearance (Fig. 23). In summary, the distinct temporal resolved in the time-dependent

Figure 23: RA-spectra of the β2(2×4)(P2O7)3 surface with H2O along the AIMD trajec-
tory. The blue line represents the RA-spectra at an individual time-step, while the time-
averaged, and the reference structure RA-spectra are depicted as black and red dashed
lines, resp. This figure is adapted from paper A2.

RA-spectra of the passivated β2(2× 4)(P2O7)3 surface serve as a direct optical finger-
print of the differing interfacial environments. For the solid–liquid interface, the spec-
tra fluctuations observed along the AIMD trajectory map onto specific sub-picosecond
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domains characterised by active structure re-ordering, namely the dissociation of H2O

into bridging In–OH–In species and structural oxygen insertion toward the bulk. These
changes structurally manifest as a broadened In–P pairwise distribution. On an elec-
tronic scale, rather than destabilising the system, these modifications modulate the un-
derlying bulk-like and near-surface eigenstates of the constituent atoms that compose
the system’s band structure. Because these atomic eigenstates are not subject to severe
electronic changes, the presence of water layer effectively acts as a stabilising agent that
bounds the overall optical variations. This stabilising behaviour is clearly visible in the
time–resolved RAS colour plots and snapshot subplots, where the spectra track each
other closely over time the minor temporal variations observed between individual snap-
shots do not indicate severe electronic structural degradation, but rather confirm that the
subtle spectral shifts originate from minute, physio–chemical changes at the interface.
Consequently, these structural changes simply introduce a localised inhomogeneity that
smoothly shifts the accessible polarisation-dependent transition matrix elements. Sim-
ilarly, the solid–vacuum interface also exhibits remarkable spectral rigidity over time;
because the polyphosphates limits large thermal displacements of atoms, keeping their
respective eigenstates intact and maintaining a stable temporal evolution of RAS.
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5.2.3 (2×2)(P2O6)2

Next, we discuss the oxygenated P-rich (2×2) stable phases, identified via the overall
phase diagram (Fig. 12). To evaluate the structural dynamics and thermal stability of the
(2×2)(P2O6)2 configuration, we performed AIMD simulations for the solid–vacuum and
solid–liquid interfaces for 25 ps and 20 ps respectively (Fig. 24a,b).

Figure 24: AIMD trajectories of the (2×2)(P2O6)2 reconstruction: (a) temperature (blue)
and energy (black) variation wrt. time for the solid–vacuum interface; (b) depicts vari-
ations for the clean interface in contact with H2O. The grey and brown shaded area in
both (a) and (b) depicts the stable and meta-stable regions resp., (c) shows the RDF of
the In–P, In–O, and P–O pairs in the topmost layers, calculated for the equilibrated (grey)
region with (blue lines) and without H2O (red lines). Sub-figure (c) is adapted from the
paper A2.

The structure obtained via the overall phase stability analysis represents a partially
passivated surface containing 12 oxygen atoms, structured as two P2O6 moieties on an
underlying In-layer. For consistency, the vacuum size (20 Å) matches that used for the
β2(2×4) reconstructions (Sec. 5.2.1 and 5.2.2), interfaces are modelled using an NVT
ensemble at 300 K (Sec. 4.3), incorporating 58 H2O molecules for the solid–liquid in-
terface. AIMD simulations are conducted for ∼ 25 ps and 20 ps for the solid -vacuum
and solid–liquid interfaces respectively (Fig. 24a,b). Interestingly, and in contrast to the
more rigid (2×4) reconstructions, the P-rich (2×2) system explores multiple stable con-
figurations in phase space, driven by uncompensated dangling bonds arising from the
incomplete surface passivation. In these distinct structural regions, the temperature and
total energy are not static but fluctuate around stable mean values.

As shown in the brown shaded area of Fig. 24a, the solid–vacuum surface initially re-
sides in a localised meta-stable state for a short time domain (∼ 305 K and -1709.87 Ha)
before jumping to a more energetically favourable minimum (grey shaded area). This
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second phase remains predominantly stable throughout the remainder of the simulation
(∼ 300 K and -1709.9 Ha). Similarly for the solid–liquid interface, a clear transition
from an initial equilibrated state (∼ 345 K and -2709.87 Ha) toward a more stable ther-
modynamic equilibrium is observed, as indicated by the grey shaded area (∼ 300 K and
-2710.2 Ha). This latter equilibrated region, where the temperature and energy fluctu-
ate around a global minimum, is used for the subsequent optical analysis. Significant
changes in atomic ordering, driven by the dynamic interaction with the H2O molecules,
are observed here, which strongly impact the RA-spectra of specific trajectory snapshots.

The correlation of these observed changes in the optical response with underlying
surface dynamics is highlighted by the pairwise distribution in Fig. 24c. In the solid–
vacuum case, the covalent P–O–P bridge within the P2O6 unit is highly rigid, with bond
distances ranging narrowly from 2.9 to 3.1 Å, translating to a sharp, well defined P–
O peak in the RDF. However, the notable split observed in the In–P distribution split
is directly related to the underlying In–layer dynamics: while the geometry optimised
(overall phase stability Sec. 5.1.3) identifies four sets of linear In–O–In bonds, but the
subsequent breaking of specific In–O bonds during the AIMD trajectory creates two
distinct stable In–P bond lengths clustered around ∼ 3 Å.

In the solid–liquid interface, the dynamic interaction with H2O over-layer significantly
re-orders the structural framework via several distinct pathways:

1. Water dissociation and P2O7H formation: Water molecules undergo dissociation,
where the resulting hydroxyl groups adsorb onto surface P atoms over the course
of simulation. Concurrently, hydrogen adsorption or subsequent proton trans-
fer directly from these adsorbed sites facilitates active hydrogen migration across
the surface, converting the localised P2O6 units into protonated or hydroxylated,
P2O6H and P2O7H-like groups and shifting the surface a 13-oxygen composition
(Fig. 25).

2. Oxygen insertion and In3O formation: Additional oxygen atom inserts toward the

bulk. The initial structural connectivity of four P O
In

In
units is disrupted by

hydrogen migration and resulting hydroxyl formation from the bulk water layer
along-with oxygen insertion. This chemical rearrangement leads to the formation
of persistent, highly coordinated In3O cluster within the indium layer.
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3. Separate In–O–P bond formation: On a left P-atom of top P–P dimer site, creation
of new In–O–P bond happens for the 14 ps snapshot in the solid–liquid interface
(Fig. 25).

4. Surface shifting and RDF broadening: These cumulative bonding changes force
the phosphorus atom of the topmost surface dimer to shift outward along the [001]
direction toward the vacuum. (Fig. 25). Although the P–O and In–O distributions
remain relatively narrow, the to solid–vacuum interface (Fig. 24c). This reflects
that the r(In-P)(t) distance distributions for both the immediate surface and the near-
surface atoms span a wide spatial range, confirming significantly larger positional
fluctuations of the surface atoms than seen in the vacuum case.

5. Surface shifting and RDF broadening: These cumulative bonding transformations
force the phosphorus atom of the topmost surface dimer to shift outward along the
[001] direction toward the vacuum (Fig. 25). Although the core P–O and In–O dis-
tributions remain relatively narrow, these complex rearrangements invoke a severe
broadening of the structural In–P peak compared to the vacuum baseline (Fig. 24c),
showing that the rIn-P(t) bond metrics track across a broad spatial range with en-
hanced positional fluctuations.

Figure 25: Top view of (2× 2)(P2O6)2 surface, used for RA-spectra calculations in the
presence and absence of H2O. Surface dimers, i.e. P–dimers are indicated in dark-grey.
In, P, O, and H are indicated by pink, grey, red, and green spheres.

The scissors operator parameters are determined using the exact same approach es-
tablished the β2(2× 4) surfaces (Table 1). For the solid–vacuum interface, the time-
averaged RA-spectra correlate strongly with the reference structure (Fig. 26c). Nonethe-
less, evaluating the the optical response of individual snapshots highlights some inter-
esting changes, particularly within the mid-energy range (∼ 2.8 to 4.0 eV) and near the
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high-energy region at 5.1 eV. The provisional peak at ∼5.1 eV–which stands out as a
sharp feature in the reference spectrum–is notably diminished in the time-averaged re-
sult.This attenuation is a direct consequence of the frequent structural configurations
explored during the simulation. Furthermore, the snapshots taken at different time in-
tervals reveal significant dynamic behaviour (Fig. 27). Between 20.7 ps and 22.7 ps, a
merging of peaks and a subsequent down-shift in intensity occur within the 2.0 to 3.7 eV
range. Concurrently, from 13.7 ps to 22.7 ps, the peak at ∼ 5.1 eV undergoes continuous
broadening accompanied by intensity fluctuations.

Figure 26: Evolution of RAS during the MD trajectory of the (2×2)(P2O6)2 surface. (a)
and (b) show the time-resolved RAS colour plots for the (2×2)(P2O6)2 surface without
and with H2O, respectively. (c) presents the time-averaged and reference RA-spectra for
both the with H2O (blue lines) and without H2O (red lines) cases. This figure is adapted
from paper A2.

Figure 27: RA-spectra of the (2×2)(P2O6)2 surface without H2O along the AIMD trajec-
tory. The blue line represents the RA-spectra at an individual time-step, while the time-
averaged, and the reference structure RA-spectra are depicted as black and red dashed
lines, resp. This figure is adapted from paper A2.

An analysis of the optical response for the solid–liquid interface reveals highly pro-
nounced temporal changes that are vastly more sever than those seen in the β2(2× 4)
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phases. Throughout the trajectory, significant changes–such as occasional full inversions
between positive and negative intensities–are clearly resolved (Fig. 28 and 26b). Fo-
cusing on the transition of the optical response at ∼ 4.0 eV from 13.5 ps onwards, we
observe a gradual collapse in positive anisotropy accompanied by a noticeable blue–shift
and wide-spread peak broadening (Fig. 28). Specifically, the RA-spectra for the 14.5 ps
snapshot showcase a profound reduction in peak intensity at ∼ 4.0 eV. Conversely, at
higher photon energies (∼ 5.0 eV), the optical response for individual snapshots appears
to converge for simulation times exceeding 15 ps (Fig. 26b).

Figure 28: RA-spectra of the (2× 2)(P2O6)2 surface with H2O along the AIMD trajec-
tory. The blue line represents the RA-spectra at an individual time-step, while the time-
averaged, and the reference structure RA-spectra are depicted as black and red dashed
lines, resp. This figure is adapted from paper A2.

In summary, (2×2)(P2O6)2 surface shows significant optical variations driven by its
highly dynamic structural behaviour.While the vacuum interface remains mostly con-
sistent with the reference RA-spectra–with only subtle temporal changes visible in the
colour plot–the liquid interface undergoes substantial chemical and resulting electronic
changes that strongly correlate with the macroscopic optical response. The striking emer-
gence of negative anisotropy and extensive peak broadening can be linked to a structural
change of the PxOy motif and the formations of In–O–P bond along-with the formation
of In3O unit.

We can hypothesise that these changes arise from several physical factors. The pres-
ence of dangling bonds on a partially passivated surface invokes a significant amount
of atomic rearrangement, specifically for the solid–liquid interface. This directly mod-
ifies the surface electronic environment, enabling more plausible electronic transitions
over the course of AIMD simulation. Ultimately, these intertwined structural and elec-
tronic changes do result in some unique features for certain snapshots, such as peak
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inversions observed at 4.0 eV. These features are driven by highly localised changes in
the coordination environment around individual atomic sites, which heavily configure
the polarisation-dependent transition matrix elements over time. However, capturing the
full scope of these coupled fluctuations introduces inherent computational trade-offs. A
small surface size can artificially give rise to an unwanted or discrete vibrational density
of states due to periodic image interactions. Consequently, a substantial simulation time
domain alongside a large supercell is required to properly smooth out these finite-size
vibrational artifacts and reach an equilibrated phase. Furthermore, an ideal choice of
built-in parameters of an NVT thermostat, necessary to maintain a stable temperature
profile at 300 K, is required (Sec. 9.1).
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5.2.4 (2×2)(P2O7)2

Lastly, we investigate the fully passivated P-rich (2×2) surface, representing the next
fully oxygenated phase in the overall phase diagram Fig. 12. Following the analysis
used for the partially passivated (P2O6)2 surface (Sec. 5.2.3), we performed AIMD sim-
ulations to calculate the time–resolved RA-spectra for the (2×2)(P2O7)2 surface. This
approach enables a systematic investigation of the optical anisotropy over a temporal do-
main, establishing a direct correlation between the degree of surface passivation and the
resulting RAS features.

The trajectories for hte solid–vacuum and soli–liquid interfaces are conducted for ∼
25 ps and 14 ps respectively (Fig. 29a,b). As illustrated in Fig. 29a, the solid–vacuum
interface initially occupies a meta-stable state (brown shaded region) characterised by a
higher total energy plateau of ∼ -1741.85 Ha. Between 6 and 8 ps, the system undergoes
a structural transition marked by a sharp, temperature spike peaking at ∼ 500 K near
7.5 ps. This thermal behaviour indicates that the system is overcoming a kinetic barrier
to escape its meta-stable state and transition toward a more energetically favourable,
stable minimum (grey shaded area, ∼ 300 K and -1742.0 Ha).

Figure 29: AIMD trajectories of the (2×2)(P2O7)2 reconstruction: (a) temperature (blue)
and energy (black) variation wrt. time for the solid–vacuum interface, where the brown
shaded area is a transient meta-stable state; (b) depicts variations for the clean interface
in contact with H2O. The grey shaded area in both (a) and (b) depicts the equilibrated
region, (c) shows the RDF of the In–P, In–O, and P–O pairs in the topmost layers, cal-
culated for the equilibrated (grey) region with (blue lines) and without H2O (red lines).
Sub-figure (c) is adapted from the paper A2.

In stark contrast to the partially passivated (P2O6)2 surface the solid–liquid interface
for this fully passivated structure exhibits a significantly smoother transition toward equi-
librium (Fig. 29b), seamlessly reaching a steady sate without jumping between distinct
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energetic plateaus.

In the vacuum phase, the P2O7 moieties themselves prove to be quite rigid. The P–
P distance within the internal P–O–P bridges remain nearly constant at ∼ 2.8 Å, which
yields a sharp, well-defined P–O RDF peak in the RDF. However, a major sub-surface
rearrangement takes place during the transition to the lower energy plateau:

1. P–P dimerisation: At ∼ 4 Å below the polyphosphate motifs, existing In–P back
bonds break. This facilitates the clear formation of a localised P–P dimer with a
bond length of ∼ Å (Fig. 30, w/o H2O at 20.9 ps).

2. Reduction of In–O–P bridges: The four active bonding linkages initially identified
at 0 K during the overall phase stability analysis (Sec. 5.1.3) reduce to just two as
the surface reorganises,

3. Interfacial ring formation: A persistent ring-like connectivity involving the coor-
dinating In, P, and O atoms emerges at the interface (Fig. 30 w/o H2O at 20.9 ps).
This spatial rearrangement directly contributes to a splitting of the In–P peak RDF
peak observed around 3.0 Å (Fig. 29c).

The interaction with bulk H2O phase invokes n entirely different set of structural con-
straints. Here, the P–P distance within the PxOy units expands slightly to ∼ 3.1 Å.
Similarly, the initial four In–O–In surface links are reduced to a single link for the top
polyphosphate motif. This localised bridge imposes certain constraints, significantly re-
stricting the motion of the upper In–O–P pairs relative to the lower motif and giving rise
to a distinct, well resolved In–P peak splitting in the RDF (Fig. 29c). The comparative
RDF analysis reveals that while the P–O and In–O distributions remain relatively con-
sistent across both environments, the active In–P bonds deviate sharply from the bulk
crystal behaviour via two key trends:

1. Bond extension: Compared to the ideal bulk In–P distance (rbulk
In−P) ∼ 2.53 Å, sur-

face relaxation and the broken symmetry extend these bonds to ∼ 2.7 Å for clean,
unperturbed surface obtained at 0 K.

2. Dynamic displacement split: During the AIMD trajectory of the solid–liquid inter-
face, specific In–P bond distances split widely between 2.6 and 3.0 Å. This con-
firms that the bulk and surface bond lengths differ substantially (rbulk

In-P ̸= rsurf
In-P) due
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to dynamic interactions over time, as observed in the snapshots of Fig. 25 (e.g. at
11.4 ps with H2O).

Figure 30: Top view of (2× 2)(P2O7)2 surface, used for RA-spectra calculations in the
presence and absence of H2O. Surface dimers, i.e. P–dimers are indicated in dark-grey.
In, P, O, and H are indicated by pink, grey, red, and green spheres.

Scissors operator parameters for both interfaces are determined using mid-trajectory sur-
face snapshots (Table 1). For the solid–vacuum interface, the time-averaged RA-spectra
exhibit a prominent, sharp optical feature located at ∼ 5.3 eV (Fig. 32). Within the mid-
energy range (3.2–4.8 eV), the spectra undergo significant evolution over the course of
the simulation: specifically the peak centered at 4.2 eV undergoes broadening accompa-
nied by a steady reduction in intensity over time (e.g., comparing the 13.4 ps snapshot to
the 18.4 ps snapshot).

