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Abétract

Equipment modifications at the Lawrence Berkeley Laboratory (LBL)
Rutherford backscattering facility, including the addition of avhigh
precision goniometer, have been made to enhance the performance of
channeling experiments. The angular divergence of the alpha particle
beam was also reduced to <0.05° by improving the collimation. To
demonstrate improved channeling capability angular scans were performed
about the <100>, <110>, and <(11il> éxial channels of a 3400 A (100)
silicon membrane. Both the minimum yield, Xmin’ and the critical
éngle, wg,'were consistent with accepted values. A preliminary
investigation of the lattice location of cobalt on the (100) silicon
surface was undertaken. Approximately 4.5 x 1015 Co atoms/cm2 were
electron beam depositea on a 3900 A, HF etched silicon membrane in a
- system using oiless pumps. Preliminary channeling data taken
approximately one month later indicated a preferred site for
appro*imately 16% of the cobalt atoms. Channeling data obtained six
months later with<the new goniometer showed no evidence for a preferred

site. Room temperature oxidation between experiments was observed and

is thought to have affected the location of the cobalt atoms.



Acknowledgements

I am grateful to Professor Jack Washburn for his guidance,
enéouragement, and generosity of time. It has:been a pleasure to work
under his supervision and support. I am also thahkful to Professar
Nathan Cheung for his guidance, insight, and expertise in channeling. I
appreciate Professor Eicke Weber's interest in this work and am thankful
for his suggestions and participation on my thesis committee.

The LBL staff associated with the Rutherford scattering facility
are Joe Jaklevic; Bill Searles, and graduate student Kin Man Yu. I am
thankfulrfor the part each of these individuals have played in the
¢ompletion of thig work.‘ Kin deserves a special thanks for the many
hours he has aided me in.obtaining channelingvdata. Two other
colleagues of mine, Gary Atkinson and Wing Leung, have provided valuable
assistance in the preparation of the thin membranes used in this work.

My wife Lapra deserves a special thanks for her excellent job of
preparing the manuscript.

This work was supported by the Director, Office of Energy
Research, Office of Basic Enérgy Sciences, Materials Science Division of

the U.S. Department of Energy under Contract Number DE-AC03-76SF00098.



Table of Contents

Page
Introduction . . . . . . . . .. T e e e e e e e e e e e e 1
1.1 Fundamental Scattering Concepts . . . . . . . ¢« .. .. 2
1.2 Chanheling .......... e 7

1.3 Lattice Location of Impurity Atoms in Bulk Crystals . . 11

The LBL Rutherford Backscattering Facility . . . . . . . . . 18
2.1 Previous Experiments using Channeling . . . . . . . . . 19
2.2 Improved Apparatus for Channeling . . . . . . . . . . . 20
2.3 Demonstration of the Modifications. . . . . . . . . . . 25
Lattice Logcation of Cobalt . . . . . . . . « ¢« v « v « v o . 30
3.1 Lattice Location of Surface Atoms . . . . . . . . . . . 32
3.2 Experimental. . . . . . . . . . .. oo .. S 77
3.3 Results . . . . . . ... e e e e e e e e .. .35
3.4 Discussion . . . . . . . .. J 42
Conclusions. . . . & & ¢ ¢ v 4 @ v v 4 4 o« o e e e e e e . 45
Refefences . ; ....................... 47

ii



1. Introduction

Rutherford‘backscattering spect:ometry (RBS) employs MeV ions to
_probe the near surface region of solids. In the usual energy range of
0.1fto 5 Mev, the light probing ions will createvlittle damage to the
sample and can provide.quantitative information due to the well known
scattering cross section and the empiricai data on energy loss in
solids. Applicetions include the heasurement of tﬁe'thickness and
stoichiometry of thin films, the study of reaction kinetics of thin
films, and the identification of surface elements.. A schematic
illustration of thevcomponents needed in an ion scattering exheriment
are bictured in Figure 1. A-given ion specie, such as 4He+, is
accelerated and directed toward the seattering chamber by the acceler-
ator and bending magnet.‘ The ion beam is collimated after the bending
magnet and enters the chamber striking the sample. As the helium ions
penetrate the'sample they lose energy via interaction with electrons.
vMost of the ions come to rest in the sample causing the sample to become
"charged. Actually the charge does not accumulate in the sample but is
collected, thereby allowing one to determine how many ions have struck
the sample. A small fraction of the helium ions undergo a large angle
scattering event sending them baek eut ofAthe crystal with a variety of
energies depending on the scattering mass and the energy lost in the
sample. The fraction of such backscattered ions falling within the
solid angle of the detector are collected. The resulting charge in the
detector is amplified and processed in the counting electronics. The

