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Atomic structure of the As-rich InAs (100 B2(2x 4) surface
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The surface atomic structure of the molecular-beam epitaxy prepared As-riclLOOA§2 X 4) reconstruc-
tion has been solved by synchrotron radiation surface x-ray diffraction. Analysis of a large set of nonequivalent
in-plane diffraction peaks and seven out-of-plane rods yields the so-g@@Hef2<4) model, a now recog-
nized model for the As-rich GaA$00) (2X 4) structure. The structure comprises two As dimers in the top
layer and one As dimer in the third layer below the first incomplete In Id\g03163-18209)01723-3

INTRODUCTION without As flux also produced the low-As coverage struc-
tures. However, contrary to the assumptions of Farrel and
The atomic structure of the surface reconstructions orPalmstront, they concluded that all (4) phases on GaAs
(100 surfaces of IlI-V compound semiconductors has beer{001) present the same structural unit; two As dimers and
under investigation for twenty years since Cho published hiswo dimer vacancies in the top layer. No information could
pioneering work on the GaAs00) surface® Many questions be obtained by STM on the structural features possibly
still remain unsolved, or are still under debate, despite thespresent in the deeper layers.
years of scientific efforts. In many cases, this is related to Since thea, B, y notation is still broadly referred to in
varying preparation conditions and to the fact that manygexperimental and theoretical works dealing witk 2 recon-
more or less, similar geometries yield identical periodic su-structed 111-V (100 surfaces it is worth recalling the detailed
percells. features of these models. Thamodel[Fig. 1(a)] is a two As
GaAs is the most prominent substrate in molecular-beandimer model with an As surface coverage of 0.5 ML in the
epitaxy (MBE) growth of IlI-V structures. The usual growth top layer. In addition, a Ga dimerization takes place below
conditions have focused the attention on the As-stabilizedhe missing As dimers in the full-Ga second layer. The
surface structures (24)/c(2x 8) [described as, 8, andy  model agrees with th82(2x 4) model proposed by Chadli,
phases according to their respective reflection high-energgee Fig. 1b), with two top layer As dimers on top of an, in
electron diffraction (RHEED) patterns by Farrell and this case, incomplete Ga layer. The two top layer As dimers
Palmstrori] andc(4x 4), with a higher As coverage in the are here accompanied by an As dimer in the third layer. The
c(4x4) structure. A recent systematic investigation byAs surface coverage is 0.75 ML. A long-standing hypothesis
Hashizumeet al2 using RHEED and scanning tunnelling mi- for the GaAs 2<4 surface was a three As dimer model also
croscopy(STM) on MBE grown GaA&100) surface struc- proposed by Chadioften referred to as th81(2x4) or in
tures correlated the occurrence of each structure with a giveshort theB(2x 4). Finally, they model combines features of
range of annealing temperatures undej fisx. Annealing at  the B81(2xX4) phase and of the(4X4) phase at higher As
640 °C produces the(2x 4) phase, 540—630 °C gives the coverag€, since it can be constructed with an As dimer
most ordered structure, referred to as Behase, 510°C chemisorbed on apl1(2x4) surface. All later STM
annealing yields they phase and finally 490 °C is used to experiment$>®’ agree on the two As-dimer (24) struc-
obtain thec(4 X 4) structure. Annealing the(4x 4) surface  tures. Furthermore, recent theoretical calculafidi§ also
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prepared As-rich InA400 (2X4) reconstruction in order
m ° m to determine the full three-dimensional surface geometry.
’ The p2(2X4) structure yields the best agreement with our
d

) experimental data in congruence with recent STM findfhgs.
€

FIG. 1. Geometrical structure models proposed for the group-V

rif:h (100 surfaces. Open circles represent group-V atoms and filled InAs(100) substrates were first cleanedsitu by sputter-
circles group-lil atoms. ing (500 V, 5x 10~° mbar Ar) and annealingt80 °Q cycles
until a sharp (&2)/c(8X2) low-energy electron diffrac-
support this conclusion in favor of a two As dim@g2(2  tion (LEED) pattern was observed. In order to produce the
X 4) structure, see Fig.(f), which contains blocks of two (2X4) structure the sample was annealed under an As flux
group-V dimers on top of missing row group-IIl layer. (pressure X 10~ °mbar) up to about 350 °C until the fourth
A recent surface x-ray diffraction study of the As- order streaks typical of the ¢24) reconstruction appeared

