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ABSTRACT: We explore the atomic structures and electronic properties of
the As-terminated GaAs(001) surface in the presence of hydrogen based on ab
initio density functional theory. We calculate a phase diagram dependent on
the chemical potentials of As and H, showing which surface reconstruction is
the most stable for a given set of chemical potentials. The findings are
supported by the calculation of energy landscapes of the surfaces, which
indicate possible H bonding sites as well as the density of states, which show
the effect of hydrogen adsorption on the states near the fundamental band gap.

■ INTRODUCTION

The study of the adsorption of atoms/molecules on surfaces of
optoelectronic devices (such as solar cells) has attracted a lot
of interest. In this work, we explore atomic hydrogen
adsorption on the technologically relevant As-terminated
GaAs(001) surfaces,1 having in mind typical metal−organic
chemical vapour deposition/metal−organic vapour-phase
epitaxy (MOCVD/MOVPE) growth conditions.2 In an early
density functional theory (DFT) study exploring hydrogen
reactions with As-rich GaAs(001) surfaces, Miyamoto and
Nonoyama3 found a strong tendency of atomic hydrogen to
attach to the (2 × 2)-2D surface, resulting in As dimer
distortion and opening of a surface band gap. Subsequent
theoretical studies of the As-terminated GaAs (001) surface
without4 and with hydrogen5 discussed some reconstructions,
which are among others revisited and mostly confirmed in the
present work. Much of the experimental work on the
interaction of hydrogen with GaAs surfaces examined the
temperature influence on atomic-hydrogen adsorption on
GaAs surfaces.6−14 Close to room temperature, the reaction
of H atoms with an As-rich surface was reported to lead to a
change in the surface stoichiometry mainly through the loss of
As atoms.7 This could lead to rather rough surfaces, which can
locally resemble the 2 × 6 reconstruction discussed below. On
the other hand, Qi et al.8,9 proposed that the main mechanism
of hydrogen adsorption is the breakup of the As−As or As−Ga
dimers, possibly via hydrogen insertion and the formation of
As monohydrides and dihydrates.
We investigated those surface reconstructions that are widely

considered as the most stable ones for group V-rich growth of
GaAs-related III−V compounds. First, we calculate the total

energy of those systems, of course, for fixed atom numbers.
However, it is the grand canonical surface-formation energy for
a given chemical potential, μi, that determines whether
hydrogen adsorption can actually take place under specific
growth conditions.15 This leads to a phase diagram dependent
on the chemical potentials of As and H, showing which surface
reconstruction is the most stable for a given set of chemical
potentials. Finally, we look at the H-bonding mechanisms by
detailed studies of possible adsorption sites and of con-
sequence for the electronic structure and the density of states
(DOSs).

■ RESULTS AND DISCUSSION
The surface reconstructions considered in this work are shown
in Figures 1, S1, and S2 as well as listed in Tables 1 and 2
together with the corresponding surface-formation energy, Ω,
for As- and H-rich growth conditions (ΔμAs = 0, ΔμH = 0). As
possible hydrogen-adsorption sites, we focus on bonding to
top-layer dimers. If two hydrogen atoms bond to adjacent,
parallel As dimers, we consider only the “staggered”
configuration, which is typically energetically very close to
the nonstaggered one but energetically slightly favorable.
Figure 2 shows the phase diagram for the hydrogen-exposed

GaAs(001) surfaces obtained as follows: for each point in the
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(ΔμAs, ΔμH)-plane, the minimum of Ωj is determined (with j
enumerating a surface). As a result, one obtains the regions
where surface reconstruction (j) is energetically most favored.
The line at △μAs = 0 marks an As-rich/Ga-poor

environment, whereas the line at △μAs = −Hf
GaAs marks an

As-poor/Ga-rich environment. The actual values of ΔμAs and
ΔμH depend on the preparation conditions; see, e.g., refs 16
and 17. The line ΔμH = 0 corresponds to the situation where
the surface is exposed to molecular hydrogen at T = 0 K. In
order to obtain atomic hydrogen, an energy barrier needs to be
overcome to break the molecular hydrogen bond. The
structures indicated for ΔμH > 0 in the phase diagram (Figure
2) may form when atomic hydrogen becomes available for the

