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High-resolution structural analysis of the Sb-terminated GaA$001)-(2x 4) surface
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The precise locations of Sb atoms for the G@®d):Sh-(2x4) surface were measured by the x-ray
standing-wavéXSW) technique. The XSW results are consistent with symmetric Sb dimers, whose formation
has recently been predicted by four competing models.(084) and(022) XSW analysis determined the Sb
dimer height and bond length to be 1.72 and 2.84 A, respectively. The Sb coverage okth (&construc-
tion was measured by Rutherford backscattering to be 0.48 monolayers. This coverage agrees with the two
proposed structural models that have two Sb dimers par4(2unit cell and disagrees with the models that
propose one or three Sb dimers. Finally141) XSW measurement, which tested for lateral displacement of
the Sb dimers in thd110] direction, was used to discriminate between the remaining two models.
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The atomic arrangement at compound semiconductor suralues are notably larger than other related measurefénts
faces and interfaces is closely related to the initial growth ofand theoretical calculatioh®f Sb dimers on semiconductor
the corresponding strained layer heterostructures. Such strusurfaces.
tures have potentially broad applications in telecommunica- Herein we report a conventional x-ray standing-wave
tion and high-speed electronic components. Scientificallystudy of the GaA®01):Sh-(2x4) surface. By measuring
there has been a growing interest in t081) 11l-V surfaces, the SbL fluorescence yields for the bulk GaA804) and
arising from the abundant, strongly coverage-dependent suf022) reflections at a conventional Bragg geometry, we have
face structures. For Ga#g01), for instance, extensive inves- @ more direct measure of the dimer height and dimer bond
tigations have been carried out, and the surface has bedpngth than that given by the 11} BRXSW measurements.
reported to exhibit various phases ranging from the mosPUr values are consequently a more accurate test for the
As-rich c(4X 4) to the most Ga-rich (4 6) reconstructio. ~ theoretical ca[culauon%]n addition, we used &111) XSW

Recently, similar structures were observed by Madedn&@surementin combination with the(004) and (022] to
et al? on a Sb-terminated Gaf@01) surface. Their reflec- ofol:]for aflateral surflace relaxation that Wals3 predlfcted in one
tion high-energy electron diffractiodRHEED) study re- of the surface models proposed by E_ss‘ea. and favored

) . . by their RAS results. We also determined the Sb coverage of
vealed a number of different phases, including & pat- he (2x4) surface using Rutherford backscattering spec-
tern for annealing temperatures between 440 °C and 560 °

. rometry (RBS) and compared these results with the previ-
Their core-level photoelectron spectroscopy measuremenb%sly proposed (X 4) models, which vary in Sb coverage
suggested that this (24) reconstruction was formed by the

] ) > from 0.25 to 0.75 ML. The final synthesis of our measure-
surface Sb bonding to the underlying Ga after the desorptiogyents and analysis will be shown to be consistent with one

of As at the Sb/GaAs interface. Later, Esseal” performed  and only one of the four competing models for this surface

a reflectance anisotropy spectrosc@gBAS) study combined  strycture.

with total-energy and tight-binding calculations. Their calcu- The GaA$001) substrate was prepared prior to the XSW

lations rendered a Sb dimer bond length of 2.86—2.87 A, angheasurement with a Am-thick homoepitaxial layer. The

the RAS result was used in discriminating between severadurface was then protected by an amorphous As layer for

possible (2 4) models. Meanwhile, Moriartyet al* re- sample transfer in air. The XSW experiments were con-

ported a scanning tunneling microscof®TM) investigation  ducted at beamlinX15A of the National Synchrotron Light

on a number of Sb-induced reconstructions on Gads. Source at Brookhaven National Laboratory. The UHV facil-

Their study showed considerable differences in the structurity at X15A (Ref. 9 (base pressure-9x10 *torr) con-

and ordering of the Sh- and As-terminated GaAs(002  sists of a molecular-beam-epitaXi¥BE) system coupled

