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Abstract 

X-ray standing waves generated by dynamical Bragg diffraction were used as an element- 

specific structural probe for investigating Ga and Sb adsorption on Si(OO1). These high-resolution 

measurements reveal important quantitative structural information regarding the dimerized surface 

structures, and prcvide a stringent test for structural models proposed by various theoretical 

calculations, An overview of the X-ray standing wave technique and its application to surface 

structure and dynamics is presented. 
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I. Introduction 

Investigations of atomic bonding, surface reconstruction, surface dynamics, and growth 

kinetics of group III and V metals on Si(OO1) are important for understanding the initial growth 

stage of III-V semiconductors on Si(OO1) [8,10,22]. Such studies can also provide valuable 

information for other important issues such as surfactant-mediated epitaxy, surface passivation and 

delta-doping layers [ 11,13,23,39]. 
- 

Recently, we have carried out a series of high-resolution X-ray standing wave (XSW) 

measurements for group III and V metals (Ga and Sb) chemisorbed on the Si(OO1) surfaces 

[26,33,34,47]. These measurements, which resolve the atomic structure, bonding geometry, and 

thermal vibrations for these surfaces will be reviewed within this paper. W.e will also briefly 

describe the phenomenology and the methodolom of the XSW technique. 

11. Adsorption of Group I11 and V metals on Si(OO1) 

t 

The Si(OO1) clean surface is known to form a (2x1) dimerized reconstruction that reduces 

the number of dangling bonds on its bulk-truncated surface [41,49]. When group III or V 

elements are deposited on Si(OOl), they form ad-dimers on the surface [3,9,19,3 1,36,48]. 

Depending on, coverage, adsorbate species, deposition temperature and annealing temperature, 

these ad-dimers will reside at different sites on the Si(OO1) surface, have different orientations and 

may (or may not) break the Si (2x1) reconstruction. Figure 1 illustrates possible ad-dimer 

symmetry sites and orientations on the Si(OO1) surface to be considered herein. Although group 

III and V elements both form ad-dimers on Si(OOI), the resulting surface structures are different. 

Sb adsorption on Si(OO1): 

Previous experimental investigations of Sb adsorption on Si(OO1) have applied a variety of 

techniques such as low-energy electron-diffraction (LEED) 18,30,37,42], reflection high-energy 

electron-diffraction (RHEED) 135,361, core level spectroscopy [35,36],  scanninE-tunneling- 
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microscopy (STM) [30,36,37], surface extended X-ray absorption fine structurc (SEXAFS) [37], 

medium energy ion scattering [42] and transmission MeV ion channeling [ 181. I n  addition, the 

stability and structure have been calculated using the first principles molecular cluster approach 

E441 and a total energy slab calculation [50]. It is generally accepted that when Sb adsorption at 

400" C saturates at nearly 1 monolayer (ML) coverage (where 1 ML = 6.78 x 1014 atomskm2 for 

Si(OO1)) Sb atoms form ad-dimers on top of nearly bulk-like Si with the removal of the well- 

known Si (2x1) dimer reconstruction, similar to the behavior of As atoms on Si(OO1) [48]. As 

illustrated in Fig. 1 (right-hand side), the ad-dimers are centered at the hollow site and arranged in 

-.. 

rows, resulting in the (1x2) symmetry. As the pentavalent Sb atoms can form three bonds (and . 

one lone-pair orbital), and the tetravalent, top-layer Si atoms can form four bonds, there are no 

dangling bonds, and the surface is rather passive [ 1 11. The saturation coverage of Sb is somewhat 

less than a full monolayer, ranging from 0.7 to 0.9 ML [42]. The breakup of the rows of dimers 

by defects and the high density of anti-phase boundaries imply a short coherence length for the 

domains of dimerized Sb. This explains the diffuseness and weakness of the half-order spots 

observed with electron diffraction. Nearest neighbor bonding distances of the Sb/Si(OO 1)-( 1x2) 
t 

system have been obtained by SEXAFS [37] and measurements agree with the predicted values 

from theoretical calculations [44,50]. In recent XSW measurements [26], we have precisely 

measured the structure and bonding geometry for the Sb/Si(OOl) saturated surface. In combination 

with the results of the above mentioned SEXAFS measurement [37], the Si surface contraction has 

been determined experimentally. 

