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Abstract Total-energy and electronic structure calculations based on density-
functional theory are performed in order to determine the atomic structure and 
electronic properties of Al. 0.5In. 0.5P(001) surfaces. It is found that most of the sta-
ble surfaces obey the electron counting rule and are characterized by surface atom 
dimerization. The dimer related surface states are predicted to occur in the vicinity 
of the bulk band edges. For a very narrow range of preparation conditions, ab initio 
thermodynamics predicts metal atomic wires formed by surface cations. In case of 
typical metalorganic vapor-phase epitaxy growth conditions, a surface covered with 
a monolayer of buckled phosphorus dimers, where half of the phosphorus atoms are 
hydrogen-saturated, is found to be stable. This structure also reproduces nicely the 
reflectance anisotropy measured for epitaxially grown AlInP(001) surfaces. 

1 Introduction 

III-V compound semiconductors are important for various electronic and optoelec-
tronic applications, e.g., high-electron-mobility transistors, light-emitting diodes, 
photodetectors, electro-optic modulators, and frequency-mixing components. Solar 
cells made of III-V semiconductors reach the highest efficiencies of any photovoltaic 
technology so far [1]. The Al. x In.1−xP (AlInP) material system is frequently used as 
window layer in solar cells, due to its favorable combination of chemical stability, 
sufficiently wide bandgap, and high quality heteroepitaxial interfaces with many 
absorbers [2]. In this context, the Fermi level pinning due to AlInP surface states is 
highly relevant for the device performance [3]. This holds also for the usage of AlInP 
as intermediate layer to form low resistance ohmic contacts [4]. 

However, there is little information available on the atomic structure and electronic 
properties of AlInP surfaces. It has been noted that different growth conditions lead 
to different degrees of CuPt ordering in the bulk material [5, 6], i.e., alternating group 
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Fig. 1 Al.0.5In.0.5P bulk material with cations arranged in CuPt-A and CuPt-B symmetry. Gray, 
blue, orange and white balls represent Al, In, P, and H atoms, respectively 

III layers perpendicular to the .[1̄11] or .[11̄1] directions, see Fig. 1. This is likely to 
be related to the formation of surface dimers, which induce strain in the material [7]. 
Very recently, some models for clean AlInP(001) surfaces were established, which 
show that structures different from the ones known from binary III-V(001) surfaces 
may occur [8]. However, this study was restricted to clean surfaces. Often, AlInP is 
grown by metal organic vapor phase epitaxy (MOVPE) and chemical beam epitaxy 
(CBE). Since hydrogen is present in MOVPE and CBE, it can be expected to be 
present at the AlInP surface as well [9, 10]. 

Therefore, we here extend the previous study [8] to account for the possibility 
of surface adsorbed hydrogen. A systematic search for stable Al. 0.5In. 0.5P(001) sur-
face structures is performed, where the existence of hydrogen is considered as an 
additional degree of freedom. The initial geometries for structure optimization are 
generated by systematically varying the surface stoichiometry of both CuPt-A and 
CuPt-B type ordered Al. 0.5In. 0.5P crystals. 

Reflectance anisotropy spectroscopy (RAS), also known as reflectance difference 
spectroscopy [11], is a powerful tool to characterize surfaces at the atomic level: The 
measurement of the polarization-dependent reflectivity provides insight in the sur-
face structural and electronic properties [12–15]. RAS is non-destructive and can be 
used in a wide range of environments. It has been used already to monitor the growth 
of ternary III-V surfaces and heterostructures [16–20]. The understanding and inter-
pretation of the RAS spectra, however, requires numerical simulations. Therefore, 
RAS spectra are calculated here for the surface structures most relevant in the surface 
phase diagram. 

2 Theory and Implementation 

In detail, density-functional theory (DFT) calculations are performed using the 
Vienna ab initio simulation package (VASP) [21]. The generalized gradient approx-
imation (GGA) with the PBE functional [22] is used to model the electron exchange 
and correlation interaction. The electron-ion interaction is described by the projector-
augmented wave (PAW) scheme [23, 24]. The electronic wave functions are expanded 
into plane waves up to a kinetic energy cutoff of 400 eV. The Brillouin zone inte-
gration is performed using .Γ -centered in an equivalent .8 × 8 × 1 mesh in the full 
(.1 × 1) surface Brillouin zone. The (001) surfaces are modeled by supercells contain-
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ing 13 and 14 atomic layers for cation and anion terminated surfaces, respectively, 
and a vacuum region of. ∼13.5 Å. The slab bottom dangling bonds are saturated with 
fractionally charged H atoms. The electric field resulting from the inequivalence 
of the two surfaces is taken into account by a dipole correction to the electrostatic 
potential. The atoms are structurally relaxed until they experience forces smaller 
than 0.02 eV/Å. The calculations are performed at the equilibrium lattice parameter 
of Al. 0.5In. 0.5P calculated to be 5.751 Å. 

