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Clarification of the GaP(001) (2X4) Ga-rich reconstruction by scanning tunneling microscopy and
ab initio theory
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We infer the structure of the GaP(001)X2) surface from a study of scanning tunneling microscopy
(STM) images obtained under UHV conditions on metal-organic vapor phase epitaxy grown samples. STM
images are compared with results of first-principles calculations for models energetically most favorable under
Ga-rich growth conditions. The comparison shows that the GaP (0834 J2surface unit cell consists of a
mixed Ga-P dimer on top of a complete gallium layer, hence ruling out the Ga-Ga dimer model.

Because of their favorable properties for optoelectronics, Total energy calculations show that under Ga-rich condi-
the phosphorus-based zinc-blende 11I-V semiconductors InRions only those (X 4) reconstructions are stable that con-
GaP, and InGaP have become technologically more imporsist of either Ga-Rmixed dimej or Ga-Ga(top Ga dimey
tant during the last decade. Despite this importance, little iglimers on top of a complete Ga layesee Fig. 3 below
known about their surfaces and surface structures, partictfhe comparison of calculated and measured RAS sgettra
larly their polar(001) faces, in contrast to the group-lil ar- fayors the mixed-dimer structure for the X2 reconstruc-
senides, typified by GaAB01). The surface reconstructions tjon byt cannot result in a final conclusion. In this paper a
of the Iattgr have been considered to prowde_z a general mOdEBmparison of measured and calculated STM images is uti-
representing the other Ill-V compound semiconductors, t00y,e4 tq clarify the structure of the Ga-rich GaP(001)(2
Up to now most studies involving the surface structures ofx4) surface.
the phosphides have been performed or{(00B). It has been In the following, the experimental STM results are dis-

demonstrated that thg most In-rich surface reconstrqctiogussed first, followed in the second sectionatyinitio cal-
shows a (2 4) translational symmetry and can be explainedgjation of STM images for the two possible X2) atomic

by the so called mixed dimer modeMithin this model a  gace structures. GaP layers were grown by MOVPE with
mixed In-P dimer oriented along tHe10] direction is on  phosphine (PK) and trimethylindium(TMIn) as precursors

top of a complete In layer. This surface reconstruction, inat a temperature of 650°C on S-dopet=5x 108cm™3)
contrast, is not found on Ga/A¥1), where the most Ga-rich

reconstruction is a (42) one. '
For GaR001) a variety of translational symmetries has ; X
been observed experimentally by electron diffraction meth- ; ; L E R RS
ods such as low-energy electron diffractidcEED) or re- : —=
flection high-energy electron diffractidn’ Additionally,
other surface sensitive techniques have been applied to study . T 1
these surfaces, including scanning tunneling microscopy & “.. »\;‘
(STM),% ion scattering spectroscofiy, and reflectance an- -
isotropy spectroscopyRAS).”® It has been suggested that e
ion bombardment and annealifitBA) of GaR001) results
in a Ga-rich (4x2) reconstruction by analogy with the Ga-
rich GaAg001) surface?* However, more recently this Ga-
rich stable structure prepared by IBA was identified to be of
a (2x4) symmetry>~’ Surfaces prepared using either solid-
source molecular beam epitaXghemical beam epitaxy, or
by thermal desorption of a protective arsenic/phosphorus = «
double layet® also indicated a (2 4) translational symme- |« °
try. In the last case the GaP epilayers were grown by means
of metal-organic vapor phase epita@yOVPE). Thus it can 2"
be concluded that the most stable Ga-rich surface reconstruc-
tion of GaR001) is a (2x 4) one, similar to InF001).> Apart FIG. 1. Filled state STM image obtained after annealing the
from the translational symmetry of the stable Ga-richGaR001) sample at 450 °C. The scan area is 42@t0 A, sample
GaR00J) surfaces, the actual atomic structure is an opembias —3.5V. The bright rows extending along th&10] direction
question. Various geometrical models have been discussedire separated by 15.6 A, corresponding to a fourfold surface lattice
All these structures are based on Ga-Ga, P-P, or Ga-Bbnstant. The inset shows a line scan along one of the rows, in the
dimers. [110] direction.
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—3.5V, allowing filled states to contribute. A rowlike struc-