Ga adsorption on SilOO1): 

In comparison to group V, the adsorption of group I11 metals on Si(OO1)-(2xl) induces 

different and more complicated surface reconstructions [3,9,3 13. Most of these reconstructions 

occur at coverages less than 1/2 ML. For group 111 adsorption on Si(OOl), the GdSi(001) surface 

has drawn the most attention since it  is a prototype for group I11 metal adsorption on Si(OO1) and i t  

provides valuable information about the initial stage of GaAs epitaxial growth on Si(OO1). Early 

experiments using RHEED (401, LEED and Auger electron spectroscopy (AES) 191 observed five 
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different phases for the GdSi(OO1) surface. These five phases are: (3x2) phase at Ga coverage of 

0.15-0.35 ML, (5x2) at 0.4 ML, (2x2) at 0.4-0.55 ML. (8x1) at 0.7-0.9 ML. and (1x2) at 1 ML. 

Based on these observations, Bourguignon E I  al. proposed an orthogonal dimer model 191 for these 

phases except (8x1). For the (3x2), (5x2) and (2x2) phases with the Ga coverage below 0.5 ML, 

the orthogonal dimer model assumes that Ga grows as ad-dimers on top of the Si (2x1) 

reconstructed surface and Ga ad-dimers are centered at the valley bridge site with the orientation of 

the Ga dimer bond perpendicular to the underlying Si dimer bond as illustrated in Fig. 2. The 

spacing of these Ga ad-dimer rows can be arranged to form (3x2), (5x2), and (2x2) phases at 

coverages of 1/3,2/5 and 1/2 ML Ga, respectively. The underlying Si reconstruction begins to be 

lifted when more than 0.5 ML of Ga is adsorbed on the surface, and, at Ga coverage of 1 ML, the 

Si (2x1) reconstruction is completely removed. In subsequent STM studies [2,28,29] the (3x2) 

and (2x2) Ga/Si(OOl) structures were observed for Ga coverages below 0.5 ML. These STM 

images show that the Ga ad-dimers are located between the Si dimer rows and that the Ga ad- 

dimers grow in rows which are perpendicular to the underlying Si dimer rows. However, there 

were no reported STM observations of the (5x2), (8x1) and (1x2) phases. 
z 

t 

The resolution of the above-mentioned STM measurements was not sufficient to 

distinguish either single Ga atoms within a Ga ad-dimer or the orientation of an ad-dimer. 

Therefore, besides the orthogonal ad-dimer model, the parallel ad-dimer model (Fig. 2) can also be 

considered consistent with the STM images and the LEED patterns. This was posed as an 

alternative solution for the 2x2 AVSi(OO1) surface [31]. Although the two models differ in the 

relative orientations of the Ga and Si dimers, both models have (2x2) symmetry at 112 ML and 

have the Ga ad-dimer located between Si dimer rows at the valley bridge site. 

The orthogonal and parallel ad-dimer models were recently tested by Northrup and co- 

workers [32] with first-principles total-energy pseudopotential calculations for Al, Ga, and In on 

Si(OO1). For coverages below 0.5 ML, their results strongly favor the parallel model over the 

orthogonal model. Recent first principles molecular-cluster (DMol) calculations [33,47] for 

GdSi(001) concur, showing that the parallel dimer model has much lower energy than the 

orthogonal dimer model. A recent impact-collision ion-scattering spectrometry experiment found 
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. -  

that  at low coverage In adsorbed on a viciiiai Si(OO1) surface forms parallel ad-dimers 1431. In a 

recent STM study of the related Al/Si(O01)-(2x2) system, Iroh el 01. were able [o obtain atomic 

resolution images which confirm that AI also forms parallel ad-dimers on Si(O0 1 ) al low coverage 

Pi]. 
From DMol calculations [33,47] the Ga ad-dimer height above the ideal Si(OO1) surface for 

the parallel model is 0.36 A higher than the orthogonal dimer (Fig. 2) .  Although this slight 

difference may be beyond the resolution of most other techniques, the XSW method is ideally 

suited for this type of measurement since it is extremely sensitive to the ad-atom's height. How we 

used XSW measurements to clearly rule out the orthogonal model and confirm the parallel ad- 

dimer model will be described later. In addition, we will also review how we measured the room 

temperature (RT) thermal vibrational amplitude of Ga ad-atoms on the Si(OO1) surface [34]. 

