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Scanning Tunneling Microscopy Study ofInP(100)-(2 x 4): An Exception to the Dimer Model
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We report the first atomic resolution scanning tunneling microscopy images of thEDIH2 X 4)
surface. High resolution images were obtained for both occupied and unoccupied states<4 The
periodicity is due to missing rows, and th&2 periodicity to the repetition of what appear to be trimer
units. It is demonstrated that the images are inconsistent with dimer-based models proposed for related
semiconductor surfaces such as GaAs. [S0031-9007(96)00675-8]

PACS numbers: 61.16.Ch, 68.35.Bs

There has been great success in explaining the surfas®lves GaAs, it is generally believed that the results of
structure of nonpolar (110) cleaved faces of 1ll-V com-these studies apply, with minor modifications, to the (100)
pound semiconductors such as GaAs and InP. The susurfaces of other Ill-V semiconductors [3,12]. In this Let-
face structures have been found to be identical for alter, we present the first atomic resolution STM images of
of the different compounds when scaled to the bulk latthe InR100)-(2 X 4) reconstruction. A trimerlike struc-
tice parameter [1]. The reconstruction of the technologiture is observed which does not resemble any previously
cally important (100) surface is more complex, andreported structure for the (100) surface of IlI-V semicon-
has been a subject of continuing interest over the pastuctors. Dimer models proposed for the (100) surfaces
20 years [2]. The ideal (100) surface is polar, beingof other IlI-V compound semiconductors are found to be
terminated either entirely by group Il (e.g., Ga or In) unsatisfactory in describing the observed features. These
or group V (e.g., As or P) atoms. However, the idealresults therefore call into question the universality of
termination is not observed. Depending on the surfaceimer-based models for the (100) IlI-V surfaces.
stoichiometry, many different reconstructions have been It has been claimed that ion bombardment and anneal-
reported, with the most common beigx 4/c(2 X 8)  ing (IBA) preparation of InP(100) results in a surface with
and4 X 2/c¢(8 X 2) [3]. A large number of experimen- an In-rich4 X 2/¢(8 X 2) reconstruction [13,14], analo-
tal and theoretical studies, performed primarily on GaAsgous to that obtained on GaAs(100) [15]. However,
have led to the formulation of some general principlesMitchell et al. have shown that this treatment results in
concerning these surfaces [2,3]. The cation (e.g., Ga 2 X 4 reconstruction, in agreement with the results of
dangling bonds are significantly higher in energy than thesunget al. [16,17]. We have found that this reconstruc-
anion (e.g., As) dangling bonds. Stable reconstructiontion is also obtained by simple heating of the oxidized
can be obtained for stoichiometries which allow the sursurface to above 55 in UHV. Few STM studies have
face to remain uncharged, with the cation dangling bondbeen performed on the InP(100) surface. The existing im-
empty and the anion dangling bonds filled (this condi-ages are of low resolution, and have been obtained on
tion is sometimes referred to as the electron counting ruledurfaces prepared by heating in an As flux, where an un-
[4—6]. Energy reduction also occurs through the dimerknown amount of As is incorporated in the surface layers
ization of the surface atoms, leading to a reduction if18]. On the basis of the row structure observed in these
the density of dangling bonds at the surface [3]. Othepreviously reported images, a two In dimer—two missing
details of the reconstruction involve a minimization of dimer reconstruction was suggested. To the best of our
the total energy, including the surface strain energy an#nowledge, the results reported here are the first STM im-
the energy of the surface state bands [1]. Applicatiorages of any IlI-V compound semiconductor surface pre-
of these principles has led to a class of models for theared by the thermal desorption of the oxide layer in the
(100)-(2 X 4) and {4 X 2) reconstructions, all of which absence of a group V (i.e., P or As) atmosphere. We find
involve a combination of dimers and missing dimers. Forthat thex4 periodicity is indeed due to missing rows, but
example, a three As dimer—one missing dimer model anthat thex2 periodicity is due to the repetition of what ap-

a two As dimer—two missing dimer model have beenpear to be trimer units.