X 4) surfaces. with a low-energy electron diffraction/Auger electron spec-
The bonding geometry of the Sb/GaAe1) (2xX4) sur-  troscopy(LEED/AES) chamber and an XSW chamber, al-

face was first addressed quantitatively by Sugiyahal®  lowing sample preparation arid situ surface characteriza-

using back reflection x-ray standing wavéBRXSW). By  tion. After introduction into the MBE system, the GaAs

monitoring the Sb & photoelectron yields through the GaAs substrate was first degassed at 250 °C for about 45 min. The

(111 and(111) Bragg reflections, they reported a Sb dimer As protective layer was then removed by thermal desorption

height of 1.81 A and a dimer bond length of 2.95 A. Theseat 350 °C and a&(4x4) LEED pattern was observed. The
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FIG. 2. The(a) [110] and (b) [100] projections of an Sbh-terminated
GaAgq001) surface. The solid lines are the atomic planes for the different
Bragg reflectionsL is the Sb-Sb bond lengtth’ is the height of the Sb
dimer relative to the unrelaxed Ga@®@91) surface Ga planes.

whereY g is the off-Bragg fluorescence yiel®R(6) is the
reflectivity, andv(6) is the phase of the standing watsee
Ref. 9 for a review of the XSW technigueThe coherent
fraction f; and the coherent positioR, are the amplitude
and phase, respectively, of thlth Fourier component of the
_ _ time-averaged spatial distribution of the adatoms. In simple
_FIG. 1. The GaAt0D:Sb-(2x4) experimental XSW datdfilled o ¢ and p,, measure the width and the average posi-
circles and the best fitgsolid lineg for the normalized Sh. fluorescence . . e el - .
yields and the reflectivitieR versus the incident angle for the GaAs(a) Uonj respectively, of _the atomic distribution a!ong_ tHedi-
(004 and (b) the (022 Bragg reflections. rection. From they? fits of Eq. (1) to the data in Figs. (&)
and 1b), we determined the coherent fractions and the co-
As-rich (2Xx4)/c(2X8) reconstructed surface was attainedherent positions to béyy,=0.68+0.02, Pyo,=1.22+0.01,
by annealing the sample further at 400 °C—450 °C. Sb wa$y,,=0.45+0.01, andPy,,=1.10+0.01.
deposited from a Knudsen cell held at 420 °C. The deposi- If a symmetric Sb dimer model is assumed, the measured
tion rate was calibrated to be 0.7 ML/min by measuring (004 coherent position can be directly related to the dimer
the SbMNN Auger peak intensities from a Sb-terminated height[Fig. 2(a)] by
Si(001) surface which is known to have a saturated coverage h’ = Poodooas 2
at 0.8 ML To prepare the Sh-terminated G&081) sur- _ _
face, ~4 ML of Sb was deposited with the substrate held atWhich locates the Sb dimer &t =1.72+0.02 A above the
505 °C. The LEED pattern showed a clearq®)/c(2x 8) pared with _the height of Sb dimers fO(med on 408i)
reconstruction with streaky half-order spots along theo] ~ Surface, which has been measured previously by X&éf.
direction. The fourfold spots were much sharper than thosé) (h’=1.64 A) and by ion channeling(h’=1.63 A), our
from the As-rich clean surface, indicating a more highly or-result shows thah’ is about 0.09 A higher for Sb on
dered surface had developed upon the adsorption of Sb. Th{gaA4001). This is consistent with the fact that Ga has a 0.09
observation is consistent with the significantly lower densityA larger covalent radius rg,=1.26 A, rg=1.17 A). In
of kink sites on the Sb-terminated surface reported by $TM.comparison, the determined Sb dimer height on Ga8%
X-ray standing-wave measurements were then used to trfeported by Sugiyamat al. using BRXSW (Ref. 5 (h’
angulate the Sb atomic positions relative to the GaAs lattice=1.81+0.02 A) is 5% larger than our measured value.
Each XSW measurement involves scanning the incident x- Notice that the measured coherent positions satisfy the
ray energy(equivalent to scanning the angle of the sample following relationship:
through a particular GaAskl Bragg reflection. During these Po22=(1+ Pgos)/2. ©)
eV-wide scans, the phase of the standing-wave shifts by 18Q° . . .
with respect to thékl diffraction planes. Thus, the electric- Zcﬁmrgﬁgltsr;?aetersqgggirgg:; fg:oii%totmhz obcr(i:cl;ggmsgi]tetwg;mg
field intensity experienced by the adsorbate layer is moduZ : -
lated. With z;/n ingident photo¥1 ener@y, above thye Sk, GaAg001) surface[Fig. Z(.b)]' In. adqmp_n, the fact that the
edge, the induced modulation of the Blluorescence yield mea_sured coher_ent frac.t'd%” IS S|gn|f|cantl_y Io_vver than
is monitored by a solid-state (&i) detector. To locate the Sb f9°4 is also cor_1_5|stent with th_e Sb. symmetric d|m_er model,
positions, we employed the GaA®04) reflection atE, since the pos!t|ons of the dlmerlzgd Sb atpms in such a
=7.60 keV to directly measure the Sb dimer height)( _”‘Ode_' are equivalent along t![]@04] direction[Fig. 2a)] but
and the(022) reflection atE,,=7.00 keV to deduce the dimer inequivalent along thg022] [Fig. 2b)]. To extract the Sb-Sb
bond lengthL. bond_ lengthL from th_e two measurements, the coherent frac-
Figures 1a) and Xb) show the results of these two mea- tion is decomposed into a product of three factors based on