Notably, the spectral features within the 2.8 to 4.2 eV region remain persistent through-
out the trajectory, showing consistent line shapes. However, they exhibit a clear shift in
intensity over time, as seen by the deeper negative anisotropy in the 20.9 ps snapshot
compared to the early 12.4 ps snapshot (Figs. 31a and 32). This distinct shift toward
a more negative anisotropy correlates with the previously discussed structural changes–
specifically the subsurface P–P dimerisation and the reduction of the coordinating In–O–
In bridges–which breaks local symmetry and alters the surface electronic states. The cor-
responding colour plot (Fig. 26a) confirms these subsequent intensity changes through-
out the trajectory, showing stable but dynamic fluctuations particularly at lower photon
energies.

On the other hand, the solid–liquid interface showcases the exact opposite behaviour,
demonstrating significantly lower variance in its calculated optical anisotropy over time.
The individual, snapshot derived RA-spectrum display a remarkably high coherence with

60



5 Results

Figure 31: Evolution of RAS during the MD trajectory of the (2×2)(P2O7)2 surface. (a)
and (b) show the time-resolved RAS colour plots for the β2(2×4) surface without and
with H2O, respectively. (c) presents the time-averaged and reference RA-spectra for both
the with H2O (blue lines) and without H2O (red lines) cases. This figure is adapted from
paper A2.

Figure 32: RA-spectra of the (2×2)(P2O7)2 surface without H2O along the AIMD trajec-
tory. The blue line represents the RA-spectra at an individual time-step, while the time-
averaged, and the reference structure RA-spectra are depicted as black and red dashed
lines, resp. This figure is adapted from paper A2.

both the time-averaged and reference spectra (Fig. 33). This interface is characterised
by three distinct, stable peaks of comparable intensities located at 2.1, 3.7, and 5.5 eV.
Temporal fluctuations here are minimal, consisting primarily of subtle peak-splitting ef-
fects or minor intensity reductions (as seen in the 11.4 ps and 12.4 ps snapshots). This
optical consistency reflects the structural insights obtained from our radial distribution
analysis: while the dynamic interaction with H2O overlayer causes minor polyphoshpate
bending, localised H2O adsorption, and shifting In–O–In bridging that constrain atomic
motion, the core PxOymoiety remains intact. Crucially, the system avoids the major
subsurface structural rearrangements and bond-breaking events observed under vacuum
conditions. A comparative analysis of the (2×2) reconstructions indicates that both the
partially passivated (P2O6)2 and fully passivated (P2O7)2 surfaces undergo transitions
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Figure 33: RA-spectra of the (2× 2)(P2O7)2 surface with H2O along the AIMD trajec-
tory. The blue line represents the RA-spectra at an individual time-step, while the time-
averaged, and the reference structure RA-spectra are depicted as black and red dashed
lines, resp. This figure is adapted from paper A2.

from meta-stable configurations toward equilibrated minima. However, their structural
and optical responses to the surrounding environment follow completely opposite trends.
The (2×2)(P2O6)2 surface is chemically reactive. Upon contact with H2O overlayer, it
undergoes a complex, multi-step changes: water dissociates to allow direct hydroxyl
adsorption onto active surface P atoms, which triggers proton transfer and hydrogen mi-
gration to yield P–OH groups (shifting the surface from a 12-oxygen to 13-oxygen con-
tent). This is followed by the insertion of an additional oxygen atom toward the bulk to
form structural In3O complexes, while a separate site forms a new cross-linking In–O–P
bond, pushing the final configuration to a 14-oxygen layout. This intense chemical re-
structuring drives fluctuations in its optical response, ultimately resulting in a persistent
negative anisotropy that stands in sharp contrast to the positive anisotropy of its vacuum
counterpart.

Conversely, the fully passivated (2×2)(P2O7)2 surface exhibits the inverse behaviour.
While its solid–liquid interface remains chemically inert and structurally stabilised by
the solvent layer, it is the solid–vacuum interface that experiences a severe temporal
evolution. In vacuum, the lack of spatial constraints enables a localised structural degra-
dation of the polyphosphate motif, driving the emergence of a subsurface P–P dimer and
a comprehensive reorganisation of the In–O–P connectivity. These major vacuum-phase
transformations correlate directly with the appearance of a pronounced negative peak
distribution within the 2.0 to 3.5 eV spectral range.
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6 Summary and Outlook

The phase stability of InP(001) surfaces was investigated via density functional theory
using the PBE exchange-correlation functional, incorporating long-range dispersion in-
teractions through Grimme-D3 corrections. This analysis was a prerequisite to under-
standing the the behaviour of the semiconductor surface under electrochemical condi-
tions. The surface energy (γsurf) was evaluated to map out the thermodynamic phase sta-
bility as a function of the chemical potentials of the surface constituent (γsurf vs. ∆µIn).
Initially focusing on clean InP(001) reconstructions, our results corroborated well with
the previously reported findings of W.G. Schmidt [33]. Along the variation of ∆µIn, the
mixed-dimer reconstruction was found to be stable under In-rich conditions, consisting
of a mixed In–P dimer on an underlying In-layer. The β2(2×4) and α2(2×4) stepped
surfaces, consisting of 3 and 2 P–dimers on an underlying In-layer,respectively, domi-
nated the intermediate chemical potential region. Interestingly, the previously reported
stable (2×2)-1D reconstruction under P-rich conditions was found to be unstable within
our framework [33, 83]; this surface is structurally equivalent to (2×2)-2D phase but
lacks one P–dimer. This discrepancy in phase stability is attributed to the more refined
exchange-correlation treatment and the incorporation of the Grimme-D3 corrections in
this work.

Building on these results, the second objective was to analyse oxygen exposure to
circumvent the experimental and computational challenges associated with investigat-
ing electrochemical interfaces. Obtaining atomistic-scale insight into surface passivation
was essential, as the degree of oxygen coverage (0< θ <1) alters both the thermody-
namic stability and the electronic properties of the system (via electrochemical and elec-
tronic passivation). In this context, surface passivation referred to the formation of PxOy

polyphosphate motifs via oxygen adsorption. This process was investigated through the
sequential adsorption of oxygen atoms across multiple deposition schemes–including
sequential adsorption followed by motif transfer, sequential transferring of pre-formed
motifs, and the insertion of oxygen atoms into already passivated surfaces. This system-
atic search identified stable configurations characterised by low enthalpy of formation
(∆Hf) for specific coverage, The resulting overall phase diagramm (γsurf vs. ∆µIn and
∆µO) revealed that addatom adsorption of oxygen fundamentally reshapes the landscape
of surface stability.

In the P-rich region, P2O7, and (P2O7)2-passivated β2(2× 4) surfaces were found to
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be stable over a narrow range of ∆µIn, whereas an ordered β2(P2O7)3 reconstruction
exhibited stability over a wider chemical potential window. Under high oxygen-rich
conditions, the (P2O6)2 and (P2O7)2 passivated P-rich (2×2) configurations emerged as
thermodynamically stable phases. Specifically, the (2×2)-2D surface passivated with
two P2O7 units demonstrated stability under O-rich and P-rich domains. Conversely,
intermediate 3-O and 4-O atom converges on the same underlying surface fell outside
the stability thermodynamic window, corresponding instead to the metallic phosphorus
region. Contrary to previous results reported for the widely used mixed-dimer recon-
struction, our findings demonstrate that highly passivated, P-rich surfaces dominate over
a wide range of indium and oxygen chemical potentials. While the mixed-dimer phase
remained stable only with a homogeneous oxygen distribution under highly metallic in-
dium conditions, surfaces obtained from oxygen coverage on the c(4×4) and α(2× 4)
reconstructions failed to occupy any stability domain.

Next, time-resolved spectroscopy was studied for four representative clean or oxy-
genated phases: the clean β2(2×4), the fully passivated β2(2×4)(P2O7)3, the partially
passivated (2×2)(P2O6)2, and the fully passivated (2×2)(P2O7)2 reconstructions. AIMD
simulations were employed to capture the finite-temperature (300 K) structural dynamics
of these configurations at both solid–vacuum and solid–liquid (specifically, solid–water)
interfaces. To compute the optical response, 20 uncorrelated snapshots were extracted
from the equilibrated regions over a 10 ps window with a time-step spacing of 500 fs.
RA-spectra were calculated within the independent-particle random-phase approxima-
tion. To correct for the DFT band-gap limitation, a rigid scissors operator parameters
were determined for both interfaces of all phases using mid-trajectory snapshot.

The optical analysis revealed that the solid–vacuum and solid–liquid interfaces of both
the clean and fully passivated β (2× 4) systems exhibit highly stable optical signatures
over time. Conversely, solid–liquid interface of the (2×2)(P2O6)2 system and the solid–
vacuum interface of the (2×2)(P2O7)2 phase exhibited a persistent, pronounced negative
anisotropy. While their respective complementary interfaces showed only minor tem-
poral variations. Resolving the intricate details that govern these solid–liquid interfaces
remains a challenge in materials science due to the complex, multi-scale coupling of
surface dynamics. In this work, AIMD simulations successfully captured real-time inter-
facial transitions, monitoring how the liquid overlayer triggers site-specific adsorption,
molecular dissociation, rapid proton migration, and the temporary formation of Zundel
or hydronium ions within the bulk H2O environment.
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6 Summary and Outlook

Crucially, these geometric rearrangements–manifested as the breaking and forming of
local bonding configurations–substantially alter the surface electronic structure. Over the
course of the trajectory, these intertwined physical and chemical transformations contin-
uously reconfigure the polarisation dependent transition matrix elements, giving rise to
new electronic transitions and modifying the macroscopic dielectric tensor (εij(ω)). That
dictates the transient RAS profiles. Ultimately, these findings highlight RAS as an ex-
ceptionally sensitive, non-destructive probe for tracking real-time interfacial chemistry,
emphasising the absolute necessity of including explicit, realistic electrolyte overlayers
in theoretical models to bridge the gap with experimental observations.

Following the analysis of these results, several key aspects can be investigated further,
as highlighted below:

1. Oxygen adsorption: The overall phase stability diagram can be systematically ex-
tended by incorporating subsurface oxygen atom insertion toward the bulk and
substitutive (O → P) exchange schemes [87]. Furthermore, this thermodynamic
framework should be expanded to identify stable bonding networks of In(PxOy)
units, as these coordinated complex units emerged as persistent structures during
our liquid-phase AIMD trajectories.

2. Computational hydrogen electrode: The current electrochemical boundaries estab-
lished for H/Cl (co-)adsorption can be extended toward OH/H (co-)adsorption
conditions by explicitly evaluating the potential dependent surface free energy sur-
faces [88].

3. Optimisation of Scissors shift parameters: Tuning the band gap by higher k-point
resolution could be one option. To improve accuracy one could also attain specific
parameters for each surface (high computational cost), or move beyond IP-RPA
formulation. Specifically the independent quasiparticle approximation i.e.the GW
approximation to obtain accurate quasiparticle energies, while the BSE framework
can be used to account for excitonic effects, accounting for accurate optical re-
sponse [51]. Furthermore, a scissors shift fitting could be performed between
PBE-derived and for e.g. GW or BSE-derived band structure [89].

4. Slab Dimension and Finite-Size Scaling: The slab thickness used in this work was
carefully converged with respect to the energy (Sec. 4.3). However, recent studies
have shown that the electronic band structure, and hence the optical response, are
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very sensitive to the slab thickness [90, 91], such that a very large slab thickness
may have to be considered for a direct comparison with experimental data. Con-
currently, given the large, dynamic displacements observed in the indium layers of
the (2×2) configurations during the AIMD simulations, extending the surface in
the xy-plane may allow additional dynamic configurations with altered RA-spectra
to be captured.
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7 List of Abbreviations

7 List of Abbreviations

AIMD Ab initio molecular dynamics.
BSE Bethe-Salpeter equations,
BoS Balance-of-system.
CHE Computational hydrogen electrode.
DFT Density functional theory.
DRS Differential-reflectance spectroscopy.
DIIS Direct inversion in the iterative subspace.
XC Exchange–correlation functional.
GGA Generalised gradient approximation.
GHG Greenhouse gas.
GPW Gaussian and plane wave.
GTH Goedecker-Teter-Hutter pseudopotential.
GTOs Gaussian-type orbitals.
HEG Homogeneous electron gas.
HF Hartree Fock.
HL Helmholtz layer.
HF Hartree–Fock method.
IP-RPA Independent particle random phase approximation.
KS Kohn–Sham.
LCOH Levelised cost of hydrogen.
LDA Local density approximation.
LEED Low-energy electron diffraction.
NVT Canonical ensemble.
ONCV Optimised norm-conserving vanderbilt pseudopotential.
NDCs Nationally determined contributions.
PAW Projector augmented-wave method.
PBE Perdew-Burke-Ernzerhof functional.
PBE-D3 Dispersion correction with PBE functional.
PEC Photoelectrochemical.
PES Potential energy surface.
PV Photovoltaic
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PV-E Photovoltaic electrolysis.
QMC Quantum monte carlo.
RA Reflectance-anisotropy.
RPA Random phase approximation.
RAS Reflection anisotropy spectroscopy.
RDF Radial distribution function.
SCF Self-consistent field.
SCR Space charge region.
SDR Surface differential reflectivity.
SE Scanning ellipsometry.
SEM Scanning electron microscopy.
SIE Self interaction error.
SIC Self interaction correction.
SMR Steam methane reforming.
STH Solar-to-hydrogen.
STM Scanning tunnelling microscopy.
TRL Technological readiness level.
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8 List of Symbols

αµ and dµ p Gaussian component and contraction coefficient for GTOs.
α Mixing parameter for the Hartree-Fock (exact) exchange energy.
α and β Mixing parameters in SCF via DIIS.
κ and µ Parameters used in PBE framework.
ρ Electron density.
ρ̃(r) Trial electron density.
ψ(r) Kohn–Sham orbital.
{χ(r)} Basis function for linear-combination approach.
εHEG

xc (ρ) Exchange-correlation energy per atom of a uniform density.
εLDA

x (ρ) Exchange component of the in the LDA framework.
εs’ and εs” Real and imaginary part of the bulk dielectric function.
λ Photon wavelength.
εb Bulk dielectric function.
∆εs Anisotropic part of surface dielectric tensor.
∆ε’ and ∆ε” Anisotropic real and imaginary part of the surface dielectric function.
∆HInP

f Bulk formation energy of InP.
Ne Number of electrons.
∆R Change in absolute reflectivity.
∇ρ(r) Reduced density gradient.
γ Gibbs free surface energy.
A Slab surface area.
µ Chemical potential.
µIn,bulk Bulk indium chemical potential.
µP,bulk Bulk phosphorus chemical potential.
λ Thermal wavelength of O2.
Φ Work function difference between the semiconductor and the redox couple.
Cn

i j Dispersion energy coefficients for D3 correction.
Cn

i j Dispersion energy coefficients for D3 correction.
Cµ SCF determined expansion coefficient.
G Reciprocal lattice vector.
E[ρ0] Energy for the ground-state electron density.
E[ρ̃] Energy for the trial electron density.
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Exc[ρ] Exchange-correlation functional.
Ecut Kinetic energy cutoff.
ELDA

xc [ρ] Exchange-correlation functional in the LDA framework.
FPBE

x (s) Enhancement factor used in PBE framework.
Ehybrid

x Hybrid XC energy.
EPBE

x Exchange energy component in PBE framework.
EPBE

C Correlation energy component in PBE framework.
EHF

x Hartree–Fock (exact)exchange energy.
EDFT−D3 Ground state energy after dispersion correction.
ED3

disp Pairwise dispersion energy correction in D3 correction.
Ehybrid

x Hybrid XC energy.
EPBE

x Exchange energy component in PBE framework.
EHF

x Hartree–Fock (exact)exchange energy.
EDFT−D3 Ground state energy after dispersion correction.
Ecut Kinetic energy cutoff.
ELDA

xc [ρ] Exchange-correlation functional in the LDA framework.
ED3

disp Pairwise dispersion energy correction in D3 correction.
EPBE

C Correlation energy component in PBE framework.
EO2 Spin-triplet ground state energy of O2 from DFT.
ECB Conduction band minimum.
EV B Valence band maximum.
EVAC Energy of the vacuum level.
EF Fermi level.
ER,O Redox level of the electrolyte.
Enk Energy of the nth band at the wave-vector k.
FPBE

x (s) Enhancement factor used in PBE framework.
Rclean Reflectivity of a clean sample.
Rre f Reflectivity of a reference sample.
H Non-relativistic electronic hamiltonian.
VHartree(r) Electrostatic potential for e–e repulsion.
Vxc(r) Exchange-Correlation potential.
VKS[ρ(r)] Effective(fictitious) external potential.
Vext Electron–nulcei interaction in Kohn–Sham framework.
VlocPP Local pseudoptential.
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VnlPP Non-local pseudopotential.
vH(r) Hartree potential.
vext(r) external potential.
Nnucl Number of nulcei.
Ts[ρ] Kinetic energy of non-interacting electrons.
Ri Residual vector between input $ densities.
kB Boltzmann constant.
Zrot Rotational partition function.
Zvib Vibrational partition function.
L({RI},{ṘI}) Lagrangian used in AIMD for depicting nuclear motion.
r[110] Reflectivity along [110] direction.
Pvc Momentum transition matrix(valence to conduction).
d Layer thickness.
dsc Thickness of the space charge region dH Helmholtz layer width.
fn
damp Damping coefficient for D3 correction.

r Total reflectivity.
Vbb1 Band bending induced potential drop in the absence of surface states.
Vbb2 Band bending potential drop in the presence of surface states. Z Charge of nu-
cleus.
ΨH Potential drop across the Helmholtz layer.
∆r Reflectivity difference between two orthogonal in–plane directions.
r[1̃10] Reflectivity along [1̃10] direction.
[110] Reflectivity along [110] direction.
ω Photon frequency.
rsur f

In−P Bond distance of In, P atoms at the surface.
rbulk

In−P Bond distance of In, P atoms in the bulk.
r(In−P)(t) Time distribution of In, P atomic distances for surface, near-surface regions.