terminated GaA®01) (2x4) reconstruction, prepared un- in the [110] azimuth of the RHEED pattern. After a final
der optimized molecular-beam epitagylBE) conditions}*  LEED control of the surface the sample was transferred, un-
fully confirmed the ChadB2(2x4) geometry with two As  der UHV, onto the diffractometer stage. The surface normal
dimers in the top layer on top of an incomplete Ga layer andvas aligned with thep axis (coincident here with thé axis)
an additional As dimer in the third layer and established thaby means of a laser beam. The UHV diffractometer is in-
the supposed other “phases” were merely due to a largestalled on the superconducting wiggler beamline DW12 of
density of kink defects in the surface order. Models containthe DCI storage ring at LUREOrsay. Data were collected
ing three dimers were ruled out. with focused radiation ath=0.886A, with the incident
Thec(4x4) structure was found by SXRRef. 12 and  beam set at the critical angle for total external reflection,
STM (Ref. 13 to consist of triplets of As dimers chemi- resulting in 58 independent fractional in-plane structure fac-
sorbed on a full layer of As, and a similar feature was ob-tors. Seven fractional diffraction rods were measured up to a
served on thec(4X4) reconstruction on the antimony rich perpendicular momentum transfgr =3.6 A~1. Half-order
INSb(100 surface-***The proposed structural model for the yefiections from thex2 periodicity in the[110] direction
c(4x4) reconstruction is shown in Fig(d). _ were too diffuse to be measured.

_The InAS100 surface displays a similar phase diagram - pata analysis and structural refinement were performed
with an In-rich (4X2) structure and two As-rich structures; by using the codes ANA and ROD written by Elias Vlieg.
(2x4) (Ref. § andc(4x 4).'° An STM study by Yamagu-  Corrections specific to theaxis geometry of the instrument
chi and Hirokoshf, showed that the basic unit for this sur- haye been applied, taking into account the variations of the

face structure indeed also contains two As dimers. Undef grentz and polarization factors and of the active sample
As-deficient conditions they also observed single As dimerg, 517

for which they proposed the2 (2% 4) model, see Fig. (&),
which contains one As dimer and a dimerization of the
second-layer In. In addition an As dimer, similar to the one
in the B2(2X 4) model, is present in the third layer. An important feature of a reconstructed surface is the size
We have performed surface x-ray diffraction on the MBE-of the coherent domains, which can be derived from the full

FIG. 2. Histogram of the FWHM of both integer and fractional
order diffraction peaks.
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FIG. 3. (a) Graphical presentation of the measured and calculated in-plane structure factorsgai(#e4) model.(b) Measured and
calculated rod intensities presented as a function of the vertical momentum, 1. The vertical bars indicate the experimental errors.

width at half maximum(FWHM) of the fractional diffraction mately the same average FWHM, aroung 20 3A 1, al-
peaks. For the GaA$00 (2x4) surface the half-order though the dispersion is somewhat larger for half orders. The
peaks had a FWHM twice as large as the quarter-order oneesulting reconstructed domain siZ2m/FWHM) is 650 A
that was assigned to the presence of kinks in the As dimeand appears only limited by the terrace dimensions with a
rows!! Such a difference in FWHM is not observed in the low density of kinks. This result is in agreement with the
present case, as can be seen from the FWHM histogram iindings of Yamaguchét al® who derived from STM mea-
Fig. 2. Both fractional and integer order spots have approxisurements that the kink density was a factor of 5 lower on
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, [110] are shown in Fig. @). Theh andk indices are given with
. . ° respect to the reconstructedX2) unit cell, indicated in the
o o o top left corner of Fig. &).
A detailed drawing of the82(2x4) model is shown in
O Aslstlayer | n® 1re * Fig. 4, where the different atoms are identified by numbers.
o @ o @ o Empty circles represent As atoms and filled circles In, with
@ In 2nd layer - . . . .
o Do) o decreasing radius of the circle as the distance from the sur-
o As3rd layer 3 face increases. The atomic coordinates are tabulated in Table
60 3@ d ® o L
I. Selected bondlengths and atomic displacements are tabu-
¢ Indthlayer 9e @gO . lated in Table II, and compared with data obtained from the
50 @ °c @ o GaAg100) (2% 4) surface by Garreaat al! and theoreti-
. . . cal results from referencé.
[1-10] Arsenic dimer formation appears to be one of the strong

