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Abstract

The study of the atomic structure of surfaces and interfaces is a fundamental step in the
knowledge and the development of new materials. Among the several surface-sensitive
techniques employed to characterise the atomic arrangements, grazing incidence x-ray
diffraction (GIXD) is one of the most powerful. With a simple data treatment, based on the
kinematical theory, and using the classical methods of x-ray bulk structure determination, it
gives the atomic positions of atoms at a surface or an interface and the atomic displacements
of subsurface layers for a complete determination of the structure. In this paper the main
features of the technique will be briefly reviewed and selected examples of application to
semiconductor and metal surfaces will be discussed.

1 - Introduction

The knowledge of the atomic structure of surfaces and interfaces of two-dimensional

systems, such as thin films, is important both from fundamental and technological point of

views. The chemical and electronic properties, for instance, are mainly governed by top layer

and interface structures. Moreover, the development of sophisticated crystal growth and thin

films deposition techniques, e.g. molecular beam epitaxy (MBE), chemical vapor deposition

(CVD), sputtering deposition and electrochemical deposition, has increased the request of a

detailed understanding of growth processes. Surface structures which occur during the

growth may influence significantly the resultant interface structures and the growth process

itself.

Surface studies generally require experimental techniques which are not very

penetrating. Numerous structures have been investigated by electron-based techniques, such

as low energy electron diffraction (LEED) or reflected high energy" electron diffraction
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(RHEED). Other studies have been performed by scanning tunneling microscopy (STM) and

medium energy ion scattering.

X-ray diffraction is a well known technique for determining the structure of bulk

materials. It is a non destructive technique and the weak interaction of x-rays with matter

makes it possible to use a single scattering, kinematical description, which allows a

straightforward data analysis. The weak interaction implies that x-rays penetrate matter very

deeply, nevertheless x-ray diffraction can be a surface-sensitive tool as well, when used in the

grazing incidence geometry. In fact, grazing incidence x-ray diffraction (GIXD) combines

Bragg diffraction with the optical phenomenon of total reflection and the penetration of the x-

ray beam can be reduced to few atomic layers.

Since the scattered intensity from a surface is about five orders of magnitude less than

from a bulk crystal, the measurements require very intense x-ray beams. For this reason, the

advent of high-brilliance synchrotron radiation sources has lead to a great improvement in the

field of structural studies of thin films surfaces and interfaces and a large variety of systems

has been studied; for reviews, see Refs. [1-3].

2 - Grazing incidence x-ray diffraction

For x-ray wavelengths of about 1A and relatively light materials, the penetration of the

x-ray beam is limited by photoelectric absorption to a depth of microns. However, the

penetration can be reduced to few atomic layers in the grazing incidence regime, using the

refractive index effects. Since the refractive index of x-rays is slightly less than unity, total

external reflection of x-rays is possible for incident angles smaller than the critical angle ac

(typically < 0.3°).

The refractive index // is a complex quantity, given by

« = 1 - 8 - iJJ, (1)

where 5 is given by

5 = (X2e727imc2)SJNJ (Z, + f/) , (2)

P is given by

p = (^2e2/27tmc2)SJNJfJ" , (3)
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Zj and Nj are the atomic number and the number of atoms respectively, of species j and f/ and

f/' are the real and imaginary parts of the atomic scattering factor. 5 and (3 are positive

numbers of the order of 10'5 to 10'6.

The critical angle is given by

cos ac = 1 - 8 . (4)

From Fresnel equations [4] it is easy to show that, for a; < ac, the penetration is limited

to the top few angstroms; here, we simply show in figs. l(a)-l(c) the x-ray reflectivity, the

transmission coefficient and the penetration depth, given by the Fresnel equations, as a

function of the incident angle and for various values of the ratio (3/8, i.e. taking into account

different absorption conditions (for a detailed discussion see ref. [5]).
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Fig. 1 - (a) Reflectivity, (b) transmissivity and (c) penetration depth of x-rays as a function of

oti and for various p/5 ratio.
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From the figures, it is evident that the total reflection condition enhances the surface-

sensitivity by up to a factor 4. In this way the signal from the surface can be detected.

In practice, however, it is not easy to keep the incident angle constantly at the same small

grazing value and sample alignment problems could affect the measurements. Thus, it is

preferable to work with incident and exit angles that are twice or three times the critical

angle.