In order to compare the various clean and hydrogen covered surfaces energeti-
cally, the chemical potentials .μAi of the respective surface constituents need to be 
taken into account. The surface ground state is determined by the minimum of the 
thermodynamic potential 

.Ω = U − T S −
i

μAi nAi , (1) 

where.U is the total energy of the system. In solids, the entropy term,.T S, contributes 
very little to the difference in .Ω under usual experimental conditions [25] and is 
neglected in the following. The chemical potentials .μAi for .Ai = In, Al, and P are 
restricted by their bulk values 

.μAi ≤ μAi ,bulk. (2) 

Additionally, the stability of Al. 0.5In. 0.5P requires 

.μAl + μIn + 2μP = μAlInP2,bulk (3) 

= μAl,bulk + μIn,bulk + 2μP,bulk 

−ΔH f, AlInP2 .

This allows for formulating the formation energy in dependence on .ΔμIn and.ΔμAl, 
i.e., the variations of the In and Al chemical potentials with respect to their bulk 
values. For the heat of formation .ΔHf,AlInP2 we calculate a value of .−1.49 eV. 

The hydrogen chemical potential provides an additional and independent degree 
of freedom. In the approximation of a two-atomic ideal gas, it is written in dependence 
on partial pressure . p and temperature . T as 

.μH(p, T ) = kBT

2
ln{ pλ

3

kBT
} − ln Zrot − ln Zvib − 1

2
UH2 , (4) 

where .kB is the Boltzmann constant, . λ the de Broglie thermal wavelength of the H. 2

molecule, 

.λ = 2π 2

mkBT
, (5) 

and .Zrot and .Zvib are its rotational and vibrational partition functions, respectively. 
By increasing the temperature, the hydrogen chemical potential is lowered, i.e. less
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energy is gained by taking a H atom out of the reservoir and attaching it to the surface. 
A variation of the hydrogen chemical potential with respect to its molecular value at 
zero temperature of .ΔμH ∼ . −0.6 eV corresponds, e.g., to the growth conditions in 
Ref. [26]. 

DFT calculations typically underestimate the band gap due to the inaccurate treat-
ment of the electronic self-energy. On the DFT level of theory we calculate a band gap 
of 1.26 eV for CuPt-ordered AlInP bulk, severely underestimating the experimental 
value of 2.31 eV [27]. Using self-consistent.GW calculations [28], we obtain a value 
much closer to experiment, 2.33 eV. In addition to self-energy effects, optical spec-
tra are affected as well by local-field and electron-hole attraction effects. They are 
included here by solving the Bethe-Salpeter Equation (BSE) [29–31]. For numerical 
reasons, we use a model dielectric function in the BSE [32, 33] and approximate the 
.GW quasiparticle shifts by a scissors operator. This methodology leads to an AlInP 
bulk dielectric function in very good agreement with experiment, as shown in Fig. 2. 

Following Refs. [13, 35–37], the reflectance anisotropy is obtained as 

.
Δr

r
(ω) = 4ω

c

2πΔαhs(ω)

εb(ω) − 1
, (6) 

where .εb(ω) is the AlInP bulk dielectric function and .Δαhs(ω) is the difference 
of the diagonal tensor elements of the half-slab polarizability corresponding to the 
respective polarization directions. The calculation of.Δαhs using a supercell approach 
contains necessarily not only the surface optical anisotropy, but also contributions 
from the hydrogen-passivated bottom layer. Fortunately, these contributions are small 
and occur only for photon energies above 3.5 eV. We get rid of these artifacts by 
averaging the half-slab polarizabilities for slabs terminated with hydrogen bonds 
oriented along .[110] and .[1̄10]. 

Fig. 2 Imaginary part of the 
dielectric function of AlInP 
calculated within the BSE 
and from experiment [34]
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3 Computational Performance 

Highly customizable parallelization schemes are implemented in VASP. In particular, 
parallelization (and data distribution) over bands, parallelization (and data distribu-
tion) over plane wave coefficients, as well as parallelization over .k-points (no data 
distribution) can to be used at the same time on massively parallel systems such as 
the HPE Apollo (Hawk), in order to obtain high computational efficiency. 

