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Fundamental and higher-order harmonic x-ray standing wave measurements were combined to
directly measure the lattice positions and thermal vibrational amplitudes of Ga adatoms on the Si
(001) surface. In this room-temperature study, surface structural parameters such as ad-dimer bond
lengths were also determined with much higher accuracy than previous studi#89%American
Vacuum Society.

[. INTRODUCTION tion which set the Ga thermal vibration amplitude equivalent

Due to scientific and technological reasons, the structur® that calculated for Si on a Si clean surfael2 A. As

of groups Ill and V metal adsorption on the ®01) surface mitialyly demonstrated by Bedzyk and .Materi'i%,the ad-
has long been an interesting subject of surface scikfiée, 210m's vibrational amplitude can be directly measured by
The Si(001) clean surface is known to be<a reconstructed combining the' XSW results from a fundamental and higher-
by forming dimers to reduce the number of dangling bond<rder harmonic measurement. For our Gai®@1) surface,

on its bulk truncated surfad.The adsorption of group v e Will use the(004) and (008) Bragg reflections for this
elements is rather straightforward since they simply brealPurPose. From these measurements, we will directly deter-
the Si dimers and form an adlayer of dimers orthogonallyMine the Ga thermal vibrational amplitude in tf@01] di-
oriented with a X2 reconstructiofi-° However, the ad- rection on the S{001) surface at room temperatu(@T). As
sorption of group Ill metals on S001) 21 induces differ-  &" additional result, we will be able to measure the Ga ad-
ent and more complicated surface reconstructions, such &imer bond length with greater certainty-0.04 A.

2x3, 2x5, 2x2, and x8.12 Most of these reconstructions

occur at coverages less than one half monoléytr), where

1 ML=6.78x10" atoms/cr for Si (001). These surfaces, [l. XSW TECHNIQUE

particularly the Ga/S{001) surface, have drawn the attention The x-ray standing wave techniddéhas proven to be a

of both experimentalists and theorists. . g .
Experimentally, the Ga/Si001) surface has previously h'|gh-preC|5|on probe for solving the structure of ad—atom; on
’ single-crystal surfacest1315-18The x-ray standing wave is

been studied by reflection high-energy electron-diffraction . o
(RHEED) 1 Iow-e):/nergy electror? diffracg)c/n(lLEED) 2 Auger generated by the interference between the incident and Bragg

2 : : . reflected x-ray plane waves and exists both inside the crystal
electron spectroscopyAES),” scanning-tunneling micros- . :
34 ; 7 - and above its surface. The XSW has a period equal to the
copy (STM)>* and x-ray standing wavegXSW)." Theoreti- . ) .
. : . correspondingl spacing of thelikl) Bragg reflection. When
cally, a pseudopotential total energy calculatiamd a first the angle of the crystalor the incident photon eneriy
principles local density molecular cluster(DMol) 9 Y P ¥S

calculatiorf have been carried out on the Ga(301) system. scanned through the.rocking curve of the B_ragg reflection
Prior to our combined XSW measurements and DMoIfrom the low angle side to the high angle side, the phase

calculations), there has been a controversy about the surfacget\’veen the reflected and incident plane waves has a 180

structure of low coverage Ga/8)01) between the orthogo- shift. This phase shift causes the XSW antinol nodes

nal ad-dimer modéland the parallel ad-dimer mod&Bup- to move inward along thehkl) reciprocal vectoH by one-

port of the former is based on studies using measurementgalf of ad spacing. The resulting fluorescence yield from

such as RHEED, LEED, AES, and STM, while the latter is 2020MS has an angular dependence as following:

supported by theoretical pseudopotential calculations. It was Y(6)=1+R(6)+2yR(6)f.y codv(0)—27Py], (1)
the combined efforts of the high precision XSW measure- o
ments and the DMol calculatiogns F:hat clearly ruled out theWhere the reflectiviiR(¢) and the phasa(6) of the reflected

orthogonal model and confirmed that the Ga atoms form adF—)Ia”e wave.relative to-the incident plane wave are derived
dimers in between Si dimer rows with Ga ad-dimers aligne rom dynamical x-ray diffraction theory. The two parameters

parallel to the underlying Si dimers as depicted in Fig. 1. hat we determine by ” fit of Eq. (1) to the data are the

Although in the previous XSW study we had very pre- coherent positiorP and the coherent fractiofy, ;. They

cisely measured the Ga ad-dimer height above the bul are the phase and amplitude of #& Fourier component of

extrapolated(004) plane and achieved an excellent agree-.he time-averaged spacial distribution of the adatoms pro-

ment with the theoretical value, our Ga ad-dimer bond Iengtl‘#eCteOI Into a umt cell. Based_ on the.convolutlon theorem, the
. . coherent fraction can be written &5:
measurements still had a relatively large uncertairt®.06

A). As stated, this was primarily due to a simplified assump- fey=CayDy, (2
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Fic. 1. Three-dimensional structural model of the 2 Ga/Si(001) surface.

whereC is the ordered fractioray is the geometrical factor
determined by the geometrical structure of adatoms,znd
is the Debye—Waller factor.