resulting spectrum consists of a plot of the yield or number of detected
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Figure 1. Elements of an ion scattering facility.

ions vs. the energy of the ions. An example is given in the next

section after the fundamental concepts of scattering are introduced.

1.1 Fundamental Scattering Concepts

There are three essential concepts necessary to understand a
backscattering spectrum.l The kinematic factor gives the energy with
which the ion recoils after a collision with a lattice atom. It is
defined by the relationship E1,= KE0 whereE0 is the initial ion

Aenergy and E1 is the ion energy after the scattering event. The
interaction can be described by the elastic scattering of particles
where the lattice atom is stationary with respect to the high velocity
ion. Hence, the kihematic factor may be found from conservation of

energy and mdmentum. It is a Function of the scattering angle and the

ratio of the ion and scattering atom masses. Figure 2 illustrates the
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Figdre 2. Dependence of the kinematic factor on scattering angle and
scattering atom/ion masses. M; for He = 4

dependence for some of the elements of interest in this study. fhe
kinematic facior and thus the scattered energy is larger (at all
scattering angles o) for largér scattering atom masses. Thus, if one
had a backstattering spectrum with a variety of peaks at different
energies corresponding to elements at the surface of a sample, one could
use the kinematic factor to match the peaks to the elements present.
vOne can also see from Figure 2 that the resolution of masses will be
maximized at a scattering angle as ciose to 180° as passible since the
difference in the kinematic factor and hence, the difference in the
‘scattered energy bétween masses is greatest there.

Whereas the kinematic facfor describes the energy of the scattered

ions, the scattering cross section describes how frequently a collision



occursithat results in a scattering event at an angle ©. Since the
scattering cross section has the dimensions of area, one can picture
each nucleus presenting an area do/dQ to the beam of incident ions.

To determine the scattering cross section, a model for the force acting
during the elastic collision must be postulated. The Rutherford
scattering cross section assumes a Coulombic interaction potential
between two bare nuclei. This is appropriate for describing large angle
scattering events in which the impact parameter is smaller than the

aHe+

radius of the inner shell electrons. Furthermore, for 1-2 MeV
ions one need not worry about nuclear reactions which occur at higher
energies. The differential scattering cross section under these

conditions is given by:

| 2 |
do _ [2,2,e%) 4 (01 - (M/M,)sin0)°]* + cose)?

da 4E sin’e [ - ((Ml/Mz)sine)z]%

where Z refers to atomic number, M to Mass, E to energy, o to
scattering angle, and the subscripts 1 and 2 refer to the incident ion
and scattering atom, respectively. 'Knowing the scatteringvcross section
enables one to convert spectral peak areés to areal densities
(atoms/cmz) and to calculate atomic compositions from area and

| scattering cross section ratios.

Unlike the rare occurrence of a large angle.nuclear interaction,
ions are éonstantly losing their energy primarily through interactions
with electrons of the target material. Since detected ions scatter from
various depths within a sample, one must understand the energy loss of

the ion into the material before the scattering event and the energy
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loss out of the material before being:detected. Theoretical models of

energy loss (or dE/dx loss), although not capable of providing good

numerical values, show that it depends on the incident energy of the

ioﬁs as well as on the atomic density, atomic number, and other
parameters of the scatteringAatom. These models, along with empirical
data, provide energy loés values which have an accuracy of approximately"
5%. For heliuh ions in the 1 Mev fange, however; the energy loss is
relatively independent of the ioﬁs' incident energy. This enables one
to convert the energy scale of the backscatte:ing'specirum to a depth
scale rather easily. For example, if one assumes a Constant value for
dE/dx along the inward and outward paths (although not the same value!)
one can easily write the relationship between the detected energy 5

1
and the depth of scattering x as:

+ 1 dE
in cos e2 dx

K dE

E (%) = KE; - 56 o, dx

out

where el'is the angle between the sample normal and the ion beam
direction and 62 is the angle between the sample normal and the
detector. This enables one to readily calculate the thickness of thin

films with a depth resolution ranging from 30-200 A depending on the

-values of o, and.o,.