The surface-sensitivity can be enhanced by keeping the exit angle af at grazing values as

well, since refraction effects also take place when the diffracted beam leaves the sample [6].

3 - Scattering geometry

The scattering geometry of GIXD experiments is shown in Fig. 2. The incoming x-ray

beam impinges on the surface with a small grazing angle a;. The specularly reflected beam is

detected at the same angle in a symmetric geometry, while the scattered x-rays are detected at

an in-plane scattering angle 20 and an out-of-plane angle at- with respect to the sample

surface. If a; and at- are both small, the momentum transfer q is mainly in the surface plane,

thus allowing the determination of the in-plane atomic correlations. If either a-, or af is large,

the perpendicular component of q is not negligible anymore and both the in-plane and the

out-of-plane correlations are determined.

incident beam

diffracted beam

"specular beam

Fig. 2 - Scheme of GIXD geometry.
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The diffraction pattern of a 2D system in reciprocal space, is no longer a set of Bragg

spots, as in 3D diffraction, but extent out of the reciprocal plane of the surface as Bragg rods,

due to the lack of periodicity in the normal direction (see fig. 3). If the surface is an ideal

monolayer the intensity profile of the rods is almost a continuos function of perpendicular

momentum transfer. If the structure is relaxed or contains more than one layer, 3D effects

will lead to an intensity modulation along the Bragg rods.

z A

• • •

real space: 2D kill ice reciprocal space: Bragg rods

Fig. 3 - Scheme of 2D lattice and its diffraction pattern, an array of Bragg rods.

Other rod like features that are observed by surface x-ray diffraction are the Crystal

Truncation Rods (CTRs), which are rods of scattering due to the abrupt termination of the

crystal at the surface [7]. These rods interfere with the Bragg rods, due to the surface

structure, and this interference effect can be used to determine the registry of atoms involved

in surface reconstaiction with those of the substrate. CTRs are also very sensitive to the

surface morphology.

4 - Experimental apparatus

As already mentioned, the high brilliance of synchrotron radiation sources is generally

required in GIXD experiments, to achieve detectable signal counting rates. Some problems
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may be studied using rotating anode x-ray sources as well, but the flux is at least 4 or 5 orders

of magnitude small. The experimental apparatus can be very complicated, as the

diffractometer is generally coupled to an ultra high vacuum (UHV) chamber for sample

preparation. Moreover, the UHV chamber can be equipped with surface analytical tools,

such as LEED, Auger spectroscopy, etc.

The difFractometer should allow the reciprocal space exploration and the measure of the

rods up to high values of the perpendicular momentum transfer. This has been achieved using

four, five and six circle diffractometers. Details of these instruments and of beamlines settings

can be found in refs.[l,2,8],

5 - Reconstructed surfaces and surface crystallography

When a surface reconstructs, the surface atoms tend to rearrange themselves, with the

formation of new bonds, in order to reduce the energy associated with the surface. The new

bonding configuration is generally different from that of the bulk atoms, leading to a novel

symmetry for the surface unit cell. This change in direct space periodicity corresponds to a

change in the diffraction pattern in reciprocal space, with Bragg rods occurring at fractional

order positions.

As an example, a 2x1 surface reconstruction is shown schematically in Fig. 4. In this

reconstruction the top layer atoms rearrange themselves and the resulting surface unit cell

doubles the one in the bulk. The diffraction pattern consists of Bragg peaks (solid dots),

connected by the CTRs and half order rods due to the 2x1 reconstruction.

The fractional order rods are peculiar features of the reconstructed surface, since there

is no contribution from the bulk at those positions. The intensity modulation along these rods

depends on the number of subsurface layers involved in the reconstruction. Therefore, the

measure of intensities as a function of perpendicular momentum transfer, i.e. along the rod,

allows the determination of a full 3D structure of the surface.