For the case of Ga forming symmetiiconbuckled ad-
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positions have inequivalent projections, such that the geo-
metrical factorag,,=|cos(wL/2d,,,)|, whereL is the Ga
ad-dimer bond length.

The Debye—Waller factor can be expressed in terms of the
adatom thermal vibrational amplitudéu?) as

Dy =exp —2w%(u3)/d?). 4

Based on Egs2) and(4), if the ordered fractiorC remains
constant during the combing@04) and (008) XSW mea-
surements, we can determine the thermal vibrational ampli-
tude along th¢001] direction from the measure@04) and
(008 coherent fractions by the following equation:
d f
Vo) =5 In(%;‘). ®)

I1l. EXPERIMENT

The experiments were conducted at the X15A beamline of
the National Synchrotron Light SourcgNSLS at
Brookhaven National Laboratory. Our UHV system consists
of four coupled chambers allowing sample insertion, prepa-

dimers on Si(001), Ga adatoms have two equally occupied ration (MBE), characterizatiofLEED and AES, and x-ray

unit cell positions in both th€2x1) and (1X2) Si surface

measurements. Zegenhagen's review arfictmntains de-

domains(Fig. 2. In our case, the two domains give identical tajled information about the experimental facilities at X15A

Ga positions when projected along ff®1] or [022] direc-

and the XSW techniques.

tions. Therefore, we can analyze the problem in terms of one The Sj(001) sample was first Syton polished and then

domain (2x1). The coherent position ig,=h"/dgg4,
whereh’ is the height of the Ga adatoms above thé(®Bi4)

Shiraki etchetf to form a thin protective oxide layer. It was
then mounted in a strain-free manner on a Mo sample holder

bulklike lattice plane. Due to thermal vibrations, the time-anq inserted into the UHV chamber. After outgassing at
averaged distribution of Ga is smeared out. If the individualgog °C for 12 h, the sample was heated to 900 °C for 10 min
atom has a symmetrical time-averaged distribution about ity optain a clean surface by removing the thin oxide layer.

mean position, the relation between @98 and (004) co-
herent position is simply

Poos=h'/dgos=2Pg04- 3
If the Ga ad-dimer is unbucklddle., parallel to the S{001)

surfacd, the geometrical factors in th@O01] direction are
unity (aggs=agog=1). In the [022] direction the two Ga

.:’ Ga ad-dimer .:‘ Si dimer

O Bulk Si atom

After the sample was cooled down to room temperature with
an initial cooling rate of 100 °C/min, a sharp two-domain
2X1 LEED pattern was then observed. AES showed that
both O and C contamination were below 0.03 ML. With the
sample held at room temperature, Ga was then evaporated
from a Knudsen cell held at 830 °C. This produced a Ga flux
of approximately 0.25 ML/min at the sample surface. The
sample was exposed to the Ga effusion for 90 s. The Ga
coverage was found to be 0.3 ML by using a previously
determined calibration for the Auger ratio of the Ga and Si
peaks. The LEED pattern was<2 after the Ga deposition.
The sample was then transferred into the x-ray chamber
where XSW measurements were undertaken.

The double crystal monochromator at X15A produces a
monochromated and collimated incident x-ray which is di-
rected into the UHV chamber through a Be window for a
nondispersive reflection from the sample. The sample was
held at room temperature by an UHV sample manipulator
(Fig. 3. We performed XSW measurements using the Si
(004), (008), and (022 reflections. For each measurement,
the incident photon energy was tuned to 12.0 keV, which is
above the G& absorption edge. During tH®08 measure-
ment, a 15Qum Al foil was placed in front of the monochro-
mator to attenuate the coexisting 6.0 keV photons from the
(0049) reflection to 1%. While the incident photon energy was

Fic. 2. A side view of the X2 Ga/Si(001) surface structure model. The Ga : ; ;
ad-dimer is on top of the underlying Si dimers with its orientation parallel to Scannedequlvalent to scanning the sample in at)gmrough

