PHYSICAL REVIEW B 108, 045410 (2023)

Structural fingerprints in the reflectance anisotropy of AlInP(001)
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The surface optical anisotropy of AlInP(001) surfaces is studied from both experiment and theory. The
comparison of the data measured on epitaxially grown Al s,Ing 4sP(001) epilayers lattice matched to GaAs with
spectra calculated for energetically favored AlInP(001) surface structures suggests that the surface is covered
with a monolayer of buckled phosphorus dimers, where half of the phosphorus atoms are hydrogen saturated.
While the optical anisotropies for photon energies below about 3 eV provide clear fingerprints for the structure of
the outermost surface atomic layer, the spectral features at higher energies provide insight into the near surface
bulk ordering of AlInP. In particular optical anisotropies at the AllnP critical point energies are found to be

related to the CuPt ordering in the material.
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I. INTRODUCTION

The Al,In;_,P (AlInP) material system is frequently used
as window layer in solar cells, due to its favorable combi-
nation of chemical stability, sufficiently wide band gap, and
high quality heteroepitaxial interfaces with many absorbers
[1]. The Fermi level pinning due to AllnP surface states is
highly relevant for the device performance [2]. This holds
also for the usage of AlInP as intermediate layer in elec-
tronic devices [3]. However, little is known about the atomic
structure and electronic properties of AllnP surfaces. It has
been noted that different growth conditions lead to different
degrees of CuPt ordering in the bulk material [4,5], i.e., al-
ternating group III layers perpendicular to the [111] or [111]
directions. This is likely to be related to the formation of
surface dimers, which induce strain in the material [6]. Indeed,
the formation of a complete layer of phosphorus dimers (see
2D-2H structures in Fig. 1) was recently predicted for prepara-
tion conditions typical for metal organic vapor phase epitaxy
(MOVPE) growth [8]. Depending on the surface preparation
conditions, however, further clean and hydrogen-adsorbed Al-
InP(001) surfaces are expected to be stable. The structures
most prominent in the surface phase diagrams obtained from
ab initio thermodynamics [7,8] are compiled in Fig. 1.

Reflectance anisotropy spectroscopy (RAS), also known
as reflectance difference spectroscopy [9], is a powerful tool
to characterize surfaces at the atomic level: the measurement
of the polarization-dependent reflectivity provides insight in
the surface structural and electronic properties [10—13]. RAS
is nondestructive and can be used in a wide range of envi-
ronments. It has been used already to monitor the growth of
ternary IIIV surfaces and heterostructures [14—17]. In par-
ticular, Zorn et al. [18] explored the relationship between
growth temperature and the ordering of GalnP with RAS.
With increasing temperature the (2 x 1) surface, related to a
high degree of order, transitions to the (2 x 4) surface asso-
ciated with less ordering. This was corroborated by Kramer
et al. [19], demonstrating that RAS cannot only be used to
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obtain insight in the surface anisotropies, but also on the
type of bulk ordering. The understanding and interpretation
of the RAS spectra, however, requires numerical simula-
tions. There are RAS calculations for binary III-V surfaces;
see, e.g., Refs. [20-24]. However, they are not necessarily
suitable to explain spectra of ternary systems, where surface-
induced bulk ordering processes may lead to additional optical
anisotropies.

This motivates the present study. On the one hand, we
aim at a better general understanding of the surface optical
anisotropy of ternary alloys. We are interested in the sensitiv-
ity of RAS with respect to specific surface structural motifs
and with respect to ordering effects in near surface layers. On
the other hand, we want to employ RAS specifically for a bet-
ter understanding of the MOVPE-grown AlInP(001) surface.
Therefore, we compare data measured for epitaxially grown
Al 55Ing 4P(001) epilayers with spectra simulated for the en-
ergetically most relevant AlysIngsP (001) surface structures
shown in Fig. 1.

II. METHODOLOGY

Thin Algs5;Ing43P(001) layers were prepared in a hori-
zontal MOVPE reactor using H, carrier gas at 100 mbar.
The AlInP(001) epilayers were grown on GalnP(001) buffer
layers on n-GaAs(001) substrate with 0.1° miscut toward the
[111] direction. After deoxidation of GaAs(001) substrates
under tertiarybutylarsine at 620°C (surface temperature),
100 nm GaAs(001) and 100 nm GalnP(001) buffer layers
were grown. Tertiarybutylphosphine (TBP), trimethylindium
(TMlIn), trimethylgallium (TMGa), and trimethylaluminium
(TMAI) were used as precursors. The epitaxially grown
layers were doped n-type [AlInP(001)~ 8 x 10'® cm~3;
GaInP(001) and GaAs(001) ~ 1 x 107 cm~3] using diter-
tiarybutyl silane (DTBSi). The AlgsyIng4gP(001) layer was
grown at 100 mbar with a V/III ratio of 60 at 600°C. To
compensate the desorption of P from the AlInP(001) sur-
face during cooling, the TBP precursor was kept open until