- 

111. XSW Technique 

.. 
Several years after its inception [5,6], the XSW technique was developed into a powerful 

probe for determining the precise lattice location of ad-atoms on single crystal surfaces 

[7,12,14,17]. It combines the advantages of X-ray diffraction, interference and fluorescence 

spectroscopy. Unlike conventional diffraction techniques, which lose the phase information of the 

structure factor, the XSW method measures both the amplitude and the phase of the Fourier 

components. It is also element-specific and has a high precision of typically 1 % of the d-spacing 

of the Bragg reflection employed. 

* 

Based on the von Laue and Ewald theory for dynamical Bragg diffraction of an X-ray 

plane-wave from a perfect single crystal (for a review, see Ref. [43), the interference of the 

coherently coupled incident and Bragg-diffracted plane waves generates an XSW in [5,6], and 

above E121 the crystal, with the XSW nodal planes parallel to and having the same periodicity as 

the diffraction planes. (See Fig. 3.) The phase of the standing wave with respect to the diffraction 

planes shifts by 180" as the Bragg angle 8 is scanned through the arc-second wide total reflection 

region of the Darwin curve. This phase shift moves the antinodal planes of the standing wave 
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and fluorescent yields from any atoms residing within the interference field. Thus. i t  can be shown 

that the angular dependeiie of the normalized fluorescence yield Y(9) from a spatial distribution of 

a specific atomic species near the surface can be described as: 

Y(8) = Yes { 1 + R(8) + 24R(6) f,,.gOS[V(8) - ~KPH] } , (1) 
- 

where R(8) is the reflectivity and v(0) is the relative phase of the diffracted plane wave and YOB is 

the off-Bragg yield. The coherent fraction fc,H and coherent position PH correspond to the 

amplitude and phase, respectively, of the Hth Fourier component of the time-averaged spatial 

distribution of the- nuclei of the atoms (projected into a unit cell). H is the reciprocal lattice vector 

for the (hkl) diffraction planes. Based on the convolution theorem, the coherent fraction can be 

written as the product of three factors [7]: 

--. 

where C is the fraction of atoms at ordered positions, aH is a geometrical factor, which accounts for 

multiple ordered sites, and DH is the Debye-Waller factor. 

For the case of Group III and V adsorption on Si(OOl), the adatoms form symmetric (non- 

buckled) ad-dimers on Si(OO1) and have two equally occupied unit cell positions. (See Fig. 4) 

Although there are (1x2) and (2x1) domains on the Si(oO1) surface due to single atomic steps in 

which ad-dimers are rotated 90" to each other, ad-dimers in these two domains give identical 

positions when projected along the [OOl] or 20223 directions. Therefore, we can analyze the 

problem in terms of a one-domain (1x2) structure. The coherent position is Pm = h / b ,  where 

h' is the height of these ad-atoms above the Si (004) bulk-like lattice plane. Thermal vibrations 

smear the time-averaged spatial distribution of these adatoms. If individual atoms have a 

symmetrical time-averaged distribution about their mean position(s), the relation between the (008) 

and (004) coherent position is simply: 
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If the ad-dimer is unbuckled (Le., parallel to the Si(OO1) surface), the geometrical factors in the 

[OOI] direction are unity ( = -8 = 1 ). In the 20221 direction the two adatom positions have 

inequivalent projections, so that the geometrical factor a p 2  = Icos(~L/2&22)1, where L is the ad- 

dimer bond length. Therefore, the ad-dimer bond length L can be determined as: 
- 

The XSW experiment can also measure thermal vibrational amplitudes of ad-atoms relative 

to the bulk lattice by employing higher order harmonic measurements [7]. The Debye-Waller 

factor can be expressed in terms of the ad-atom's thermal vibrational amplitude 4Ta.s: 
c 

Based on Eq. 2 and 5, if the ordered fraction (C) remains constant during the combined (004) and 

(008) XSW measurements, the thermal vibrational amplitude along the [OOI] direction can be 

determined from the measured (004) and (008) coherent fractions as: 

<uool> =- >;?I& 
foos 

The (004)-(008) XSW combination also determines the ordered fraction ( C )  by the 

following equation: 
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e =  [-] Cm 
foe* L 

IV. Experimental 

The experiments were conducted at beamline X 15A of the National Synchrotron Light 

Source (NSLS) at Brookhaven National Laboratory. The X15A ultrahigh vacuum (UHV) system 

(base pressure - 9 x 10-*1 torr) consists of four coupled chambers allowing sample introduction, 

sample preparation (annealing, sputtering, MBE growth) and characterization (LEED, AES and 