surface reaction. When the temperature is increased, the
hydrogen chemical potential is continuously lowered, yielding
negative values, ΔμH < 0.
In the intermediate section of this diagram, the biggest part

from As-rich (ΔμAs = 0) to Ga-rich (ΔμAs = −0.68 eV)
conditions is occupied by the surface reconstruction (2 × 2)-
2D-2H (see Figure 1). According to the equation for the
surface-formation energy Ω, this surface is, thus, the energeti-
cally favored one, compared not only to the other mentioned
surfaces but also to (2 × 2)-2D (without hydrogen). Only with
the adsorbed hydrogen atom does the (2 × 2)-2D
reconstruction fulfil the following electron counting rule

Figure 1. Eight very stable GaAs(001) surface reconstructions with
and without H atom adsorbate occurring in the phase diagram in
Figure 2. Gray, red, and black circles represent Ga, As, and H atoms,
respectively.

Table 1. Surface-Formation Energy Ω of Clean Surfaces and
Electronic Configurationsa

surface reconstruction Ω (eV/Å2) nextra 2nAs
dangl

(1 × 1)-1As 0.085 2.5 4
(1 × 1)As-1As 0.014 3.5 4
(1 × 2)As-1D −0.027 5 4
(2 × 1)-1D 0.001 3 4
(2 × 2)-1D 0.030 6 4
(2 × 2)-1MD-1D 0.015 4 6
(2 × 2)-2D −0.001 6 8
ξ(4 × 2) 0.031 8 8
β2(2 × 4) −0.016 12 12
(2 × 4)-mixed dimer 0.034 2 2
α2(2 × 4) 0.000 8 8
(2 × 6) 0.108 8 8
c(4 × 4) −0.046 20 20

aSurface reconstructions fulfilling the electron counting rule (ECR);
i.e., those where the number nextra equals twice the number of As-
dangling bonds are printed in bold face. Energies are given relative to
the configuration α2(2 × 4) for As- and H-rich growth conditions
(ΔμAs = 0, ΔμH = 0).

Table 2. Surface-Formation Energy Ω of Hydrogen-Exposed
Surfaces and Electronic Configurationsa

surface reconstruction Ω (eV/Å2) nextra 2nAs
dangl

(1 × 1)-1As-2H 0.040 0.5 0.0
(1 × 1)As-1As-2H 0.390 1.5 0.0
(1 × 2)As-1D-2H 0.316 3 0.0
(2 × 1)-1D-2H 0.014 1 0.0
(2 × 2)-1D-1H 0.042 5 2
(2 × 2)-1MD-1D-4H 0.002 0 0
(2 × 2)-2D-2H −0.041 4 4
ξ(4 × 2)-1H 0.027 7 8
β2(2 × 4)-2H 0.007 10 8
(2 × 4)-mixed dimer-1H 0.074 1 0.0
α2(2 × 4)-1H 0.009 7 6
(2 × 6)-2H 0.147 10 8
c(4 × 4)-3H −0.028 17 14

aSurface reconstructions fulfilling the electron counting rule (ECR);
i.e., those where the number nextra equals twice the number of As-
dangling bonds are printed in bold face. Energies are given relative to
the configuration α2(2 × 4) as in Table 1. Here, nH in the names of
the reconstructions indicates the number of hydrogen atoms per
surface unit cell with n = 1, 2, 3, and 4.