©2023 American Physical Society
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FIG. 1. Top view of energetically favorable clean as well as
hydrogenated-terminated AljsIngsP(001) surface structures identi-
fied in Refs. [7,8].

reaching 300°C. Subsequently, the TBP precursor was
switched off and the sample was annealed for 10 min at
310°C to remove the excess of P and TBP precursor resid-
uals from the surface. Lattice matching of the AlInP(001)
layers to the substrate was confirmed ex situ by x-ray diffrac-
tion (XRD) in reference samples. In order to investigate
the surface reconstruction and chemical composition of the
as-prepared AlInP(001) surfaces, selected samples were trans-
ferred from the MOVPE reactor in ultrahigh vacuum (UHV)
via a dedicated UHV shuttle [25] for low energy electron
diffraction (LEED, SPECS ErLEED 100-A) and x-ray pho-
toelectron spectroscopy (XPS, SPECS Focus 500/Phoibos
150/1D-DLD-43-100, monochromated Al-K,, 1486.74 eV).
The entire MOVPE process was observed in situ with RAS
(Laytec EpiRAS 200), which was set up in such a way that
the variation in complex reflection along [011] and [011]
was assessed throughout the entire procedure [10]. Afterwards
RAS measurements were performed at room temperature. The
baseline-correction of the RA spectrum in this work was done
using the optically isotropic oxidized Si(100) surface. The
calculations are based on density-functional theory (DFT)
and performed using the Vienna Ab-initio Simulation Pack-
age (VASP) [26]. The general gradient approximation (GGA)
using the PBE functional [27] is used to describe the elec-
tron exchange and correlation. The electron-ion interaction is
described by the projector-augmented wave (PAW) technique
[28,29]. The surfaces are modeled using periodic supercells.
A vacuum region of about 15 A is used to decouple the slabs
along the surface normal. Slabs with identical reconstructions
in both top and bottom layers have necessarily perpendicular
dimers and no net optical anisotropy. Therefore, here only
the top layer contains the surface reconstruction. The bottom

D4

FIG. 2. Al ;sIngsP bulk material with cations arranged such as to
ensure optical isotropy (D4) as well as CuPt-A or CuPt-B ordering.
Same color scheme as in Fig. 1.

layer is passivated with partially charged hydrogen, Z = 1.25
and Z = 0.75 for group-III and group-V terminated slabs,
respectively. The respective group-III and group-V terminated
slabs contain 11 and 12 atomic layers. The electric field in
the vacuum region resulting from the two nonequivalent slab
surfaces is quenched using a dipole correction [30]. The wave
functions are expanded into plane waves up to an energy
cutoff of 350 eV. The bulk underneath the surface is modeled
with AlgsIngsP in such a way as to ensure optical isotropy,
using the so-called cubic D4 ordering; see Fig. 2. In addition,
we perform calculations where a CuPt-A or CuPt-B ordering
is assumed. DFT calculations typically underestimate the
band gap due to the inaccurate treatment of the electronic
self-energy. On the DFT level of theory we calculate a band
gap of 1.26 eV for D4-ordered AllnP bulk, severely under-
estimating the experimental value of 2.31 eV measured for
a random alloy [31]. Using self-consistent GW calculations
[32], we obtain a value much closer to experiment, 2.25 eV.
The small remaining deviation may be partially related to
ordering effects: the band gap is expected to be highest in
fully disordered alloys [33—-35]. For the CuPt-ordered bulk we
calculate a band gap of 1.36 and 2.33 eV, with DFT and GW,
respectively. In addition to self-energy effects, optical spectra
are affected as well by local-field and electron-hole attraction
effects. They are included here by solving the Bethe-Salpeter
equation (BSE) [36-38]. For numerical reasons, we use a
model dielectric function in the BSE [39,40] and approxi-
mate the GW quasiparticle shifts by a scissors operator. This
methodology leads to an AlInP bulk dielectric function in very
good agreement with the experiment, as shown in Fig. 3. It is
used throughout this manuscript, if not stated otherwise.
Following Refs. [11,42—44], the reflectance anisotropy is

obtained as
Ar 4w 27 Aa™ (w)
—(w)= —Im| ———— |, (H
r c ep(w) — 1

where g5,(w) is the AlInP bulk dielectric function and Ae™ (w)
is the difference of the diagonal tensor elements of the half-
slab polarizability corresponding to the respective polarization
directions. Following Ref. [44], Aa’™ is obtained from the
dielectric tensor of the slab. This supercell approach nec-
essarily yields not only the surface optical anisotropy, but
also contributions from the hydrogen-passivated bottom layer.
Fortunately, these contributions are small and occur only for
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FIG. 3. Imaginary part of the dielectric function of AllnP calcu-
lated within the BSE and from experiment [41].