The performance of Hawk in combination with the available parallelization rou-
tines has been tested and optimized with VASP and a test system consisting of 1728 
electrons distributed over 1280 orbitals of different symmetry. 

The first step of the parallelization procedure is the distribution of the workload 
related to each orbital on a certain number of cores. It turns out that a number of 
cores corresponding approximately either to the square root of all available cores or 
to the total number of cores per node works best for the HRLS Hawk. In addition, 
this method significantly improves the stability due to reduced memory requirements. 
Numerical results for the test configuration are shown in Fig. 3 (blue line). This setup 
results in an improvement up to roughly 2048 cores. 

Within the described approach for parallel computing, it is possible to steer the 
data distribution mode. In particular, the plane wise data distribution in real space 
can be activated. This allows for a much reduced communication during the Fourier 
transforms (FFTs). Unfortunately, the resulting load balancing is worsened. There-
fore, the suitability of the plane wise data distribution must be tested for the particu-
lar computational architecture and in dependence of the number of processors. The 
results of our tests without plane wise data distribution in real space are shown in 
Fig. 3 (orange line). As expected, advantages of the plane wise data distribution occur 
for a relatively small numbers of processors, but are outweighted by load-balancing 
problems for calculations that employ 4096 cores. 

Fig. 3 CPU time on the 
HRLS Hawk for the self 
consistent calculation of the 
electronic structure of a test 
system consisting of 1728 
electrons distributed over 
1280 orbitals. See text for 
details
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The computational techniques for the modeling of atomic system discussed here 
rely on mathematical libraries, in particular the Linear Algebra Package LAPACK 
or its distributed-memory implementation ScaLAPACK. The calculations discussed 
above have been performed with ScaLAPACK. This speeds up the calculations by 
up to a factor of two compared to LAPACK calculations, shown by the green line in 
Fig. 3. Even if only 128 cores are used, there is a noticeable speed up achieved by 
using the scalable linear algebra package. 

With VASP it is possible to use additionally a parallelization over the . k points 
used to sample the Brillouin zone in the reciprocal space calculations. Thereby it is 
possible to specify the number of. k points that are to be treated in parallel. Within the 
group of cores that share the work for an individual . k point also the electronic states 
and/or plane wave coefficients are treated in parallel. The results of the corresponding 
tests are shown in Fig. 3 (red line). It can be seen that the. k point parallelization leads 
to an additional saving of computer time, provided more than 1024 cores are used. 
The speed up with respect to calculations without . k point parallelization amounts 
up to a factor two. Moreover, this approach allows for the extension of the improved 
performance up to 4096 cores. 

4 Results 

4.1 Surface Phase Diagram 

Figure 4 contains the calculated phase diagram of the Al. 0.5In. 0.5P(001) surfaces struc-
tures considered here. Only 10 out of the more than 80 candidate structures consid-
ered in our work turn out to be energetically relevant. Schematic top views of these 
surfaces are compiled in Fig. 5. At hydrogen-deficient conditions (.ΔμH ∼ . −1  eV),  
P-dimer structures known from clean III-V(001) surfaces [38, 39] dominate the 
phase diagram. This concerns the c-4. ×4 structure for anion-rich surfaces, and the 
. β2–2. ×4 surface for intermediate preparation conditions. The occurrence of [110] 
oriented P dimers in the P-rich c-4. ×4 structure and of [. 1̄10] oriented dimers in 
2. ×4 surface reconstructions is in accord with MOVPE-grown AlInP surfaces in 
N. 2 atmosphere [5]. Hetero-dimer structures featuring either In-P or Al-P dimers in 
the topmost layer occur for cation-rich preparation conditions. They differ from the 
mixed-dimer structure known from InP(001) by the staggered arrangement of the 
second-layer cation dimers, due to the size mismatch between Al and In. 

For a broad range of intermediate values of the hydrogen chemical potential, 
.ΔμH ∼ . −0.2 .· · · . −0.8 eV, the 2D-2H surface is found to be stable. It corre-
sponds to a 2. ×2 reconstructed surface formed by P dimers, see Fig. 5. Hydrogen 
is adsorbed in an alternating sequence on these buckled P dimers. Similar struc-
tures were observed for the (001) surface of InP, GaP, and In. xGa.1−xP prepared by 
gas phase epitaxy [9, 10, 40]. The P dimers of the 2. ×2-2D-2H surface break up at 
extremely H-rich conditions,.ΔμH ∼ 0 eV. In this case, the surface P atoms are alter-
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Fig. 4 Energetically favored Al.0.5In.0.5P(001) surface structures, see Fig. 5, in dependence on the 
Al, In and H chemical potentials. The thermodynamically allowed range of the chemical potentials 
according to Eqs. 2 and 3 is indicated by dashed lines. The inset shows the dependence of the 
hydrogen chemical potential on temperature and partial pressure according to Eq. 4 

Fig. 5 Top view of stable relaxed clean as well as hydrogenated Al.0.5In.0.5P(001) surface structures 
identified in the present work 

natingly decorated by one and two hydrogens, forming the 2. ×2-4P-6H structure. 
The hydrogen-covered surface P atoms are replaced by H-decorated In-P and Al-P 
hetero-dimers, if the surface is prepared in hydrogen and cation-rich conditions. 

