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Cation-rich (100) surface reconstructions of InP and GaP
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The trimer reconstruction of tH&00) InP surface which has been discovered experimentally is confirmed by
first-principle calculations. The charge density of atomic configuration, which has the lowest surface energy is
in perfect agreement with experimental scanning tunneling microscopy images. We predict the same trimer
reconstruction also to be observable on GHBO surfaces and discuss how local stress makes this reconstruc-
tion energetically unfavorable for GaAsS0163-18289)01943-9

GaAs is considered a prototypical 1ll-V semiconductor. energies were calculated using a density-functional tieory
As such, the observed surface reconstructions on GaAs apseudopotential total energy approalhrhe local-density
also expected to occur on other IlI-V semiconductors. In-approximation was applied to the exchange-correlation
deed, there exist general rutedthat govern the reconstruc- energy-functionaf and the atoms were described by fully
tion patterns of 11l-V semiconductors , which are, more orseparable norm-conservirp initio pseudopotentials* The
less, material independent. In the catioe., group-lll atomy  wave functions were expanded in plane waves with an en-
rich (CR) regime, for example, the general rule is that theergy cutoff of 10 Ry. The electron density was calculated
surface structure with the lowest energy is the one with theising speciak-point set&® with a density equivalent to 64
lowest surface reconstruction paramé&®RP,> which is de-  points in the entirg100) (1x1) surface Brillouin zone. The
fined as the sum of the number of anion dangling bddgls  surface energy is defined as
and anion dimer&,_,,

SRRg=N,+N ) Ets%trface_ MeaniofNanion ~ M catiorNcation: 2
a™Na-a-

Naively then, all lll-V semiconductors are expected to reconwhereES. .. .is the calculated total energy of the surfage,

struct under cation-rich conditions with aX%4#) periodicity  is the chemical potential, ard is the total number of anion
showing only dimer related patterns, because on G&&$.  or cation atoms. Experimentally, the value of the chemical
4) a B2(4x%2) reconstruction (SRx=4) is observed. All potential may be varied over a certain interval. This interval
the more astonishing therefore, were the findings bymay be approximated by the bulk chemical potentials of the
MacPhersoret al® who performed scanning tunneling mi- equilibrium condensed phases of the cation and anion. These
croscopy(STM) studies of the InR100) surface, showing are the tetragonal structdfe of In, the rhombohedral
that under cation rich conditions the surface reconstructiostructuré® of P, the trigonal structut€ of As, and the ortho-
involves atrimer unit with a (2x4) periodicity. More re-  rhombic structur¥ of Ga.
cently, Neugebauest al® predicted GaNin the zinc-blende In Fig. 1, we show the calculated surface energies for the
structurg to reconstruct under cation-rich conditions with a (100) surfaces of InP, GaP, and GaAs for a number of dif-
(1% 4) tetramerreconstruction pattern. On the other hand,ferent cation rich reconstruction patterns. The vertical lines
under anion(i.e., group-V atom rich conditions the(100)  indicate the allowed interval of the chemical potential. For
surfaces of lll-V semiconductors have reconstruction patclarity, we show, in case of InP and GaAs also those anion-
terns that are all very simildr. rich reconstructions that are lowest in energy in a more
In this paper, we discuss why different reconstruction patanion-rich environment(The reconstruction scenario in the
terns occur under cation-rich conditions, and why almost n@nion-rich regime is identical for InP, GaP, and GaAs.
variation in the reconstruction scenario occurs under anion First, we discuss the InP surfaces. TwoxX2) recon-
rich conditions. We show that the trimer reconstruction is notstructions were previously suggested to explain the unusual
observed on a GaA$100) surface because local surface trimer reconstruction in the In-rich regime, i.e., the MacPher-
stress causes this reconstruction to be energetically unfavoson model (SRR.x=8) and the Sung modél (MRTD)
able. Moreover, we predict the trimer reconstruction also tq SRR-g=3). In accordance with the general rule, the Sung
be observed on a GaR00) surface® model is energetically favored over the MacPherson model.
To support our analysis we perforab initio calculations  However, there are other reconstructions with a lower SRP,
for a variety of different surface reconstructions. The surface.e., the mixed dimer(Z4) (Refs. 19 and 20with SRR
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FIG. 3. The mixed dimer reconstruction: Calculated occupied
and unoccupied STM image and the atomic structure, where filled
(empty circles are aniongcations.
12 08 04 0 04 images by calculating the charge density contour plots for
Hanion - Mpulk [eV] different heights above the surface. Thus, the gray scale in

Fig. 2 maps the height for a fixed charge density. The height

FIG. 1. The surface energy per unit cell as a function of theinterval shown$ 5 A starting from underneath the complete
anion chemical potential. In the top panel we show InP, in thecation layer. The computed STM images resemble the ex-
middle panel GaP, and in the bottom panel GaAs. The dotted ”neperimental STM images except for the asymmetry. Thus, the
in case of InP and GaAs are the lowest reconstructions in an aniothexatrimer is not the experimentally observed reconstruction.
rich regime. The top In atom of the hexatrimer§4) reconstruction

model has occupied dangling bond that gives rise to the
=1 and the hexatrimer(24) with SRRz=0. Both of these white spot in the occupied STNFig. 2). Because of having
reconstructions deserve further investigation. this occupied dangling bond the reconstruction does not ful-