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 [110].

III. RESULTS AND DISCUSSION

The RAS spectra measured for epitaxially grown
Alj 55Ing 4P(001) epilayers at temperatures of 600 °C,
300 °C, and at room temperature are shown topmost in Fig. 4.
It is characterized by a negative optical anisotropy for photon
energies between 2.1 and 2.8 eV, peaked at around 2.6 eV, and
a broad positive feature peaked at around 3.1 eV. A general
sharpening of the peaks as well a blueshift is observed for
reduced temperatures, similar to the RAS signal of P-rich InP
surfaces [45].

Also shown in Fig. 4 are the RAS spectra simulated for the
surface structure models shown in Fig. 1. Obviously, the cal-
culated spectra are highly surface specific. This demonstrates
that RAS is suitable to discriminate between the various stable
AlInP surface structures and may be used for growth moni-
toring. Among the structures considered here, best agreement
with experiment is found for the 2D-2H surface model. It
is the only model that reproduces the pronounced negative
feature at around 2.6 eV. Given that the 2D-2H surface is
also the most dominating structure in the calculated surface
phase diagram [8], and that it is consistent with the measured
low-energy electron diffraction and x-ray photoelectron spec-
troscopy data [8], it can be concluded that the AlInP(001)
surface produced in the MOVPE environment is composed of
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.

The pronounced negative RAS feature at 2.6 eV measured
here for a MOVPE-grown AllnP(001) surface is reminiscent
of earlier observations for InP(001) and GaP(001) surfaces
grown by gas-phase epitaxy [46,47]. What is the origin of
that peak? In order to answer this question, the surface op-
tical anisotropy due to the transition between single pairs of
surfaces states has been calculated on the DFT level of theory.
It is found that the most dominant contribution arises from
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FIG. 4. Comparison of the RAS measurement for spectra of
epitaxially grown Algs,Ing4sP(001) epilayers (see text) with cal-
culations for the surface structure models shown in Fig. 1. The
2InMD-2H spectrum is calculated on the DFT level of theory.

direct transitions between the V1 and C2 surface states; see
Fig. 5. These states give rise to high joint density of states. The
transitions between these states correspond to the excitation
of the electrons in the P dangling bonds to antibonding o*
P dimer states. Thus we can assign the 2.6 eV feature to
electronic transitions between electronic states localized at the
partially hydrogen-terminated P dimers.

The P dimers of the 2D-2H structure may be arranged
differently on the cation sublattice. In order to assess how
strongly the local environment influences the RAS finger-
prints of these P dimers, three additional structures are
considered. They are obtained by rotating and laterally shift-
ing the P monolayer structure on top of the optically isotropic
AlInP bulk; see Fig. 6. Two of them, D4-A and D4-B, resem-
ble P dimers on top of a CuPt-A ordered second layer and
differ by the dimers forming on top of In or Al atoms on the
fourth layer. The third surface, D4-C, results from a rotation
of the cation layer by 90°, thus resembling P dimers on top of
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FIG. 5. (a) Orbital character of the prominent surface states V1 and C2. (b) Surface band structure for the (2 x 2) 2D-2H surface. The gray
area is the projected band structure of the bulk. (c) The calculated reflectance anisotropy due to transitions between the V1 and C2 surface

states.

a CuPt-B ordered second layer. The RAS spectra calculated
for the three model structures are similar to each other and
resemble the experimental data, in particular concerning the
2.6 eV feature. This corroborates the finding above, relating
this feature to local, intradimer electronic transitions. Notably,
the 2.6 eV peak is best reproduced by the D4-B structure,
which is energetically most favored due to strain minimiza-
tion; see also discussion in Ref. [48]. We observe additional
negative features near the bulk critical points E; and E, for
all D4 models. Given that the lateral bulk lattice constant has
been used for the surface calculations, these features cannot
be related to surface-induced strain in the bulk. They need to
arise from transitions involving surface modified bulk wave
functions. The features differ in magnitude and position for
the various D4 models. Therefore, they may partially cancel
out in the total signal. This could be an explanation for the
absence of pronounced RAS features at the bulk critical points
in the measured spectra.
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FIG. 6. RAS spectra calculated for different realizations of the
2D-2H model on top of optically isotropic AlInP(001).