9 Appendix

Herein, we provide the technical details and the approach that support the analysis of
the publication A2. This appendix includes regarding electronic property calculations
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wrt. different exchange-correlation functionals, and the ”scissor operator” fitting proce-
dures used to align PBE-derived with PBE0-derived band structure. This is to ensure the
accuracy of the optical spectra.

9.1 Electronic Properties

The electronic band structure of semiconductor surfaces plays a crucial role in the ef-
ficiency and stability of PEC devices. However, accurate modelling of electronic prop-
erties remains a challenge, especially at the solid–liquid interface, due to the interplay
between surface reconstruction, adsorbate coverage, and electrochemical environment.

DFT, using the PBE exchange-correlation functional as applied in this work is a com-
mon tool. However, there are some problems in this approach:

1. Underestimation of the Band Gap: GGA-type functionals (Sec. 4.1.6), such as PBE,
underestimate the band gap due to self-interaction errors (SIE) and the absence of
the derivative discontinuity in the exchange-correlation potential. Furthermore,
even after application of self-interaction corrections (SIC) in the GGA framework,
these methods incorporate gauge inconsistency issues [92, 93].

2. Finite supercell and sampling Effects: The finite-size of the surface slabs and lim-
ited k-point sampling (Fig. 34) can affect the results based on surface properties,
such as RAS.

Herein, Fig. 35a represents the band structure of the β2(2×4)(P2O7)2 surface, showing
the presence of surfaces states. Fig. 35b, corresponds to the change in the band gap
value obtained for stable surfaces at each specific oxygen coverage (θ ). The band gap
evolution shows a non-uniform distribution with coverage, showcasing the sensitivity of
electronic properties to fluctuations as the coverage increases. Due to the inclusion of the
exact exchange Eq. (4.27), the PBE0 hybrid functional yields a larger band gap, resulting
in a value closer to experimental one. Changes in the band gap wrt. θ (Fig. 35b) can
be correlated to shifting or removal of mid-gap states, which can alter the anisotropic
response of the surface, as exemplified in Sec. 5.2.1 and 5.2.2.

One must address the limitations of semi-local functionals, particularly in calculations
of optical anisotropy, which is highly sensitive to the distribution of surface electronic
states in the reciprocal space. Since RAS calculations require an accurate band structure
calculation, the PBE band structures were corrected to match the BE0-derived energies,
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Figure 34: (a) Change in RA-spectra wrt. different k-point grids for (2×2)(P2O6)2 solid–
vacuum interface. The RA-spectra for the (4×4×1) grid corresponds to the 14.5 ps snap-
shot.

using a linear fitting and scissors operator approach. For each oxygen coverage, separate
linear regressions were performed for the valence- and conduction-band energies within
a varying energy window around the valence band maximum (VBM) and conduction
band minimum (CBM), as implemented in a custom made fitting script. After applying
the fitting procedure we get the scaling parameters that relate the PBE bands to their
PBE0 counterparts:

Efit
VB(k) =

(
EPBE

VB (k)−EPBE
VB,max

)
· vslope + vint , (9.1)

Efit
CB(k) =

(
EPBE

CB (k)−EPBE
VB,max

)
· cslope + cint +∆scissor . (9.2)

where vslope and cslope are the regression-derived scaling factors for the valence and con-
duction bands, respectively, while vint and cint denote the corresponding intercepts. The
parameter ∆scissor represents an empirical energy shift applied to rigidly correct the un-
derestimated PBE band gap. This correction is determined such that the adjusted bulk
gap reproduces the experimental value of 1.34 eV, guided by the PBE0 reference calcu-
lations [94, 95]. The applied parameters for this surface configuration are illustrated in
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Figure 35: (a) PBE-derived band structure of the oxygen-covered β2(2×4)(P2O7)2 re-
construction of InP(001), (b) PBE and the PBE0-derived band gaps as a function of
oxygen coverage (θ ), showing a fluctuation in the electronic states during the transfor-
mation between different surface phases.

Fig. 36, where the values (∆scissor: 0.632, cslope: 1.089, vslope: 1.133) correspond to the
scissor shift, conduction-band slope, and valence-band slope respectively.

Figure 36: Comparison of the PBE (blue/green) and PBE0 (red/cyan) band structures
for the oxidised β2(2× 4) surface at a representative oxygen coverage. The bands are
aligned at the valence band maximum and scaled using a linear regression fit to match
the PBE0-like dispersion. This figure is taken from the paper A2.

. Hence, applying a scissor shift for calculation of optical response provides a more
accurate representation of the quasiparticle gap, ensuring a more realistic description of
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optical and electronic transitions without the full computational expense of hybrid-DFT
based calculations.

The scissor shift correction is used in the calculation of time-resolved reflection anisotropy
spectroscopy for all solid–liquid and solid–vacuum interfaces, as discussed in Sec. 5.2.

9.2 Data availability

The data that support the findings of the publication A1, including structure files of the
most stable structures, are openly available at: NOMAD [96].

The molecular dynamics trajectories that support the findings of the publication A2

are openly available at: ZENODO [97].
The data underlying the study of publication A3 will be made openly available upon

reasonable request to the authors.
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[60] Hamann D. R., Schlüter M., and Chiang C. Norm-Conserving Pseudopotentials.
Phys. Rev. Lett., 43(20):1494–1497, November 1979.

[61] Vanderbilt D. Soft self-consistent pseudopotentials in a generalized eigenvalue for-
malism. Phys. Rev. B, 41(11):7892–7895, April 1990.
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The phase stability of InP(001) surfaces upon
oxygen exposure from first principles

Vibhav Yadav,a Holger Euchner a and Matthias M. May *ab

III–V semiconductors such as indium phosphide and multinary alloys derived thereof have shown high

performance in multi-junction photoelectrochemical devices for solar water splitting. However,

electrochemical conditions, especially in aqueous electrolytes, often lead to changes in surface structure

and stoichiometry. These changes then affect the electronic structure, for instance leading to the

formation of charge-carrier recombination centers or points of attack for dissolution of the material. It is

therefore important to understand the surface structures that may arise in electrochemical environments

to identify routes for electronic and electrochemical surface passivation. In this work, we assess the

impact of oxygen adsorption on surface reconstructions of InP(001) via first principle calculations. We

observe predominantly P-rich surfaces for a large range of indium and oxygen chemical potentials,

showing PxOy-type polyphosphate motifs. On the other hand, the frequently assumed In-rich (2 × 4)

mixed-dimer surface reconstruction is found to be unstable for a large range of oxygen chemical potentials.

1 Introduction

Transitioning towards renewable energy sources to reduce the
reliance on fossil fuels is crucial for limiting global warming.1

Hydrogen produced from solar water splitting, as a carbon-
neutral fuel has had a substantial amount of research put-
forth in the recent years.2–4 In particular, photo-
electrochemical (PEC) water splitting is a promising option for
hydrogen production. However, maintaining high solar-to-
hydrogen efficiency over the necessary lifetime of the device
remains a problem due to the semiconductor–electrolyte
interface on the top photoabsorber.5,6 Hence, it is crucial to
understand the underlying facets necessary to improve the
sustenance of photoelectrodes for direct solar water splitting,
where the photabsorber is in contact with the electrolyte.4,7

Limiting (photo)corrosion that can lead to mid-gap states
resulting in charge-recombination is therefore essential for
viable PEC devices. Here, suitable surface passivation can
suppress surface states, reduce recombination, and protect the
surface from corrosion, thus solving problems related to the
device's instability.4,8 The rst step for the knowledge-driven
design of such a surface passivation is to understand the
change in the electronic structure that may arise at the semi-
conductor surface under operating conditions. Here, Indium
Phosphide (InP) is oen applied as model system to gain
insights into (photo)-electrochemical processes. InP is a (cubic)

zinc-blende structured III–V semiconductor compound with
electrical and optical properties that render it valuable for
a range of opto-electronic applications, including photonic
crystals,9 energy harvesting and storage.10 InP possesses a direct
bandgap of 1.34 eV alongside high electron mobility. The
material can be prepared epitaxially in high-quality, but also
serves as a wafer-based substrate for a variety of opto-electronic
devices.11 These properties make InP particularly attractive for
high-efficiency solar cells and photoelectrochemical water
splitting applications. For instance, when alloyed with gallium
to form GaInP2, InP demonstrates promising solar-to-hydrogen
conversion efficiencies as part of the absorber stack in tandem
congurations, but also the charge-selective window layer in the
form of AlxIn1−xP.4 Due to the challenges that arise for the study
of electrochemical systems under realistic conditions, both
experimentally and computationally,12,13 a widely used approach
is to study the surface chemistry in vacuum conditions under
the supply of oxygen or water.14–18 These studies found the
oxidation of InP to be a highly structure-sensitive process that
exhibits distinct behaviour for In- and P-rich surfaces. The
supply of molecular oxygen leads to oxygen insertion into In–In
and In–P back bonds on the respective surfaces,14 while water
preferentially interacts with surface In–P bonds.15 An in-depth
computational study of Wood et al.19 was mainly based on the
In-rich, mixed-dimer reconstruction of InP(001) and used ada-
tom adsorption and density-functional theory (DFT)-based
molecular dynamics calculations of the solid–liquid-interface.
They found the predominant formation of In–O–In and In–O–
P bonds for the mixed-dimer reconstruction, identifying In–O–
In as being more detrimental due to in-gap electronic states.19,20

An adsorbate-assisted kinetic H2O dissociation was also
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suggested, together with a long-range Grotthuss mechanism of
surface hydrogen migration, which could enhance proton
adsorption and hydrogen evolution at different surface sites.
Work on the ternary AlxIn1−xP suggested symmetric oxygen
distribution on the InP mixed-dimer reconstructions aer
adsorption or substitutive insertion.16 More complex motifs
were found in a study combining near-ambient pressure
photoelectron spectroscopy and DFT,21 but the exact starting
surface of the experimental study was not well-established. The
sputtering routine described and the low-energy electron
diffraction patterns suggest that the starting point was a surface
similar to the mixed-dimer surface with a relatively high density
of defects.17 Surface defects, however, can qualitatively change
the interaction of the III–V(001) surfaces with adsorbed water.22

A recent computational study also suggested that the interac-
tion of InP surfaces with hydrogen is strongly inuenced by
substrate doping, and the surface hydrogen content will impact
electronic properties such as Fermi level pinning.23

Surface chemistry studies of clean InP(001) reconstructions
apart from the mixed-dimer reconstruction are, however, rather
limited, both computationally and experimentally. While well-
ordered interfaces between InP and aqueous electrolytes have
indeed been demonstrated to exist, their exact nature is not yet
established.24 In-rich and Cl-rich surfaces might be present in
limited potential ranges. While our recent work using the
computational hydrogen electrode suggests that H–Cl co-
adsorption in these conditions may be thermodynamically
limited under these conditions,25 we did not consider oxygen
as ingredient for the surface phases. To understand
possible surface oxidation pathways, it is therefore necessary
to systematically assess the phase diagram of InP(001)
with respect to oxygen chemisorption with a broad structural
basis.

In this work, we therefore rst analyse the stability of clean
InP(001) stable surface reconstructions with respect to the
surface constituents chemical potential via density functional
theory. Next, for stable surface reconstructions, we study the
resulting phase stability due to dissociative chemisorption of O2

via two different approaches. We nd that the phase stability of
polyphosphate moieties along with the insertion of O-atoms
into the underlying In–P back bonds at higher coverages is
evident in the overall phase diagram.

2 Methods
2.1 Computational details

For structural relaxation, we employed the Gaussian and Plane
Wave (GPW) method with DZVP basis set as implemented in the
DFT code CP2K26 in combination with the non-local and norm-
conserving GTH-PBE pseudopotentials. Exchange and correla-
tion were accounted for via the generalised gradient approxi-
mation in the form introduced by Perdew, Burke, and
Ernzerhof.27,28 Furthermore, the Grimme-D3 correction29 was
added to consider van der Waals interactions in a pair-wise
dispersion correction. Aer performing convergence tests to
determine suitable layer and vacuum thickness, InP(001) slabs
were generated for the subsequent surface studies. These slabs

comprised 6 In and 6 P layers, where the bottom 5 bilayers were
xed to ideal bulk positions, and a vacuum of approximately
z36 Å added along the surface normal. All surface calculations
were conducted using an asymmetric slab, with the bottom In-
layer being passivated with pseudo-hydrogen atoms (Z = 1.25).
For k-space integration, 4 × 4 × 1 and 4 × 2 × 1 k-grids were
selected, depending on the respective surface size.

2.2 Surface phase diagrams

To access the stability of different surface reconstructions with
respect to each other, the Gibbs free surface energy, g = DG/A,
was determined following eqn (1).

gðT ; pÞ ¼ 1

A

 
GðT ; p;NiÞ �

X
i

NimiðT ; pÞ
!

(1)

Here, T and p represent temperature and pressure, whereas Ni

and mi correspond to number and chemical potential of species
i, respectively. While G in principle depends on temperature
and pressure, it is oen simply approximated in ab initio-based
approaches by the calculated total energy of the corresponding
slab, thus neglecting entropy and volume change. Moreover, for
the sake of representation, the chemical potential is frequently
normalised with respect to the bulk energies of the respective
elements (Dmi(T, p) = mi(T, p) − Ei), thus yielding:

gðT ; pÞ ¼ 1

A

 
Esurf �

X
i

NiDmiðT ; pÞ
!

(2)

Next, the fact that, in equilibrium, mIn and mP are connected
via the bulk formation energy of InP, can be exploited:

mIn + mP = mInP,bulk (3)

= mIn,bulk + mP,bulk − DHInP
f (4)

Now, the surface free energy of the plain surfaces can be
expressed solely as a function of DmIn.25

The above expressions (see eqn (4)) can furthermore be used
to determine the limits for DmIn (and DmP):

DHInP
f # DmIn # 0 (5)

The experimentally determined value for the InP formation
energy corresponds to DHInP

f = −0.81 eV.
Starting from the clean surface reconstructions, the phase

stability upon oxygen adsorption can consequently be repre-
sented as a function of DmIn and DmO. Here, it should be noted
that the oxygen chemical potential can be expressed as a func-
tion of partial pressure, p, and temperature, T, as represented by
the following equation:

DmOðp;TÞ ¼ kBT

2

�
pl3

kBT
� ln Zrot � ln Zvib

�
� 1

2
EO2

(6)

where kB is the Boltzmann constant, l is the de Broglie thermal
wavelength of the O2 molecule, and Zrot, Zvib are the rotational
and vibrational partition functions of O2, respectively. EO2
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represents the energy of the oxygen molecule in its computa-
tional spin-triplet ground state.

3 Results & discussion
3.1 Phase stability – plain surface

As a rst step, surface reconstructions of P-rich and In-rich
phases, known to occur in InP and/or related compounds,30–32

were re-examined to determine the surface phase diagram of
InP(001) with the inclusion of dispersion corrections. Plausible
structures that have been found to be stable in earlier studies
were extracted from the literature and subsequently optimised.
The ground state energies of the optimised structures were then
used to determine the surface phase diagram as a function of
the indium chemical potential as shown in Fig. 1. Five stable
surface reconstructions are observed (see Fig. 2). The (2 × 2)-2D
reconstruction is stable for a large range under P-rich condi-
tions. For increasing DmIn, the closely related c(4 × 4) phase
becomes stable in a narrow potential range. Intermediate In
chemical potentials stabilise the stepped b2(2 × 4) and a2(2 ×

4) phases, whereas the mixed-dimer surface is observed for In-
rich conditions. On the contrary, the (2 × 2)-1D surface is
found to be slightly unstable in contrast to previous reports in
the literature.32 This is most likely a consequence of the
different exchange-correlation functional (LDA in their work,
GGA in ours) as well as the fact that our work accounts for
dispersion correction via the vdW-D3 scheme. For comparison,
the phase-diagram was also recalculated, using LDA, to recog-
nise the differences due to different classes of XC functional as
previously reported.32 The instability of (2 × 2)-1D reconstruc-
tion for PBE could be due to the inaccurate correlation energy
calculation using LDA for inhomogeneous systems. In general,
the results obtained via the here applied PBE-D3 approach are
expected to be more reliable. However, it has to be noted that
the observed differences to the previously published LDA phase
diagram are small and that additional uncertainties, as e.g.
entropic effects, are not considered.