proposed for the GaAs00)-(2 X 4)/c(2 X 8) surface to The STM experiments were performed in an UHV
explain diffraction, electronic structure, and scanning tunchamber (base pressure 4fx 10~'! Torr) containing
neling microscopy (STM) results [7—11]. While most of low energy electron diffraction (LEED) optics and a
the work that has been conducted on (100) surfaces imemispherical analyzer for performing Auger electron
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spectroscopy. All STM images were obtained atare clearly visible [22]. The more lightly shaded rows
room temperature. Bothw type (Sn-doped, carrier in Fig. 1(a) indicate another terrace. All steps were
concentration].2 X 10'® cm™3) and p type (Zn-doped observed to be double steps, with a height of 3.1 A. If
carrier concentrationi2.6 X 10'® cm™3) InP(100) sam- the same reconstruction is to exist on all the terraces, the
ples (Crystacomm) were used. The samples weralternation of In and P layers in the bulk does not allow
polished on one side only, and the [011] direction wassingle steps. An enlarged view of the area enclosed in the
indicated on the wafer by the manufacturer. The epireadyectangle of Fig. 1(a) is shown in Fig. 1(b). Trimerlike
samples were inserted into the vacuum untreated, amstructures are clearly resolved within the rows. The
resistively heated to above 5%0. After this treatment, trimer “heads” (single feature, labeléd are more promi-

a shar@ X 4 LEED pattern was observed with streaking nent (~0.5 A higher) than the “ears” (double feature,
of the% order spots along th&4 direction [19]. Moni- labelede) and the spacing within the trimerlike units is
toring the LEED pattern during sample heating revealedt A between the ears, and 3 A between the ears and the
only a diffuse1 X 1 pattern before the appearance ofhead along thg¢011] direction. The features are referred
the 2 X 4 pattern. Auger analysis revealed no carbonto as trimerlike because they appear to be cohesive units
or oxygen contamination. After the heat treatment, theand not just chance juxtapositions of heads and ears. The
surface was visibly cloudy. Optical and atomic forcetrimerlike unit is repeated every 8 A, giving rise to the
microscopy analysis revealed the presence of droplets2 periodicity in the[011] direction. The head-ear-head
ranging in size up to several microns. Such features haveattern within a row can be interrupted, such that heads
previously been attributed to In droplets [20]. Betweenor ears face each other. The trimer units are often out
the droplets, STM imaging revealed large terraces obf phase in adjacent rows, leading to a streaking of the
clean InR100)-(2 X 4) [21]. STM images were obtained X2 LEED spots along the [011] direction [this is some-
reproducibly for bottw and p type samples, from several times referred to as a disordere@ X 8) structure] [23].
different tips, and from several different areas on theOccasionally, the trimer units are replaced by a row of
sample. The observed structures were not altered witarominent headlike features [circled region of Fig. 1(b)],
repeated imaging. which have X2 periodicity in the[011] direction [24].

In Fig. 1(a), an occupied state STM image ofBordering the trimers on each side, a row of features
INP(100)-(2 X 4) is shown. Parallel to thg011] di- (labeled z) can be observed, which are separated by
rection, rows which give rise to thex4 periodicity 4 A along the[011] direction and 10 A across the trimer
row along the [011] direction. These “zipperlike” rows
are 1.3 A below the trimer ears suggesting a vertical sepa-
ration of one atomic layer. There is a small modulation in
the corrugation of a zipper row such that zipper features
next to a head appear slightly highér 0.2 A) than
those next to ears.

In general, it has been found very difficult to obtain
unoccupied state images on the (100) surfaces of IlI-V
semiconductors [12,25]. Figures 1(b) and 1(c) show reg-
istered occupied and unoccupied state images, respec-
tively. Ear features in the occupied state images (labeled
e) appear as one merged feature in unoccupied states.
The feature in occupied state images that we refer to as
the head (labeled h) is much less prominent in unoccu-
pied states. The height difference between the ears and
head is~ 0.5 A in the unoccupied state images, the re-
verse of that observed in occupied state images. The row
of headlike features found in the occupied state image
[circled region of Fig. 1(b)] is greatly diminished in un-
FIG. 1. Constant current (0.04 nA) STM images of occu_pied states [circled region of Fig. 1(c)]. The_zipper
INP(100)-(2 X 4) after annealing at 56T for several seconds, Mmaxima are separated b2 + 0.5 A across the trimer

(@) A 218 A x 204 A area recorded at-1.5 V. An enlarged row in the [011] direction in the unoccupied state image,
view of the area enclosed in the rectangsé A x 52 A) of  compared tol0 + 0.5 A in the corresponding occupied

(a) is shown in (b). An unoccupied state imagel.5V)  state image. Unoccupied state images show a modulation
that is in registry with (b) is shown in (c). The head, ear, iy the corrugation of the zipper rog~ 0.2 A) similar to
and zipper features are labelef,™ “ “z," : . .

that observed in occupied state images.