Zunger et al. [41] suggested that the creation of a subsurface selectivity for occu-
pation by a small cation under the strained anion dimer rows, and occupation by a 
large cation underneath the opening between dimer rows is the main thermodynamic 
driving force for CuPt ordering in GaInP alloys. The present calculations support 
this picture for AlInP. All stable P-dimer structures identified here are characterized 
by P dimers that form above Al, while In occupies the corresponding subsurface
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positions between the P-dimer rows, see Fig. 5. No such correlation is found for the 
hetero-dimer structures. Mixed anion-cation dimers form on top of In, e.g., in the 
2. ×2-2InMD-2H structure, as well as above Al, e.g., in the 2. ×1-AlMD-2H structure. 
This agrees with the observation that the degree of atomic ordering of MOVPE-grown 
AlInP depends sensitively on the preparation conditions [5]. 

4.2 Surface Electronic Properties 

Binary III-V surface reconstructions can be understood in terms of a simple electron 
counting model (ECM) [42]: A surface structure satisfies this model if all cation 
dangling bonds are empty and all anion dangling bonds are full, given the number of 
available electrons. This model may be extended to hydrogen-covered surfaces [43] 
and is satisfied by the majority of the stable ternary surface structures identified here. 
In fact, the 2. ×1-AlMD-2H structure is the only exception to the ECM. It is stable 
in a very narrow range of preparation conditions that are both cation and hydrogen 
rich. 

Not only is the 2. ×1-AlMD-2H structure the only stable structure that does not 
comply with the ECM. It is also the only structure that gives rise to a metallic band 
structure, see Fig. 6. It features one-dimensional Al-In atomic wires along the [110] 
direction, which are partially H decorated. The Al-In metal bonds result in a quasi-
one-dimensional electron band, which disperses along the atomic wire direction and 
pins the Fermi energy at mid-gap position. Similar electronic properties are calculated 
for the 2. ×2-2InMD-2H structure. Here, an In-In atomic wire extends along the [110] 
direction and gives rise to two strongly dispersive electron bands. These two bands, 
one occupied and one empty, are separated by a small band gap of about 0.2 eV and 
pin the Fermi energy at mid-gap position. However, these two structures are stable 

Fig. 6 Band structures of the thermodynamically most relevant surface structures as well as of the 
2. ×1-AlMD-2H surface. Grey regions indicate the projected bulk band structure. . Γ J  an  d . Γ J’ are 
parallel to .[110] and.[110], respectively. The orbital character of state (at the K point) is indicated 
for prominent surface states. See Fig. 5 for notation of atoms
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only in a very small window of preparation conditions, where the cation-rich surface 
is exposed to hydrogen. 

The . β2–2. ×4, the 2. ×2-4P-6H, and, in particular the 2. ×2-2D-2H structures are 
far more prominent in the calculated surface phase diagram. They correspond to 
P-rich surfaces without hydrogen, in extremely hydrogen-rich, and at intermediate 
conditions, respectively. In case of the 2. ×2-2D-2H structure, an occupied bound 
surface state is observed that extends slightly above the bulk valence band maximum 
(VBM), see Fig. 6. This state is mainly related to the dangling bonds on the up atom of 
the phosphorus dimer. Exposing the P-rich AlInP(001) surface to very hydrogen-rich 
conditions leads to the 2. ×2-4P-6H structure and removes essentially all surface states 
from the band gap region. In fact, the only remaining surface state occurs at about 
0.2 eV below the bulk VBM and corresponds to dangling bonds at under-coordinated 
surface P atoms. In case of the hydrogen-free . β2–2. ×4 surface, an occupied surface 
state is observed at about 0.2 eV above the bulk VBM. This only weakly dispersive 
feature corresponds to an anti-bonding .π∗ combination of p. z orbitals localized at 
the third-layer P dimer. Additionally, an empty surface state extends slightly into 
the region of the bulk band gap. It is related to empty dangling bonds located at the 
three-fold coordinated second-layer cations. It is mainly In localized, but also has 
some Al contribution. 