XSW) (Fig. 5). The double-crystal monochromator (Fig. 6)  at X15A produces a monochromated 

and collimated incident X-ray, which is a requirement of the XSW measurement. The X-ray beam 

is directed into the UHV chamber through a Be window and is Bragg reflected by the sample 

which is held by a UHV sample manipulator. The intensity of the Bragg-reflected X-ray beam was 

measured by an in vacuo Si photodiode. The X-ray fluorescence yield is recorded by an energy 

dispersive solid-state detector. (Fig. 6)  In our experiments, a rocking curve about the (hkl) Bragg 

condition was accomplished by scanning the incident X-ray energy (using angular piezoelectric 

drives on both monochromator crystals). This is equivalent to scanning the angle of the sample 

substrate about the Bragg angle 8, and the abscissas of the data are therefore expressed as angular 

deflections. At each (equivalent) angular step, the reflected X-ray intensity and fluorescence 

spectrum .were recorded simultaneously. The XSW technique as well as the experimental 

arrangement at X 15A have recently been extensively reviewed by Zegenhagen [5 11. 

Surface premration: 

To prepare a clean Si(OO1)-(2x1) surface, the sample was first Syton-polished and 

chemically cleaned ex siru using the Shiraki process [20]. It was mounted in a strain-free manner 

on a molybdenum holder and was introduced into the UHV system through the load-lock chamber 

shown i n  Fig. 5. After degassing the sample in UHV, the Shiraki oxide was thermally desorbed 
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when the Si sample was flashed to 900" C for 10 minutes. The sample was thcn cooled to room 

temperature (initial cooling rate = 2.0" C/sec), resulting in  a sharp, two-domain (2x1) LEED 

pattern. AES could de& no 0 and only a small amount of C contamination ( - 0.03 ML ). 

To prepare the saturated Sb/Si(OOl) surface, = 3 ML of Sb was deposited from an effusion 

cell over 10 min with the Si substrate held at 550" C. Since the sticking coefficient for Sb 

adsorption goes to zero at coverages near 1 ML [42], approximately 1 ML Sb was adsorbed on the 

surface. The Sb-saturated surface was further annealed for 5 minutes at 55OoC, resulting in a two 

domain (2x1) LEED pattern with slightly diffuse half-order spots. 

To prepare a GdSi(OO1) surface, Ga was evaporated from a Knudsen cell held at 830°C 

with the sample held at room temperature, resulting in a Ga flux of approximately 0.25 W m i n  at 

the sample surface. We have prepared the GdSi(OO1) surfaces with various Ga coverages @Ga 

ranging from 0.3 to 0.55 ML. For @Ga < 1 ML, the Ga coverage was calibrated to be directly 

proportional to the exposure time, with a relative error of 10%. This calibration was made by using 

the ratio of the Ga to Si Auger peaks, and by comparison of the X-ray fluorescence yield to an ion- 

implanted standard sample having a known Ga areal density. We observed the LEED pattern to be 

(2x2) for all investigated surfaces. We did not observe the (3x2), (5x2) LEED patterns reported by 

previous studies [9]. 

- 

XSW measurements: 

On the saturated Sb/Si(OOl) surface, we performed XSW measurements using the Si (004) 

and (022) Bragg reflections. To do the (022) measurement, the tilt angle x of the sample had to be 

tilted 45" from the [Ool] direction (which is the surface normal) towards the [OlO] direction. (See 

Fig. 4.) We used 6.23 keV X-rays for the (004) measurement, and 6.77 keV X-rays for the (022) 

measurement (both energies are above the Sb L absorption edges). Fig. 7(a), (b) illustrate 

experimental data for the Si reflectivity and Sb L fluorescence yield as well as best fits to the 

dynamical diffraction theory (Eq. 1) for the Si (004) and (022) reflections on that surface, 

respectively . 
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To investigate the Ga dimer orientation and test existing theoretical models, we conducted a 

series of (004) XSW measurements on surfaces with various Ga coverages ranging from 0.35 ML 

to 0.55 ML. To measure the Ga dimer bond length and the thermal vibrational amplitude of the Ga 

ad-atom on Si(OO1) at RT, the Si (004), (022) and (008) XSW measurements were performed on 

the 0.3 ML GdSi(OO1) surface. For each measurement, the incident photon energy was tuned to 

12.0 keV, which is above the Ga K absorption edge. During the (008) measurement, a 150-pm A1 

foil was placed in front of the monochromator to attenuate the coexisting 6.0 keV photons from the 

(004) reflection to 1%. To double check the stability of the surface, we then took another (004) 

XSW measurement immediately after the (008) measurement. The (004), (008) and (022) XSW 

results are shown in Fig. 8(a), (b) and (c), respectively. 