Finally, the unstable – no hydrogen termination was taken
into account – P-rich (2 × 2) surface is also shown, as this
surface becomes important as basis structure for the oxygena-
tion study presented below.

The above-discussed surface reconstructions are depicted in
Fig. 2. As these will be the starting point for the calculations in
the presence of oxygen, their structural features will be quickly
discussed. The P-rich (2 × 2)-2D and c(4 × 4) surfaces are
terminated by additional P-dimers that are located on the already
P-terminated InP(001) surface. In the case of the (2 × 2)-2D
surface, two dimers that differ in length and position with respect
to the underlying P-layer are observed. The closely related c(4× 4)

reconstruction is based on a
ffiffiffi
2

p � ffiffiffi
2

p
surface unit cell that is

rotated by 45° wrt. the conventional one. This surface recon-
struction corresponds to a P-terminated surface as well, however,
with an additional row of three P-dimers on top. The b2(2 × 4)
phase can be described as a stepped surface with In-termination,
with two P-dimers on the upper and one on the lower plateau.
The a2(2× 4) surface reconstruction, on the other hand, is based
on the same stepped surface, however, with one P-dimer on top
of and one below the step. Similarly, the P-rich (2 × 2) structure
corresponds to a at, In-terminated surface with P-dimers on top.
This structure forms when a P-terminated surface is optimised
and should not be confused with the above-discussed (2 × 2)-2D
phase, where additional P-dimers are present. Finally, the mixed-
dimer reconstruction corresponds to an In-rich surface, again
based on a (2 × 4) surface unit cell with a single mixed-dimer on
top of the In-termination.

3.2 Phase stability – oxygenated surface

Starting from the clean phase diagram, the above-mentioned
stable reconstructions were investigated in the presence of

Fig. 1 Surface free energy for the different InP(001) reconstructions as
function of the indium chemical potential.

Fig. 2 Ball-and-stick representation for stable InP(001) surface
reconstructions, viewed along the (001) surface normal. Surface
dimers, i.e. P-dimers are indicated in dark grey, and In–P dimers are
indicated in a magenta-dark grey format. In and P atoms are indicated
by pink and grey respectively.
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oxygen. As a rst step, the potential energy landscape of the
respective surfaces was scanned by placing single oxygen atoms
on a grid of equidistant points. The oxygen atoms were then
relaxed along the surface normal, while the surface was kept
xed, thus yielding rst insights with respect to the most likely
adsorption sites. For the In-rich mixed-dimer surface, the
energetically most favourable adsorption site was found to be
the P-atom of the InP-dimer (see Fig. 3). This is in contrast with
earlier ndings on AlInP, where In was found to be more
favourable for the mixed-dimer surface.16 In addition, the In
atoms next to the P atom of the InP dimer are likely to form In–
O–In bonds, also showing negative adsorption energies. Finally,
the P atoms below the top-most In layer, that are directly
accessible, offer favourable adsorption sites indicating the
formation of In–O–P bonds with neighbouring In atoms. For all
P-rich surfaces, adsorption minima were found to be preferen-
tially on P-dimer sites. This is exemplied for the b2(2 × 4) and
c(4 × 4) phases in Fig. 3. Interestingly, for b2(2 × 4), the most
favourable adsorption sites are on the P-dimers of the lower
plateau, which can be explained by the vicinity of the step edge.
The dimers on the upper plateau are also favourable adsorption
sites, however, to a smaller extent. For the c(4 × 4) surface, the
P-dimer sites, but also the P-atoms of the P-layer below, are
favourable adsorption sites. Thus, it can be concluded that the
P-sites are particularly reactive towards oxygen, even for In-rich
surfaces.

Starting from the such determined minima, the surface was
also allowed to relax and the amount of surface oxygen was then
gradually increased. For the In-rich, mixed dimer surface, in
accordance to literature, a screening-based increase of the
oxygen content resulted in a rather uniform oxygen distribu-
tion. This is due to the fact that In–O–P and In–O–In bonds are
formed preferentially, as already indicated by the colour map in
Fig. 3. While the structures with rather low oxygen coverage
keep the symmetry of the underlying mixed dimer surface, this
symmetry is getting lost at higher oxygen concentration.
Increasing the coverage beyond 12 oxygen atoms results in more
strongly disordered arrangements on the surface as can be
inferred from the (mixed) 24-O-structure in Fig. 5 and the
supplementary dataset.33 To evaluate the stability of the struc-
tures with different oxygen coverage, the corresponding phase
diagram – depicting the surface free energy with respect to the
oxygen chemical potential – were determined (see Fig. 4c). This

clearly shows that oxygen-rich surfaces are rapidly stabilised
with increasing DmO, with the surface that features the highest
considered oxygen loading being stable over a wide range. Only
at very low oxygen chemical potentials (DmO < −2 eV), some of
the ordered low coverage phases become stabilised. However, at
room temperature, such low chemical potentials would corre-
spond to extremely low oxygen partial pressure, thus making
their occurrence rather unlikely.

Interestingly, the oxygenation of the In-terminated surfaces
with P-dimers on top was found to follow a different path. For
example, for the case of the b2(2 × 4) phase, surface congu-
rations with increased oxygen content were obtained by
sequentially determining the most favourable position for each
added oxygen. This resulted in the preferential formation of
P–O and In–O–P bonds on P-dimers. However, at increased
oxygen content, the occurrence of characteristic PxOy

polyphosphate-type moieties was observed. The observation of
these polyphosphates resulted in the question if such motifs
might be stable also at lower oxygen contents. Consequently, an
additional approach, based on the decoration of the surface
with such structural motifs was followed. For this purpose,
isolated PO3, PO4, P2O5, P2O6, and P2O7 motifs and combina-
tions thereof were investigated and indeed proved to be more
stable than the previously obtained structures with a more
uniform distribution of oxygen. While the different poly-
phophate moieties are in general observed to be the most stable
structures for a given oxygen content, the P2O7-based motifs are
found to be particularly stable congurations (see Fig. 5). A
subset of these structures was also suggested by a study of
Zhang et al.,21 based on the interpretation of photoelectron
spectroscopy data. The reason for this motif formation lies in

Fig. 3 Potential energy surfaces for oxygen adsorption on different
InP(001) surface reconstructions. In and P atoms were constrained,
whereas O was allowed to relax along the surface normal.

Fig. 4 Surface energy wrt. oxygen chemical potential of the ener-
getically favourable O adsorption sites for (a) (2 × 2), (b) (2 × 2)-2D, (c)
mixed-dimer and (d) b2(2 × 4) surface reconstructions.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 8464–8470 | 8467
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the fact that oxygen strongly prefers to form bonds with phos-
phorous, such that P–O, P–O–P and predominantly P–O–In
bonds are formed at higher oxygen content. Consequently, the
number of available P-dimers on the b2(2× 4) surface limits the
polyphosphate formation, thus reaching its maximum when all
three P-dimers are part of a P2O7 motif, corresponding to
a surface with 21 adsorbed oxygen atoms, in the following also
referred to as 21-O surface. With respect to the surface free
energy, as in the case of the mixed dimer, the oxygen rich
surfaces are, already at low values for DmO, dominating the
phase diagram, with the maximum coverage of three P2O7 units
being the most stable conguration over a wide chemical
potential range (see Fig. 4d).

The a2(2 × 4) phase behaves in a similar fashion, the
limiting concentration for polyphosphate formation here does,
however, correspond to the 14-O surface, which shows P2O7

motifs on both available P-dimers. Increasing the oxygen
content of the a2(2 × 4) phase beyond 14-O leads to an equiv-
alent distribution of O-atoms around In sites. This results in the
formation of In–O–In bonds with a disordered underlying In-
layer.

As b2(2 × 4) and a2(2 × 4) correspond to stepped surfaces
that are terminated by P-dimers, the question on the potential
stability of a fully P-terminated, at surface arises. For this
purpose, the P-rich (2 × 2) surface, which previously was found
to be unstable, was investigated for oxygen adsorption. Inter-
estingly, P2O6 and P2O7 motifs forming additional In–O–In
bonds in the In-termination are observed as most stable enti-
ties. The saturation of both P-dimers with oxygen results in the
(2 × 2) phase, containing 14 oxygen atoms (14-O surface) as
limiting case, as shown in Fig. 5. It has to be noted that this
corresponds to a 28-O coverage for a (2 × 4) surface. With
respect to the surface free energy, we again see a stabilisation of
the structures with increased oxygen content already at low
oxygen chemical potential. The maximum coverage of two P2O7

motifs is the energetically most favourable structure over a wide
chemical potential range, down to DmO z −1.75 eV.

When considering the P-rich phases, the (2 × 2)-2D surface
exhibits a strong preference for the formation of pholyphos-
phate moities (see Fig. 5). This involves the insertion of oxygen
into the underlying In-layer of a P-terminated 2-P-dimer surface
forming an In–O–P bond. As for the previous cases, P2O7 motifs
were found to be the limiting case. This corresponds to
a maximum of 14 oxygen (14-O phase) atoms when both top P-
dimers are part of a P2O7 moiety. When the surface energy is
considered, the oxygen-rich phases are again dominant, with
the 14-O surface, i.e. (2 × 2)-2D(P2O7)2, being the most stable
one down to DmO � −2.5 eV (see Fig. 4b).

3.3 Phase stability – overall phase diagram

Aer assessing the phase diagrams of the different surface
reconstructions with respect to the oxygen chemical potential,
the question on the respective stability of these phases remains.
For this purpose, we have determined the overall phase
diagram, taking the chemical potentials of indium and oxygen
into account (see eqn (2)). Indeed, already at rather low oxygen
chemical potential, oxygenated surfaces become quickly more
stable than the pristine clean surface reconstructions. However,
the stability range of the different phases shis signicantly on
the DmIn scale as can be seen in Fig. 6. In fact, starting from the
clean surfaces, the b phase becomes dominant at rather low
oxygen chemical potential covering a wide range of DmIn values.
For increasing DmO, meaning more oxygen-rich conditions, (2 ×

2)-based phases become more stable. This is simply due to the
fact that these surfaces can adsorb one additional P2O7 motif
per (2 × 4) surface unit before reaching saturation. At low DmIn
(# −1.09 eV) and for DmO # −2.45 eV, P-rich, (2 × 2)-2D-based
structures with low oxygen content become stable. In general,
lower DmO shis P-rich surfaces to lower DmIn values.
Conversely, for larger DmO, the P-rich, (2 × 2)-2D based surface

Fig. 6 Overall phase diagram of the oxygenated InP(001) surface,
showing the most stable surface reconstructions as function of the
chemical potentials of indium and oxygen.

Fig. 5 Ball-and-stick representation for InP(001) oxygenated surface
reconstructions, viewed along the (001) direction. To distinguish
between the types of dimers, surface P-dimers are shown in dark grey,
and In–P dimers are represented with a magenta-grey pattern. In, P,
and O atoms are shown in pink, grey, and red, respectively.
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expands its region of thermodynamic stability. Furthermore,
apart from the clean surface, mixed dimer-based structures are
only stabilised for largely positive DmIn ($0.85 eV) values. This is
already far in the range, where In-metal should form and
therefore it seems unlikely that mixed-dimer- or a2(2× 4)-based
structures are observable in the presence of oxygen. This is
a rather surprising nding, as experimental and computational
studies on InP-based surfaces have usually focused on the
mixed dimer structure and derivatives thereof.16 In fact, the here
presented results clearly show that the formation of POx-based
motifs is the dominant mechanism on the InP(001) surface,
thus determining the surface passivation in the presence of
oxygen.

4 Conclusions

In conclusion, this paper re-investigated the stability of the (2 ×

2)-2D- and c(4 × 4)-based surface reconstructions in the P-rich
domain via DFT calculations with the inclusion of van der
Waals interactions. The surface reconstructions b2(2 × 4) and
a2(2 × 4) are observed for intermediate chemical potential,
while for the In-rich domain, the mixed-dimer reconstruction is
observed.

The introduction of oxygen changes the picture signicantly.
While P-rich phases strongly favour the formation of (PxOy)
polyphosphate moieties, with P2O7 motifs being particularly
stable, the In-rich mixed dimer phase shows a rather homoge-
neous distribution of oxygen on the surface. In the overall phase
diagram, this results in the nding that the typically investi-
gated mixed-dimer reconstruction and ordered derivatives
thereof are unlikely to be observed in the presence of oxygen.
This corroborates experimental ndings,15 where oxygen
adsorption on InP in vacuum was found to turn the surface
optically isotropic starting from the mixed-dimer reconstruc-
tion, but not for the P-rich, (2 × 2)-2D–2H surface. This is an
important nding as the mixed-dimer surface has typically been
considered as being the dominant surface reconstruction in the
presence of oxygen, probably because this surface reconstruc-
tion is experimentally more easily accessible via sputtering–
annealing routines. Our results now show that P-rich phases are
stable over a wide range of DmIn (and DmP), whichmeans that for
instance in electrochemical environments, these phases can be
expected to be observed, whereas ordered mixed-dimer based
phases seem very unlikely.
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SurfaceDynamicsofCleanandOxygenated InP(001) Surfaces
inContactwithWater—Insights fromComputational
Spectroscopy
Vibhav Yadav,[a] Holger Euchner,[a] and Matthias M. May*[a]

Understanding the structure of semiconductor–electrolyte inter-
faces under operating conditions is crucial for designing elec-
trodes in photoelectrochemistry and electrocatalysis. However,
only few experimental methods exist that give real-time access
to the very interface. Here, reflection anisotropy spectroscopy
(RAS) is an emerging technique in the field of spectroelec-
trochemistry. We computationally investigate how the surface
structure of clean and oxygenated InP(001) surfaces—in vac-
uum and in contact with water—and its evolution over time
affect the optical response. Depending on the electronic struc-
ture of the respective surfaces, different species are adsorbed,
resulting in changes of the anisotropy clearly visible in the spec-

troscopic fingerprint, while the presence of H2O stabilizes certain
configurations. Distinct fluctuations of the individual spectra are
observed during the molecular dynamics trajectory. However,
the resulting time-averaged spectra show a rather good agree-
ment with the respective spectra of the reference structure for
most structures. This means that—depending on the surface—
the geometry-optimized structures might be suitable for com-
parison with experiment or not. This behavior differs from the
case of metals and can be attributed to the semiconducting
nature of the system. Our findings highlight the need to account
for the electrochemical environment in computational RAS.

1. Introduction

The structure of electrochemical interfaces plays an important
role for a range of applications, such as energy storage in bat-
teries and hydrogen generation, but also electrocatalysis for
more complex products. Both structure and potential distri-
butions of an electrochemical interface can be altered by an
applied external potential and may evolve over time, especially
in the case of semiconductors, where electric fields are not
as directly screened as in metals.[1] Consequently, understand-
ing these interfacial structures and their properties is crucial
for improving electrochemical device performance and stability.
However, characterizing the structure of these interfaces under
working, operando conditions at sufficient structural and tem-
poral resolution by experimental methods remains a challenge,
with no single method providing all the information necessary
to fully understand a given system.[2]

Here, reflection anisotropy spectroscopy (RAS) is an emerg-
ing optical operando technique which offers high sensitivity
for the detection of structural changes at the electrochemical
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interface.[3,4] For instance, RAS allows for the real-time monitor-
ing of adsorption processes or the evolution of intermediate
species under growth conditions.[5,6] The details on surface
chemistry, such as the fact that P-rich GaP(001) surfaces in
contact with gas-phase H2O show surface reordering without
oxidizing, can be revealed by a combination of experimental
and computational RAS.[7] In electrochemical environments, RAS
allows the direct correlation of spectroscopic features with elec-
trochemical responses such as cyclic voltammograms.[8] With a
temporal resolution of 10 ms provided already by commercial
spectrometers, time-resolved RAS allows to study kinetics at the
electrochemical interface[9] and indirectly probes potential dis-
tributions modified by the electrochemically induced formation
of surface states.[10] However, deriving the structure of surfaces
or interfaces from the experimental spectra alone is typically not
directly possible, but requires correlation with other experimen-
tal techniques or computational spectroscopy to establish a firm
relation between structure and RA spectrum.

While computational RAS of surfaces in vacuum, starting
from a groundstate structure provided by density functional
theory (DFT), is well-established,[11] this is not the case for the
context of electrochemistry or heterogeneous catalysis. Here,
similar challenges as for electronic structure modeling of elec-
trochemical systems apply, taking into account the dynamics
of the electrolyte under periodic boundary conditions in a
comparatively small supercell.[4] Our recent ab initio molecular
dynamics (AIMD)-based work investigated how surface dynamics
can influence the RA spectra of a reconstructed Au(110) surfaces
in contact with water.[12] This demonstrated that the thermally
induced variability of the surface structure—even without chem-
ical reactions—can lead to spectral differences in terms of
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intensities, and features between the standard approach of com-
putational spectroscopy on top of a geometry-optimized struc-
ture and a snapshot from MD at finite temperature, emphasizing
the importance of including time-dependent effects for compu-
tational RAS. To what extent this holds true for a more reactive,
semiconducting system, is the scope of the present work.