1 2
Figure 3 illustrates these fundamental scattering concepts. The

backscattering spectrum consists of the yield or total number of
detected counts piotted against the energy of the detected ion
(sometimes expressed as the channel number of the multichannel

analyzer). This spectra corresponds to a thin layer of barium fluoride

on the back surface of a_silicon membrane. It should be noted that the
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Figure 3. Example of a backscattering spectrum.

crystal is partially channeled (see next section) although that is not
important in the present discussion. The high energy silicon édge is
given by the kinematic factor. The barium and fluorine peaks shift to_
lower energies due to energy loss of the beam in the silicon. The
thickness of the silicon membrane may be calculated either from the
width of the silicon signal or from the shift in energy of the barium
peak. Both calculations require knowledge of the energy loss behavior.
.The result is a thickness of 4300 +100 A. Scattering cross section
ratios are used to calculate the thickness of the BaF2 layer (foﬁnd to
be =100 A) and to verify that the layer is stoichiometric Ban.
Finally, the increase in yield of the silicon signal at lower energies

is a general feature abserved 1n'backscattering spectra of thicker

layers. It is due to the inverse relation of the scattering cross



section on energy. As the ions penetrate the sample they lose energy,

the scattering cross section increases, and the yield increases.

l.é Channelin

The backscattering spectrum from a single crystal randomly oriented
with respect to the beam (or from an-amorphous sample) differs greatly
from that when the ion beam is aligned with a low index crystallographic
direction of a single crystal.2 Figure 4 shows the large decrease in
yield and the small peak (called the surface peak) located ai the high
energy edge both characteristic of an aligned spectrum. Channeling is
this orientational dependence of the yield. One might expect this type
of behavior from an inspection of a ball and stick model of a crystal as
in Figure 5. Channeling, however, in addition to a purely geometrical
effect is more completely describedlby correlated.small angle scattering

3 In a randomly oriented crystal, as the incident ions

events.
penetrate deeper within the crystal, the flux distribution of the beam
remains the same at each atom. In other words, the distribution of
impact parameters of the ions is no different at one atom than another
as a function of depth. Therefore, scattering events deeper within the
crystal are uncorfelated with the scattering that has preceeded it.
Conversely, in the case of an aligned single crystal, the impact
parameter distribution is uniform only at the uppermost atomic layer.

At the surface (modeled by the abrupt termination of rows of atoms) more

than 90% of the incident ions have impact pafameters greater than 0.1 A.

At such distances the ions experience a screened Coulomb potential due
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Figure 4. Random and <110) chahneling spectra.

to the electrons surrounding the nuclei and are scattered through small
angles into the channel between the rows of aioms. The two uppermost
atoms of one such row are pictured in Figure 6.‘ The distributionvof
impact parameters at the second atom in the string is influenced by the
small angle scattering events that take place at the first atom.

| Namely, a minimum impact parameter exists below which no ions can go.

- This was not the case at the first atom. At the second atom, another
small angle scattering event occurs which influenées the scattering'at
the third atom and so on. As the ion moves along the string of atoms it
undergoes a gentle sequence of scattering events, steering it away from
the string. The ion's trajectory oscillates between atomic rows with a

wavelength of several hundred angstroms. The beam is at all

P
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Figure 5. Random and <110> axial channel direction in the diamond cubic
structure.

times prohibited from occupying regions 0.1 A from the atom rows. This
effect is called shadowing because subsequent atoms along a row are
shadowed from the ion beam by the uppermost atoms. At depths of
0.1-1.0 ym equilibrium is reached and the flux distribution is
concentrated at the center of the channel. This is called flux
peaking. In summary, channeling involves correlated small angle
scattering events leading to a non uniform flux distribution.