Generally, with the exception of the 2. ×1-AlMD-2H and 2. ×2-2InMD-2H struc-
tures discussed above, it is found that all stable surfaces are characterized by occupied 
surface states close to the bulk VBM that are derived from surface anions or anion-
cation-bonds. The unoccupied surface states occur close to the bulk conduction band 
minimum and are cation related. 

4.3 Surface Optical Properties 

In Fig. 7 RAS spectra simulated for energetically relevant surface structure models 
are shown. Obviously, the calculated spectra are highly surface specific. This demon-
strates that RAS is suitable to discriminate between the various stable AlInP surface 
structures and may be used for growth monitoring. Among the structures considered 
here, best agreement with experiment [44] is found for the 2D-2H surface model. It 
is the only model that reproduces the pronounced negative feature at 2.5 eV. Given 
that the 2D-2H surface is also the most dominating structure in the calculated sur-
face phase diagram and that it is consistent with the measured low-energy electron 
diffraction and X-ray photoelectron spectroscopy data [26], it can be concluded that 
the AlInP(001) surface produced in the MOVPE environment is composed of a com-
plete layer of phosphorus dimers. Half of the P dangling bonds on the dimers are 
hydrogen saturated, and the other half are filled with lone pairs of electrons. 

While the surface with a 2D-2H reconstruction is stable for a wide range of 
growth conditions, there occur also other structures in the calculated AlInP(001) 
surface phase diagram [26]. The 4P-6H surface, see Fig. 5, stable for very H-rich 
conditions, features six hydrogens bonded to the topmost four P atoms in the surface
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Fig. 7 RAS spectra 
calculated for energetically 
relevant surface structure 
models, see also Fig. 5.  The  
2InMD-2H spectrum is 
calculated on the DFT level 
of theory

unit cell. The hydrogen termination removes essentially all surface states from the 
AlInP band gap region, see Fig. 6. Accordingly, no significant RAS features appear 
for low photon energies, see Fig. 7. The optical anisotropies at around 3.8 and 4.8 
eV coincide with bulk critical point energies and are likely to be related to surface-
modified bulk electronic states [45]. 

The .β2 surface, known from various binary III-V compounds, is stable for 
hydrogen-poor conditions. It is characterized by occupied surface states around the 
bulk valence band maximum that are due to antibonding .π∗ combinations of . pz
orbitals localized at the P dimer atoms. Electronic transitions from these dimer states 
into unoccupied surface resonances as well as transition from occupied surface reso-
nances into empty.sp2 orbitals at threefold coordinated surface cations cause a series 
of positive RAS features between 2.5 and 4.5 eV, see Fig. 7. 

Another very interesting structure is formed for a small range of H-rich and In-rich 
conditions. It consists of In atomic wires that form along the.[110] direction. The band 
structure of this 2InMD-2H surface features two bands, one occupied, one empty, 
that strongly disperse in wire direction, but have nearly no dispersion perpendicular 
to the wire direction. These two bands are separated by only about 0.3 eV along the 
.J − K direction of the surface Brillouin zone and pin the Fermi energy at midgap 
position. Transitions between these two bands give rise to an extremely strong optical 
anistropy for low photon energies, see Fig. 7. Similar findings are reported for other 
surface atomic wire systems [46].
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5 Conclusions 

In summary, both ab initio thermodynamics as well as the calculated surface opti-
cal anisotropy strongly suggest that InAlP(001) surfaces produced in the MOVPE 
environment are terminated by a complete layer of phosphorus dimers. Half of the 
P dangling bonds on the dimers are hydrogen saturated, and the other half are filled 
with lone pairs of electrons. These lone pairs form a bound surface state slightly 
above the valence band maximum. The calculations suggest the existence of fur-
ther structures, depending on the surface preparation conditions. P-rich surfaces are 
characterized by P dimers, while Al-P and In-P hetero-dimers form for more cation-
rich surface preparation conditions. Most stable surface structures obey the electron 
counting rule. Dimer-related surface states are found close to the bulk valence band 
maximum. Exposure of the surface to extreme hydrogen-rich conditions is predicted 
to quench the dimerization and to remove all surface states from the region of the bulk 
band gap. For cation- and hydrogen-rich preparation conditions, metal atomic wires 
may form on the surface. They give rise to quasi-one-dimensional surface bands that 
pin the Fermi energy in the mid gap region. These metal atomic wires are predicted 
to give rise to very strong optical anisotropies. 
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