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Ab initio calculations of the geometry and electronic structure of hydrogenated As/Ge„100…

S. Mankefors, P. O. Nilsson, and J. Kanski
Department of Physics, Chalmers University of Technology, S-412 96 Go¨teborg, Sweden

~Received 8 September 1998; revised manuscript received 5 February 1999!

Arsenic deposited on Ge~100! has been investigated by means ofab initio local-density approximation
calculations. The results support a previous interpretation of photoemission data in terms of symmetric As
dimers. Additional surface states have been found in an energy range not investigated experimentally. Upon
adsorption of hydrogen the dimerization is broken and each As atom binds two H atoms instead. The remaining
single danglingpz orbital is shifted into the projected bulk density of states. The modified surface-state band
structure is predicted to contain some features that should be clearly visible in photoemission spectra.
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I. INTRODUCTION

The structural and electronic characteristics of the ou
most atomic layers are of fundamental importance for
understanding of semiconductor properties. In particular,
performance of solid-state devices based upon heteroj
tions depends strongly on the character of the interfa
Therefore this has been a traditional area for theoretical
experimental studies, and during the last two decadesab ini-
tio methods have become widely used to study these p
lems. In the present work we have investigated the
Ge~100! system and its hydrogenation. While Ge~100! as
well as Si~100! surfaces with different adsorbates have be
subject to previous studies,1–3 this particular system has no
been investigated theoretically. Indeed, to our knowled
there are no theoretical studies reported previously on hy
genation of any group-V/Ge~100! or Si~100! system.

The purpose of our work is to provide a theoretical ba
for interpretation of previous experimental data and for
vising further experimental tests. Specifically we address
question of the surface geometry in the hydrogenated c
We find that the As dimers should be broken, in accorda
with low-energy electron diffraction~LEED! observations.3

We also present band calculations outside the energy ra
of existing experimental spectra.

II. THEORY

All wave functions and energy eigenvalues were cal
latedab initio within density-functional theory4,5 ~DFT! us-
ing the local-density approximation~LDA ! implemented as
in Refs. 6 and 7. For the electron-ion interaction of Ge a
As, fully separable, nonlocal pseudopotentials were use8,9

based on self-consistent solutions of the relativistic Di
equation for free atoms.10–12 The hydrogen pseudopotenti
by Nardelli, employed in the present calculations, has b
tested successfully in several other calculations.13–15The cal-
culations were performed using the plane-wave co
FHI94MD.CTH,16 which is an extensively modified version o
FHI93CP ~Ref. 17! that concerns the computational method
The geometries were described by the slab supercell met
using the theoretical lattice constants for Ge~5.58 Å! in all
calculations.
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To establish the minimum energy geometry in the 131
structure of 1 ML adsorbed As and 1 and 2 ML H on A
Ge~100! we investigated several different possible structur
We used the same number ofk points and atomic layers as i
the final calculations~see below!, but only an 8 Ry cutoff,
since this has been found to be sufficient for comparing to
energies.18 For the As/Ge~100! 131 surface we considere
explicitly As on top of the Ge atoms, in bridge position pe
pendicular to the continued crystal structure, in the fourfo
coordinated position, and in an epitaxially continued-lay
structure~ECLS!. The ECLS was found to be clearly th
most stable configuration. In the case of adsorbed H on
Ge~100! we assumed that As kept its ECLS position beca
of the very strong bonding found for the clean As/Ge~100!
surface. The H was then tested in bridge, on top, fourfo
coordinated, and ECLS positions. Again, the ECLS w
found to be the minimum energy geometry. In particular
should be mentioned that the on-top arrangement, in wh
the local As geometry resembles that of AsH3, is found to be
0.75 eV higher in energy then the ECLS.

Treating the 2 ML coverage of H~i.e., two H atoms per
As atom!, we placed the H pair both in bridge, ECLS, an
diagonally fourfold-coordinated positions. The ECLS w
found to give the lowest energy as expected. The diagon
fourfold-coordinated geometry in fact automatically chang
into the ECLS upon relaxation. We also calculated hydrog
covered Ge~100! 131 with 2 ML H for reference. The de-
tails were identical to those of the hydrogenated As/Ge~100!
systems.

The 231 As/Ge~100! surface wasa priori assumed to
contain symmetric dimers since there is strong experime
support for this kind of geometry for Ge~100!3 as well as
Si~100!.2 In the case of the hydrogen passivated~1 ML H!
As/Ge~100! 231 geometry we considered both H on top
the As atoms, and a slightly disturbed geometry, i.e.,
slightly off the ideal on top position. Through relaxation th
H atoms aligned themselves in between the As dimers,
tablishing a ‘‘double dimerized’’ geometry.