Two other types of interactions at the surface of an aligned crystal
should be mentioned. A small number of ions have impact parameters
small enough to scatter through large angles. These ions give rise to
the surface peak as seen in Figure 4. The remaining small fraction of
the beam is scattered through ;arge enough forward angles that they
cannot be confined to the channels. This portion of the beam is called

the random fraction.
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Figure 6. Two atom model showing formation of the shadow cone.

There are many applications of the channeling technique. Before
discussing one particular application (the lattice location of impurity
atoms) in detail, it would be profitable to mention other types of
channeling studies. One important use of channeling is to analyze
crystalline quality. Unlike the shadowed host atoms in a single
crystal, the channeled fraction of the beam may interact with defects
and amorphous regions within a crystal. These ions are scattered out of
their channeled trajectories. Some of the ions will be scattered
through large enough angles to be detected while others are scattered
out of the channel through small forward angles. This latter occurrence
is called dechanneling. The dechanneled ions can now interact with the
host atoms as in a randomly aligned crystal, and the scattering yield

increases dramatically. Damage due to ion implantation,



recr&Stallizationvafter annealing, and the lattice matching quality of
epitaxial systems'are‘exambles of this type of investigation.

Anothef set of applications involves analysis of either the surface
peak or, in the case of interfacial phenomena, the interface peak. As
was mentioned earlier, the surface peak arises from interactioh of the
ion beam with the surface in the case of an aligned single crystal. If
one c0nsiders.the surface to be distorted in some way relative to the
structure of the bulk, then it follows that in different oriéntations
the surface peak would reflect those changeS. The' same holds true at
the interface between two crystals. Tﬁe qﬁantitative analysis of the
interface peak allows for determination of the amount of disordered
atams. Hence, one example of its use would be in studying the
réactivity of interfaces. Examples of surface investigations include
reconstruction (displacement of atoms in the'plane of the surface),
relaxation (diéplacement of atoms nOrhal fo the surface), and adsorbate

induced surface structures.

1.3 Lattice Location of Impurity Atoms in Bulk Crystals

The .determination of the latticevlocation of impurity atoms with
respect to the host lattice has been a popular apﬁlication of the
channeling technique. One reasﬁn for this is thé critical importance
that the locatidn of impurities in solids have on structural,
electrical, and dptical characteristics. For example, studies on the
substitutional fraction of dopants in semiconductors after ion
implantation have been important in understénding electrical properties

of these materials. Another reason is the scarcity of other techniques

11
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which can supply this information. Channeling, however, has its
limitations. It is best suited for studying impurities with high aiomic
numbers in samples of low atomic number. Furthermore, impurity

concentrations in the range of 10l9 - 1020

atoms/cm3 are
necessary; It is important to realize that although the sensitivity for
detecting elements is below this level, the beam damage associated with
a lower concentration sample may be significant. For example, it has
been shown that arsenic atoms in silicon can be displaced off
substitutional sites with typical beam doses. Finmally, it is possible
to determine lattice locations as close as 0.1 A to a substitutional
site with an accuracy of 0.1 A pnder favorable conditions.a

. One beginé a lattice location experiment by precisely aligning the
crystal with the ion beam. This is usually done by tilting the crystal
about 7° off axis and rotating through 360° while Observihg the count
rate coming from the near surface area (~5000 A) of the crystal. As
planar channels are encountered the count rate drops off. The
rotational position of the planar channels are recorded and a polar plot
is generated. Additionally, the planar chanhels may be identified by
the magnitude of the decrease in yield. The polar plot provides both
the location of the axial channel and the crystallographic information
necessary for tilting to othef ma jor crystallographic orientation. An
example of a polar plot is shbﬁn in Figure 7 along with the
stereographic projection for comparison.