surements. Based on dynamical diffraction theory, the angut—he convolution theorem

Reflectivity and Normatized Yield

9 -6, [urad]

lar dependence of the fluorescence yield from an adsorbate fu=CanDw, ()
can be described as whereC is the fraction of adatoms at ordered positiobs,
Y(0)=Yoe{1l+R(0)+2JR(6)fy cogv()—27Py]}, is the adatom Debye-Waller factor, aad is the geometrical

1 factor, accounting for the reduction of the coherent fraction
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TABLE |. Theoretical and experimental values of the structural dimensions for the Sb dimers on different surfaces.
is the Sb dimer bond length.’ is the height of the Sb dimer relative to the surface G&F®) planes(see Fig. 2.

Substrate $001) Ge(001) GaAg110 GaAg001) GaA<001) GaAg001)
XSWR XRDP XRD® BRXSWA Theory Present
XSW
h' (A) 1.64+0.02 1.810.02 1.72-0.02
L (A) 2.75+0.06 2.90 2.80 2.950.06 2.86-2.87 2.84r0.05
8Reference 6. dReference 5.
bReference 7. *Reference 3.

‘Reference 8.

due to multiple adatom positions along tHedirection. As  jed with XSW was covered by 3:010'* Sb cnf, which is
illustrated in Fig. 2, it can be shown thapo,=1 andap,  equivalent to 048 ML on a GaAB0l) surface
=|cos(rlL/2d,,)|. By combining the(004) and (022 re- (1 ML=6.26x10"atoms/cr). By considering the ordered

sults, the dimer bond length can be determined as fraction C measured from the(004) reflection of C
2d0 o[ fo2Doos =f0a/Dgoa=0.79, we can obtain an ordered coverage of
= ~ TouDoms (5  CO®=0.38 ML. This value indicates that under the present