V Results and Discussion 

... The Sb/Si(OOl) surface: 

Substrate Relaxation - 
The coherent fractions (fc,oM7 fC,o22) and coherent positions (Pow7 Po22) shown in Fig. '7 

(a) and (b) are determined by ~2 fits of Eq. 1 to the Sb L fluorescence data. The measured value of 

Pow = 1.21 2 0.01 indicates that the Sb ad-dimer height h' = Po04 &W = 1.64 k 0.02 A above the 

Si(OO4) bulk-like atomic planes. 

In a SEXAFS experiment, Richter et al. [37] measured the bond lengths for this surface 

system, finding a Sb-Si bond length of 2.63 5 0.04 A and a Sb-Sb bond length of 2.88 * 0.03 A. 
Assuming a symmetric dimer geometry, the SEXAFS values imply that the Sb ad-dimer resides 

1.74 k 0.05 A above the surface Si plane. Our XSW measurements indicate that the center of the 

Sb ad-dimer is located 1.64 & 0.02 above the Si (004) bulk-extrapolated lattice planes. 

Therefore, we can conclude that at room temperature the top layer Si atoms on the saturated 

Sb/Si(OO1)-(2~1) surface are relaxed inward by 0.10 si: 0.05 A. 
The Si surface relaxation for this surface system was also measured to be 0.09 _+ 0.07 A by 

an ion channeling method [ 181 and was predicted by the first-principles cluster calculation of Tang 
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er a[. [44] to be 0.05 +_ 0.05 A. These results agree very well with our xS\!’ I i l e a S L l l - ~ i r m t .  Our 

result is also consistent with the pseudopotential calculation [48] of the relaxation of the As- 

terminated Si(O0 1 )  surfaie (0.09 A), which should exhibit a relaxation comparable to the present 

case. 

Dimer Geometry 

To describe the geometry of symmetric Sb dimers, we need to specify the Sb-Sb bond 

length L in addition to the height of the dimer bond above the surface. As shown before, we can 

determine this quantity using Eqs. 2 and 4, if we know the Debye-Waller factor (or the thermal 

vibrational amplitude ) for the Sb adatoms. For our calculations here, we will assume the thermal 

vibrational ampjitude of Sb on the Sb/Si(001)-(2~1) surface at room temperature to be isotropic 

and equal to 0.12 If: 0.02 A. This agrees with the theoretical prediction calculated for the clean 

Si(OO1) surface El], and is close to the room-temperature value inferred indirectly using XSW for 

the case of As/Si(OO1)-(2~1) [l5]. Using this .I<uH2, value, the Debye-Waller factors are Do04 

= 0.82 * 0.04 and Do22 = 0.91 & 0.02. Eqs. 2 and 3 then lead directly to a value of the Sb-Sb 

bond length L of 2.81 L- 0.09 A. Note that this value is shorter than that measured by SEXAFS 

[37]. Calculated Sb bond lengths are also somewhat larger, namely 2-93 A f: 0.05 A [a] and 

2.96 A [50]. The XSW result is in good agreement with that determined by ion channeling (2.8 +, 

0.1 A) [lS], however. 

- 

The above calculation of the Sb dimer bond length from the XSW measured values is based 

on the structural model which assumes that the Sb dimers are centered with respect to the 

underlying substrate and parallel to the surface. However, it was recently reported that on the 

Sb/Ge(OOl) surface the mid-point of the Sb dimer was shifted along the bond direction by 0.16 A 
[24]. Our value of bond length L of 2.8 1 _+ 0.09 A has been calculated assuming no such shift . If 

we assume the SEXAFS value of L (2.88 A) to be correct and allow a midpoint shift, our results 

would imply that the ad-dimers have a midpoint shift of 0.21 2 0.10 A. Additional Fourier 

components (e.g. (044) and (066)) are needed to uniquely determine the correct values for these 

parameters. 
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Although it is not possible for us to conclude on the basis of the present data alone urhich 

of the allowed points in the family of shifted solutions is correct. we favor thc s.mmctric-dimers 

model (Le., no shift), ba;ed on its simplicity and on chemical reasoning. Thus. we compare the 

structural parameters derived in this study under the assumption of symmetric dimers with 

previous theoretical and experimental studies of this surface system (Table 1). Our value for the 

bond length L barely agrees within experimental uncertainty with the value measured by SEXAFS 