driving mechanisms for this surface reconstruction. The As
FIG. 4. Detailed drawing of thg2(2Xx 4) model, defining dis-  dimer bondlengths are the same, within the error bars, as
tances and atoms discussed in the text. those on the GaA&00) (2x4) surface, 2.47 A for the two
upper and 2.44 A for the lower one. As a consequence of the
the INA100 2x4 surface than on the Gafi90 2X4  dimerisation does the A%)-In(2) bondlength increase from
surface. the ideal 2.62 to 2.70 A. The A®)-In(3) bondlength is even
The models presented in Fig. 1 were all tested in thearger, 2.77 A in agreement with Ref. 8. This is explained by
refining process to select the one most correctly describinghe fact that 163) has four As neighbors while (B) is triply
this surface structure. The “goodness of fit” was determinedcoordinated.
in two ways, either by th& factor defined as Another driving mechanism is that the triply coordinated
In atoms at the surface prefer a plarsp’-like bonding,
E(Fobs—|Fca|c|)2 previously found from theoretical calculations on the cleav-
Re —FFH—— age GaP, InP, GaAs, and InA%10) surfaces. This tendency
ZFobs drives the 1f2) atom away from its “original” bulklike po-
sition. The lateral movement is 0.23 A in the4 direction
and 0.68 A in thex2 direction. These values are similar to
the corresponding GaAs valuE'sAs the In2) atom moves
in between A§l), As(4), and Ag5) it pushes the As dimer
atoms, A¢l), up and away from the surface.(®) also
moves down slightly, again in agreement with GaA&ur-
ther, the A¢5) atom is pulled in towards the dimer. The bond
where theF’s are the measured and calculated structure facangles are indicated in Table |, with the sum being very close
tors, respectivelylN is the number of inequivalent data points to 360°. The deviations from the GaAs surface are obviously
andp is the number of parameters used in the fitting procedue to the difference in lattice parameter for these two sur-
dure. Thegl three dimer model does not give a good agreefaces which, since the dimer bondlengths is similar, induces
ment, neither does the “two As dimer and two In dime¥l  larger strain in the InAs bonds.
model. For theB2(2X% 4) structure the finaR factor is 0.15 The displacements of the indium atoms put strain in the
and 2 equals 2.4, the corresponding numbers ford®2  bonds between these indium atoms and the surrounding As.
X 4) structure aré®R=0.18 andy?=3.4. A graphic represen- In the top layer the In-As bondlength varies between 2.60
tation of the measured and calculated structure factors for thand 2.77 A, whereas the bulk bondlength is 2.62 A. Similar
B2(2X4) model is presented in Fig. 3. The in-plane data aredeviations from the expected bondlength were also found for
shown in Fig. 8a) and the out-of-plane structure factor rods the InAg110 surface?® where the surface relaxes upon

or by the residual errog? defined as

1 > (Fom—IFEe?

N-p T

TABLE I. Atomic coordinates derived from the best fit of the x-ray diffraction data and referred to the
2X 4 unit cell witha=8.5678 A,b=17.1357 A,c=6.0584 A, o= g= y=90°.

At° X+ Ax y+Ay zZ+Az

As(1) 0.30+0.055+0.001 0.25-0.007=0.001 0.75-0.055+0.005
In(2) 0.25+0.027+0.001 0.125-0.040+0.001 0.50-0.035-0.005
In(3) 0.25+0.021+0.001 0.375 Fixed 0.560.018£0.005
As(4) 0.50 Fixed 0.125 0.008+0.001 0.25-0.032-0.005
As(5) 0.00 Fixed 0.125 0.002£0.001 0.25-0.037=0.005
As(6) 0.00 Fixed 0.375 Fixed 0.250.016+0.005
As(7) 0.50 (Fixed) 0.375 Fixed 0.25 0.025+0.005
As(10) 0.10+0.010+0.001 0.875 Fixed 0.250.049+0.005

In(11)

0.00+0.021+0.001

0.75-0.011=0.001

0.06-0.020+0.005
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TABLE Il. Comparison of structural parameters from the  The atomic structure of the Gal90) 52(2x 4) surface
present study and from the Gal@91) (2% 4) surface, Ref. 11. See was recently derived bwb initio calculations:® A vertical

Fig. 4 for the identification of the atoms. buckling of the As atoms in the third layg¢As(4), As(5),
: As(6), and A$7)] were observed® The values found in that
This study GarreatRef. 11 study are tabulated in Table Il and compared with values

found here in this experiment. The values are similar, with a

Bond length(in A
ond length(in A) slightly larger height difference between the(4sand Ag5)

Top dimer Agl) 2.47 2.51 - .

Bottom dimer A€10) 244 249 atoms h_ere. Thl_s is again related to f[he fact that the larger
In(2)-As(4) 260 237 InAs lattice requires larger ab_solute displacements of the at-
In(2)-As(5) 272 246 oms to relax around the As dimers.

As(1)-In(2) 2.70 2.36 CONCLUSIONS

As(1)-In(3) 2.77 2.51

In(11)-As(10) 2.61 2.37 We have studied the As-terminated IHAB0 B2(2Xx4)
In(11)-In(11") 3.97 3.70 reconstruction using surface x-ray diffraction. The full three
Az (in A) dimensional geometry has been determined, which consists
As(1)-In(2) 2.09 1.77 of two As dimers in the top layer and one As dimer in the
As(4)-As(5) 0.42 0.16(0.25 from Ref. 19 third layer as for the corresponding G4AB0 (2x4) su-
As(6)-As(7) 0.25 0.31(Ref. 19 perstructure. A buckling of the third layer As atoms below
Angle (in°) the top layer As dimers is also reported, in agreement with
As(1)-In(2)-As(4) 117.4 1135 recent theoretical result on the G4A80) surface.
As(4)-In(2)-As(5) 110.0 112 ACKNOWLEDGMENTS

As(1)-In(2)-As(5) 132.1 133.5
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