Indium phosphide (InP), a III-V semiconductor used in a vari-
ety of opto-electronic applications, and its related multinary
compounds play an important role in highly efficient photo-
voltaic or photoelectrochemical solar cells as photoabsorbers or
window layers.[13–15] Here, for instance, Ga1−x InxP and Al1−x InxP
phases are typically used.[15] Tailoring the properties of these
ternary compounds firstly calls for a full understanding of the
underlying binary InP phase. It has been indeed shown exper-
imentally that insights from InP can be transferred for instance
to GaInP.[5,16] Also, CO2 reduction to CO and formic acid has been
demonstrated for InP photoelectrodes.[17] A fundamental under-
standing of the thermodynamically stable surface structures of
InP, that emerge in electrochemical environments, is essential for
developing effective strategies for electronic and electrochemi-
cal surface passivation, as structural and stoichiometric changes
can and typically will result in the formation of recombination
centers, material dissolution or corrosion.[5,15]

In this context, oxygen chemisorption and the resulting sur-
face phases as well as their thermodynamic stability are of par-
ticular interest. In contact with oxygen, InP surfaces tend to form
PxOy polyphosphate motifs—also as dissociative products from
water adsorption—as demonstrated by a number of experimen-
tal and computational studies.[5,18–22] Some of these phosphates
were experimentally found to stabilize devices under operating
conditions,[13,23] highlighting the central role of oxygen for pas-
sivating surface structures. This importance of PxOy has recently
been confirmed by the dominant occurrence of polyphosphate-
terminated surface reconstructions observed for a wide range
of oxygen chemical potentials in the computationally assessed
phase diagram of InP(001) in contact with oxygen.[22] DFT cal-
culations on In-rich surface reconstructions, focusing on oxygen
and hydroxyl adsorption on InP surfaces, on the other hand,
identify distinct bonding motifs, such as M–O–M and M–O–P
bridges.[19] These are associated with specific electronic signa-
tures, with, for instance, M–O–M bridges acting as hole traps
that can contribute to charge-carrier recombination[19] and were
experimentally found to form preferentially under oxygen, to a
lesser extent under water exposure.[5] Similar results were found
computationally by Alvarado et al.,[24,25] again focusing on the
mixed-dimer reconstruction as the starting point.[24]

The focus of many experimental and computational stud-
ies on (2 × 4) mixed-dimer based reconstructions originates
in the boundary condition that this surface is experimentally
most straightforward to prepare by epitaxial growth and espe-
cially by vacuum-based sputter-annealing routines.[5,20] Recent
experimental work using electrochemical RAS did, however,
show that highly ordered, reconstructed InP(001) surfaces can
be prepared directly in the electrolyte under suitable conditions
and that these are not necessarily based on the mixed-dimer
reconstruction.[8,10,26] When moving toward a realistic DFT-based
representation of electrochemical interfaces, the presence of an

electrolyte, which is typically aqueous, has to be considered.
Consequently, for correctly predicting and designing durable,
passivated, and catalytically active materials, it is important to
understand the resulting solid–liquid interface at ambient tem-
peratures as well as starting from realistic surface configurations,
where both parameters typically lead to qualitatively different
interactions with water.[5,27]

While pristine InP(001) surfaces exhibit high barriers for gas-
phase H2O dissociation, the presence of a submonolayer native
oxide was predicted to significantly alter this, leading to strongly
exothermic, barrier-less H2O dissociation via strong, low-barrier
H-bonds and rapid proton hopping via a Grotthus-type mech-
anism at the solid–liquid interface.[28] DFT calculations suggest
that H2O adsorption on In-rich InP(001) surfaces is molecular
at first, but becomes more dissociative with coverage, stabi-
lizing hydroxyl-anchored H2O films that reduce the reaction
barrier.[25] While a significant body of literature already exists
for InP in contact with water, an understanding of structures of
this reactive semiconductor under realistic electrochemical con-
ditions is only slowly starting to emerge. Here, electrochemical
RAS offers the unique opportunity to prepare and study highly
ordered semiconductor-electrolyte interfaces under static and
transient conditions, but this requires to first establish robust
computational approaches for this environment.

In this study, we computationally determine the optical
anisotropy of InP(001) surfaces in contact with oxygen for sev-
eral P-rich oxygenated surfaces that have been found stable in
the surface phase diagram with respect to oxygen exposure.
In addition, we specifically investigate the impact of aqueous
environments by adding several water layers on top of these
oxygenated surfaces. By computing RA spectra for different
snapshots along AIMD trajectories, we examine how the struc-
tural dynamics of clean and oxygen-terminated surfaces as well
as the presence of H2O affect the electronic structure and the
resulting optical anisotropy. Our results show that the opti-
cal response is less strongly affected by thermal fluctuations
as expected from earlier findings on metal surfaces,[12] which
is an inherent consequence of the semiconducting nature of
InP. Whether interfacial H2O results in adsorption or decom-
position depends on the respective surface reconstruction. In
some cases, this is found to result in a restructuring of the sur-
face, whereas for others, the H2O stabilizes the present surface
structure. These qualitatively different responses of the surface
reconstructions highlight the necessity for considering AIMD tra-
jectories for computational RAS at semiconductor electrodes
under realistic conditions.

2. Methods

In RAS, linearly polarized light at nearnormal incidence is
employed to study a surface or interface. The reflectivity dif-
ference along two orthogonal crystal directions rx and ry—for
cubic (001) surfaces typically the [1̄10] and [110] directions—in
the surface plane is measured and analyzed as a function of
the incoming photon energy. This observed reflectivity differ-
ence, �r, is normalized by the total reflectivity, r, leading to the
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following expression:[3]

RAS := �r
r

= 2
r[1̄10] − r[110]
r[1̄10] + r[110]

; r ∈ C. (1)

In the case of optically isotropic bulk materials, the signal
is generated solely by the optical anisotropy of the surface
region and also the bulk electrolyte (water) does not contribute
to the signal.[7] Consequently, RAS can monitor surface mod-
ifications that perturb the surface’s symmetry or modify the
optical properties of the very electrochemical interface. RAS is
sensitive to the anisotropy of the dielectric function and the
electronic structure at the surface/interface. While the direct
interpretation of RA spectra is difficult, pronounced minima or
maxima can often be correlated to specific features of the band
structure—such as surface states—and transitions between the
corresponding states.[3] Making use of the relation �(�r

r ) ≈ 1
2

�R
R ,

valid for �r << r, allows to express the RA signal with respect to
the reflectance R. The latter one can then directly be related to
the anisotropy of the surface dielectric function via the following
equation:[29,30]

�R
R

= 4πd
λ

[A�ε ′′
s − B�ε ′

s], (2)

with �ε ′′
s and �ε ′

s corresponding to the difference in real and
imaginary parts of the surface dielectric function with respect
to the two orthogonal directions, d the layer thickness, and
λ the photon wavelength. Finally, A and B are related to the
complex bulk dielectric function, εb, with A = �

[
1

εb−1

]
and

B = −�
[

1
εb−1

]
. The quantities in this expression can now be

obtained via electronic structure calculations as outlined in the
following paragraph.

2.1. Computational Spectroscopy

Different clean and oxygenated InP(001) surface reconstructions
and their interaction with H2O were modeled using periodic DFT
as implemented in the CP2K code package.[31] For all calculations,
the Gaussian-and-plane-waves (GPW) approach was employed,
using a computational setup that has successfully been applied
in the past.[22,26] A TZV2P basis-set was used in combination
with nonlocal norm conserving GTH-PBE pseudopotentials for
describing the electron-core interaction. Furthermore, a care-
fully converged plane-wave cutoff of 400 Ry and a relative
cutoff of 60 Ry were selected. Exchange and correlation were
described by the generalized gradient approximation in the for-
mulation of Perdew, Burke, and Ernzerhof (PBE).[32,33] Additionally,
van-der-Waals interactions were accounted for by the Grimme-
D3 correction.[34] For efficient optimization of the electronic
structure, the orbital transformation (OT) method[35] was applied.

The oxidized surfaces, based on (2 × 2) and (2 × 4) recon-
structions, were modeled via asymmetric slabs, comprising 6 In
and 6 P layers. To mitigate interactions between periodic images,
a vacuum region of approximately 20 Å was included along
the surface normal. During geometry optimization, the bottom
3 In- and 2 P-layers of the slab were fixed. To account for

the polarity of the InP surface, the bottom In-layer was passi-
vated with pseudo-hydrogen atoms (Z = 1.25). In addition to
the solid–vacuum interface, the impact of H2O and the resulting
solid–liquid interface was also studied. For this purpose, 7 lay-
ers of H2O were included, corresponding to 58 and 116 H2O
molecules for the (2 × 2) and (2,× 4) surface supercells, respec-
tively. The dimensions of the investigated slab model ensure
converged surface energies and are in agreement with earlier
studies on similar systems.[22,25,26,36] In principle, the simulation
of more realistic electrochemical scenarios—including solvated
ions—is highly desirable. This does, however, also call for larger
system sizes. Therefore, the current study is restricted to the
presence of water, thus describing the dilute electrolyte limit.

To investigate the impact of surface dynamics, AIMD sim-
ulations were performed in a canonical ensemble at 300 K,
controlled by an Adaptive-Langevin thermostat. The correspond-
ing trajectories were run for at least 15 ps with a time-step of
0.5 fs. After an equilibration time of no less than 5 ps, snapshots
were extracted every 500 fs, allowing for the subsequent deter-
mination of the optical anisotropy. The corresponding RA spectra
were then determined via the Yambo code.[37,38] Yambo requires
ground-state wave functions from a plane wave DFT code,
which were provided via Quantum espresso(QE).[39] As in pre-
vious DFT calculations, the PBE exchange-correlation functional
was employed alongside optimized norm-conserving Vanderbilt
(ONCV) pseudopotentials. A plane-wave cutoff of 60 Ry, com-
bined with a 4 × 4× 1 and 4 × 2 × 1 k-point mesh, chosen
according to the surface unit cell size, was applied.

All RA spectra were obtained in the independent particle
random phase approximation without local field effects (IP-RPA),
using the optimized RAS module, as implemented in the public
development branch of Yambo (version 5.0.1).[12] A real-space cut-
off was applied such that only the topmost four layers of the InP
slab contributed to the RA spectra, while the bulk dielectric func-
tion of InP was extracted from experimental data.[40] To account
for the underestimation of the band gap in the underlying DFT
calculations, we applied an empirical scissors operator correction
to the PBE-derived band structures. A suitable scissor opera-
tor was determined for each of the considered systems, relying
on hybrid DFT, PBE0-based reference calculations[41,42] and a tar-
geted bulk band gap of 1.34 eV. For this purpose, mid-trajectory
snapshots of the AIMD simulations were chosen to determine
the respective scissors operator (see Figure S1). While a fully
hybrid DFT-MD trajectory with PBE0 would omit the necessity of
the scissors operator, it would also significantly increase the com-
putational costs, reducing the achievable trajectory length, and
snapshotting density. The approach chosen here is therefore a
balance between single-point accuracy and sampling over time.

3. Results and Discussion

The starting point of our work is the previously determined
phase diagram of InP(001) surfaces as a function of the In
and O chemical potentials. This shows a predominant occur-
rence of P-rich β2(2 × 4)- and (2 × 2)-based surface terminations,
in particular for intermediate values of μIn, whereas the fre-
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quently investigated In-rich, mixed-dimer surface was found
to be rather unlikely under such conditions.[22] Based on the
respective regions of stability, we selected representative surface
reconstructions to investigate their dynamics and the resulting
changes in the optical response. For this purpose, the follow-
ing phases were investigated: The β2(2 × 4) structure, a stepped
P-rich surface with three P-dimers per surface unit cell; the
β2(2 × 4)(P2O7)3 structure, in which each of the three P-dimers
of the clean surface is saturated with oxygen, resulting in P2O7

polyphosphate-type motifs; the (2 × 2)(P2O7)2 reconstruction, a
P-terminated, (2 × 2)-based structure in which each of the two
P-dimers transforms to a fully saturated P2O7-type polyphos-
phate; and finally the (2× 2)(P2O6)2 phase, which resembles the
previous structure, however, with the P-dimers transformed to
P2O6 type units, hence corresponding to a slightly reduced
oxygen coverage.

In general, the oxygen-rich structures feature polyphosphate
motifs that saturate the surface P-dimers and are often accompa-
nied by additional In-O-In bridges in the subsurface. In addition
to the systems in vacuum, the contact with H2O was stud-
ied, also evaluating if the presence of water molecules has a
stabilizing impact or not. In the following, the different sur-
face reconstructions and their temporal evolution throughout
AIMD simulations are discussed with emphasis on modifica-
tions in structure and optical response. Individual RA spectra,
obtained from AIMD snapshots are combined to color plots,
which display the spectral evolution over time. These plots
are compared to the time-averaged RA spectra and the corre-
sponding reference state—a geometry-optimized structure—for
each surface reconstruction. This analysis aims to uncover how
dynamic surface fluctuations and structural motifs influence the
optical anisotropy.

3.1. β2(2 × 4)

Under oxygen-poor conditions and for intermediate indium
chemical potentials, the plain β2(2 × 4) reconstruction is found
to be stable. This well-known phase corresponds to a stepped
surface and is characterized by the presence of three P-dimers.
Two of these dimers are located on the upper terrace, whereas
the third one lies on the lower terrace. In contact with H2O, the
structural relaxation results in the adsorption of two hydroxyl
groups that bind to In atoms at the edges of the upper terrace
(see Figure 1d).

In the absence of H2O, three pronounced peaks at 2.8, 3.9,
and 5.5 eV as well as a small feature at 1.7 eV are observed in
the time-averaged RA spectrum, obtained from the spectra cor-
responding to the different AIMD snapshots (see Figure 1c). The
main features of the average RAS are also present during the
time evolution of the system, in particular, the most intense peak
at 3.9 eV is clearly visible throughout the whole color plot (see
Figure 1a). An in-depth analysis of the individual spectra shows
that their overall appearance does not change significantly. How-
ever, fluctuations in intensity as well as changes in the peak
shape, including the evolution of shoulders and peak splitting
are observed for the four main features (see Figure S2). The spec-

Figure 1. Evolution of RAS during the MD trajectory of the β2(2×4)
surface. (a) and (b) show the time-resolved RAS color plots for the β2(2×4)
surface without and with H2O, respectively. (c) presents the time-averaged
and reference (ground state) RA spectra for both the with H2O (blue lines)
and without H2O (red lines) cases. (d) shows the representative AIMD
snapshots of the corresponding configurations with the top and underlying
P-atoms indicated in black and grey. In, O, and H atoms are indicated by
pink, red, and cream, respectively. The color scheme provided here is also
applied in subsequent figures.

trum of the reference structure shows the same features with
slightly different peak shape and intensity, but does not differ
significantly from the average RAS, as can be seen in Figure 1c.
In agreement with the small observed RAS fluctuations, limited
structural distortions are observed along the AIMD trajectory, as
can, for instance, be seen from the rather narrow radial distri-
bution function (RDF) of the In-P bond length in the top layer
(see Figure S10). Moreover, the RDF of the reference structure,
convoluted with a gaussian, and that one of the AIMD trajectory
are very similar. Consequently, the fluctuations along the AIMD
trajectory can be interpreted as vibrational motion around the
equilibrium structure.

For the system in contact with H2O, the resulting average
RA spectrum remains similar to the water-free case, with the
three main peaks slightly shifted to 2.7, 4.2, and 5.7 eV, respec-
tively. Additionally, the color plot illustrates rather small spectral
deviations over time, with the three maxima clearly visible at
each time step (see Figure 1b). A notable spectral characteristic
that is observed in several snapshots is an additional shoulder
at around 5 eV (see Figure S3). Furthermore, the RA spectrum
of the reference structure is again not largely deviating from
the time-averaged spectrum. Only the main features are slightly
more pronounced for the high-energy peaks, as can be inferred
from Figure 1c. For the case of the water-free surface, this agrees
well with the fact that no significant atomic displacement of the
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surface atoms are observed, which is again visible from a sim-
ilar In─P bond length distribution in the top layer along the
AIMD trajectory and for the reference structure (see Figure S10).
Moreover, the differences in RDF between the cases with and
without water are rather small and only start in beyond the
second nearest neighbor shell.

Finally, an interesting effect is observed in course of the AIMD
simulation. The OH groups that are bound to the In atoms at
the terraces are found to dynamically switch positions. This hap-
pens through the interaction with a H2O molecule in the vicinity
of the neighboring In atom. A proton from the H2O molecule
migrates to the adsorbed OH group, leaving an OH behind which
then adsorbs on the neighboring In. While these configurations
are changing back and forth, the dynamic equilibrium persists
along the whole trajectory (see for instance, Figure 1d), not
leaving a clear spectral signature in the RA signal. This obser-
vation is similar to the Grotthus- and Zundel-type mechanisms
observed by Wood et al.,[28,43] but for different pre-oxygenated
and pre-hydroxylated structures. This means that the rapid and
long-range hydrogen transport enabled hereby[28,43] appears to
be a rather generic feature of InP(001) surfaces in contact with
water and not unique for very specific surface structures.

In comparison, the spectra with and without H2O show
the same main features, indicating that OH adsorption and
the resulting dynamic equilibrium have a minor impact on the
electronic structure of the surface and hence the RA signal.