1371 or predicted by calculations 144,501. Our value is, however, in good agreement with that 

determined by ion channeling [18]. In our study, the principal contribution to the relatively large 

uncertainty (0.09 A) in the dimer bond length comes from our uncertainty in assuming a value for 

the Sb thermal vibrational amplitude. In the future, we will use higher-order harmonic XSW 

measurements on this surface as we did on the GdSi(OO1) surface 1341 to determine additional 

Fourier components of the atomic distribution to determine which of the structural models 

consistent the present data is the correct one and to reduce uncertainties in the Sb-Sb bond length 

measurements 
c 

Besides Sb, XSW experiments have also been made on other group V elements (namely As 

and Bi) adsorbed Si(OO1) surfaces. To summarize structural results for the group V metals (As, 

Sb and Bi) adsorption on Si(OOl), we list values of the dimer bond lengths and the dimer heights 

measured by XSW experiments [15,16,26] and calculated by cluster calculations [44,45,46], as 

well as covalent radii for As, Sb and Bi in Table 2. The measured dimer bond length of group V 

elements correspond with their covalent bond length and the height of the dimer shows an increase 

with respect to the size of the element. The XSW measurements also have good agreement with 

theoretical predictions. 

The GdSi(OO1) surface: 

Duner orientation 

c l 

AS shown in Table 3, XSW experiments consistently measured the Ga ad-dimer height 

above the Si(400) bulk-like atom plane of h' = P4m.d4m = 1.03 k 0.02 A on the GdSi(OO1)- 

(2x2) surface with Ga coverages ranging from 0.35 to 0.55 ML. To demonstrate the sensitivity of 

our XSW measurement to the change in Ga height, lve  compare in Fig. 9 the (004) XSW 
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cxperimental Ga Kcr fluorcscence yield from the 0.55 ML surface and our best f i t  to Eq. 1 with the 

yield curves based on h' values predicted by the parallel and orthogonal lnodel of DMol 

calculations 133,471 as well as the parallel model of Ref. [32]. For this comparison, the ordered 

fraction was set at the value that was determined from the best fit (C = 0.66). It can be easily seen 

in Fig. 9 that our XSW experimental curve is in excellent agreement with that based on the parallel 

model of DMol calculations, and in complete disagreement with the orthogonal model which only 

differs in height by 0.36 A. Furthermore, although the predicted curve by the parallel model of 

Ref. 1321 is in rough agreement, the sensitivity of the XSW measurement can easily discriminate 

the two theoretical predictions. Therefore, our high-resolution XS W measurements provide direct 

evidence for the Ga ad-atoms forming parallel dimers on the Si(OO1) surface at coverages below 

0.5 ML. Most recently, H. Sakama et al. (381 studied the GdSi(OO1)-(2x2) surface using the 

tensor LEED method. Their experiments confirm our experimental results as well as theoretical 

predictions. The Ga dimer bond length (2.62 A) and the dimer height above the ideal surface ( 1.02 

A) that they determined are in excellent agreement with our measurements. As a comparison, 

Table 4 tabulates &e XSW and the tensor LEED 1381 measured Ga dimer height as well as the 

predicted values for the orthogonal dimer model and the parallel dimer model by the 

pseudopotential [32] and DMol[33,47] calculations. 

.-. 

From Table 3 it is interesting to note that as the Ga coverage was increased from 0.35 h4L 

to 0.55 ML, the Ga ordered fraction C reduced from 0.85 to 0.63. Thus the resulting ordered 

coverage C 'OG~ remained constant at = 0.33 ML. This feature, along with the constancy of the Ga 

ad-dimer bond length and height over this range of coverages, indicates that under the given 

growth conditions only one ordered structure is formed and that Ga in excess of = 113 ML is 

disordered and presumably forms Ga clusters. The fact that our highest ordered coverage is below 

the ideal value of 11'2 ML is consistent with STM images [28,2,29] which show vacancies, missing 

ad-dimer rows and antiphase domains. With the XSW technique, one can sense not only ad-atoms 

forming ordered structures but also disordered ad-atoms. 