The Ge~100! substrate was described by a 12-layer s
suspended in ten layers of vacuum, including the As and
atoms. The system~supercell! was then repeated period
cally. Twenty-seven special Monkhorst-Packk points in the
irreducible Brillouin zone~IBZ! were used to sample th
1933 ©1999 The American Physical Society



al lattice
slab.
d

1934 PRB 60S. MANKEFORS, P. O. NILSSON, AND J. KANSKI
FIG. 1. ~a! Atomic positions of the As atoms and the relaxed Ge substrate. The arrows indicate the displacement from the ide
coordinates. All numbers in Å. The Ge atoms submerged into the gray area represent the locked ideal positions in the center of the~b!
The geometry of the H:As/Ge~100! 131 structure. All details are the same as in~a!. ~c! Atomic positions of the dimerized hydrogenate
As/Ge~100! 231 geometry. ~d! The atomic structure of 2 ML H on As/Ge~100! 131.
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wave functions for the 131 structure and 36 specialk points
for the 231 structure. In both cases this corresponds to 2
points in the full zone. In each case all atomic positio
except the four central Ge layers were fully relaxed. T
equilibrium geometries were considered as established w
all forces were smaller then 0.005 eV/Å, corresponding to
estimated numerical uncertainty of maximum 0.05 Å. Wh
the minimum energy geometries had been established,
stable geometries were recalculated using a 12 Ry cu
energy. All subsequent results are obtained using this hig
cutoff.

The thickness of the vacuum region has been tested
investigating the effective potential and the total charge d
sity in this area. Both go to zero rapidly and are negligib
over a distance corresponding to several atomic layers,
ensuring proper decoupling of the surfaces. The quality
the Ge slab calculation was tested by comparing the pa
densities of states~PDOS! in the central layers with thos
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calculated for bulk Ge. Very good agreement was found
the current cutoffs and geometries. The energies of the2
and As4 molecules used in the total-energy calculations@see
Eq. ~1!# were obtained using an empty cube with a side m
suring 25 bohrs. A 12-Ry cutoff and 64 specialk points in
the full Brillouin zone were used, corresponding to 10 and
k points in the IBZ, respectively.

III. RESULTS

A. As/Ge„100…

We find that the As dimers are stable with 2.12 eV p
pair ~calculated at 12-Ry cutoff! as compared to the ECLS
131 geometry. All the underlying Ge atoms are fourfo
coordinated in a relaxed diamond lattice, while the adsor
As atoms are only threefold coordinated, see Fig. 1~a!. The
two backbonds to the Ge atoms beneath are completely s



ulk bands.
he

ory in

PRB 60 1935AB INITIO CALCULATIONS OF THE GEOMETRY AND . . .
FIG. 2. ~a! Plot of the surface states and resonances for the dimerized As/Ge~100! surface; notation as in Fig. 1~a!. No surface states
originating from the conduction bands are drawn, except when visible in the band gap. The gray area represents the projected b
Comparison between theory~solid line! and experiment~diamonds! for thep andp* states is included below the theoretical band plot. T
average position of the two theoretical bands is shown. Note that the experimental values refer to the Fermi level, while the the~a!
refers to the VBM. The theory has therefore been shifted 0.35 eV downwards~half the band gap of Ge.! ~b!–~d! The theoretical surface
states and resonances for the geometries in Figs. 1~b!–1~d!.
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metric, 2.50 Å in length, which equals the dimer As-A
bond. These values were found after complete relaxat
where the initial dimer bond length was set to 3.0 Å, th
ensuring a proper minimum energy geometry. The Ge s
strate relaxes significantly in a zigzag like pattern along
dimerization direction, with the Ge atoms beneath the
dimers displaced inwards, and atoms in the second and
layers located between the dimers displaced outwards@see
Fig. 1~a!#. All these displacements can be intuitively e
pected due to the in-plane contraction of Ge atoms coo
nated to the As dimers. All displacements are in the sa
directions as for symmetric As dimers on Si but somew
different in lengths.2

The surface states were calculated along
Ḡ-X̄-M̄ -Ȳ-Ḡ-X̄8 lines, with notations as in Fig. 2. To iden
tify the surface states and/or resonances we classified
band separately in eachk point from the slab calculation
after PDOS distribution and relative weight of the wa
function inr space on the outer layers. Applying this sche
we found the band structure in Fig. 2~a!.