e,” and “z,” respectively.
An occupied state imagé—2.2 V) showing a section of a k
phase break34 A X 34 %) in which staggered trimers with ~ The 2 X 4/c(2 X 8) reconstructions of the (100) sur-
heads separated by 4 A in the [011] direction is shown in (d). faces of IlI-V semiconductors have been interpreted in
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terms of simple dimer models [2]. It is thus natural toto be a stable structure, at least for GaAs(100) [7], and
begin by considering our images in terms of such a modekatisfies electron counting [6]. Indium atoms bordering
In attempting to construct a dimer—missing dimer modekhe missing row region are in a position consistent with
for the structure depicted in Fig. 1, the orientation of anythe observed zipper features. In addition, line profiles
In or P dangling bonds relative to the2 and x4 direc- along the[011] direction, within the missing row(s),
tions needs to be established. The lattice of a tetrahegeveal a X2 periodicity in our occupied state images,
drally coordinated IlI-V semiconductor has only twofold consistent with the presence of P dimers in the missing
symmetry about the [100] axis, and thus on the (100) surrows, as required by the two dimer—missing dimer model.
face, the [011] and011] directions are not equivalent. These features are weak, and positioned as they are,
Cation (e.g., In) dangling bonds will always lie along within the trough of the missing row, it is not possible
[011], and anion (e.g., P) dangling bonds along[ihel] to rule out a multiple tip interaction as their origin.
direction [14,26]. Since the reconstruction that we haveThe dimer model of Fig. 2(a) breaks down, however, on
obtained is oriented such that the direction lies along several important points. The trimerlike features exhibit
[011] and thex4 direction along [011], any P dangling an asymmetry along th€011] direction which is not
bonds will lie along thex2 direction, and any In dangling explained by a sequence of symmetric dimers. Variations
bonds along the<4 direction. This immediately rules out such as buckled dimers are not helpful, since they would
a reconstruction in which thex2 periodicity is due to not be expected to introduce the central head feature. One
the dimerization of surface In atoms. We therefore musmight imaging a twisting of the dimers in the surface
consider dimer models in which the surface is P termiplane, as suggested by the arrows in Fig. 2(a). Such
nated. It is known that when InP(100) is heated to above distortion might arise from replacement of a second
350°C, P is preferentially lost, and In starts to accumu-layer In atom by P, but this structure is not without
late in droplets on the surface [27]. The presence of Irproblems [29]. Further difficulties with dimer-based
droplets on thermally treated surfaces makes the determstructures emerge when examining the juxtapositions
nation of surface coverage difficult, and direct verificationof dimerlike structures found at phase boundaries as
that the surface is P terminated has not been possible. shown in Fig. 1(d). There, staggered trimerlike units are

A P-terminated two dimer—two missing dimer model, observed, in which heads aligned along the [011] direction
equivalent to the alpha-(2 X 4) structure reported for are separated by 4 A. Figure 2(b) models this phase break
the As-rich GaAs(100) surface [28], is shown in Fig. 2(a).for the two dimer—two missing dimer model case making
This model is attractive for several reasons. It is knownit evident that atomd is required to dimerize with both
atoms B and C, which is not possible. We have also
considered a three P dimer—one missing dimer model
as shown in Fig. 2(c). While it is tempting to assign
the head and ear features to the “up” ends of alternately
buckled dimers, this structures would result in separation
of ear features along the [011] direction ef8 A, not

w ’

o o 4 A as observed. In any case, all dimer—missing dimer
models suffer from the same similar shortcomings as
that discussed above for the case of two dimer—two

(e) o missing dimer model. Our observations place stringent
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requirements on any model for the IAP0)-(2 X 4). It

(d is apparent that the surface structure cannot be interpreted

[011] solely in terms of dimers and missing dimers.

a)
c)
)
One of the most striking aspects of the observed
surface structure is the incorporation of a nearly threefold
[011] O m stom ® P stom symmetric trimerlike structural unit onto a surface lattice
that lacks threefold symmetry. The reconstruction that
FIG.2. (@) A two P dimer—two missing dimer model. we observe is more reminiscent of structures found on
Twisting of one end of the P dimers in the surface plane iSyyreefold symmetric surface lattices, such as the (111)
indicated by the arrows. (b) An attempt to model the phase . .
break shown in Fig. 1(d) by a two dimer—two missing dimersurfaces of the_III-V semlcondugtors and Qf Si [30,31].
model. Note that the atom labeletl would be required to Both the occupied and unoccupied states images of our
dimerize with both atom# and C, which is not possible. (c) trimers show strong similarities to images of Sb trimers
A three P dimer—one missing dimer model. (d) A proposedon the Sf111)-(+/3 X +/3)-Sb surface [30]. Atentative
P trimer adatom model of the mR)O)-(Z X 4) reconstruction. model in which the trimer unit is due to threefold-

(e) The phase break of Fig. 1(d) modeled using the P adatom . . - .
trimer structure shown in (d). Topmost atoms are indicateocoqrqmated P adatomsl IS shown in Fig. 2_(d)' This model
by the largest circles. On2 x 4 unit cell is shown in (a), satisfies electron counting. In filled state images, one can