Figure 2. Calculated phase diagram of the hydrogen-exposed
GaAs(001) surface. Dashed lines indicate the approximate range of
the thermodynamically allowed values of ΔμAs. The chemical
potential of hydrogen, ΔμH, is given with respect to molecular
hydrogen at zero temperature (green line: ΔμH = 0). Pressure scales
indicate the experimental conditions corresponding to particular ΔμH
values.
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(ECR):18 We define the total number of electrons minus twice
the number of all bonds including dimer bonds and hydrogen
bonds as nextra. The ECR states that those reconstructions are
particularly stable when the number of extra electrons (nextra) is
allowed to fill all the dangling bonds of the more electro-
negative elements (As), while all the dangling bonds of the
more electropositive elements (Ga) are left empty. No
hydrogen is adsorbed on the surfaces on the left side of the
diagram (i.e., (2 × 4) and (4 × 4)). According to the ECR,
these surfaces already have a stable, nonmetallic electronic
structure, making the adsorption of hydrogen energetically less
favorable; see Tables 1 and 2. This qualitatively agrees with
findings from refs 10−13, in particular for the (2 × 4) and c(4
× 4) surfaces for the various pressures and temperatures. The
converged surface geometries of those reconstructions not
present in the phase diagram are given in the Supporting
Information. Note in particular that the rather rough 2 × 6
reconstruction with four incomplete atomic layers is not
present in the phase diagram. The reader should be aware that,
for very high hydrogen concentrations as consequence of the
removal of As atoms,7 we do not expect hydrogen atoms to
bond to Ga dimers but rather hydrogen to bond at Ga−Ga
bridging positions as discussed in ref 5.
The phase diagram (Figure 2) predicts that β2(2 × 4) with

two As dimers in the first (i.e., topmost) atomic layer and one
in the third one (as given in Figure 1) is found to be
energetically favorable over various (2 × 4) reconstructions for
a wide range of the chemical potential, △μAs. Thus, it is
worthwhile to look in detail why this structure does not accept
hydrogen. Therefore, we calculate potential energy surfaces
(PESs) for H adsorption on the stable β2(2 × 4) phase and
compare them with those for adsorption on the (2 × 2)-2D
reconstruction, i.e., the precursor of the stable (2 × 2)-2D-2H
phase:15 A H atom is placed over the surface; then, the x-and
y-coordinates are held fixed while the normal distance (i.e., the
z-coordinate) and the coordinates of the surface atoms are
allowed to relax. In this way, we created a rough map of the
PES on a (5 × 10) grid for β2(2 × 4) and on a (5 × 5) grid for
(2 × 2)-2D. The adsorption energy per adsorbed atom is
defined as the difference of the total energy of the adsorbent
plus the adsorbate and the sum of the total energies of the
adsorbent and one of the adsorbates alone; the latter one is
calculated with respect to molecular hydrogen.

= − + [ ]‐E E E E( 0.5 H )ad tot clean surface 2

Ead values below 0 indicate positions that hydrogen atoms like
to bond to at T = 0 K, whereas Ead values above 0 indicate that
the hydrogen atom is pushed away from the surface. In such a
map, potential adsorption sites can be identified via negative
energy values. Figure 3 shows that there is no bonding site for
hydrogen on the β2(2 × 4) surface and lots of opportunities
for the (2 × 2)-2D surface. This matches well with the phase
diagram in Figure 2 and is consistent with the chemical
intuition underlying the ECR: Configurations fulfilling the
ECR have filled dangling bonds or lone pairs on As, making
these sites unattractive for H atoms. In contrast, a half-filled
dangling As bond is a perfect site for H adsorption, yielding a
rather stable As−H bond.
To further analyze the surface properties, in Figure 4, we

compare the DOS of the clean and exposed surfaces. The band
gap for the clean (2 × 2)-2D surface is nearly nonexistent, i.e.,
0.1 eV (Figure 4a). It increases up to 0.7 eV when hydrogen is
adsorbed, which indicates a change from nearly metallic to

semiconducting. In contrast to this, the band gap of the clean
β2(2 × 4) surface vanishes when a hydrogen atom is added
(Figure 4b). This matches the prediction of the ECR.4

■ SUMMARY
DFT calculations were used to determine thermodynamically
stable reconstructions for the GaAs(001) surface. From the
calculated thermodynamic potentials, we derive the phase
diagram for the surface reconstructions as a function of the
availability of hydrogen and arsenic. For a wide range of the
chemical potentials, the (2 × 2) surface with one hydrogen
adsorbed to each As dimer is energetically favored. This result
is similar to those presented for the GaP/InP surfaces in refs
16 and 17. Furthermore, we calculate PES with a single
hydrogen atom as an energetic probe for two surfaces and
confirm the finding of ref 14 (e.g., no hydrogen adsorption on
the β2(2 × 4) surface). In summary, the present results
corroborate the electron counting rule for hydrogen-exposed
surfaces. While the semiconducting As-rich (2 × 4) and c(4 ×
4) surfaces have essentially no affinity for hydrogen, hydrogen
adsorption is highly favorable for the metallic (2 × 2) As-rich
GaAs surface. It is essentially passivated by hydrogen.