ture in the[ 110] direction is clearly observed. The rows are
separated by 15.6 A, corresponding to a fourfold surface lat-
tice constant as can be seen from the line scan perpendicular
to the rows(see inset of Fig. )1 The surface appears atomi-
cally flat within the range of the STM image containing a
few monatomic terraces. In Fi@ a filled state STM image
with atomic resolution at the same bias is shown. An addi-
tional triangularlike structure along the rows is well resolved
within this image. The single triangles are separated by
8.1A, corresponding to a twofold lattice constant, and con-
FIG. 2. High-resolution filled state STM image, scan areaSiSt of a center structur€'head”) and two side structures
44.5x<27.5 A, sample bias-3.5 V. The triangularlike structures in  (“ears”). The “ears” are separated by approximately 5.7 A.
the bright rows, indicated by dashed lines, are clearly resolved. This structure is quite similar to the one observed for the
INP(001)(2< 4) reconstructioh!! which was explained by
epiready Ga®01) substrates. Since the MOVPE apparatusthe mixed-dimer modéei3
is not connected to an UHV analysis vessel, the samples In order to interpret the STM images on Gae1), ab
were capped by an amorphous As/P double layer directlynitio calculations of the electron density were performed.
after growth in order to protect them before transport throughThe electron wave functions were calculated using density
air. Under ultrahigh vacuum conditions the amorphous profunctional theory(DFT) within the local density approxima-
tection layer was thermally desorbed at 400°C and thaion (LDA).}* The electron-electron interaction was de-
sample with the surface exposed was annealed at 450 °C fecribed using the Perdew-Zunger extrapolation. The elec-
approximately 10 min. The evolution of the X&) surface tron-ion interaction was treated by using norm-conserv-
reconstruction was monitored by RAS. All experiments wereing, fully separable pseudopotentiafs:® Because of the
performed at a base pressure of aboutI® °mbar. STM  shallow Ga @ electrons, nonlinear core corrections were
images were taken in constant current mode with an Omiincluded. The single-particle wave functions were expanded
cron STM1. The bias values refer to the sample voltage withinto plane waves. They were restricted by a kinetic energy
respect to the STM tip. cutoff of 18 Ry. A Car-Parrinello-like method was used to
The RAS spectrum, taken after annealing, was in goodninimize the total energy with respect to the ionic and elec-
agreement with RAS spectra for the X2) reconstruction tronic degrees of freedofi.The theoretical lattice constant
obtained under growth conditiod$. The LEED pattern obtained for the GaP bulk is 5.42 A, which shows good
showed a clear (24) periodicity. The; order spots are agreement with the experimental one of 5.45A.
intense and are accompanied byorder streaking in the The GaP(100)(X4) surfaces were simulated using re-
[110] direction. peated slabs of eight atomic layers, plus four layers of
In Fig. 1 a large scale STM image of the surface aftervacuum. One side of the slab was saturated with pseudohy-
annealing is shown. The image was taken at a sample bias dfogent’ The two energetically most favorable X&) struc-
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FIG. 3. Top view of the two surface geometries for the Ga-rich GaP(004)()2surface(a) mixed dimer;(b) top Ga dimer(c) Surface
energy for both structures versus the Ga chemical potential. The energy zero is taken at the ideal P-terminated structure.
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FIG. 5. Filled state STM images calculated for (881 and
GaR001) in the mixed-dimer reconstruction.