We begin by focusing our attention on the hexatrimer(2fill the electron counting rule, despite the fact that it is semi-
X 4) reconstruction, which is shown in Fig. 2. In comparisonconducting. The top In atom forms bond angles with the
to the mixed dimer model, which will be discussed later, itneighboring three top P atoms of 83°, 106°, and 108°. The
has two additional anion-cation bonds. It consists of oneaverage bond angle (99°) is thus smaller than the ideal tet-
(111) surface ring(large circles in Fig. 2on top of a(100 rahedral bond angle of 109.5° and indicatespé-like rehy-
surface. The ring is not centered in the ideak(2) unit cell  bridization with a filled cation dangling bond.

(dashed ling but shifted along th€110) direction. Because We believe this to be the first time a semiconducting sur-
of this shift, the top P atom is able to bond to the underlyingface reconstruction is found with an occupied cation dan-
In atom and thereby has no dangling bonds. We thus notgling bond. Under growth conditions it is not unlikely that
that despite the presence of three P atoms in the surface uiitis hexatrimer('4) reconstruction model may exist and
cell, this model has zero anion dangling bonds. be observed with STM. The surface reconstruction parameter

Also shown in Fig. 2 along with the reconstruction modeldoes not include the possibility of filled cation dangling
are calculated STM images for InP. We computed the STMoonds. If we assume a filled cation dangling bond to be en-
ergetically twice as expensive as a filled anion dangling bond
and incorporate this into the SRP the hexatrimet@ re-
construction would follow the general rule.

Let us now consider the mixed dimerk2) reconstruc-
tion found by Schmidet al*?°lIts atomic model and calcu-
lated STM images are shown in Fig. 3 for InP. This recon-
calculated occupied STM calculated unoccupied STM struction fulfills the electron counting rule and is

- »

110

(001)

oo}

semiconducting. In the top layer, seven anions are missing
A and one cation is added per X2) cell. The cation layer
/H&\ /__{Q\ underneath is complete, but differs from the bulk geometry
by six cation-cation dimers that are formed in the region of
(110) the missing anions. Altogether there are one anion dangling
B bond and six cation dimers. As seen in Fig. 1 it is the recon-
f’m //m struction with the lowest surface energy in cation-rich con-
ditions. Therefore, it is the equilibrium structure, which will
FIG. 2. The hexatrimer reconstruction: Calculated occupied and€ observed in experiment.
unoccupied STM image and the atomic structure, where filled Furthermore, the occupied charge denghig. 3) reveals
(empty circles are aniongcations. a trimer pattern in excellent agreement with experinient.
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The trimer pattern consists of the three bright spots, which TABLE I. The next nearest-neighbor distance in bl . Cal-
are repeated with a (24) periodicity. The so called culated average cation dimer bond length for #2(4x 2) and the
“head” (Ref. 5 consists of the occupied dangling bond of mixed dimer reconstruction and their difference. The average is

the top P atom, the so called “earstonsist of the charge taken over the two inequivalent dimers for tjg2(4X2) recon-
struction and over the two inequivalent interconnected dimers for

f"f"“”d thte tWO. ttopf m dlrr?ers. The f(()jutrh sgots Iaroun? .th%he mixed dimer reconstruction. The calculated ratidgf and the
rimer-unit consist of the charge aroun € four Iower-ying c4tion dimer bond length of the mixed dimer reconstruction is a

In dimers. The distance between two ears ar_nour_1ts t0 3.75 A easure of the local stress.
, between head and ear 3.5 A along 60 direction, and
the height difference between the head and ears amounts to dwlA1 B2[A] mix.[A] mix. - B2[A ] dyy/mix.
0.4 A . Experimentally, besides the trimer pattern, there was

a infrequent dimer pattern observed. This is easily epraineJPP 4.11 2.69 2.76 0.07 1.49
by replacing the additional top In atonyla P atom. This ©aP  3.79 2.39 2.48 0.09 1.53
GaAs 3.93 241 2.52 0.11 1.56

structure is denoted ag2(2x4) (SRRgr=3) and as seen
from Fig. 1 has also a low-surface energy.