Thenmd vibmrioncrl amplitudes 
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As shown in  Eq. 6. the Debye-Waller factor can be determined from fooj and foes i f  the 

ordered fraction C is constant. We were able to oblain exactly the same foal and Po04 values 

within the range of error for both (004) scans taken before and after the (008) measurernent. This 

indicates that the surface structure and the ordering are very stable over a long period of time (20- 

30 hours) required by the combined (004) and (008) measurements. With measured coherent 

fractions foo4 = 0.61 k 0.01 and fO08 = 0.34 k 0.02 and using Eq. 6, we found that the [OOl] 

thermal vibrational amplitude of the Ga ad-atom on the Si(OO1) surface at room temperature is 

0.135 _+ 0.01A. From Eq. 7 the corresponding Ga ordered fraction was C = 0.74 for this surface 

preparation. 

. 

- 

For comparison, Table 5 lists measured and calculated values of d-for clean Si and 

As, Ga adsorbed Si surfaces [25,1,15]. Our measured value of the Ga thermal vibrational 

amplitude is 12% larger than the calculated value of the Si(OO1) clean surface and 25% larger than 

that of the Si( 1 1 1) clean surface but in a good agreement with that of the As/Si(OOl) surface. 

As stated by Eq. 3, the (008) coherent position should be ideally twice the (004) coherent 

position (up to modulo 1). Our measured value = 0.58 f 0.02 is slightly (0.04) larger than 

that predicted from the (004) value. The (008)determined h' value is 0.03A higher than the (004) 

value. Although this difference may not be appreciable for most structural techniques, it is near the 

limit of the XSW uncertainty range. From the present data, we do not have sufficient information 

to fully interpret this reproducible feature in our measurement. The most probable cause is an 

asymmetry in the bonding potential which causes the Ga ad-atom time-averaged spatial distribution 

to be asymmetrical in the [Ool] direction. In future temperature-dependent studies, we will more 

thoroughly explore the sensitivity of the higher-order harmonic coherent position to this 

anharmonicity effect. 

Dimer bond length 

z 

To determine the Ga ad-dimer bond length L by Eq. 4, the geometrical factor has to 

be determined from the (022) measurement using Eq- 2. Both experiment 1151 and calculation [27] 

have shown that the anisotropy of the thermal vibration amplitude on Si(OO1) is rather small at 

room temperature. Lacking a (044) XSW measurement we will assume that the Ga ad-atom has 
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the same thermal vibration amplitude along both [00 11 and 10221 directions. ‘Therefore, the RT 

(022) Debye-Waller factor is Do22 = 0.9 1 .  With the measured (022) coherent fraction of f022 = 

0.35 k 0.01 and the ord&ed fraction of 74 5% determined for the 0.3 ML surface, the Ga ad-dimer 

bond length L is determined to be 2.58 k 0.04 %, based on Eq. 2 and 4. The value of L predicted 

by cluster calculation (L = 2.65 k 0-05A [47]) and by pseudo-potential calculation (2.63A [32]) are 

in good agreement with our measurement. 

VI. Conclusion and Outlook 

X-ray standing wave high-resolution structural measurements for Ga and Sb adsorbed on 

Si(OO1) surfaces reveal important structural insights such as the ad-dimer orientation and bonding 

geometry as well as thermal vibrational amplitudes. With the advent of brighter synchrotron 

radiation sources such as the Advanced Photon Source and the European Synchrotron Radiation 

Facilities, more demanding experiments, such as in situ surface studies, studies of surface 

dynamics, or experiments of studies with only trace coverages, or kinetics of surface 

transformations will become feasible. 
.T 
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Figure Captions 

Figure 1. A schematic rop view of the Si(O01)-(2xl) reconstructed and (1x1) relaxed surfaces 

with different possible adsorption sites and orientations for group 111 and V ad-dimers based on 

symmetry. 

Figure 2. A top view and a side view of the parallel and orthogonal ad-dimer models for the 

Ga/Si(001)-(2x2) surface structure. The ad-dimer heights above the Si(O0 1)  ideal surface shown 

in this figure are those predicted by the DMol cluster calculations [33,47]. 

Figure 3. X-ray standing wave field generated by 2-beam dynamical Bragg diffraction from a 

perfect single crystal. 

Figure 4. A side view of the group III and V adsorbed Si(OO1) surface ad-dimer model. The Si 

(W), (022) and (008) diffraction planes are represented by different dashed lines. The solid line 

represents the height of the relaxed Si(OO1) surface. h is the ad-dimer height above the ideal 

Si(OO1) surface, Az is the inward relaxation of the top Si layer, and L is the ad-dimer bond length. 