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 dia-
gram [8]. The 4P-6H surface, see Fig. 1, is stable for very
H-rich conditions. It features six hydrogen atoms bonded
to the topmost four P atoms in the surface unit cell. The
hydrogen termination removes essentially all surface states
from the AlInP band gap region. Accordingly, no significant
RAS features appear for low photon energies; see Fig. 4. 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 [49].

The B2 surface, known from various binary III-V com-
pounds, is stable for hydrogen-poor conditions. In case of
AlInP(001) surfaces, two realizations occur, depending on the
cation chemical potential. Both are characterized by occupied
surface states around the bulk valence band maximum that are
due to antibonding 7* combinations of p, orbitals localized
at the P dimer atoms. Electronic transitions from these dimer
states into unoccupied surface resonances as well as transition
from occupied surface resonances into empty sp® orbitals at
threefold coordinated surface cations cause a series of positive
RAS features between 2.5 and 4.5 eV; see Fig. 4.

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 the 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. 4. Similar findings
are reported for other surface atomic wire systems [50]. The
calculations discussed above, performed for various surface
structure motifs on top of an optically isotropic AllnP alloy,
clearly demonstrate the existence of pronounced RAS features
that can be traced to transitions between specific surface states
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FIG. 7. (a) Measured RAS data in comparison to calculations
for the AlInP(001) 2D-2H surface assuming a CuPt-A and CuPt-B
type ordering in subsurface layers. (b) Dielectric function calculated
for CuPt ordered AlInP, with bulk critical point energies indicated.
(c) Calculated AlInP band structure, unfolded according to Ref. [51].
The critical point energies are indicated. E; and E, are associated
with the L and X interband transitions, respectively [52].

and may be used, e.g., for growth monitoring. There are, how-
ever, indications that epitaxial growth induces spontaneous
CuPt-type ordering on AlInP(001) surfaces [4]. This leads to
the questions of how strongly the CuPt ordering does affect
the surface RAS signatures and whether RAS can be used to
determine the cation ordering in subsurface AlInP layers. In
order to answer these questions, calculations were performed
for the 2D-2H dimer structure on top of CuPt-A and CuPt-B
ordered AlInP(001) subsurface layers. The results are shown
in Fig. 7. Obviously, the 2.6 eV anisotropy characteristic for
partially H-terminated P dimers is present for both ordering
types. This shows that surface structural fingerprints are still
present, but may be modified by the ordering in subsurface
layers. Strong changes at the RAS signal occur at the E,
and E, critical point energies of AlInP. Here the anisotropy
changes sign from negative to positive and positive to nega-
tive, respectively, for a transition from CuPt-A to CuPt-B. In
fact, this change in ordering is equivalent to rotating the bulk
by 90°, while maintaining the orientation of the P dimers.
RAS measurements at high photon energies, in particular at
the E, critical point energy, should thus allow one to de-
termine the degree of order in subsurface AllnP layers. The

present experimental setup provides RAS data up to 5 eV.
This does not allow for a conclusive statement on the subsur-
face order. Still, the main experimental features seem slightly
better described with the calculations performed assuming
CuPt-B type ordering rather than with CuPt-A calculations,
even if the sharpness of the measured peaks at energies above
3 eV is not reproduced. This would be in accord with the
expectation that [111] aligned P dimers induce a CuPt-B
type subsurface ordering. We mention that implications of the
break of the cubic symmetry on the electronic properties in
MOVPE-grown GalnP films have been noted earlier already
[53]. The temperature dependence of the GalnP surface signal
has been linked to increased bulk ordering as temperature is
reduced [18]. For the AlInP surface a similar relation may
hold: comparing the signal from the 2D-2H surface on top
of isotropic D4 and CuPt-B ordered bulk it can be seen that
the main peaks at 2.6 and 3.4 eV are enhanced for the ordered
substrate. This also holds for the negative feature at 2.6 eV
observed for the 82 structure.

IV. SUMMARY AND CONCLUSIONS

Measured RAS data for MOVPE-grown AlInP(001) sur-
faces are compared with numerical simulations for various
energetically favored surface terminations and different sub-
surface orderings. The results show (i) that different surface
structure motifs give rise to clearly distinguishable RAS fin-
gerprints that can be traced to specific electronic transitions.
These fingerprints depend only slightly on the local atomic
order in the surrounding of the respective structural motif.
(ii)) The comparison between experiment and theory shows
that MOPVE-grown AlInP(001) surfaces are terminated by a
monolayer of dimerized P atoms, half of which are hydrogen
terminated. (iii) The surface optical anisotropy at high photon
energies is strongly modified by the cation ordering in the
subsurface layers. In particular, RAS measurements at the
AlInP E, critical point energy can be expected to allow for
conclusions on the degree of CuPt ordering in the material.
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