Once the desired orientation is located, the lattice location

. experiment proceeds by monitoring the signals from the impurity and

lattice location atoms as a function of tilt angle. Beginning at a tilt



120°
/110

100} X100

90

1 80/
IR

2 70

. 3_

Tilt 4 110 60
5—T120 40,7750
—— | %

200 10 Rotation

XBL 847-10745

Figure 7. <001 polar plot and stereographic projection.

of ~2° to one side oF.the orientation, one tilts in increments‘of
0.1-0.2° through the axial channel to a position‘~2°'on the other

side. Care should be taken to avoid tilting into one of the planar
channels as this wouid modify the yield. The direction of the tilt is
indicated by the dotted line in Figure 7. At each of the tilt settings
a backscattering spectrum is accumulated. Since the ion particle
distribution within the channel is a function of depth, it is simplest

to monitor the yield of the impurity and lattice atoms at the same depth

within the crystal. From this data one plots an angular scan, a plot of

the normalized yield of both the impurity and lattice atoms on the
ordinate against the tilt angle on the absicca. The normalized yield is
~ simply the yield at a given tilt angle divided by the yield obtained in

a random orientation. Figure 8 shows the relationship between the

13
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Figure 8. Relationship between individual spectra and an angular scan.

individual energy spectra and the anguiar scan. Figure 8a shows two
backscattering spectré, one at a random orientation and one 0.3° away
from the aligned position. The data in.Figure 8a provides one data
point on each of the angular scans shown in Figdre 8b. Two quantiiies
characterize the angular scan: the hinimum yield, Xmin’ and the

half angle, wx; The minimum yield is the normalized yield at 0.0°
tilt and the half angle is the half width at half maximum of the dip.
‘The half angle is a measure of the critical channeling angle which is
the maximum incident angle for which incident particles are steered by
the atomic rows into_channeling trajectories. In the following
discussion X will be called the critical angle although it is to be

understood that it is only a measure of it.



- The shape of the angular scan-and its importance in a lattice
location experiment hay be understood readily with reference to
Figure 9. The {110} plane of the diamond cubic sfructure is
pictured together with a substitutional and a tetrahedral interstitial
impurity. Angular scans corresponding to threé ma jor crystallographié
directions are shown. The dip characteristic of the lattice atoms
results from shadowing. At small tilt angles the yield from lattice
atoms is greatly reduced due to the channeling effect. As the tilt
angle increases the atomic rows are imperfectly shadowed from the beam,
and the yield increases. At angles of approximately 26 the ions have
too great a transverse kinetic energy to become channeled at all and the
yield corresponds to £hat of random orientation. Hence, in all major
crystallographic directions the angular scan of the lattice atoms will
have a similar appearance, with slight differences in Xmin and
w%_depending on the orientation. Just like a lattice atom,
substitutional atoms are shadowed at smallitilt angles with a
‘corresponding decrease in yield. Hence, the angular scan qf a
substitutional impurity shows a large dip similar to that of the lattice
atoms in terms of both Xmin and W% for all orientations. If all
the impurity atoms occupy substitutiohal sites, then the angular scan
will exactly match that of the lattice atoms. Next, consider the
interstitial impurity. Along the <001> and <(111> directions it is
shadowed by the lattice atoms, and one sees a dip in the angular scan.
The magnitudevof the dip depends on the percentage of impurity atoms
occupying this site. The width of the dip will bé the same as for the

host atomé'if all the impurities are located exactly at the

15
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Figure 9. Angular scan for host;‘substitutional impurity, and
tetrahedral interstitial impurity in the diamond cubic
structure.



interstitial site. If a fraction of them are located just off the
interstitial site, WX will be reduced. The interstitial position is

not shadowed in the <110> direction. In this case no dip in the angular
scan wili be seen. In fact, due to a concentration of the particle flux
toward the  center of the channel, one often observes an increase in
yield as shown in Figure 9. Therefore, it is possible to distinguish
between impurities occupying substitutional sites and those located at
interstitial positions by a qualitative comparison of angular scans
about major axial channels. In the diamond cubic or zinc blende
‘struetures the angularlscan about the (110> axial channel most readily
distinguishes between the substitutional and interstitial site. This
process of site differentiation by analyzing the results of angular
scane about a variety of different crystallographic directionslis called
triangulation. Lattice site determination of more complex cases, such
as nearly substitutional impurities, is aided by angular scans from many

orientations including planar channels.