3.2. β2(2 × 4)(P2O7)3

The β2(P2O7)3 reconstruction is observed under more oxygen-
rich conditions and is characterized through the formation of
three particularly stable P2O7 polyphosphate motifs. In the case
of the solid–vacuum interface, the time-averaged RA spectrum
shows two pronounced peaks at 3.8 eV and toward 6 eV. In
addition, two small peaks at 1.6 and 2.5 eV are observed. In
comparison to the RA spectrum of the relaxed reference struc-
ture, even less significant differences as in the previous cases
are observed. The spectra match almost perfectly, with only the
peak at 3.8 eV showing a tiny shift and a slightly increased inten-
sity. When the time evolution of the RA signal is considered, the
main features remain unchanged and the two main peaks with
their adjacent minima are clearly visible for the different time
steps depicted in the color plot (see Figure 2a). Even the two
low-intensity peaks persist for the whole time series (see also
Figure S4). The individual RA spectra along the AIMD trajectory
undergo small fluctuations, which again can be understood as
signature of thermal vibrations. Here, it has to be pointed out
that the P2O7 motifs are found to be extremely stable, which is
also evident from the small P─O bond length variation that is
observed in the RDF (see Figure S11). This structural stability is
also reflected in a low temporal variability of the RA spectra.

For the system in contact with H2O, up to three H2O
molecules adsorb on the edge of the upper In terrace, whereas
a hydroxyl group is adsorbed between two In edge sites on
the other side of the terrace (see Figure 2d). The resulting In–
OH–In configuration results in a tilting of the adjacent P2O7

Figure 2. Evolution of RAS during the MD trajectory of the
β2(2 × 4)(P2O7)3 surface. (a) and (b) show the time-resolved RAS color plot
for the β2(P2O7)3 surface without and with H2O. (c) presents the
time-averaged and reference structure RA spectra for the cases with H2O
(blue lines) and without H2O (red lines). (d) shows representative MD
snapshots of the corresponding configurations.

unit. Surprisingly, this configuration is observed throughout the
whole AIMD trajectory with only small displacements of the sur-
face atoms. The corresponding time-averaged RA spectrum is
depicted in Figure 2c and shows, for higher energies, a similar
spectrum as the water-free case with peaks at 4.2 and toward
6 eV. In addition, a peak at 3.4 eV and three low-energy peaks of
small intensity are visible at 1.5, 2.1, and 3.0 eV, respectively. Inter-
estingly, the intensity of the averaged RA spectrum is slightly
increased as compared to the water-free case, which may indi-
cate an H2O-stabilized, less dynamic surface. While the four
maxima and the intermediate minima can be observed for the
color plot along the AIMD trajectory in Figure 2b, a more detailed
investigation of the individual snapshots reveals small fluctu-
ation of the low-energy features and the shoulder at 5.2 eV
for several points in time (see Figure S5). Also for this sce-
nario, comparing the average RA spectrum to the spectrum of
the reference structure shows only small deviations. The spectra
almost perfectly match, apart from a tiny intensity variations of
the peaks and the more pronounced shoulder at 5.2 eV. These
small spectral changes are in line with the observed stable P2O7

units (see Figure S11) and hence thermal fluctuations around the
lowest-energy structure.

Again, the spectra in presence and absence of H2O are
qualitatively similar with quite small fluctuations during the
investigated time period, emphasizing the stability of the P2O7

units for both scenarios, which is also confirmed by the RDF of
the P─O bonds in the top layer (see Figure S11). The In─P and
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Figure 3. Evolution of RAS during the MD trajectory of the (2 × 2)(P2O6)2
surface. (a) and (b) show the time-resolved RAS color plots for the
(2 × 2)(P2O6)2 surface without and with H2O. (c) presents the
time-averaged and reference structure RA spectra for the cases with H2O
(blue lines) and without H2O (red lines). (d) shows representative MD
snapshots of the corresponding configurations.

In─O bonds show slightly differing distributions in the presence
of water, which, however, results from the additional In–OH–
In configurations, thus not pointing to a significantly enhanced
surface dynamics.

3.3. (2 × 2)(P2O6)2

For further increasing oxygen chemical potential, the 2 × 2-
based surfaces become stable, which is due to their ability of
accepting more oxygen. The (2 × 2)(P2O6)2 surface is charac-
terized by the formation of two different P2O6 polyphosphate
motifs, which in the presence of H2O adsorb additional H/OH.

In the absence of H2O, the time-averaged RA spectrum of
the (2 × 2)(P2O6)2 phase remains positive over the whole energy
range and displays rather distinct (double-)peaks at about 2.8,
4.0, and toward 6.0 eV, as can be inferred from Figure 3c. The
RA spectrum corresponding to the reference structure does not
deviate significantly from the average RAS. In fact, the observ-
able differences are particular small for this case. Consequently,
when the time evolution of the spectra is considered, rather
small fluctuations are observed. In particular, the maxima at
around 4.0 and 6.0 eV, as well as the minimum between them
persist throughout time (see Figure 3a). These findings align well
with the small fluctuations of the In─O bonds with respect to the
reference structure as well as with the narrow bond length distri-
bution for the P─O bonds (see Figure S12), which again indicates

the rigidity of the PxOy motifs. A more detailed investigation of
the individual spectra reveals changes in intensity and shape of
the main peaks, including the occurrence of additional features
such as shoulders or peak splitting (see Figure S6).

Unlike for the first two surfaces, the presence of H2O sig-
nificantly alters spectra and structure. The initially present P2O6

units transform to P2O7H- and P2O6H2-like motifs. This hap-
pens via the migration of H+ and OH− ions from the bulk H2O
to the respective polyphosphates, causing a significant struc-
tural rearrangement. Moreover, an additional oxygen is directly
adsorbed on the surface, forming an In–O–In bridge config-
uration. As a consequence of these structural changes, the
time-averaged RA spectrum differs significantly from the water-
free case. While the average spectrum shows positive peaks a
around 2.4, 3.4, and 5.4 eV, a negative feature with its largest
intensity at about 4.0 eV is observed as well (see Figure 3c).
Furthermore, the overall intensity of the spectrum is largely
reduced. This may indicate a more isotropic surface, potentially
due to H2O-induced distortions.

Surprisingly, also for this case, the reference state spectrum
is still quite close to the average RAS. This is due to the negative
anisotropy around 4 eV persisting over most of the considered
trajectory time, i.e., between 1.5 and 9.0 ps. The two spectrally
different domains can be distinguished in the color plot depicted
in Figure 3b. The spectra observed in the first ps are clearly
different in comparison to the rest of the time series. In par-
ticular, the negative anisotropy near 4 eV is clearly absent for
these points in time and also weaker toward the end of trajec-
tory, as can also be seen in the individual spectra (Figure S7).
Interestingly, these spectral differences can be tied to structural
changes captured during the AIMD trajectory. Notably, around
the 1 ps mark, the adsorbed O atom (Figure 3d), moves from an
In2O configuration to an In3O environment, which remains stable
afterwards. This interfacial rearrangement induces substantial
in-plane motion, which, together with the change in bonding,
seems to be at the origin of the altered RA fingerprint. Hence,
the above-discussed results reveal that in the absence of H2O
the (2× 2)(P2O6)2 surface maintains a stable optical response
characterized by positive anisotropies that are only slightly fluc-
tuating over time. In contrast, the presence of interfacial H2O
induces significant structural and chemical transformations, such
as oxygen adsorption and hydroxylation. This leads to stronger
fluctuations of the RA spectra over time and consequently a
damping of the averaged RAS features. Such a behavior would
be clearly observable by experimental RAS with picosecond
time-resolution. Moreover, these structural changes are also vis-
ible in the RDF for the In─O and In─P bonds. In particular, the
In─P bonds are shifted towards larger bond length in the pres-
ence of water and significantly differ from the water-free case
(see Figure S12).

3.4. (2× 2)(P2O7)2

Finally, the oxygen-rich (2×2)(P2O7)2 surface has been investi-
gated. This surface is characterized by the formation of two
distinct P2O7 motifs on top of a flat In-layer. These polyphos-

ChemCatChem 2026, 18, e01347 (6 of 9) © 2026 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 4. Evolution of RAS during the MD trajectory of the (2×2)(P2O7)2
surface. (a) and (b) show the time-resolved RAS color plots for the
(2×2)(P2O7)2 surface without and with H2O. (c) presents the time-averaged
and reference structure RA spectra for the cases with H2O (blue lines) and
without H2O (red lines). (d) shows representative MD snapshots of the
corresponding configurations.

phate units are also observed in the presence of H2O (see
Figure 4d).

For the system in vacuum, the time-averaged RA spectrum
shows a strong feature at ∼ 5.3 eV (see Figure 4c). An additional,
slightly pronounced peak is observed at about 4.2 eV, while sev-
eral weak features are visible at lower energies. Over time, the
spectral response evolves significantly, as can be inferred from
the color plots in Figure 4a. The most prominent peak at ∼
5.3 eV is visible for most parts of the color plot and the corre-
sponding individual spectra (see Figure S8). Yet, there are several
snapshots, where this peak is largely reduced, going along with
a strongly damped RA signal (e.g., at 6.0 and 8.5 ps). More-
over, the rather weak signal below about 3.5 eV is fluctuating
between negative and positive intensities throughout time as
can also be inferred from the individual spectra. These fluc-
tuations occur on rather short timescales, thus suggesting the
presence of transient surface configurations. This correlates with
the fact that pronounced structural distortions are observed in
the AIMD trajectory, including significant displacements of In
atoms in the top most In layer, which can also be inferred from
the slightly broadened RDF of the In─O bonds along the tra-
jectory (see Figure S13). Interestingly, the P2O7 motifs persist
throughout the AIMD trajectory, again resulting in a narrow
P─O bond length distribution (see Figure S13); however, they get
shifted with respect to each other, which seems to cause the
discussed In displacements. Nevertheless, the time-averaged RA
spectrum departs only slightly from the reference state spec-

trum. In general, the induced structural distortions seem to
render the structure more isotropic, thus reducing the overall
RA signal.

Finally, in aqueous environment, we observe the opposite
behavior compared to the (2 × 2)(P2O6)2 structure. The P2O7

motifs and the underlying In layer remain largely unaltered along
the AIMD trajectory. This results in three pronounced peaks of
roughly equal intensity in the average RA spectrum, located at
2.1, 3.7, and 5.3 eV, respectively, as depicted in Figure 4c. The
reference-state spectrum again matches closely the average RAS
and contains the same features, only showing increased inten-
sity for the high-energy peak. The time-resolved RA spectra and
the corresponding color plots show the presence of the three
characteristic peaks in each of the individual snapshots, however,
with changing intensity (see Figure 4b). A detailed analysis of
the individual spectra reveals the appearance of small shoulders
at roughly 3 eV for most snapshots, which is also slightly visible
for the average spectrum (see also Figure S9). In contrast to the
water-free case, the P2O7 motifs show no significant motion with
respect to each other, which also results in smaller displacements
of the In atoms in the layer below and hence a slightly narrowed
In─O bond length distribution as compared to the water-free
case (see Figure S13). These small displacements can, as for some
of the earlier discussed cases, be understood as thermal vibra-
tions and do not correspond to structural distortions, in contrast
to the water-free scenario.

The aforementioned results indicate a stabilizing impact of
H2O on the surface, thus preserving the optical anisotropy
over time. In contrast, under vacuum conditions, enhanced
surface dynamics leads to a broader distribution of transient
states, which directly affect the RAS signal and result in larger
fluctuations of the optical anisotropy.

4. Conclusion

In this work, we explored the impact of structural dynam-
ics along AIMD trajectories on the optical anisotropy of dif-
ferent InP(001)-based surface reconstructions. We find Zundel,
shared-proton structures which enable Grotthus-type, long-
range hydrogen transport[43] for additional structures than previ-
ously reported. This suggests that such an on-surface hydrogen
transport is a comparatively generic feature of InP(001) surfaces
and as a consequence potentially plays an important role in
their function in applications of (photo)electrocatalysis. If this is
a feature of In, independent of the vicinity to phosphorous, such
mechanisms might also play a role in GaIn-based, liquid-metal
electrocatalysis.[44]

Due to the dynamical structural changes of the surface over
the course of the MD trajectory, the corresponding RA spec-
tra fluctuate around the average RA spectrum. For most cases,
these fluctuations and the differences to the RA spectrum of
the respective reference structure are much smaller than for the
recently investigated case of Au(110), where a significant reduc-
tion of the average RAS was observed.[12] This indeed means that
for (electro)chemically stable surfaces of InP(001), RAS derived
from geometry-optimized surfaces represent as a reasonable
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starting point for comparison to experimental spectra, which
can be explained by the underlying electronic structure of the
semiconductor. While for metals such as gold, where slight
structural changes result in the population of different elec-
tronic states, the presence of a band gap makes it difficult for
electrons to populate previously unoccupied states. For semi-
conductors (and insulators) this means that structural changes
may result in a modification of the electronic states, however,
the character of the occupied states will still remain similar,
whereas for metals, states with completely different characteris-
tics may become populated. This in turn will result in stronger
changes of the RA signal for the case of metals. In princi-
ple, this also means that the observation of strong changes
in the RA spectrum of a semiconductor can be an indicator
of unoccupied surface states close to the valence band maxi-
mum.

This does, however, not apply for the structurally less rigid
surface phases, here the (2× 2)(P2O6)2 and (2 × 2)(P2O7)2 phases
of InP(001). In these cases, structural motifs and species change
over the course of the MD trajectory for the case of water
or vacuum. While H2O exhibits a de-stabilizing effect on the
(2 × 2)(P2O6)2 surface, the opposite is true for the (2× 2)(P2O7)2
surface. As a consequence, the meaningfulness of computational
RA spectra of geometry-optimized structures is of limited validity
for such more dynamic surfaces. This demonstrates that the use
of molecular dynamic trajectories is also indispensable for com-
putational RA spectroscopy at semiconductor–electrolyte inter-
faces. While the general approach for computational RA spec-
troscopy allows quantitative comparison between experiment
and DFT-based model in vacuum or gas-phase environment,[7]

this is only emerging for the case of solid–liquid interfaces. Due
to the complexity of electrochemical systems—applied poten-
tials, structural complexity, structural dynamics over time—the
direct comparison of experimental and computational spec-
tra remains challenging at present. By addressing the struc-
tural dynamics of the semiconductor–electrolyte interface as
in principle observable by ultrafast RA spectroscopy on short
time domains, this work is a first step to enable this in the
future.
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Table S1: Scissor-operator parameters obtained for different surface structures, used to de-
termine the RA spectra. Shift, cslope, and vslope correspond to the shift in band gap and
scaling of conduction and valence bands, respectively.

Surface Shift(eV) cslope vslope

β2(2×4) without H2O 0.403 1.098 1.138
β2(2×4) with H2O 0.35 1.117 1.164
β2(2×4)(P2O7)3 without H2O 0.246 1.085 1.178
β2(2×4)(P2O7)3 with H2O 0.7097 1.1 1.198
(2×2)(P2O6)2 without H2O 0.487 1.086 1.147
(2×2)(P2O6)2 with H2O -0.143 1.207 1.206
(2×2)(P2O7)2 without H2O 0.775 1.037 1.183
(2×2)(P2O7)2 with H2O -0.469 1.08 1.207

S1



Figure S1: PBE0 (red/green) and fitted PBE (blue/cyan) band structure for the case of the
(2×2)(P2O7)2 phase.
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Figure S2: RA spectra of β2(2×4) without H2O along the AIMD trajectory. Subplots present
the RA spectra corresponding to time average, reference structure, and respective time step.
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Figure S3: RA spectra of β2(2×4) with H2O along the AIMD trajectory. Subplots present
the RA spectra corresponding to time average, reference structure, and respective time step.
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Figure S4: RA spectra of β2(2×4)(P2O7)3 without H2O along the AIMD trajectory. Subplots
present the RA spectra corresponding to time average, reference structure, and respective
time step.
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Figure S5: RA spectra of β2(2×4)(P2O7)3 with H2O along the AIMD trajectory. Subplots
present the RA spectra corresponding to time average, reference structure, and respective
time step.
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Figure S6: RA spectra of (2×2)(P2O6)2 without H2O along the AIMD trajectory. Subplots
present the RA spectra corresponding to time average, reference structure, and respective
time step.
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Figure S7: RA spectra of (2×2)(P2O6)2 with H2O along the AIMD trajectory. Subplots
presents the RAS of time-averaged, reference, and respective trajectory.
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Figure S8: RA spectra of (2×2)(P2O7)2 without H2O along AIMD trajectories. Subplots
present the RA spectra corresponding to time average, reference structure, and respective
time step.
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Figure S9: RA spectra of (2×2)(P2O7)2 with H2O along the AIMD trajectory. Subplots
present the RA spectra corresponding to time average, reference structure, and respective
time step.
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Figure S10: Radial distribution function (RDF) of the In and P atoms in the topmost layers
of the β2(2 × 4) structure with (blue lines) and without water (red lines). The solid lines
denote the average RDF obtained along the AIMD trajectory, whereas the dashed lines
correspond to the reference structure (see main text) and have been obtained by convolution
with a Gaussian to allow for better comparability. The data are scaled with respect to the
respective maximum.