Si dimers. Long-dash lines are &l04) lattice planes and short-dash lines the rocking curve, we Simunan.eOUS'y (?OHGC.ted. both the re-
are (008 planes. flected x-ray intensity from a Si photodiode inside the UHV
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TaBLE |. Structural parameters determined (@94), (008), and(022 XSW
Fluorescence g%: measurements for thex2 Ga/Si(001) surface.
Detector
Coherent fraction Coherent position

Double-Crystal (004) 0.61+0.01 0.72:0.01

(008 0.34+0.02 0.58:0.01

White X-ray (022 0.35+0.01 0.910.01
Beam from

IV. RESULTS AND DISCUSSIONS

The measured (004  coherent position is
Poos=0.77=0.01. Therefore, the height of the Ga ad-dimer
above the Si (004 bulk-extrapolated lattice plane
h'=Poo4dp0,=1.04-0.01 A. This measurement is consis-
tent with our previous XSW measurements and the DMol
calculation predicted value fdr'.’
chamber and the x-ray fluorescence spectra from an energy As shown before, the Debye—Waller factor can be deter-
dispersive SLi) detector. Figures(d) and 4b) illustrate ex- mined by Eq.(5), if the ordered fractiorC is constant. To
perimental data for the Si reflectivity and Ga fluores- assure this, we performed tf@04) XSW measurement on
cence yield as well as best fits to the dynamical diffractionthe same surface before and after (@@ measurement. We
theory[Eq. (1)] for the Si(004) and(008) reflections, respec- Were able to obtain exactly the sarfig,, and Pqo, values
tively. Coherent fractions and coherent positions determinedithin the range of error for bottD04) scans. This indicates
from (004), (008, and (022 measurements are listed in that the surface structure and the ordering are very stable
Table I. over a long period of timg¢20—-30 h required by the com-
bined (004 and (008 measurements. Using E@5), we
found that thg 001] thermal vibrational amplitude of the Ga
adatom on the Si001) surface at room temperature is 0.135
+0.01 A. The corresponding Ga ordered fraction was
C=0.74 for this surface preparation.

Chamber

Fic. 3. A schematic drawing of the experimental setup at beamline X15A.

E 1.4 | Gzln Ko i (a)f Prior to this work, temperature dependencies of the coher-
: 12 L 1 ent fraction(«D ) of Ga/Si(111) (Ref. 1§ and As/Si(001)
8 7 ] (Ref. 11 have been measured by XSW methods, which did
.‘é’ 1 r ] not employ higher-order harmonic reflections. These were
2 os | h indirect measurements ofu?) since they did not obtain the
5 ‘ ] absolute value of/(u?) of the adatom on the Si surface.
5 0.6 ¢ B Instead, the value at RT was assumed to be the same as that
% 04 F ] calculated for the Si clean surface at RT. In the initial higher-
E oo | ] order harmonic thermal vibrational amplitude XSW mea-
= o 1 surement the Br/Gé111) was studied in an inert gas envi-
0t - oo T ronment rather than UHV. As a result, the Br coverage and
(10 -5 0 5 10 15 20 25 30

ordered fraction were not as well-regulated as our present
study. This resulted in a much larger uncertainty in the ada-
tom’s vibrational amplitude.

For comparison, Table Il lists measured and calculated
values of,(u?) for clean and Ga adsorbed Si surfaces. Our
measured value of the Ga thermal vibrational amplitude is
12% larger than the calculated value of the(301) clean
surface and 25% larger than that of the($11) clean sur-

Normalized Reflectivity and Yield

TaeLE Il. Measured and calculated thermal vibration amplitudés?) at
room temperature.
0 iU SIS N | e L ‘.
2 4 6 8 10 12 14 BuLk Sion ) Sion . Gaon
0— OB (urad) Si Si (111 Si (001 Si (001
Wuz) (A) 0.075 0.120 0.107 0.135

Fic. 4. Experimental datédots and theoretical curveolid line9 for the

normalized G& « fluorescence yield and Si reflectivityR] vs Bragg re-
flection angled for: (a) the Si(004) reflection andb) the Si(008) reflection.
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“Reference 21.
bReference 22.
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face. In general, one should expect a difference, since Ga hggane and the Ga ad-dimer bond length is found to be 2.58
a different chemical bonding configuration with the Si sur-+0.04 A. These values agree very well with the previous
face. theoretically predicted values for the parallel ad-dimer model
To determine the Ga ad-dimer bond lendgththe geo- in which the Ga ad-dimer is parallel to the underlying Si
metrical factoray,, has to be determined from th@®22  dimer.
measurement using Eq(2). Both experimertt and
calculatiorf® have shown that the anisotropy of the thermal
vibration amplitude on S{001) is rather small at room tem- ACKNOWLEDGMENTS
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