Unlike tight-binding schemes, the present calculations
not provide a simple method for identifying the differe
bands in terms of atomic orbitals. By investigating the spa
n,
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charge distributions at differentk points, and by comparing
our results with those obtained by tight-binding calculatio
on similar systems@e.g., As-dimer terminated GaAs~100!#,19

we have been able to assign the bands as follows. The
uppermost bands near the valence-band maximum~VBM !
originate from the lone pairpz states on the As atoms. In th
dimerized configuration the symmetrical and antisymme
cal combinations of these states result in two nearly deg
erate molecularp andp* orbitals. The maximum theoretica
splitting is 0.35 eV. An excellent topological agreement w
calculations2 on symmetric As dimers on Si is noted in th
dispersion alongḠ-X̄, Ḡ-Ȳ, and Ḡ-X̄8 ~no otherk points
were shown in Ref. 2!.

Below the molecular surface states, in the energy ra
3.0–4.5 eV below VBM, we find another surface band ju
above the upper stomach gap in the projected bulk ba
Detailed examination shows that this actually turns out to
a nearly degenerate pair of bands. One of them is due
As-Ge backbonds, the other due to Aspx-py mixed bridge
bonds. Considering the different spatial distribution of t
two states, the similarity between the two bands is surpris
It will be shown below that upon surface hydrogenation t
degeneration is actually lifted.
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In the energy range 6–11 eV below the VBM two surfa
related bands are found that should be associated with
As-Ge backbonds. Their similarity with surface bands on
GaAs~100! surface19 suggests that they can be described
s-like backbond states, the upper one primarily cation a
the lower one anion derived. While the former is quite we
and can only be traced in the gap region, the latter can
identified throughout the surface Brillouin zone. Final
again in analogy with the GaAs~100! surface, we find in the
range 12–13 eV below VBM a band that should be
s derived.

The experimental data available for the As/Ge~100!
system3 are strongly focused on the dispersive properties
the topmostp/p* bands, primarily aiming at determinatio
of the As dimer structure~symmetric versus asymmetric!. In
Fig. 2~a! we have replotted this part of the calculated ba
structure on an expanded energy scale, along with the sur
bands as determined by angle resolved photoemission.
agreement between experiment and theory provides sup
for a symmetric dimer structure, just as conclud
previously.3

B. H:As/Ge„100…

We first consider the 1 ML 131 ECLS structure with both
H and As in initially perfect lattice positions. Besides bei
the apparently simplest case a~131! surface geometry for a
hydrogen treated As/Ge~100! surface has been indicated b
experiments.3 Complete relaxation did not lead to any atom
displacement parallel to the surface, but some movemen
the Ge atoms outward along the surface normal, see
1~b!. One interesting result is that the As-H distance is 1
Å, i.e., significantly larger than the sum of the covalent ra
~1.19 and 0.37 Å for As and H, respectively!. From this we
conclude that the As-H bond is not covalent in this case.
also find that the As backbonds are practically the same
for the hydrogen-free dimerized 231 surface discusse
above. The largest displacement relative to the ECLS ge
etry occurs for the H atoms, which lie inside the As atom
layer within a few tenths of an Å. Having excluded covale
bonds, we believe that the H atoms donate their electr
into unoccupied surface states of the substrate. In this s
tion, the almost bare proton should be attracted towards
negative charge of the underlying As/Ge substrate. We
lieve this to be the driving force behind the ‘‘in plane’’ po
sition of the H atom.

In the electronic structure of the hydrogenated 131 sys-
tem @Fig. 2~b!# we note first that the band gap is bridged
a surface state. The surface is thus metallic. Below the V
three distinct bands are found, see Fig. 2~b!. None of these
states is directly hydrogen related—the uppermost one
rives from the As lone pair orbitals, the second one is due
As-Ge backbonds, and the lowest state is also As deri
This lack of H-derived bands is consistent with the lack
covalent bonds suggested above.

Allowing the system to reconstruct, we find that the sy
metric dimerized hydrogenated structure@see Fig. 1~c!# is
energetically favored as compared to the 1 ML~131! ECLS
geometry, with an energy gain of 0.38 eV for each H-
dimer. The number of atoms per surface area being the s
as in the 1 ML~131! case, the numerical error is estimat
to less then 0.03 eV.
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The H atoms are located only 0.39 Å above the As pla
and the As-H distance is 1.56 Å, i.e., in excellent agreem
with the expected As-H covalent bond length. All Ge atom
are displaced outwards compared to the ideal lattice p
tions, even though some of the zigzag pattern remains f
the As/Ge~100! 231 system. In comparison with the As/G
surface prior to hydrogenation, the As-As distance is sign
cantly increased, from 2.50 to 3.35 Å. This is an effect of t
partial transfer of the bonding charge between the As ato
into the As-H covalent bond. There are no indications of a
H-H bonding—the region between the two protons is re
tively empty of charge. The length of the backbonds is pr
tically unchanged though~2.49 Å!.