Figure S11: Radial distribution function (RDF) of the In, P and O atoms in the topmost
layers of β2(2×4)(P2O7)3 structure with (blue lines) and without water (red lines). The solid
lines denote the average RDF obtained along the AIMD trajectory, whereas the dashed lines
correspond to the reference structure (see main text) and have been obtained by convolution
with a Gaussian to allow for better comparability. The data are scaled with respect to the
respective maximum.
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Figure S12: Radial distribution function (RDF) of the In, P and O atoms in the top most
layers of the (2×2)(P2O6)2 structure with (blue lines) and without water (red lines). The solid
lines denote the average RDF obtained along the AIMD trajectory, whereas the dashed lines
correspond to the reference structure (see main text) and have been obtained by convolution
with a Gaussian to allow for better comparability. The data are scaled with respect to the
respective maximum.

Figure S13: Radial distribution function (RDF) of the In, P and O atoms in the topmost
layers of the (2×2)(P2O7)2 structure with (blue lines) and without water (red lines). The solid
lines denote the average RDF obtained along the AIMD trajectory, whereas the dashed lines
correspond to the reference structure (see main text) and have been obtained by convolution
with a Gaussian to allow for better comparability. The data are scaled with respect to the
respective maximum.
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Holger Euchner,* Vibhav Yadav, and Matthias M. May
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ABSTRACT: The versatile optoelectronic properties of the material class
of III−V semiconductors enable the highest performance in photovoltaic
and photoelectrochemical solar cells. While a high level of control and
understanding with respect to different surface reconstructions of these
compounds in gas-phase ambient has been reached, the situation in an
electrochemical environment still poses challenges. Here, we therefore
have undertaken a computational study of the InP(100) surface in the
presence of hydrogen and chlorine, mimicking the contact with a
hydrochloric acid-containing electrolyte, aiming at an understanding of ion
adsorption and dominant surface reconstructions with respect to applied
potential and electrolyte concentration. For this purpose, the most stable
surface terminations for hydrogen and chlorine (co)adsorption from the
gas phase as well as the corresponding phase diagrams have been
determined with respect to the hydrogen and chlorine chemical potential. In this context, we also introduce a quantitative type of
phase diagram to highlight the stability of surface phases with respect to competing structures. Finally, by making use of the
computational hydrogen electrode approach, these results were then transferred to the potential domain. We find that hydrogen
(chlorine) adsorption is dominating at more (less) cathodic potentials, while coadsorption is limited to small fractions of the phase
space. This allows us to determine experimentally accessible phases for which no detrimental effects, such as the creation of in-gap
surface states, are to be expected.
KEYWORDS: InP(100), Surface Reconstruction, Phase Diagram, Computational Hydrogen Electrode, Density Functional Theory

■ INTRODUCTION
The transformation toward a defossilized energy supply of our
society has to be realized in the near future to mitigate global
warming, meaning that not only electricity but also fuels have
to be replaced with renewable alternatives. Here, the
production of hydrogen will be part of the solution, with
photoelectrochemical (PEC) water splitting having the
potential to become an important building block for the
future distributed production of carbon-neutral fuels.1−3 The
PEC method is based on an integrated approach, where the
photoelectrode is directly immersed in the electrolyte such that
photon harvesting and water splitting happen in a single
device.4,5 This comes along with advantages such as compact
device design, independence from the electricity grid, and co-
benefits from heat exchange between a solar absorber and
catalyst.6 However, the direct contact of the solar absorber and
electrolyte results in numerous challenges, in particular with
respect to the electrochemical interface. Similar to the case of
batteries, the electrochemical interface of the electrode and
electrolyte is crucial for the understanding and improvement of
the underlying processes, especially with respect to device
stability.

Photoelectrodes applied for direct solar water splitting
typically show severe stability issues in the electrochemical
environment, which directly leads either to dissolution of the
electrode or to the degradation-induced formation of surface
states in the band gap of the photoabsorber, causing charge-
carrier recombination and performance loss. While the
successful passivation/functionalization of InP-based photo-
cathodes recently allowed for largely improved performance,
the exact structure of the stable interfaces and its functioning
are still an open question.7 In a first approach, we therefore
study the simple binary InP(100) surface�the drosophila of
III−V photoelectrochemistry�to gain insight into the
complex structure and processes occurring at the electrode/
electrolyte interface.
For this purpose, we have studied the surface phase diagram

of InP in an electrochemical environment, consisting of
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aqueous solutions of hydrochloric acid (HCl), via density
functional theory (DFT). Here, it has to be noted that studies
considering the phase stability beyond the clean InP(100)
surface are rather limited,8−14 while electrochemical environ-
ments, including the impact of electrolyte constituents and
applied potential on the surface structure, so far have not been
addressed at all. Hence, starting from different surface
reconstructions of InP(100), we have investigated the
adsorption of hydrogen and chlorine upon the latter ones,
motivated by the finding that highly ordered interfaces/phases
exist under these conditions, whose exact structures are,
however, not yet fully identified.15 The resulting surface phase
diagrams, obtained for hydrogen and chlorine adsorption in a
vacuum (from the gas phase) and depicted as a function of the
respective chemical potentials (μH and μCl), contain a variety
of stable phases that show hydrogen and chlorine adsorption.
However, only for a small part of the phase space, i.e., for very
specific conditions, is the coadsorption of hydrogen and
chlorine observed. Furthermore, to translate these findings to
an electrochemical environment, the concept of the computa-
tional hydrogen electrode has been applied.16 This con-
sequently allows the determination of the surface phase
diagram in an aqueous electrolyte, by evaluating the surface
free energy as a function of the electrochemical potentials of
hydrogen ( )H and chlorine ( )Cl . Finally, by selecting a
certain electrolyte composition, the phase diagram can be
transformed in the potential domain, such that the phase
stability with respect to an applied potential can be extracted,
in principle allowing for comparison to the corresponding
experimental data.15,17

■ METHODS
Density functional theory-based calculations have been performed to
determine the surface phase diagram of InP in the presence of
hydrogen and chlorine. For this purpose, different, well-known
reconstructions of the pristine InP(100) surface, as can be prepared in
ambient gas-phase conditions,18 have been optimized and used as
starting configurations for hydrogen and chlorine adsorption. To
allow for an efficient modeling of the respective surfaces, asymmetric
slabs with pseudohydrogen termination at the bottom were
constructed, thus preventing the occurrence of dangling bonds and
spurious states in the band structure. All DFT calculations were
conducted with the CP2K code using the Gaussian and plane wave
(GPW) method, using the DZVP-MOLOPT-SR-GTH basis set in
combination with the Godecker−Teter−Hutter pseudopotentials,
applying a cutoff of 800 Ry together with a relative cutoff of 60
Ry.19,20 Exchange and correlation were described via the PBE
functional, while in addition, a dispersion correction was applied as
introduced by Grimme et al. (vdW-D3).21,22 First, the bulk structure
of InP was optimized with the above-described settings, yielding a
lattice parameter of 5.935 Å for the cubic unit cell. Starting from this
structure, different surface unit cells for the InP(100) surface were
constructed. All investigated surfaces were based on a 12-layer
structure (six In and six P layers) with fixed cell dimensions along the
c-axis, such that each structure was terminated by a vacuum layer of at
least 15 Å thickness (see Figure S1 in the Supporting Information
(SI)).

■ COMPUTATIONAL HYDROGEN ELECTRODE
To access surface phase diagrams in the gas-phase ambient, a
grand canonical approach has to be applied,23,24 relating the
calculated surface energies to different experimental con-
ditions, corresponding to the availability of the respective
atoms. This can be achieved by expressing the Gibbs free
surface energy γ(T, p) as a function of the chemical potential,

μi, of the corresponding gas-phase molecules, normalized to
the surface area A. This results in the following equation:

=
i
k
jjjjjj

y
{
zzzzzzT p

A
G T p N N T p( , )

1
( , , ) ( , )i

i
i i

(1)

Here, Ni is the number of atoms of type i, whereas G is the
Gibb’s free energy of the slab, which in ab initio-based
approaches is frequently approximated by the corresponding
total energy Eslab, meaning that entropy and volume change are
neglected. By introducing Δμi(T, p) = μi(T, p) − Ei, the
chemical potential is typically renormalized with respect to the
ground state energy of the respective elements Ei, thus yielding

=
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with Esurf = Eslab − ∑iNiEi. Starting from this equation, the
most stable surface structures, those with the lowest surface
free energy, can be determined.
When systems in the electrochemical environment are

considered, the presence of charged species has to be
accounted for, which means that, in the above formalism, the
chemical potential has to be replaced by the electrochemical
potential = + ze( ). Accessing the surface free energies in
the electrochemical environment, on the other hand, would in
principle mean calculating solvation free energies for the
respective ions in solution. This is, however, a computationally
extremely demanding task. Fortunately, there exists an elegant
and well-established approach to connect the electrochemical
potentials of molecules in the gas phase and their
corresponding ions in solution: the computational hydrogen
electrode (CHE).16 The underlying idea of the CHE is the fact
that the standard hydrogen electrode (SHE) at standard
conditions yields a reference point at which hydrogen gas and
p ro ton s i n so l u t i on a r e i n equ i l i b r i um , i . e . ,

+ =+H e
1
2 H(aq) 2

. Consequently, by exploiting this

relation, one only has to compute the energy of a hydrogen
molecule in the gas phase, instead of directly computing the
corresponding solvation energies.16,24,25 Since the potential
dependence of an electron at the Fermi level and the pH
dependence of an ion in solution are well-known, the
electrochemical potential of a proton and electron in solution
can be expressed by the following equation:

+ =+ eU k T
1
2

ln(10)pHH e H SHE B(aq) 2 (3)

with USHE the potential with respect to the standard hydrogen
electrode scale. It is now easy to extend this concept to any
other species in solution.26,27 For the case of chlorine the
corresponding equation reads as

= + +U U k T c
1
2

e( ) ln( )eCl Cl SHE 0 B Cl(aq) 2

(4)

with U0 the standard potential of the Cl/Cl− redox couple (i.e.,
1.36 V) versus SHE.28 Note that in eq 4 the concentration is
used instead of the formally correct activity, an approximation
valid for low concentrations.29

In the here-described grand canonical approach, the
temperature-, concentration-, and potential-dependence of
the electrochemical potential can also be renormalized and
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combined in a single term, Δμ̃, yielding the following equation
for the case of protons:

= +

=

+ +T p U T p U E

eU k T

( , , ) ( , , )
1
2

ln(10)pH

H H e H

SHE B

(aq) 2

(5)

For the chlorine ion, one obtains

=

= +

T p U T p U E
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Cl Cl e Cl

SHE B Cl
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In this formulation, the total energy of the gas-phase
molecules is subtracted from the electrochemical potential of
the solvated ion and corresponding electrons. This renormal-
ization is, as in the above-discussed vacuum case, based on the
assumption that the free energies of the molecules can be
approximated by the total energy that is directly accessible by
DFT. Making use of the above derived expressions, the change
in Gibbs free surface energy can finally be expressed as

=
i
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This now enables us to also compute phase diagrams as a
function of the electrochemical variables. However, it must be
pointed out that the typical application of the CHE, as outlined
above, comes with certain limitations. The fact that in eq 7
total energies are used means that the electrochemical
environment is not directly accounted for as the free energy
is assumed to be independent of the electrochemical variables
such as the applied potential.30 Furthermore, in the method-
ology applied here, where DFT calculations in a vacuum are
considered, effects such as the charging of the electrode and
the electrochemical double layer and their effect on energetics
and electronic structure (band bending) are not accounted for.
Consequently, results for semiconducting systems in contact
with an electrolyte obtained by the CHE approach are strictly
speaking valid for only uncharged interfaces. Unlike for metals,
a surface charge on a semiconductor will not be fully screened,
leading to a finite electric field within the semiconducting
slab.31,32 This will effectively introduce a certain level of
uncertainty with respect to the potential domain when
comparing these results directly with experiment.

■ RESULTS AND DISCUSSION
In the following, the InP(100) surface and its reconstructions
are addressed in a stepwise approach. Starting from the clean
surface in the presence of only In and P, the adsorption of
hydrogen and chlorine is considered separately before a
combined adsorption is investigated. These scenarios are first
considered for gas-phase ambient conditions before the results
are exploited for a given electrochemical environment.
Clean Surface. First, the phase diagram of the pristine

InP(100) surface (in vacuum) has been reinvestigated with
respect to the chemical potential of In and P, which in
experiment are determined by the exact growth/surface
preparation conditions. Since the chemical potentials of In
and P are interrelated via the stability of the InP bulk phase
under equilibrium conditions (μInP = μIn + μP), the surface
energy can be expressed as a function of only the In chemical
potential:

G E N N( )slab InP In P In In (8)

The resulting phase diagram shows the so-called (2 × 2)-2D,
c(4 × 4), α2(2 × 4), β2(2 × 4), and mixed-dimer phases as
stable clean surfaces. Since all further calculations are based on
the surface reconstructions introduced here, these will be
described in some detail in the following. The (2 × 2)-2D
surface corresponds to a P-terminated surface with two
additional P-dimers on top. The c(4 × 4) phase is closely
related to the (2 × 2)-2D reconstruction, being constructed
from a larger supercell that is also terminated by phosphorus
with three additional P-dimers on top. Finally, there are three
different structures that are based on 2 × 4 supercells. The
α2(2 × 4) and β2(2 × 4) phases can be understood as stepped
surfaces, which differ in the number of terminating P atoms.
The mixed dimer structure, on the other hand, corresponds to
an In-terminated surface with a single, “mixed” In−P dimer on
top.
The phase diagram shows that with increasing In chemical

potential, the more In-rich surface terminations become
dominant, culminating in the mixed dimer surface. For
intermediate ΔμIn values, the α2(2 × 4) and β2(2 × 4)
phases are the most stable ones. When ΔμIn decreases further,
the c(4 × 4) is observed for a small potential range. Finally, for
P-rich conditions, the (2 × 2)-2D surface is stabilized. Apart
from the fact that the (2 × 2)-1D structure is found to be
slightly unstable, this is in agreement with literature.33 These
differences are likely due to the different exchange−correlation
functionals and the negligence of van der Waals interactions in
earlier calculations.

Hydrogen and Chlorine Adsorption. As the next step,
the impact of hydrogen was investigated by computing the
corresponding phase diagram in the presence of hydrogen. For
this purpose, the different stable plain surfaces and derivatives

Figure 1. Phase diagram of the clean InP(100) surface as a function of
the In chemical potential. The corresponding structures are depicted
in Figure 2.

Figure 2. Different surface reconstructions of the InP(100) surface. In
atoms are depicted in purple (and pink if two In layers are shown),
while P atoms are shown in gray.
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thereof were decorated with different numbers and arrange-
ments of hydrogen atoms. In total more than 300 different
configurations were structurally optimized, finally yielding the
corresponding surface energies as a function of the
renormalized In and hydrogen chemical potentials ΔμIn andΔμH as depicted in Figure 3. Before the discussion of the
resulting phase diagram, a consistent nomenclature for
hydrogen-terminated surfaces will be introduced. In the
following, structures with hydrogen on P-terminated (2 × 2)
surfaces will be termed (2 × 2)-nH phases, whereas phases
based on the P-dimer terminated (2 × 2)-2D phase will be
termed (2 × 2)-2D-nH phases. Here, a note of caution is
necessary, as in earlier works a (2 × 2)-2D-2H structure is
reported that refers to the P-terminated surface without
additional phosphorus,18 which in the here introduced
convention corresponds to the (2 × 2)-2H phase.
Regarding the phase diagram, as expected, the pristine

surface reconstructions are observed at low ΔμH values (low
ΔμH corresponds to a low hydrogen partial pressure). For
increasing ΔμH, hydrogen-terminated surfaces become stabi-
lized. Interestingly, under P-rich conditions as well as In-rich
conditions, the pristine clean phases remain stable over a wider
range of ΔμH. Here, it has to be noted that the phase diagram
differs somewhat from literature,18 which again may be
attributed to the use of different exchange−correlation
functionals and/or the larger number of competing structures
that were considered in our study. Furthermore, it must be
pointed out that the energy differences between certain
configurations are often rather small.
To take these uncertainties into account, the phase diagram

is represented such that the stability of the thermodynamically
stable phases with respect to competing phases of different
stoichiometry is color-coded. This is achieved by computing
the energy difference between the most stable and second most
stable phases at a particular value of ΔμH and ΔμIn. This value
is then used as a descriptor for phase stability and represented
by the color code in Figure 3. Hence, the darker a particular
area is depicted in the phase diagram, the likelier the

occurrence of the corresponding phase. A large part of the
phase diagram comprises the (2 × 2)-nH phases (with n = 2, 6,
8), which correspond to phosphorus-terminated surfaces with
hydrogen atoms replacing the top P-dimer. Here, the (2 × 2)-
6H phase covers a rather large area and is, as can be inferred
from the darker color, also expected to be quite stable. The
maximum coverage is reached when each top layer phosphorus
atom is terminated by two hydrogen atoms. The resulting (2 ×
2)-8H phase already shows distortions of the PH2 units at the
surface and is only stable for ΔμH > 0.4. For P-rich conditions,
(2 × 2)-2D-based structures with hydrogen atoms filling the
available sites on the P-dimers become stable for increasing
ΔμH. Here, again, the maximum hydrogen content on the
surface seems to be reached with a total of 8 hydrogen atoms,
meaning a P-terminated surface with 4 PH2-units on top.
Finally, for In-rich conditions and increasing ΔμH, mixed-
dimer-like surface terminations are found to be the most stable.
The (2 × 2)-mixed phases correspond to an In-rich surface
that is terminated by two mixed dimers, where first both P-sites
((2 × 2)-mixed-2H) and then both In-sites ((2 × 2)-mixed-
4H) of the In−P dimers are occupied by hydrogen.
Interestingly, the α2(2 × 4)- and β2(2 × 4)-based phases
are not observed any more when hydrogen is present. This is
because for intermediate ΔμIn values the fully P-terminated (2× 2)-based phases are stabilized. This stabilization is a
consequence of the higher availability of P-sites for the
formation of P−H bonds. Here, it has to be noted that not all
of the structures that are found to be stable�in particular
those based on the P-rich (2 × 2)-2D surface�comply with
the electron counting rules introduced by Pashley.34 Finally, it
has to be pointed out that, while a large number of different
configurations have been investigated, it cannot be excluded
that larger supercells may yield additional stable reconstruc-
tions with intermediate hydrogen content.
Similarly, the adsorption of chlorine on the different