Figure 3. Potential energy surface (PES) for atomic hydrogen
adsorption on (2 × 2)-2D and β2(2 × 4) GaAs (001) surfaces. Gray
and red circles represent Ga and As atoms.

Figure 4. Density of states (DOSs) for clean and hydrogen-exposed
(2 × 2)-2D (a) and β2(2 × 4) (b) surfaces. In (a), the band gap
widens if H is added, whereas in (b), it vanishes.
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■ METHODOLOGY

In order to compare the specific surfaces, total energies of slabs
with typically 15 atomic bulk fcc layers of alternating As and
Ga atoms and approximately 8 layers of vacuum were
calculated. The lateral size is given by the particular surface
unit cell under investigation. As we are primarily interested in
energy differences, we use the same lower slab surface
consisting of As and pseudohydrogen with Z = 0.75 in all
cases. The uppermost four layers were allowed to relax, and the
other bulk layers were fixed to the equilibrium geometry of the
corresponding bulk calculation, i.e., a lattice constant of 5.765
Å. Calculations were performed with the Vienna Ab initio
Simulation Package (VASP)19 within the generalized gradient
approximation (GGA) and with the Perdew−Burke−Ernzer-
hof (PBE) functional.20 The cutoff energy for the plane wave
basis is chosen to be 400 eV. An automatically generated k-
point set with six points for each lateral dimension and one
point in vertical direction per (2 × 2) unit cell is used.
In order to compare the clean surfaces and those exposed to

hydrogen, one has to introduce the chemical potential (μi, i =
Ga, As, H) of the involved atomic species. The specific surface-
formation energy, Ω, i.e., the energy per area, can be expressed
as15

μ μ

μ μ

Ω = − − − −

− − Δ − Δ

A E n n n n E

n n n

( )
1
2

( )

tot Ga GaAs
bulk

As Ga As
bulk

H H

As Ga As H H

2

Here, Δμi = μi − μi
bulk, Etot is the total energy of the slab, A is

the surface unit cell area, and ni is the number of atoms of the
species i in the slab. This defines a plane in a (ΔμAs, ΔμH, Ω)
space. In thermodynamic equilibrium, the chemical potential
of bulk GaAs (μGaAs

bulk ) is given by the sum of the chemical
potentials of Ga and As atoms (μGa, μAs)

μ μ μ= +GaAs
bulk

Ga As

The chemical potential of As atoms (μAs) is limited by the
chemical potential of an As crystal (μAs

bulk) and the heat of
formation (Hf

GaAs)

μ μ μ+ ≤ ≤Hf
GaAs

As
bulk

As As
bulk

where Hf
GaAs is given by Hf

GaAs = μGa
bulk + μAs

bulk − μGaAs
bulk .

For Hf
GaAs, μAs

bulk, μGa
bulk, and EH2

, the computed values relative
to the vacuum level of the DFT calculation are 0.68 eV, −4.68
eV, −2.9 eV, and −6.77 eV, which are close to those reported
in refs 21 and 22. The chemical potential of hydrogen, which is
dependent on pressure (P) and temperature (T), is given by

μ
λ

Δ = − −
l
m
oo
n
oo

i
k
jjjjj

y
{
zzzzz

|
}
oo
~
ooT P

k T p
k T

Z Z( , )
2

ln ln lnH
B

3

B
rot vib

where kB is the Boltzmann constant and Zrot and Zvib are the
rotational and vibrational partition functions. These values are
calculated according to ref 23 using the vibrational frequency
of the hydrogen molecule from ref 24. The wavelength λ is the
de Broglie thermal wavelength of the H2 molecule and is equal

to λ π= h mk T/ 2 B .
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