length is 2.47 A, slightly smaller than the sum of the cova-
lent radii (2.52A). The Ga-P dimer of the ¥4) mixed-
dimer structure, with a bond length of 2.36 A, displays a
buckling with an angle of 9.51 fi.e., the P atom is 0.39 A
above the Ga atom
Once DFT-LDA electron wave functions for the recon-
structed surface were calculated, it was possible to simulate
STM images using the Tersoff-Hamann approdth this
approach, which resembles ordinary first order perturbation
theory in the limit of low temperature and an arbitrarily lo-
calized tip, the tunneling current is proportional to the local
electron density of states integrated over the energy bands
that fulfill the selection rules of a tunneling process. In order
to take into account the extent of a real tip, the local electron
density of states was integrated in space between 1 and 3 A
above the surface. Depending on the number of energy bands
that are summed, STM images corresponding to different
voltages(applied to the sample with respect to the ttgn be
simulated. In the case of filled states the sum was made from
the valence band maximuiBM) to a chosen energy in the
valence bands. To make an alignment with respect to the
[110] voltage used in the experiment, the theoretical voltage can be
obtained by adding to the energy used in the integration the
FIG. 4. Calculated STM images for the mixed-dimer and top-energy difference between the experimental Fermi level and
Ga-dimer geometries at different energies, with respect to the vahe VBM (about 1.2 eV.
lence band maximum for negative voltages and with respect to the |n Fig. 4 the simulated STM images of both the mixed-
conduction band minimum for positive voltages. dimer and the top-Ga-dimer reconstructions on Gap are
shown. For the occupied states we have selected energy in-
tures appearing in the phase diagrfdfiy. 3(c)] for very high  tervals of 0.3(0.2 eV for the top Ga dimer0.5 and 2.3 eV
Ga-rich growth conditions were considered: theX(@) below the VBM, whereas for the unoccupied states an energy
mixed dimer and the (24) top Ga dimer. The (24) of 0.3 eV above the conduction band minimum was chosen.
mixed dimer[Fig. 3(a)] consists of a Ga-P dimer on top of a The simulated filled state STM images of the mixed dimer
complete Ga layer. The (24) top-Ga-dimer structure, in- (2x4) GaP surface at higher voltaggsig. 4a) and 4b)]
stead, is formed by a complete monolayer of Ga with arshow rows in the[110] direction containing a triangular
additional gallium dimer on topFig. 3(b)]. For extreme Ga- structure that repeats every two surface lattice constants.
rich growth conditions the top-Ga-dimer structure is pre-This triangular structure shows only a weak dependence
dicted to be more stable than the mixed-dimer fsee Fig. upon the voltage used. This is caused by the fact that for
3(0)]. these voltages the most contributing surface states are always
The optimization of the structures was performed by re-within the integration range. The more intensive circlelike
laxing the atoms until the interatomic forces became lesspot (“head”) of this structure is formed by the dangling
than 0.025 eV/A.. Four specillpoints in the irreducible part bonds at the P atom of the mixed dimers. This dangling bond
of the Brillouin zone were used. The resulting structural pa-s filled with two electrons and represents the highest occu-
rameters for the GaP(001)¥4) surfaces are in good agree- pied band. Thus at very small negative voltaffei). 4(c)]
ment with already published onéS.In the case of the only the “head” can be seen. The “ears” of the structure
GaP(100)(x4) top Ga dimer, the Ga-Ga dimer bond originate from the filled backbonds between the Ga atom in




PRB 62 CLARIFICATION OF THE GaP(001)(X4) Ga-RICH ... 11049

the mixed dimer and neighboring Ga atoms in the atomican clearly be excluded. Hence, there seems to be no struc-
layer beneath. With increasing voltages the shape of theural difference between InP and GaP(001¥@®) surface
“ears” changes gradually from the intense diagonal ovalstructures. Figure 5 underlines this statement. Here, the filled
spots at—0.5eV into features nearly perpendicular to thestate STM images of the mixed-dimer reconstruction for
rows at—2.3eV below the VBM. both materials simulated at a voltage 6.4 eV below the

In contrast, the simulated filled state STM images of thevBM are shown. The images for (@01 are similar to
top-Ga-dimer reconstructiofFigs. 4e) and 4f)] contain a  those calculated in previous wotk.
symmetric X pattern that is visible within the rows. Also, In summary, we have studied the STM images for filled
this pattern shows only a small dependence upon the energyates of the cation-rich GaP(001)2) surface both ex-
below the Fermi level. The X shape behavior is a conseperimentally and theoretically. By comparison of both types
quence of the backbonds between the Ga atoms in the tagf results it has clearly been shown that the mixed-dimer
dimers and the Ga atoms underneath. For very small negaeconstruction also occurs on the Gal) surface. A single
tive voltages(0.2 eV below the VBM only the o-like bond  mixed Ga-P dimer per unit cell on top of a complete Ga layer
of the top Ga dimer is visiblgFig. 4g)]. allows explanation of the observed triangular spots. Another

The simulated STM images for unoccupied states showeconstruction element such as a trimer is not necessary for
spots at each position of a Ga dimer of the second layer, fogxplaining the observed STM images. We have also shown
both the top Ga dimdFig. 4h)] and the mixed dimeffFig.  that the top-Ga-dimer structure, which should be stable under
4(d)] reconstructions. In the middle of the rows there are onextreme Ga-rich conditions according to total energy calcu-
or two bright spots that originate from the empty danglinglations, does not appear for surfaces prepared as described
bonds of the topmost Ga atoms, depending on the recorabove. Additional experiments increasing the Ga chemical
struction. The large difference between the two surface repotential, for example by using an extra supply of Ga, are
constructions disappears. The only difference is directly renecessary to try to prepare the most Ga-rich surface structure
lated to the replacement of a Ga atognaP atom in the top and to prove the theoretical predictions.
dimer.

On comparison of the filled states results with the mea-
sured STM images described above, the agreement between This work has been financially supported by the Deutsche
the simulated mixed-dimer STM images and the experimenForschungsgemeinschaft under Contract No. Es 127/4-2 and
tal data lead to the conclusion that the observed reconstru®e 1346/10-1. Computer facilities of the J. v. Neumann Su-
tion is a mixed-dimer structure. The top-Ga-dimer structurgpercomputer Center in lich are acknowledged.
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