17
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2. The LBL Rutherford Backscattering Facility

The Rutherford backscattering facility at the Lawrence Berkeley
Laboratory (LBL) has previously been used for routine backscattering
measurements such as characterization of thin films in terms of
thickness and stoichiometry, as well as some channeling measurements.
The facility uses a Van de Graaff accelerator to accelerate helium or
occasionally hydrogen ions. Typically 1-2 MeV, singly charged helium
ions are used in scattering experiments; The terminal voltage stability
is #500 evV. A 90° bending magnet is used to separate thevdesired'
ionized specie from other unwanted beam components. Two more bending
magnets route the alpha particles thrdugh the beam line to the
scattering chamber. In previous experiments two collimators within the
- chamber limited the beam divergence to half angle of ~1°. Samples are
mounted to a goniometer which is controlled manually outside the‘

- chamber. A silicon surface barrier detector is typically mounted about
10 cm from the sample at a scattering angle 6f 170°. 1Inside thé chamber
there is a preamplifier. The rest of the counting electronics are.
outside the chamber. The output leads to a multichannel analyzer on
which one sees the yield versus channel number spectra mentioned earlier.

The focus of this thesis is on the modifications to the apparatus
such that channeling measurements may be done with more precision and
more routinely. 1In this chapter previous channeling experiments will be
discussed, the major improvements to the equipment will be described,
and the enhanced channeling capability will be demonstrated. The

following chapter will then describe a lattice location investigation.



2.1 Previous Experiments Using Channeling

Although channeling meaéurements have been made at LBL in the past,
they have been quite limited. The prior experiments involve the
characterization of damage structures khich result from ion
implantation5 or analysis of those which persist after thermal6 or
‘laser annealing.? In these experiments the channeling data has been
used to show qualitative agreement with data obtained from transmission
electron microscopy (TEM). Attempts were made td exploit theA
quanitative possibilities of RBS to measure the mean depth and width of
damaged layers.5 The quanitative data gleaned from TEM was used as
the standard by which various methods of interpreting the chanheiing
data were judged. In another related experiment a qualitative
investigation was made of the relationship between dechanneling and
various damage structures.8 Three dimensional dislocation networks
and fine point defect clusters were FoUnd ﬁo cause significant
dechanneling while a sample with a density of 4.5 x 1010 cm'2
dislocation loops did not produce measurable amounts of dechanneling.
Thus, previous use of the channeling facility did not involve:

e alignment along other axiél or planar channeling directions than

the cut orientation of the crystal
- small, precise tilt moveménts about a channeling direction, as in
an angulaf scan
e a calibrated system capable of giving quantitative information

such as the areal density corresponding to a peak in the spectrum

19
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Although one would not expect investigations of disorder to involve the
later two elements, it is surprising that other orientations,
particularly planar directions, were not attempted. Picraux, et al.9
has suggested that planar channeling might be more useful in determining
the depth distribution of dislocations than axial channeling. This is

due to the fact that the dechanneling cross section, for point

ob,
'defects and dislocations is a function of wx.lo .In particular,
o ~ wx'l for dislocations. Hence, the relative increase in

the channeling yield from the planar orientation will be greater than
that of the axial case because wx is smaller for planar

orientations. Nevertheless, the central point of this section is that
up until now the channeling experiments at LBL have been limited to

alignment along the cut orientation of a crystal.

2.2 lmproveggﬁgparaths for Channeling

There are two essential components for channeling measurements. The
most important piece of equipment is a high precision goniometer (sample
manipulator). The goniometer should have at least three axes: two for
angular rotations and one for translation. The axes of rotation may
either be both perpendicular to the beam, as well as being mutually
orthogonal, or one of the rotational axes may be parallel to the beam.
In the later case, the rotational movement about the beam axis must be
capable of rotating 360°. The rotational movements with axes
perpendicular to the béam must be able to tilt far endugh that all
deSired orientations may be obtaihed. Hence, one would usually want the