(c), and (d). attribute the trimer features to the occupied orbitals of the
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P trimer atoms, and the zipper features to valence band3] W. Monch, Semiconductor Surfaces and Interfaces
states associated with the In dimers. For the unoccupied (Springer, Berlin, 1995).

state images, the head and ear features can be associatél W.A. Harrison, J. Vac. Sci. Technal6, 1492 (1979).

with the P trimers and the zipper features with the [5] H.H. Farrell, J. P. Harbison, and L.D. Peterson, J. Vac.
dangling bonds on the In dimers. We note that this __ SCi- Technol. BS, 1482 (1987).

model can account for differences seen for “heads” and[g] I\D/l.JD.ghasthe\%/,\?hys.SRe\# Bg’ 1? 48:;3(411981327
“ears”—since the head shares only P-P bonds, it will [8% P..K.. Lais,el’net' alz.acp.hycsl. RZ\C/ ge %222 ((1982)).

have somewhat different character than the ears whic 9] P.K. Larsen and D.J. Chédi, Il-’hys. Rev. :{7 8282
have two P-P bonds and one P-In bond. It follows that = (19gg).

the head features have minimal density in unoccupieio] M.D. Pashleyet al., Phys. Rev. Lett60, 2176 (1988).
states. We speculate that In-P antibonding states contingel] A.R. Avery et al., Surf. Sci.323 91 (1995).

to account for the unoccupied state character of thl2] M.O. Schweitzeet al., Surf. Sci.280, 63 (1993).

ears. Furthermore, in Fig. 2(e) it is demonstrated thafl3] X. Hou, G. Dong, X. Ding, and X. Wang, J. Phys.20,
the P trimer structure can produce juxtaposition headlike  L121 (1987).

features along the [011] direction which are separated bit4] A.J. Van Bommel and J. E. Crombeen, Surf. $d, 437

4 A, as observed at the phase break shown in Fig. 1(d), . (1976). .

Any proposed model for the reconstruction must b 15] D.K. Biegelsen, R.D. Bringans, J. E. Northrup, and L.-E.
able to account for the row of headlike features (which Swartz, Phys. Rev. B1, 5701 (1990).

. T — . . [16] C.E.J. Mitchell, I.G. Hill, A.B. McLean, and Z.H. Lu,
retain X2 periodicity along thg011] direction) that are Appl. Surf. Sci. (to be published).

occasionally observed [circled region of Fig. 1(b)]. The[17] M. M. Sunget al., Surf. Sci.322, 116 (1995).

P adatom trimer model [Fig. 2(d)] can account for suchj1g] s, Ohkouchi and 1. Tanaka, Appl. Phys. Lebo, 1588

a feature by replacement of the four atom P unit with (1991).

a P dimer. Based on ion scattering and LEED studies ofL9] Note that the notation used here corresponds to the

INP(100)-(2 X 4), Sunget al. proposed a model involving > order spots lying along thE0T1] direction and the;

the trimerization of In atoms in the [011] direction [16]. order spots lying along the [011] direction.

Although their particular model is inconsistent with our [20] G.W. Andersoret al., Appl. Phys. Lett65, 171 (1994).

images, it is noteworthy that their results were alsol21] We havg tentative diffraction evidence that a sputtering

inconsistent with conventional dimer models. While our pregaratlotrL that doest ”0;[ leave In droplets on the surface
- - - roduces the same structure.

model is attrac'tlve for the reasons outll'ned' above, tot 22] ﬁ should be noted that the bulk terminated InP(100)

energy CalCUIatlon.S. are n?eded to establish if the Str_uc'Fu € " surface consists of a square lattice of either cations or

is stable. In addition, this model assumes one missing anions, with a lattice constant of 4.15 A.

row; however, we cannot rule out models based on tw@p3) w. weiss, R. Hornstein, D. Schmeisser, and W. Gopel, J.

missing rows. _ _ Vac. Sci. Technol. B3, 715 (1990).
In conclusion, we have reported the first atomic reso{24] These central features resemble the head feature of a
lution STM images of the InR00)-(2 X 4) surface for trimer unit. We cannot rule out the possibility that these

both occupied and unoccupied states. The images reveal features are due to the same structure. If they are, this
a structure unlike any that has been reported previ0u5|y indicates that the ear feature of the trimer unit can be
on the (100) surface of a Ill-V semiconductor. We have  'eplaced with a second head. It should be noted that no
demonstrated that the images are inconsistent with . \elxaé':glszlg‘; 'ﬁﬂleefizrls gail gieggbféﬁgér (I;J(r) 'ngfs'

ventional dimer—missing dimer models. ‘ ) A T T
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