Moreover, we also calculated an unoccupied STM image . o
(Fig. 3 which, again, is in excellent agreement with the un-10n dimer of the GaAsp2(4x2) reconstruction is more
occupied STM imageé The unoccupied dangling bond of the strained than the corre_spondlng dimer of GaP.
top In atom gives rise to the brightest spot. The other unoc- As a measure for this local stress energy one may take the

cupied dangling bonds of the lower-lying In atoms give riseratio between the next nearest-neighbor distatumumn
one and the cation dimer bondlength of the mixed dimer

. ?econstructior(column threg@ The larger the ratio, the more
nearest to the t_op In atom are due to unoccupied Stale§rained are the cation dimers. We thus find for the mixed
around the_r_emalmng In and P atoms. i dimer reconstruction GaAs to have most strained cation
We additionally calculated the surface energies of th&jimers and InP least strained cation dimers. Thus the local
hexatrimer and the mixed dimer reconstruction for GaP angess prevents GaAs to reconstruct in the mixed dimer pat-
compare it to that of th@2 (4 2) reconstruction, which are tern. Since the surface reconstruction parameter of the
all shown in Fig. 1. In the case of GaP we find a reconstrucg2 (4x 2) structure (SREy=4) is higher than of the mixed
tion scenario identical to InP, i.e., the X&) structures are dimer(2x4) (SRRg=1), the exception is thus not the (2
lower in energy than th@2(4Xx 2) structure. Thus, we pre- x4) reconstruction of InP, but the §42) reconstruction of
dict GaP to show a (R4) reconstruction pattern under GaAs.
cation-rich conditions. To our knowledge, there are as yet no The case of GaN is very similar to this. Recently, Neuge-
experimental results published for the GAPO) surface un-  baueret al® calculated the(100) surface of cubic GaN to
der cation-rich conditiongRef. 8). reconstruct in the cation-rich regime with aX#) tetramer
We performed the same analysis for GaAs. In the case gbattern (SRRz=0), which includes three interconnected Ga
GaAs, we show the surface energy of three cation-rich reeimers. The lattice constant of GaN is smaller than for GaP.
construction and in contrast to InP and GaP, for GaAs th&hus, the stress due to interconnected cation dimers is even
B2(4X2) structure is lower in energy than the two othersmaller than in case of GaP. We calculated th&4) tet-
(2% 4) structures, despite its higher surface reconstructiomamer pattern for InP and find it to become metallic and thus
parameter. As mentioned earlier, the results are in agreemeenhergetically unfavorable. From the analysis above, we thus
with the experimental findings, where GaAs is found to re-predict that the tetramer reconstruction will not occur for
construct with a (& 2) periodicity under cation-rich condi- neither GaP nor GaAs.
tions. In general, we find for cation-rich conditions, that for a
In order to understand the difference in the reconstructioriixed cation atomic radius the stress energy of reconstruction
scenario between InP and GaP on one hand and GaAs on tpatterns involving interconnected cation dimers increases
other hand, we note that simple bond-counting argumentwith increasing anion atomic radius. Thus the variation in
would predict all three materials to have similar reconstruc-surface reconstruction patterns between IlI-V materials is
tion scenarios. The difference is due to local stress, which isaused by the local stress energy.
neglected by simple bond-counting arguments. The main dif- As was already mentioned, there is almost no variation of
ference between both reconstructions is that the mixed dime&d00) surface reconstructions between different IlI-V semi-
reconstruction includes twdinequivalent interconnected conductors under anion-rich conditions. This is understand-
cation dimers, whereas th#2 (4X 2) reconstruction only in- able from two simple points of view.
cludes two inequivalent single cation dimers. First of all, the anion dimer bondlength is larger than the
In Table | we show the calculated average bondlength otation dimer bondlength. Thus, the local stress involved with
the cation dimers of thg82(4x2) and the mixed dimer the formation of anion dimers is small and therefore no
reconstruction and the value of their difference. In columnvariation in the reconstruction scenario occurs.
four, we calculated the difference in dimer bondlength be- Secondly, the SRP between anion- and cation-rich condi-
tween the mixed dimer and th82(4x2) reconstruction. tions is different For cation rich conditiongEg. (1)] the
For InP this difference amounts to 0.07 A and for GaAs it isSRP is independent of the number of cations and conse-
0.11 A . Thus, the cation bonds of the mixed dimer recon-quently many different reconstruction patterns with varying
struction are most strained in case of GaAs and least straingtdimbers of cations may have small SRRP Therefore dif-
in case of InP. Moreover, we séeolumn two that the cat- ferences in the constituent atomic elements become more
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critical in determining the lowest energy reconstruction pat-struction is responsible for the unusual trimer pattern ob-
tern. On the other hand, for anion-rich conditions the SRP iserved with STM. We predict the trimer reconstruction also

defined in the following way: to be visible on a100 GaP surface under cation-rich con-
ditions. The trimer reconstruction is not observed aii@0)
SRP\r=N,—N,_,+2N._., (3) ~ GaAs surface, because the local stress energy involved with

the trimer reconstruction is larger for GaAs than for InP and
GaP. The differences in the reconstruction scenarios between

whereNe_ is the number of cation dimers. This is a more I1I-V (100 surfaces in the cation- and anion-rich regime can
stringent condition. Only certain combinations of both anion . 9
be understood in terms of the surface reconstruction param-

and cation numbers can lead to a low SRP Therefore,
. . ; . _eter(SRBP.
there are only few possible anion-rich surface reconstruction
patterns with a low SRE. S.M. is grateful to the Swedish Natural Science Research
In summary, we have shown that the mixed dimer reconCouncil for financial support.
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