InP(100) surface reconstructions was considered, now
allowing us to compute the phase diagram as a function of
the indium and chlorine chemical potentials ΔμIn and ΔμCl, as

Figure 3. Phase diagram of the InP(100) surface with respect to the In and H chemical potential and corresponding structures (top view). In and P
atoms of the topmost layers are depicted in purple (and pink if two In layers are shown) and gray, whereas H is shown in light pink.
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shown in Figure 4. Again, the pristine surface reconstructions
are observed at low ΔμCl values. Here, it has to be noted that
they are observable for significantly lower chemical potentials,
as in the case of hydrogen, which is a consequence of the
higher reactivity of chlorine. For increasing ΔμCl, chlorine-
terminated surfaces become quickly stabilized. For increasing
ΔμCl and under P-rich conditions, the pristine (2 × 2)-2D
phase shows an extended stability range and is followed by
surfaces for which an increasing number of Cl atoms are
located on top of the P-dimer sites, with the (2 × 2)-2D-8Cl
phase already being largely disordered. For In-rich conditions,
the In-terminated (2 × 2)-In-2Cl and (2 × 4)-In-8Cl phases
become stable for increasing ΔμCl values, before an InCl-like
layer becomes stabilized. Interestingly, at a large ΔμCl, the
formation of an InCl3-like layer becomes stable over the wholeΔμIn range. Both InCl-type phases cover a rather large range of
the phase space and are, as can be seen from the dark color in
the phase diagram, expected to be comparably stable. As can be

inferred from the large part of the phase space that is covered
by In-rich surface terminations, chlorine has a strong
preference to form In−Cl bonds, whereas P−Cl bonds only
form under P-rich conditions. As in the case of hydrogen, there
may exist larger supercells that stabilize additional intermediate
Cl concentrations.
Following the same approach as in the previous paragraphs,

the co-adsorption of hydrogen and chlorine was considered.
Now, the different plain surfaces and their derivatives were
decorated by different numbers and arrangements of hydrogen
and chlorine atoms. In principle, the phase diagram can now be
obtained as a function of the renormalized chemical potentials
of In, Cl, and H. However, to allow for a better graphical
representation, phase diagrams for three selected values of the
In chemical potential have been chosen. The resulting graphs
correspond to two-dimensional cuts through the three-
dimensional phase space, spanned by the chemical potentials
of In, Cl, and H. Choosing a fixed value for ΔμIn can also be

Figure 4. Phase diagram of the InP(100) surface with respect to the In and Cl chemical potential and corresponding structures (top view). In and P
atoms of the topmost layers are depicted in purple (and pink if two In layers are shown) and gray, whereas chlorine is shown in light green.

Figure 5. Phase diagram of the InP(100) surface with respect to the chemical potentials of H and Cl for a fixed In chemical potential. (a) In-rich
(ΔμIn = −0.9 eV), (b) intermediate (ΔμIn = −0.4 eV), and (c) P-rich (ΔμIn = 0.1 eV) conditions. The white pentagons represent particular
combinations of ΔμIn, ΔμH, and ΔμCl, corresponding to applied potentials of approximately −0.25, −0.42, and −0.58 V, respectively.
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understood as chlorination/hydrogenation of a particular
surface reconstruction. The resulting phase diagrams for In-
rich (ΔμIn = −0.9 eV), intermediate (ΔμIn = −0.4 eV), and P-
rich (ΔμIn = 0.1 eV) conditions correspond to selecting the (2
× 2)-2D, β2(2 × 4), and the mixed-dimer reconstructions as
clean surfaces, respectively.
These combined phase diagrams, depicted in Figure 5a−c,

clearly show the dominant nature of chlorine adsorption. For
increased chlorine chemical potentials, the InCl3-like overlayer
is observed for the different ΔμIn values and, moreover, is
essentially independent from the hydrogen chemical potential.
The dark color of the corresponding phase space area indicates
that InCl3-type phases are significantly more stable than the
competing structures that have been investigated. Only at low
chlorine chemical potential are hydrogen-containing phases
observed. For more In-rich conditions (Figure 5b and c), the
phase space that is dominated by chlorine-rich phases is further
increasing, while hydrogen-containing surfaces are only
observed for further decreased ΔμCl values. This essentially
confirms our previous findings for the separate hydrogen and
chlorine absorption and can be understood from the fact that
hydrogen prefers to bind to phosphorus, whereas Cl prefers to
form bonds with In. Consequently, the more indium-rich the
conditions are, the more dominant the Cl adsorption and
hence the Cl-rich phases. However, even under P-rich
conditions, chlorine adsorption takes place for a large part of
the phase diagram.
Interestingly, for the three selected In chemical potentials,

the co-adsorption of hydrogen and chlorine is only observed
for a very narrow range in chemical potential. This corresponds
well with adsorption studies on metal electrodes,26 where
similar behavior was observed. In the case of P-rich conditions
(ΔμIn = −0.9 eV), two tiny areas with hydrogen/chlorine co-
adsorption are observed (see Figure 5a). For rather low values
of ΔμCl and ΔμH, a (2 × 2)-2D-based structure with a
hydrogen and a chlorine atom sitting on the same dimer, the
(2 × 2)-2D-H-Cl phase, is observed (see Figure 6). Increasing
ΔμCl and ΔμH values foster an In-terminated surface with
partial P-coverage, the (2 × 2)-In-2P-2H-2Cl structure, with
the P atoms being saturated by hydrogen and Cl atoms
occupying the free P-sites. At larger In chemical potential
(ΔμIn = −0.4 eV), only the latter co-adsorption phase prevails,

which is a consequence of its increased In content as compared
to the (2 × 2)-2D-H-Cl phase. In fact, the (2 × 2)-In-2P-2H-
2Cl phase even occupies an increased area in the phase
diagram, as can be seen in Figure 5b. Finally for ΔμIn = 0.1 eV,
again the (2 × 2)-In-2P-2H-2Cl phase is observed, as well as a
mixed dimer based surface (mixed-1H-3Cl) with the P and In
atoms of the dimer being saturated by H and Cl and two
additional Cl atoms forming In−Cl−In bonds (see Figure 6).
From Gas-Phase to Electrochemical Environment.

While the phase diagrams discussed in the previous paragraphs
are relevant for the adsorption of hydrogen and chlorine in a
gas-phase environment, which is of great importance for
epitaxial growth, the question of the predominant phases for
systems in contact with an electrochemical environment
remains open. However, making use of the above-introduced
CHE concept and also applying it for the case of indium allow
the transfer of the obtained phase diagrams to the potential
domain. This means the phase diagram can be expressed with
respect to the applied potential for given concentrations of
hydrogen, chlorine, and indium in the electrolyte solution. For
this purpose, the standard potentials of the corresponding
redox couples have to be used to relate them to the SHE scale
(see Table 1).

Consequently, for fixed In, Cl, and H concentrations, as in
an electrochemical experiment, the phase diagram can be
depicted as a function of the applied potential. In the following,
the concentrations of In, Cl, and H are assumed to stem from
the dissolution of 0.01 molar InCl3 in 0.1 molar hydrochloric
acid (pH 1), thus corresponding to realistic experimental
conditions.15,17 Note that the potential is depicted with respect
to the Ag/AgCl scale (−0.197 V vs SHE) to facilitate
comparison to experimental data. To get a first idea on the
impact of an applied potential, the phase diagram of the
pristine InP(100) surface reconstructions is considered; that is,
chlorine and hydrogen adsorption are neglected. Still, this
simplified model contains some important insights, showing
that transitions between the different clean phases all would lie
in a very narrow potential window (see Figure 7a). The
transitions between the stable surface reconstructions all lie
within about 0.1 V, with the In-rich mixed-dimer structure
dominating for more cathodic potentials (below ∼−0.5 V) and
the P-rich (2 × 2)-2D being dominant for more anodic
potentials (above ∼−0.4 V).
These findings already indicate that α2(2 × 4), β2(2 × 4),

and c(4 × 4) reconstructions are rather unlikely to be observed
in an electrochemical environment, even under the assumption
of negligible hydrogen and chlorine adsorption. On the other
hand, when the full phase space is taken into account, the
phase diagram in Figure 7b is obtained. At more cathodic
potentials, hydrogen-terminated surfaces are observed, how-
ever, with different In/P content. In fact, with increasing (less
cathodic) potential, the surfaces get more P-rich, resulting in
transitions between surfaces with mixed In−P termination

Figure 6. Surface reconstructions with hydrogen and chlorine co-
adsorption (top view). In and P atoms of the topmost layers are
depicted in purple (and pink if two In layers are shown) and gray,
whereas chlorine and hydrogen are shown in light green and light
pink.

Table 1. Redox Potentials of H/H+, In/In3+, Cl/Cl−, and
Ag/AgCl vs SHE

redox couple potential (vs SHE)

H/H+ 0 V
In/In3+ −0.338 V28
Cl/Cl− +1.360 V28

Ag/AgCl −0.197 V35
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(based on (2 × 2)-mixed structures) to P-terminated (2 × 2)-
based surfaces and (2 × 2)-2D-based phases. Interestingly, the
hydrogen content on each of these surfaces decreases with
increasing potential such that the hydrogen concentration on
the surface does not uniformly decrease when the applied
potential is increased. For instance, a transition from (2 × 2)-
6H to (2 × 2)-2D-8H is predicted for increasing potential (at
∼−0.3 V), thus meaning an increase in hydrogen content,
while with further increasing potential, hydrogen then desorbs
again from the (2 × 2)-2D-type structure. At an applied
potential of about 0.1 V, the (2 × 2)-2D-H-Cl phase with
hydrogen and chlorine co-adsorption is stabilized, however,
only in a tiny potential window. Hence, this means a rather
sharp transition from hydrogen to chlorine adsorption.
For more anodic potentials, chlorine adsorption is dominant,

quickly reaching the already rather distorted (2 × 2)-2D-8Cl
surface. From the large phase space occupied by the In- and
Cl-rich phases observed in Figure 5, it seems surprising that
these structures are not present under electrochemical
conditions. However, by connecting the applied voltage to
the selected plots at fixed In chemical potentials, which are
depicted in Figures 5a−c, this becomes more evident. The
white pentagons in Figure 5a−c mark the phases that
correspond to a particular applied voltage under the given
electrochemical conditions for the depicted values of ΔμIn.
This means, for instance, that a potential of −0.25 V
corresponds to a ΔμIn of −0.9 eV, with ΔμCl = −1.44 eV
and ΔμH = −0.01 eV (see Figure 5a), describing a point in the
phase diagram where the (2 × 2)-2D-6H phase is found to be
stable. By further examining the situations depicted in Figures
5a−c, it becomes clear that for increasing voltage, the
electrochemical potential of In (and hydrogen) decreases,
such that In-poorer (and H-poorer) surfaces become more
favorable. Thus, when the potentials at which Cl adsorption
becomes favorable are reached, there is at the same time a
preference for P-terminated surfaces, such that In- and Cl-rich
phases cannot be reached. As already mentioned in the general
discussion on the CHE, this approach may introduce an
uncertainty in the potential domain when comparing these
results to experiment, meaning that the onset potential of
transitions between different surface reconstructions may be
shifted. Finally, it has to be noted that recent studies on
hydrogen-terminated (2 × 2)-based phases demonstrated that
doping can result in the stabilization of charged surfaces,
depending on the Fermi level position.36 This indicates that
applied potentials may also favor charged surfaces and/or
affect the electronic structure.
While the above results give valuable insights with respect to

the different phases that are, or could in principle be, observed

under experimental conditions, an open question is the impact
of the adsorbates on the electronic properties. Surface
reconstructions that create electronic states within the band
gap of InP are detrimental for the use as a photoelectrode and
should therefore be avoided. To investigate how the electronic
structure is affected by the respective adsorbates, we
determined the band structure for the different structures
that are predicted to be stable under electrochemical
conditions. Before discussing the results, it has to be noted
that the applied PBE+D3 approach largely underestimates the
band gap, a well-known issue for generalized gradient-based
functionals, hence yielding a bulk band gap of ∼0.48 eV for
InP. Furthermore, it has to be pointed out that due to the finite
system size, band gaps larger than the bulk value can be
observed.37 This finite size effect is, however, decreasing with
an increasing slab size. Yet, for some of the surface
reconstructions shown here (indicated by arrows in Figure
7), even a slab thickness of beyond 40 layers does not lead to
full convergence. This is probably the reason why, for surface
slabs of InP, band gaps closer to the experimental value (1.3
eV) than to the PBE-underestimated bulk band gap are
frequently reported. The resulting band gaps are depicted in
Figure 8 and compared to the bulk value, showing that for
some phases the width of the band gap is largely affected. Band
structure plots of the corresponding phases, showing midgap
states or changes at the band edges, causing the observed
changes in the band gap are depicted in Figure S2 in the SI. In

Figure 7. Phase diagram of the InP(100) surface as a function of the applied potential for a 0.01 molar InCl3 solution at pH 1. In (a) only the
stability of the plain surface reconstructions is considered, while (b) considers H and Cl adsorption.

Figure 8. Calculated band gaps for the different surface
reconstructions that are observed in Figure 7. The bulk band gap is
depicted as a dashed line. The corresponding band structure plots are
shown in Figure S2.
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fact, qualitatively the (2 × 2)-2D-based phases show band gaps
close to the bulk value for (2 × 2)-2D-4H and the H-rich (2 ×
2)-2D-8H phase, whereas (2 × 2)-2D-6H is affected by the
presence of midgap states. A similar behavior is observed for
the (2 × 2)-based phases where (2 × 2)-6H is observed to
have a bulk-like gap, while the (2 × 2)-2D-8H becomes almost
metallic. The (2 × 2)-2D-H-Cl phase also shows a decreased
band gap, whereas for the Cl-rich phases, the band gap is again
close to the bulk value, and no midgap states are observed.
Hence, especially for the (2 × 2)-2D-8H, (2 × 2)-6H, and the
Cl-rich (2 × 2)-2D-8Cl phases, no detrimental effects, such as
charge-trapping in gap states, are expected. Consequently,
these structures could be good starting points for (photo)-
electrochemical surface processing.

■ CONCLUSION
By using DFT we were able to investigate the gas-phase
adsorption of hydrogen and chlorine on InP(100), showing
that coadsorption can only be observed for very small ranges of
the chemical potential phase space. The novel type of phase
diagram, which we introduce here, allows a quantification of
phase stabilities with respect to competing phases, thus
emphasizing that certain phases may be difficult to observe
experimentally. The resulting phase diagrams clearly point to a
dominant occurrence of phases featuring In−Cl bonds such as
the InCl3-type surface. Surprisingly, these findings do not hold
in an electrochemical environment. There, the differences in
respective standard potentials and oxidation states of In, Cl,
and H restrict the accessible part of the phase space such that
In- and, at the same time, Cl-rich phases are not observed. The
hydrogen coverage, on the other hand, does not simply
decrease with more anodic potential but instead fluctuates with
changing potential. This is because the more P-rich-based
surface reconstructions are stabilized with increasing potential.
Furthermore, a sharp transition from hydrogen to chlorine
adsorption is observed, such that the hypothesis derived from
experiment of H−Cl coadsorption seems rather unlikely.
Finally, an investigation of the electronic band structure shows
that the adsorption does not generally introduce midgap
surface states in InP, which is a prerequisite for materials to be
used as high-performance photoelectrode or processing of
optoelectronic devices in electrochemical environments.
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Holger Euchner − Universität Tübingen, Institute of Physical
and Theoretical Chemistry, 72076 Tübingen, Germany;
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Figure S1: Bulk InP structure with In and P atoms in purple and grey (left). Schematic
depiction of the computational setup for the InP(100) surface. The light grey (P) and light
purple (In) atoms are kept �x during the calculations, while the positions of the In and P
atoms in the top most layers (dark purple and dark grey) are optimized (right).
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Figure S2: Band structure of the di�erent stable phases that are observed under the given
electrochemical conditions (see main text). The resulting band gaps for the di�erent struc-
tures are given in Fig. 8 in the main manuscript.
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