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Optical anisotropy of the GaAs„001… surface
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~Received 30 June 1997!

The anisotropic optical response of (234) As-terminated and (432) Ga-terminatedb andb2 GaAs~001!
surfaces is studied by using first-principles nonlocal pseudopotentials in a density-functional-theory framework
within the local-density approximation. The calculated surface dielectric function anisotropy agrees well with
reflectance-difference spectroscopy experiments for the As-terminatedb2 surface and for the Ga-terminatedb
andb2 surfaces. Most of the calculated anisotropy comes from transitions involving only subsurface, bulklike
electronic states that are perturbed by the surface; states confined at the surface, including those localized at the
surface dimers, contribute little to the anisotropy.@S0163-1829~97!01240-X#
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Real-time monitoring of surfaces during growth and etc
ing, noninvasively and independent of the process envir
ment, has spurred the recent interest in developing surf
sensitive optical probes.1–3 In surface photoabsorption~SPA!
spectroscopy,1 the reflectance ofp-polarized light incident
near the pseudo-Brewster angle is monitored during a cy
process, such as atomic layer epitaxy, which effectiv
tracks the variation in the surface dielectric function w
time. In reflectance difference spectroscopy~RDS!,2 the dif-
ference in the reflectance of normally incident light with o
thogonal polarizations is monitored; the reduced symme
of the surface relative to the bulk leads to an anisotropy
the optical dielectric function associated with the surface.
exploit these techniques fully, the origin of the surfac
specific response must be determined. In this paper, the
isotropic response of the Ga~001! surface is calculated, an
the electronic transitions responsible for the RDS signal
identified.

The GaAs~001! surface exhibits several reconstruction
depending on preparation history and surface stoichiome
ranging from the As-richc(434) structure to the Ga-rich
c(832) reconstruction. Among them, the As-rich (234)
surface is of the most technological interest, since molecu
beam epitaxy~MBE! usually starts and ends with this su
face. The most widely accepted picture of this surface is
so-called missing dimer structure, in which surface arse
atoms dimerize along the@1̄10# direction ~leading to the 2
3 symmetry!, with every fourth dimer missing along th
@110# direction~leading to the34 symmetry! @(234)-b#.4

However, recent scanning tunneling microscopy and fi
principles calculations4,5 seem to favor a surface with tw
topmost As dimers, a missing second-layer Ga pair, an
third-layer As dimer@(234)-b2#. The Ga-rich (432) sur-
face also hasb andb2 versions.

It has been more difficult to determine the origin of t
anisotropic surface optical response in GaAs than for Si,6 in
part because the main features of the GaAs surface op
anisotropy are near the interband critical points. This anis
ropy has been attributed to local-field effects,7 the electro-
optic effect,8 reconstruction,9 surface dislocations,10 and sur-
face roughness.11

Chang, Ren, and Aspnes9 calculated the optical anisot
ropy of As- and Ga-terminated GaAs~001! surfaces
560163-1829/97/56~15!/9263~4!/$10.00
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@(234)-(a,b,g) and (432)# by using a tight-binding
model, and assigned the observed RDS peaks to electr
transitions localized at the As and Ga dimers on the surfa
They obtained fairly good agreement with experiments
Ga-rich surfaces, but relatively poor agreement for As-r
surfaces, which suggested that the surface structure assu
for the As-termination might have been incorrect. The rec
ab initio pseudopotential calculations of three alternat
~and fixed! structures of the As-terminated GaAs~001! sur-
face by Morris and co-workers:12,13 @which did not include
the (432)-b2 structure#, showed that calculated RDS spe
tra depend critically on atom positions, including the seco
layer relaxations. In this paper, we report density-function
theory ~DFT!–local-density-approximation~LDA ! calcu-
lations in which the atomic structure is optimized before d
termining the optical response of theb and b2 versions of
the (234) and (432) GaAs~001! surfaces.

The atomic and electronic structure of the surfaces
determined in the DFT framework within the LDA. The ion
electron interactions are treated with general nor
conserving pseudopotentials14 in the fully separable form
suggested by Kleinman and Bylander.15,16 The surface is
modeled with a supercell of eight layers of Ga and As plan
and five bulk equivalent layers of vacuum in the surfa
perpendicular direction. Noninteresting surfaces are ter
nated with pseudohydrogens.17 A plane-wave basis set i
used for the expansion of electronic wave functions. T
kinetic-energy cutoff of the basis set is 12 Ry. Brillouin-zo
integrations are performed using four specialk points that
are chosen to prevent artificial optical anisotropy.9,18 ~See
also Refs. 19 and 20.! This standard supercell size, numb
of specialk points, and basis set cutoff were checked
convergence by analyzing the As-terminated (234)-b sur-
face using an eight specialk-point set, a 14-atomic-laye
supercell, and a 15-Ry basis set cutoff. There were no ap
ciable differences in the calculated quantities using thes
the standard parameters. This convergence is assume
hold for all the other surfaces that are analyzed here.