In a GIXD experiment the diffracted intensity is measured in rocking scans, by rotating

the sample and/or the detector through the surface Bragg rods, keeping the perpendicular

momentum transfer, qz (qz = 2K/c), constant. To obtain the out-of-plane structure the

measurement is repeated at different values of qz. For each reflection the integrated intensity

— 250 —



is calculated and background subtracted. These intensities are then corrected for the

polarization effect (if the scattering plane is horizontal), for the variation of the surface area

contributing to the scattering and for the Lorentz factor.
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Fig.4 - Example of a 2x1 reconstruction in (a) real and (b) reciprocal space. The continuous

lines are the integer order rods connecting bulk Bragg peaks, dotted lines represent

fractional order rods, due to (2x1) reconstruction.

The integrated intensity is proportional to | Fhki 12, where Fhki is the structure factor,

given by

Fhkl = Ij fj exp[27ti(hxj + kyj + lZj)] exp (- Bj q2 /I6K2) , (4)
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where fj are the atomic scattering factors, Bj the isotropic Debye-Waller parameters, q the

momentum transfer and Xj, y_j, Zj the atomic fractional coordinates. The sum is over all the

atoms of the unit cell.

6 - Data analysis

The techniques of 2D crystallography for analysing a reconstructed surface are

fundamentally the same as those of 3D crystallography. In fact the concept of Patterson

function, difference Fourier map, etc. may be applied to the 2D structure determination as

well [8]. Starting from the experimental structure factors, the content of the unit cell has to

be determined. Usually the model of the structure is known from other techniques and,

therefore, one can calculate the structure factors according to that model and make a

comparison with the corresponding experimental values. If the starting model is unknown,

the first step of the analysis is the calculation of a 2D Patterson autocorrelation function [9],

defined as

P(x,y) = Ihk I Fhk |
2
 COS2TC (hx/a + ky/a), (5)

where the sum is over all the measured intensities and a is the lattice parameter.

In 3D systems this sum gives the pair correlation function and shows exactly the

interatomic vectors; in a 2D Patterson map the peaks are identified with interatomic vectors

as well but, being the set of observations finite, the information obtained has limited

resolution.

The next step in the structure analysis is the least-squares refinement of the model, by

fitting the observed structure factors to those calculated from eq. (4), according to the

proposed model. The goodness of the fit is given by an agreement factor, the reduced %2,

defined as

X2 = (N-PylZ(Fobs- |Fcalc |)2/Za2, (6)

where N and p are the number of independent measured reflections and of the independent

parameters used in the fitting procedure, respectively. Fobs and Fcak are the observed and the

calculated structure factors and o is the statistical error of the measurement.
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7 - Examples

In the last years, there has been a rapid, increase of papers on GIXD studies, also

allowed by the availability of synchrotron radiation sources and dedicated beamlines with

sophisticated UHY chambers for the growth and deposition of high quality films. A lot of

problems have been already solved by this technique in several exciting fields, such as

epitaxial growth, phase-transitions, studies of Langmuir-Blodgett films, amorphous films,

biological macromolecules on solid substrates. Some examples, concerning semiconductor

epitaxial films and metal films on semiconductor substrates are reported in the following

sections.

7.1 - Semiconductor films

A detailed understanding of the mechanisms involved in the epitaxial growth of

semiconductor films is of fundamental importance for its technological implications. The

following example will illustrate some structures of GaAs(OOl) films obtained in

organometallic vapor phase epitaxy (OMVPE). The GaAs(OOl) surface has been studied

extensively but, in the case of OMVPE growth, x-ray diffraction has played an important role.

In fact, the growth process takes place in a near atmospheric environment where the UHV

surface-sensitive techniques, LEED, RHEED, etc., cannot be used. For a recent review of

these experiments see ref. [10].

GaAs(OOl) presents several reconstructions, depending on the surface stoichiometry

and the growth conditions. We measured two of them, the c(4x4) [11] and the p(2xl) [12]

structures, grown in an As-rich environment.

The c(4x4) reconstruction showed a diffraction pattern with a 2x2 symmetry. The

structure analysis started assuming a known model; in fact, our data were consistent with a an
i

As-rich c(4x4) structure already reported in a previous x-ray diffraction experiment [13].

According to this model, the top layer As atoms form dimers arranged in ordered six-atoms

clusters, with a c(4x4) geometry. The agreement was good, as shown in fig. 5, where the

calculated intensities are compared to the measured values. The inset in the figure shows the

model used in calculating intensities.
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Fig. 5 - Measured (solid) and calculated (open) intensities in the (hkO) plane for the c(4x4)

reconstruction. The bulk Bragg reflections are indicated by *. The inset shows a top

view of the model used in calculating intensities.