extent of tilt to be approximately 60°. The precision of the rotational



movements must be <0.05°. Performing an angular scan is the most
demanding type of channeling measurement. One is often interested in
taking data at 0.1° intervals. However, at orieqtations off the cut
orientation of the crystal, angular scans are combinations of both
rotational movements. Hence, it is often the case that to move a 0.1°
increment, an individual rotational axis will be moved 0.07°. The
necessary feature of a goniometer is that it must be able to rotate the
sample in a single direction in precise steps, éach step being the same
magnitude as the last. Therefore, the absolute accuracy of the movement
is nof so much of a conbern as is its linearity. If one thinks that one
is stepping by 0.1° increments Qhen actually the increments are only
0.09°, the error can be easily detected and compensated for with
referénce to a known value of wx, for example. However, if while
stepping by 0.1° increments one was moving sometimes by 0.05° and other
times by 0.15°, then uncertainty due to nonlinearity is introduced which
cannot be corrected for. So it is important to have as high a readout
resolution as possible (~0.01°) and a precision of movement which
certainly must be <0.05° and more on the order of 0.02°. Translation is
important for moviné the beam spot to different areas on the sample. It
is possible to do this in some systems by steering the beam instead of
translating the sample, in which case only a two a#is goniometer is
required. Assuming one needs a translation stage, its most important
%éature is that its motion be-uncoupled to the rotational mdvements,
such that when the sample is translated no change in orientation of the
sample occurs. Likewise, the two rotational motions should not be

coupled. Although in principle coupled motions could be compensated for
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once they were adequately characterized, it would be very“difficult to
perform an angular scan away from the cut orientation (where both |
rotational movements are being incremented by small amounts) due to
backlash error. Other desireable features of the goniometer include a
design which allows one to detect particles scattered at grazing angles
(just greater than 90°) and second, to detect transmitted particles (say
at @ = 70°) in the case of thin crystal samples. The former case is
useful in applications where maximum depth resolution is required while
the latter is essential for transmission channeling experiments.

In past years a modified X-ray diffraction goniometer was used for
channeling experiments. It had five axes of movement including two
tran§lational motions and three rotational movements. The rotational
axis coincident with the beam could rotate at least 360°. Of the‘other
two axes one was capable of tilting approximately 55° while the other
‘was restricted to about 30°. The precision of the rotational movements
was reported to be +0.05° and to be independent. However, at the time
of this investigation the rotational motion whose axis parallels the
beam was found to be coupled to the.other rotational movements.
Furthermore, its precision was much worse than +0.05°. The state of the
goniometef could not be brought back to the original specifications. 1In
summary, this goniometer could be used to align crystals at the cut
orientation and perform an angular scan, but angular scans at tilted
orientations were not possible to obtain. Further, the design of the
goniometer allowed for neither grazing exit angle measurements nor for

transmission scattering experiments.



For these reasons a three axis, high precision goniometer was
acquired from Custom Goniometer Systems. The goniometer is configured
with two rotatiohal motions, one whose.axis is parallel to the beam, and
oﬁe translational motion. The two rotational motions rotate
continuously beyond 360°. The readout resolutioh of the rotational
axes is 0.01° and their precisioh.is much better than 0.05°. Also the
backlash errdr (~0.1°) is much smaller than that of the previous
goniometer. Most importantly, the three axes are independent. These
features allow one to carry out channeling angular scans at any desired
orientation. Futhermore, the sample mounting area is designed such that
both grazing angle detection and transmission méésurements are
feasible. Although these features were not used in the present work
they add important flexibility to the system For_Futuré work.

At the beginning of the section it was mentioned that channeling
- measurements . involved two important combonents--the second is beam
collihation. Poor beam collimation causes an increase in the yield at
channeling orientations due.to increased deéhanneling. One may estimate
the magnitude of this effect by examining an angular scan as in
Figure 9. 1If one likens a divergent beam to a crystal slightly
miéoriented with respect to the beam, one sees that a beam divergence of
~0.25° causes a factor of two increase in yield. The increase in
yiéld will actually be smaller since this estimate assumes all particles
are misoriented rather than a fraction of them as in a divergent beam.