The atomic and electronic structure of the surface are
termined in an integrated iterative approach, similar to
Car-Parinello method, by starting from a bulk-terminat
surface, solving the Kohn-Sham equations, and calcula
the Hellmann-Feynman forces on the atoms—and then m
9263 © 1997 The American Physical Society
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9264 56BRIEF REPORTS
ing them to minimize these forces. The force converge
limit is 5 meV/Å. The obtained electronic wave function
and energies are used to calculate the surface dielectric f
tion as outlined by Manghiet al.19 The ‘‘band gap’’ problem
of DFT-LDA and its effect on the dielectric function ar
partially corrected with the simple scissor operator schem21

which amounts to shifting the conduction bands up by
constant valueD ~0.8 eV! independent of thek vector. The
resulting reconstructions are very similar to those determi
in Ref. 5 ~Ref. 22, see also Refs. 23 and 24!.

Some of the features of theb and b2 reconstructions of
the Ga- and As-terminated surfaces calculated here are s
lar to the relaxation of anions and cations on GaAs~110!, and
can be explained by considering charge-transfer effects
the bond angles in small molecules containing Ga or
Since the dangling-bond level of Ga is higher in energy th
that of As, there is electron transfer from Ga to As dangl
bonds~which is the main argument in the electron-counti
model!. The surface Ga atom, which has lost an electr
favors ansp2-like hybridization, relaxes toward the bulk
and forms a more planar configuration with bond ang
close to 120°. The dangling bond of arsenic is complet
filled, and the As atom ‘‘prefers’’ to form bonds with it
threep orbitals. Therefore the bond angle of the surface
atom is close to 90°, and the As atom relaxes outwa
These configurations resemble the bond geometry of s
molecules like GaH3 and AsH3, and can be used to unde
stand III-V semiconductor surfaces in general.25

Local-field and excitonic effects are neglected in calcu
ing the reported dielectric functions; when both are includ
they might decrease~increase! the imaginary part of the di-
electric function for high~low! energies.26 However, within
the LDA formalism used here, the exchange-correlation k
nel does not carry enough information to help account
excitonic effects.

Figure 1~e! compares the calculated surface dielect
function anisotropyd«(5«xx2«yy) of the As-terminatedb2
surface with that extracted from the RDS experiments
ported in Ref. 2. The agreement is quite good; in particu
the peak energies and heights agree quite well for the m
broad peak near 2.6 eV, and less well for the smaller p
near 4.2 eV.~These energies correspond to features in
real part ofd«.! In contrast, agreement withd«b @Fig. 1~f!# is
significantly poorer, which suggests that theb2 arrangement
may be the correct one for the (234) reconstruction.

In an often-presented simplified picture, the optical a
isotropy of the surface is attributed to a larger polarizabi
along the dimer bond than perpendicular to it, and con
quently the peaks of RD spectra are attributed to electro
transitions involving dimer states.9 The origin of the elec-
tronic transitions responsible for the observed structure
determined by decomposing the calculated dielectric fu
tion into four parts, depending on whether the wave funct
of the initial and final state~of the particular transition con
tributing to d«! is confined near the surface (s) or is further
from the surface—in the subsurface or bulklike (b) region.
~This division of states is similar to that in Ref. 19. If th
square modulus of the wave function integrated over a s
tial region corresponding to the surface and underly
atomic layer exceeds the same integral over the remai
atomic layers, such a state is classified as a surface s
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otherwise it is called a bulk state. This criterion is used
both theb andb2 reconstructions.! These components ofd«
are the surface-surface (s-s), surface-bulk (s-b), bulk-
surface (b-s), and bulk-bulk (b-b) curves in Figs. 1~a!–
1~d!. In each case, the states identified as surface state
localized on the atoms that are located on or near the sur

FIG. 1. The calculated anisotropy of the surface dielectric fu
tion for the (234) As-terminated GaAs~001! surface, decomposed
according to the localization of initial and final states of the ele
tronic transitions~s: surface andb: bulk!, along with experimental
data from Ref. 2. The dotted and solid lines in~a!, ~b!, ~c!, and~d!
are the real and imaginary parts of the calculatedd« for the b2
reconstruction, respectively.~e! and~f! compare the calculated tota
anisotropy and experimental results from Ref. 2 for theb2 andb
reconstructions, respectively. The dashed and dot-dashed line
~e! and ~f! are the calculated total anisotropy and experimental
sults from Ref. 2, respectively, and the thick and thin lines repres
the real and imaginary parts, respectively.
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56 9265BRIEF REPORTS
and they decay into the bulk exponentially. Tests with lar
supercells with 14 atomic layers@instead of eight layers, fo
(234)-b# showed no appreciable difference in any of t
calculated quantities, including the wave functions of t
surface states.