growth condition the (X4) ordered structure was formed
At this point, we will make the simplifying approximation by about 0.4 ML of Sh adatoms. This result is consistent
that the Sb adatoms have the same RT Debye-WBlfiac-  With a surface composed predominantly of two Sb dimers
tor as reported for bulk GaAsB=0.59 A?),*? and thus Pper unit cell as proposed by Essral® The ordered cover-
Dy =exp(-B/2d?) will be estimated asDq,=0.86 and age of 0.4 ML rules Olit the possibility that the model pro-
Dg2o=0.93. The two measurements therefore determine thBosed by Moriartyet al.” with one Sb dimer per unit cell is
Sb-Sb bond length through E¢p) to beL=2.84+0.05 A,  the only ordered structure on the X2) surface CO
which is in excellent agreement with the first-principles <0-25 ML for this casg _ _
total-energy calculation by Esset al3 (L=2.86—-2.87 A). In Esser’s total-energy calculatidthere are two different
Our measured. g, spis also very close to the bond lengths of Models considered which have two Sb dimers pex 43
the Sb dimers formed on a GaAd0 surfac€ (L  unitcell. Asillustrated in Fig. 3, model I has two Ga dimers
=2.80 A) and on a G@01) surfacé (L=2.90 A) reported In_the second layer, and model Il has one As dimer in the
by x-ray diffraction (XRD). While it is about 0.1 A longer third layer. The former was based on the clean GB8%-
than the Sb-Sb bond length of a Sb-terminate@@ sur- (2% 4) @ phase proposed by Farrell and Palmst3rand
face measured by XSWRef. 6 (L=2.75 A). The BRxsw the latter was based on the Ga81)-(2x4) model pro-
study by Sugiyamzet al.’ however, reported a Sb-dimer Posed by Chad? (known as thes2 phasg. Energetically,
bond length of 2.9% 0.06 A on the GaA®01) surface; note Esser's calculations show that poth model | and Il are stable
that this value is 4% larger than the present measuremerit2*<4) structures. The theoretical calculation by Northrup
consistent with their report of a 5% larger valuetot and Froyeh’ show that for the clean (24) « phase, the As

Since the thermal vibrational amplitude is normally largerand Ga atoms in the top two layers will undergo large lateral
for surface atoms, our extrapolated valueLof 2.84 A rep-  displacement$0.4-1.2 A in the[110] direction to allow the
resents an upper bound on the true Sb dimer bond |engt|fprmat|on of the second-layer Ga-Ga dimers. A similar re-
Based on previous XSW measurements forASp® and Bi
(Ref. 14 dimers on Sj001), we can reasonably approximate Model| Model I
that the Sb thermal vibrational amplitude on G&¥GD) 0 <
should be 0.15 A. This value, which is 23% larger than that
for bulk GaAs at RT, leads to a reductionlig,_g,from 2.84
to 2.81 A. This small reduction it g,.gpis included within
the quotedt+ 0.05 A error. We summarize our results in con-
junction with other related measurements in Table I.

In addition to measuring the local bonding geometry of
the Sb dimer, we also determined the Sb cover@gef the
(2x4) surface using RBS. Major differences in Sb coverage
can be found among the previously proposet @ models:

(111) planes

Maeda et al? proposed a model consisting of three Sb i[m] ®esb OGa @ As

dimers per (Z4) unit cell, the theoretical calculations and [110]

RAS result by Esseet al2 were in favor of a (2 4) model [1io] _

with two Sb dimers(and two Ga dimepsper unit cell, and FIG. 3. The top and thEL10] side views of two different GaA801):Sb-

the STM study by Moriartyet al? Suggested 0n|y one Sbh (2%X4) models(Ref. 3): Both_models have two Sb dimers per unit cell.

dimer per unit cell. These three differentX2) models cor- Model | has two Ga dimers in the second layer and model Il has one As
P ) dimer in the third layerAx in model | is the lateral shift of the Sb dimers

respond to Sb coverages of 0.75, 0.50, and 0.25 ML, respegong the[110] direction relative to a bulk twofold axis, in response to the

tively. Our RBS result showed that the same sample we studstrain induced by the formation of the Ga dimers.
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2 {11y at E. = 7.00 keV ] the ideal positions Ax~0), thereforea,;;;=1 and Eq.(4)
f= 0744002 ] rendersf;,,=0.77.

15 F0B1x001 R ] Figure 4 shows the result of tl{#11) XSW measurement
D carried out atE,=7.00keV. The Sb coherent position
----- 4 A 4 . (0.81+0.01) agrees with the symmetry requirement of Eq.