The p(2xl) structure was measured in a subsequent experiment, still in an As-rich

environment. In this case, the diffraction pattern showed a 2x1 symmetry and no intensities

were detected in the c(4x4) positions. The structure was solved ab-inilio, calculating the 2D

Patterson function from the experimental integrated intensities, according to eq. (5). A

contour plot of the derived Patterson is shown in Fig. 6..

0 4 8
d [ 1 1 0 ] ( A )

Fig. 6 - Patterson function generated from measured integrated intensities at 2x1 positions.

The peaks are numbered for comparison with the model in fig. 7
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All of the peaks in the Patterson can be shown to correspond to interatomic vectors in a

simple dimerization model, reported in fig. 7, in which atom shifts from bulk positions are

confined to the upper two layers.

o • o • o • o

o • o • o
Fig. 7 - Reconstruction model used in calculating scattering intensities for the c(2xl)

structure.

The integrated intensities were calculated on the basis of the model, applying some

constrains in the fit procedure, i. e. the reconstruction was restricted to the upper two layers

(both assigned to be As), the As-As bond length between the first and the second As layer

was set equal to the bulk value and a surface coverage of 0.75 was assumed (this last

constrain arises from CTR measurements). The result of the fit is shown in fig. 8, where the

measured integrated intensities are compared to the experimental values.

240 440

220 220

000

Fig. 8 - Comparison of measured (filled) and calculated (open) integrated intensities,

according to the model of fig. 7.
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7.2 - Metal films on semiconductors

The following example will illustrate the structure determination of a metal/

semiconductor system, the Sb-induced (2x1) reconstruction on Si(OOl). The system has been-

investigated for one monolayer Sb coverage and the three-dimensional structure of the

reconstructed surface has been determined [14]. The Si(OOl) clean surface, prior to the Sb

deposition, was also characterised by x-ray diffraction. It showed a disordered 2x1

reconstruction with proves of higher order reconstructions, either p(2x2) or c(4x2) [15].

Upon deposition of one monolayer of Sb the Si dimers are broken apart and the Sb atoms

themselves dimerise, giving rise to a (2x1) surface periodicity.

The experimental structure factors were fitted to the values calculated from eq. (4),

assuming two possible models, with symmetric or asymmetric Sb-Sb dimers, respectively.

The best fit was achieved with the symmetric dimer model, with atomic displacements down

to the fifth layer and led to %2 = 1.72. Fig. 9 shows the comparison between the
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Fig. 9 - Experimental structure factors for the most intense measured rods. The lines have

been calculated using the model reported in fig. 10.
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structure factors and those calculated for the symmetric dimer model, for the most intense

fractional order rods.

Fig. 9 is an example of the intensity modulation along the rods, as a function of the

perpendicular momentum transfer, due to subsurface displacements. It is possible to estimate

from the period of oscillation (in r.l.u.) the number of layers involved in the reconstruction.

Here, the period is approximately 1, corresponding to one direct space cell, which is the depth

of the reconstruction.

In Fig. 10 a schematic drawing of the best fit model is reported, with the directions of

the atomic displacements indicated by arrows. The Sb-Sb dimer bond length in the final

structure was 2.85 ± 0.03 A and the Sb - Si bond length 2.66 ± 0.08 A. These values are in

good agreement with the corresponding ones found in a standing waves experiment [16].

Sb

Si

Fig. 10 - Structure of the Sb-Si(OO 1)2x1 reconstruction projected in the (x,z) plane. The

arrows shows the directions of the atomic displacements.

8 - Conclusion

X-ray diffraction is a powerful tool to determine the atomic structure of surfaces and

interfaces. The main advantage with respect to other surface techniques is the simplicity of
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data analysis and the accuracy in determining the atomic positions. Moreover, x-ray

diffraction allows the determination of the full 3D surface structure, including the distortions

induced in the subsurface layers. No emphasis has been given here to the study of film

interfaces. This is also a promising field for its potential technological applications and x-ray

diffraction can help to solve many problems regarding, for instance, interfacial bonding,

roughening and adhesion.

The availability of new high brightness synchrotron radiation sources will also lead to a

greater number of applications in the future.
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