The surface-surface transition anisotropy in@Fig. 1~a!# has
structure near 2.4 eV, which is mostly canceled in the to
calculated anisotropy@Fig. 1~e!#. The main structure in both
the surface-to-bulk@Fig. 1~b!# and bulk-to-surface@Fig. 1~c!#
anisotropies is near 2.6 eV, but they have opposite signs
cancel when summed. Most of the anisotropy in this ene
range is found to be induced by bulklike states that are p
turbed by the surface@Fig. 1~d!#. States localized at the su
face dimers seem to give a minor contribution. The gene
similarity betweend«b andd«b2 seems to support this ide
even further. The feature around 4.2 eV is harder to anal
The surface-surface terms do not have any compon
around this energy range, while thes-b and b-s terms are
too small.

We have also examined how sensitive the dielectric fu
tion anisotropies are to the reconstructed atomic positio
The difference betweend« for the electronic states of a non
relaxed (234)-b2 surface~where the average force on th
surface layer atoms.50 meV/Å, which is an order of mag
nitude larger than the convergence criterion! and a converged
(234)-b2 surface is found to be greater than that betwe
relaxedb and b2 reconstructions, which demonstrates th
accurate reconstructions are necessary.

Figures 2~a!–2~d! shows similarly decomposed~s-s, s-b,
b-s, and b-b! dielectric function anisotropies for the Ga
terminated (432)-b2 reconstruction. The prominent featu
for this surface is near 2.45 eV. Thes-s term has some
structure around 2.0–2.5 eV which does not show up in
total d«. There is anisotropy near 2.2–2.4 eV in both thes-b
andb-s contributions. In addition, the most prominent pe
for the s-b component is near 3.6 eV, and forb-s it is near
2.4 eV. The total anisotropy@Fig. 2~e!# has a very strong
bulk component, similar to the As-terminated surface. T
calculated anisotropy is in good agreement with experim
for both theb2 andb reconstructions@Figs. 2~e! and 2~f!,
respectively#.

Since the dominant contribution in the dielectric functi
anisotropy for both the (234) and (432) reconstructions
comes from the surface-perturbed bulk states, it is clear w
the peaks in the RDS~and SPA! spectra of GaAs~001! are
near the critical points for bulk GaAs. It is not unreasona
to expect that features associated with Ga-As~cation-anion!
bonding, which occurs below the surface, would contrib
to d« at energies near the dielectric function features of b
GaAs, while features due to As-As~anion-anion! and Ga-Ga
~cation-cation! bonding, on the surface, would not. Th
dominance of the surface-perturbed bulk states explains
observations of Uwai and Kobayashi27 who studied the H2
coverage dependence of the RDS signal during H2 purging of
As-rich GaAs~001! surfaces, and observed an RDS peak
this As-dimer signature energy well after all the As-dime
on the surface were broken. These authors have also rec
shown that the appearance of the critical points of the b
dielectric function in the surface reflectance spectra of Ga
r

e

l

nd
y
r-

al

e.
nt

-
s.

n
t

e

e
nt

y

e

e
k

he

t

tly
lk
s

can be explained by assuming that light absorption
quenched at the surface because of the surface-termin
electronic wave functions.28

One possible reason why the reconstruction may per
the bulk states in this manner is the large contraction of
top Ga-As layer for Ga-terminated surfaces and the exp
sion of this layer for As-terminated surfaces. Reference
reported the dominance of bulk states, i.e., theb-b contribu-
tion, in the calculated anisotropy of the GaAs~110! surface,
for which there is large surface relaxation and no surfa
reconstruction~and therefore no surface dimers!. Further-
more, one could expect that the states associated with
surface back bonds~which are expanded and contracte!
compared to the bulk bond lengths would be the main sou
of the anisotropy~leading to features that are respective

FIG. 2. Same as Fig. 1, for the Ga-terminated (432)-b2 @~a!–
~e!# and (432)-b @~f!# surfaces.
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9266 56BRIEF REPORTS
redshifted and blueshifted from the bulk energies!. However,
these bonds would be counted as ‘‘surface’’ states in
division in Figs. 1 and 2, and their contributions are t
small and, in some cases, they have the wrong sign. N
that while RDS calculations in Ref. 13 showed that theb2
version of the (234) reconstruction seemed to be super
to thea andb versions, they also suggested that the surf
anisotropy comes mostly from optical transitions betwe
bulk valence-band states and unoccupied surface states
not between bulk states only, which is what is found he
This difference with the current study may be due to
smaller number of specialk points, smaller unit cell, and les
stringent convergence criteria used in that study.

In conclusion, we have performed first-principles calcu
tions of the atomic structure and anisotropy of the opti
ys
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response of As- and Ga-terminated GaAs~001! surfaces. It is
found that the anisotropy depends strongly on the detail
the atomic structure, and a simple interpretation of the R
data in terms of electronic transitions between well-defin
surface states might be misleading. More specifically, sp
tral features of GaAs~001! observed using reflection-base
surface spectroscopies correspond to transitions betw
bulk states that are perturbed by the surface rather tha
transitions that are localized at the surface, at least for thb
and b2 versions of the (234) and (432) reconstructions.
This conclusion also seems to apply to other GaAs surfa

This work was supported by NSF Grant No. DMR-9
11504 and the Joint Services Electronics Program Cont
No. DAAH04-94-G-0057.
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