The electronic structure of this system@Fig. 2~c!# is more
complex than that of the~131! surface, but when compare
with the band structure of the prehydrogenated surface,
eral similarities are noted. In contrast to the 131 ECLS ge-
ometry, this system@like the As/Ge(100)231#, is clearly
nonmetallic. The uppermost dangling-bond-inducedp/p*
bands are replaced by a single danglingpz-bond state. Its
dispersion is nearly identical to that of thep andp* bands.
We also recognize the band just above the upper stom
gap. In the present case this is a single band~not degener-
ated!, and the charge distribution reveals that it is deriv
from As-Ge backbonds. Between thepz state and the back
bond band, in the range 2–3 eV below VBM, a new featu
is seen. The charge distribution of these states is stron
concentrated between the As and H atoms. Consequently
associated this band with the As-H covalent bonds. Wit
the stomach gap we find another apparently new surf
state. By inspecting the charge distribution, however, we fi
that this state is very similar to the one associated with
px-py mixed bridge bonds in the case of As/Ge, i.e., one
the apparently accidentally degenerate bands mentio
above. Finally, the three lowest bands are analogous to
lowest bands in the case of As/Ge.

As will be shown below, the little experimental informa
tion that is available on the electronic states of the hydro
nated As/Ge~100! system does not support this band stru
ture. We have therefore also considered the surface with
hydrogen atoms per unit cell. In the following we refer
this as a 2 ML H system. With a different number of H
atoms, no simple comparison can be made of the total e
gies. Under the assumption, however, that the extra H at
are being taken from noninteracting H2 molecules surround-
ing the sample, possibly physisorbed on the surface of an
the two geometries discussed above, the energies ca
readily compared.18 Thus the energy gained by the adsor
tion of an additional layer of H is given by

DE5~energy per 1 ML 131 surface cell!

11
2~energy of a H2 molecule!

2~energy per 2 ML 131 surface cell!. ~1!

Using this scheme to calculate the energy gain, we obse
that the 2 ML~131! geometry should be stable by 0.42 e
as compared to the dimerized hydrogenated surface. Un
tunately, the hydrogen pseudopotential gives rise to a r
tively large uncertainty. Although very good in describin
total energies of similar systems~e.g., the two 1 ML geom-
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etries above!, the hydrogen pseudopotential is less reliable
regions relatively empty of charge. The reason is that ther
no proper core in the H atom which implies that for sing
atoms as well as for the H2 molecule, the screening of th
proton is not complete. In the vicinity of other atoms, th
problem is eliminated. Taking this into account, we estim
the possible numerical uncertainty to approximately 0.6
which should be compared to less then 0.2 eV for comp
sons of ‘‘ordinary systems’’; see Ref. 18.

Hence the 2 ML~131! geometry is numerically degene
ate with the dimerized 231 structure, although in absolut
numbers it is clearly the most stable one. If the hydrog
molecules in the gas are assumed to be in some excited
~in the experiment the gas is activated by a hot filame!,
then the 2 ML arrangement is clearly favored. This is a
consistent with the experimentally observed 131 LEED pat-
tern.

Similar to the ECLS 131 case above, the Ge substra
relaxes slightly outwards, but keeps its ideal position para
to the surface; see Fig. 1~d!. The As backbonds are slightl
shorter~2.47 Å! than in the As-dimer case without hydroge
~2.50 Å!, while the As-H distance has increased somew
~from 1.56 to 1.61 Å! as compared to the 231 hydrogenated
dimer structure. All changes are within the numerical unc
tainty, though. The volume between the As and the H ato
is very dense with charge, while between the two H atom
is relatively empty. We also note that the angle between
As-H bond and the surface is 56°, i.e., only 2.5° off the id
direction of the zinc-blende covalent bond. Thus clear co
lent bonds between the H and the As atoms are formed in
same way as in the 231 case discussed above.