Note that the ad-dimer bond does not lie in the plane of the figure. 

Figure 5. A top view of the UHV system at NSLS beamline X15A of Brookhaven National 

Laboratory. 

\ 

Figure 6. A schematic drawing of the XSW experimental setup at X15A. 

Figure 7. The experimental and theoretical angular dependence for the X-ray reflectivity and 

Sb L fluorescence yield for: (a) the (004) reflection and (b) the (022) reflection. 
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Figure 8. Experiinental data (dots) and theoretical curves (solid lines) for the normalized Ga K a  

fluorescence yield and Si reflectivity (R) versus Bragg reflection angle 8 for: (a) the Si(004) 

reflection, (b) the Si(003) reflection and (c) the Si(O22) reflection on a 0.3 ML GdSi(O0 1)-(2x2) 
.. 

surface. 

Figure 9. Experimental data and theoretical curves for the normalized Ga K a  fluorescence yield 

and Si reflectivity (R) versus Bragg reflection angle 0 for the Si(004) reflection for the 0.55 ML 

GdSi(OO1) surface. Note that Ref. [47] parallel model predicted yield curve is indistinguishable 

from the best fit . The inset shows the [I 101 projected side view of the GdSi(OO1) parallel ad- 

dimer surface model. The model shows the Si atoms as open circles and Ga atoms as filled circles. 

The dashed lines represent the (004) diffraction planes in the inset. 
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Tab I es 

ClusteF Slab (LDA)b Ion ChanLc SEXAFSd 
L (4 2.93 +_ 0.05f 2.96 2.8 2 0.1 2.88 k 0.03 
h (A) 1.73 1.70 1.74 & 0.05 

h’ (A) 1.68 1.63 +_ 0.07 

TABLE 1. Theoretical-and experimental values of structural dimensions for the 1 ML 2x1 

Sb/Si(OOl) surface. L is the Sb ad-dimer bond length. 11 and h‘ are the height of the Sb ad-dimer 

relative to the Si(OO1) surface atomic plane and the Si(004) bulk-like atomic planes, respectively. 

Az represents the inward relaxation of the top layer Si(OO1) atoms. 

xswe 
2.81 2 0.09 

1.64 f 0.02 
Az = h-h’ (A) 0.05 k 0.05 0.09 _+ 0.07 

a Ref. 1441. 

bRef. [ S O ] .  

Ref. [l8]. 

Ref. [37]. 

e Ref. [26]. 

. 

0.10 k 0.05 

Table 2. The XSW measured and theoretically calculated dimer bond length L and height h’ as 

XSW 2rc,, Theory 

As 2.58a 2.40 2.52d 
Sb 2.81b 2.80 2.93e 
Bi 2.96C 2.92 3.16f 

L (A> (A) L(A> 

well as the covalent radius r,,, for group V elements. 

XSW Theory 

1.402 1.37d 
1.68b 1 .64e 
1 - 8 O C  1.73‘ 

h (A) W(A) 

a Ref. [15]. 
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h Ref. [ X I .  

C Ref. [ 161. 

Ref. 1451. 

e Ref. [MI. 

f Ref. 1461. 

L (A) 
h (A) 

TABLE 3. (004) XSW measurements on GdSi(OO1). O G ~  : Ga coverage; h': Ga aa-dimer 

Parallel Model Orthogonal Model Tensor LEED xsw 
Ref- [47] Ref. E321 Ref. [47] Ref. [32] (Ref. [38]) (Ref. [34]) 

2.65 2.63 2.64 2.50 2.62 2.58 k 0.04 
1.05 0.92 0.69 0.60 1.02 1.05 f 0.02 

height relative to (400) bulk-extrapolated atom planes; C: Ga Ordered fraction. 

TABLE 4. Theoretically calculated and measured structural parameters for the Ga addimer on the 

Ga/Si(001)-(2x2) surface: L is the bond lengths of the Ga ad-dimer, and h' is the height of the Ga 

dimer above the bulk-like Si(OO4) surface atom plane. 

TABLE 5. Measured and calculated thermal vibration amplitudes d-at room temperature. 
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Bulk Si on Si on As on Ga on 

Si Si(l11) b Si(OO1) c Si(001) Si(OO1) 
d q , & )  0.075 0.120 0.107 0.14 0.135 

l! 1 

a 

b,c 
- 

d 

v- 1 .o 

Ref. [25] 

Ref. [l] 

Ref. (151 
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