7 (6), while the measured coherent fraction (G£@2.02) im-
- plies a;14~1 (or Ax=0), in favor of the structural model
05} without Ga dimers in the second lay@nodel I). The dis-
1 agreement of our measurement with model | is evident in
- T e Fig. 4 from the difference between the best fit cufselid
50 0 50 100 150 200 line) and the calculated curve fdrx=0.4 A (dashed ling
66, [urad] In summary, the GaA801):Sh-(2x 4) surface prepared
FIG. 4. The(111) XSW data(filled circles and the best fitsolid lines  py MBE was studied by004), (022), and(111) x-ray stand-
for the normalized St fluorescence yield and the GaA41l) reflectivity ing waves. All three XSW measurements are consistent with
R. The dashed line is the calculated Sb fluorescence yieldsxXer0.4 A in the formation of symmetric Sb dimers above the modified
Fig. 3, while the best-fit solid line correspondsAa=0.0. bridge site. The Sb dimer height was determined tohbe
laxation effect would be expected to occur on the Sb-, 1.72+:0.02 A above the bulkiikg004 Ga atomic plane.

terminated surface to accommodate the lateral strain if S&he Sb dimer bond length was measured tolbe2.84

d Ga di st in the top two | deicted >+0.05 A. Both values are in good agreement with previous
an a dimers coexist In the top two layers as depicled 19, o, etical calculation and other related measurements. The

model I. Since the proposed displacement is perpendicular &y, ¢qyerage of the (24) reconstruction was determined by

the Sb-Sb dimer bonds, the standing wave generated by th&,iherford backscattering to be 0.48 ML, consistent with

(111 reflection would be most sensitive to this effect. Basedg,face models having two Sh dimers per<(@) unit cell,

on symmetry, the surface should be equally occupied by doang disagreeing with models having one and three Sb dimers

mains with Sb dimers shifted in t{d€10] and[110] direc-  per unit cell. Finally, the111) measurement showed no lat-

tions. Thus the distribution of Sb atoms from both domainseral shift of the Sb dimers in tHa 10] direction. Referring to

as projected into one unit cell, should remain centered alonthe surface models of Esset al® shown in Fig. 3, our

a bulk twofold axis. Therefore analysis strongly favors theX24 model with one As dimer
P11y=(Poost 2)/4, (6) in the third layer(model 1) over the model with two Ga

dimers in the second layémodel |).

which predictsP;;,=0.81 from our measured value for Note added in proofA recent first-principles pseudopo-

Poos- The proposed lateral relaxation of the surface in modetential calculatio® presents an additional modefy) for the

I would broaden the Sb distribution along tfel0] direction  0.5-ML Sb/GaA$001)-(2x4) surface. However, the large

and lead to a lowef111) coherent fraction. We can calculate lateral displacement~0.6 A) along the[110] direction of

this reduction off,y; through Eq.(4) with the following  the Sb dimers in the top layer of this model is inconsistent

formula foraj;q: with our (022 and(111) XSW measurements.

a31,=|cod (4mAx/\6d110)]]. (7) ~ We gratefully acknowledge the technical support of B. O.
Fimland (Norwegian Institute of Technologyin preparing

Here we assume that all Sh dimers are shifted by the sam@e As-capped GaAs substrates, and L. Thomg#aagonne
amount,Ax (Fig. 3), along the[110] in either direction. For  National Laboratoryin performing the RBS measurement.
the purpose of testing the two different models, it would beThis work was supported by the National Science Founda-
reasonable to choose in madde a displacement ofAX  tion under Contract Nos. DMR-9632593 and DMR-9632472
=0.4 A, which is the lower bound of the lateral shifts cal- to the Materials Research Center at Northwestern University,
culated for the GaA901 (2X4) « phase reported in Ref. and by the U.S. Department of Energy under Contract No.
16. This would reduce th€l11) geometric factor toa;;;  W-31-109-ENG-38 to Argonne National Laboratory and
=0.81 and the coherent fraction fq;;=CD,211;=0.62  Contract No. DE-AC02-76CHO00016 to NSLS at Brookhaven
(with D41,=0.97). For model Il, the Sb dimers are close to National Laboratory.
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