The surface states of this system can be recognized
tively easily when compared to the two hydrogenation ca
treated above. Since As is a five valent atom, there still
mains one danglingpz bond, resulting in a surface state ju
below the edge of the valence band; see Fig. 2~d!. The dis-
persion and character of this band are very similar to tha
the pz state in the 1 ML~131! geometry, but lower in en-
ergy. The surface is still metallic though, the gap be
bridged by surface states. Also the upper As-Ge backb
state is found to have the same qualitative dispersion bu
now located at24 to 25 eV. In the lower part of the uppe
gap a new H-As bond-related state appears in the regio
25 to 27 eV. Not too surprisingly the dispersions along t
Ḡ-X̄ andḠ-M̄ lines agree qualitatively well with those of th
H-As related band alongḠ-X̄ and Ḡ-X̄8 in the 231 case
@Fig. 2~c!#, though the state at hand is located several
lower in energy. The hydrogenation also appears to p
down the backbond feature found in the dimer geomet
into the lower stomach gap along the edge betweenX̄ and
M̄ . This feature becomes extremely weak, once inside
projected bulk bands. This explains why it is not found in t
simpler 1 ML~131! case, Fig. 2~b!. The second lowest-lying
state in the region of210 to213 eV, tracing the band edge
is an As-derived state in the same way as for the other
ometries. Well below the projected bulk density of stat
however, a new H-As bond-related surface state appears.
wave functions of this band have the same character as t
of the upper H-As band~25 to 27 eV!. This new band
should be expected, since each As atom now binds to tw
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atoms instead of one as in Fig. 1~c! geometry. The deep
location also agrees well with the typical hydrogen bindin
energy level of;214 eV.

C. Comparison with experiment

While the As passivation of Ge and Si surfaces has b
studied experimentally quite extensively, relatively little e
perimental information is available on the hydrogenation
these surfaces. According to Ref. 3, the passivated surfa
stable in some form, as no significant loss of As is obser
after exposure of the As/Ge~100! surface to activated hydro
gen. The~131! LEED pattern supports our findings of th
‘‘2 ML’’ ~131! structure as the most stable one, although
could be expected that the observed~131! LEED pattern
might be a result of a poorly ordered surface with sma
random-phase dimerized domains. No photoemission dat
the H:As/Ge~100! have been published to our knowledg
but some earlier unpublished data have been found;20 Fig. 3.
At the emission angle chosen here the spectra probe th
gion around theX̄8 point in the 231 surface Brillouin zone
~SBZ!. The shaded peak is interpreted as due to the
derivedp andp* states. The As/Ge~100! surface was there
after exposed to 1000 L of activated H2. As a result of this
treatment the dangling-bond state disappeared as did
fractionally ordered LEED spots. By subsequent annealin
400 °C the initial 231 As/Ge~100! surface was restored.

In the hydrogenated case we see that two new struct
are developed, labeledA andB. For the 2 ML~131! geom-
etry the spectrum probes the region around theM̄ point in
the SBZ; see Fig. 2. By comparison with the calculated ba
structure@Fig. 2~d!#, peakA can be identified as thepz band,
being pushed down by the hydrogenation, while peakB can
be associated with the backbond state. The downward s
of the dangling-bond state relative to the prehydrogena

FIG. 3. Photoemission spectra obtained with 21 eV linearly
larized synchrotron radiation. The emission angle is 32° andki lies
in the @001# azimuth.
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system is fairly well reproduced in the calculation, but t
distance between the two peaks, 2.5 eV experimentally
clearly larger than in the calculation, 1.75 eV. This may
explained by the fact that the LDA is known to result in to
small interband values. Assuming instead the 231 dimerized
structure with adsorbed hydrogen, the H-As band and
bridge-bond state would fit peaksA andB quite well, with a
separation of 2.25 eV. In that case, however, one would h
to explain why the upperpz band would no longer be visible
in the spectrum. Considering the photoemission data and
agreement between the LEED pattern and the total-en
calculations, we believe the hydrogenated 2 ML H:A
Ge~100! ~131! geometry to be the true equilibrium cryst
structure~ECS! of this system.

IV. CONCLUSIONS

Our calculations confirm that the stable configuration o
ML adsorbed As on Ge~100! is the form of symmetric
dimers.3 The surface-state bands near VBM are in go
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agreement with experimental data and with earlier calcu
tions on As/Si~100!. Similarities are noted with the As-dime
terminated GaAs~100! surface.

Regarding the hydrogenated As/Ge~100! system we find a
131 arrangement with two H atoms per As atom to be
most stable one. The H atoms are covalently bonded to
allowing the As to form fourfold-coordinated bonds in
similar way to an embedded As layer. A single danglin
bond band remains, but is being shifted down into the p
jected bulk bands. Two new bands related to the H-As bo
emerge at around26 and213 eV, respectively. Details in
the calculated band structure should be useful for asses
the real surface structure in this case by further experime
work.
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