A beam divergence of ~0.05° is usually considered a good compromise
between the benefit in decreasing beam divergence and the accompanying

decrease in beam current on the sample.
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Prior to the present work, all collimation was done.within the
scattering chamber. With this arrangement the beam divergence could be
limited to a half angle of ~1°. It may be the case that the beam
divergence was limited by other aspects of the beam steering and
focusing system since reasonable values of Xmin could be obtained.
Nevertheless, these conditions might change from one run to another
depending on the operating variables such as the beam energy, the beam
focus, and the settings of the various bending magnets. For the sake of
accufacy and consistency an upstream collimator was installed and
aligned. Oue to the limited amount of beamline between the last
switching magnet and the scattering chamber, the second collimator had
to be placed within the chambér. The collimators prbvide a half
divergence angle of <0.05° and limit the beam size to a diameter of
0.75 mm.

Another useful modification to the system was the addition of a
single channel analyzer (SCA) to the counting electronics. The SCA
allows one to monitor the yield from just the surface portion of the
spectrum. This signal was then fed to the existing ratemeter with its
recorder output driving a meter readout near the goniometer. This was
useful in obtaining polar plots since the decrease in yield associated
with the planar channels was much more apparent when only this portion
of the spectrum was monitored. It is dechanneling that causes the yield
to increase at greater depths, making the signal less sensitive to
orientation effects. |

A new secondary electron suppréssion system was also developed. It

was previously described how the beam current is monitored by collecting



current from the sample. One of the largest sdurces of error in this
measurement results when secondary electrons are ejected from the
sample. If these electrons do not return to the sample, it appears that
more helium atoms have struck the sample than actually have. Hence,
some system of céusing these electrons to return to the sample must be
devised. Work began before the new goniometer arrived in order to
increase the consistency of our measurements. Originally a magnetic
faraday cup arrangement was used. fhis system was'replaced by a
cylinder biased to -900V surrounding the goniometer to repel the
electrons back to the sample or goniometer. More consistent scattering
yields were obtained by this method. When the new goniometer arrived a
sihilar electrostatic suppression system was. implemented. |
Finally, the layout of the scattering chamber was completely
reworked to allow for greater flexibility and accuracy in the
‘positioningvof_detectors and other components. Furthermore, the entire
base plate was made electrically isolated from the rest of the chamber

to eliminate ground loops.

2.3 Demonstration of the Modifications: Silicon Angular Scans

To show the improved capacity of the LBL Van de Graaff facility for
doing channeling experiments, angular scahs about the <100>, <110>, and
<{111> directions of thin (100) siliconlmehbranes were performed. This
is an appropriate demonstration since it involves alignment at
orientations other than the cut orientation of the crystal, precision
tilting about each of these axes, and allows'For'comparison with known

results. It should be emphasized that the angular scans at the <110>
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and ¢(11lL> orientations are particularly meaningful since each increment
of tilt involves a combination of movements of both rotational axes.
This is in contrast to the <100> angular scan which is executed usiﬁg
only the rotational movement whose axis is perpendicular to the beam.
The angular scans are shown in Figure 10 and the vaiues of Xmin and
wx which characterize them are given in Table 1. 1In all cases care
was taken in choosing the scan direction to avoid planar channels. The
silicon signal was taken from the upper 1000 A or less of the membrane.
The values of Xmin and ¢% may be compared with those calculated
from the following expressions which are empirical fits to computer

11 12

simulations. The axial critical angle is given by:

_ h
¥y = 0.8 FRs (1.2 ul/a) 0.307 (Z1 ZzlEd)

where FRS is proportional to the square root of the continuum Moliere

potential, u, is the one dimensional rms vibrational amplitude, a is

1
the Thomas-Fermi screening radius, E is the ion energy (in MeV), and d
is the atomic spacing along the axial direction (in A). The axial
minimum yield is given by:12

x i = 18.8Ndu? (1 + (w%d/126u1)2]%

where N is the atomié density. The results of these expressions are
compared with the experimental data in Table 1, which also gives the
results on a (110> angular scan at 1.5 MeV which is not shown in

Figure 10.
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Figure 10. <100>, <110), and <111» silicon angular scans.
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Y _ Xmin

Accepted Accepted
E(MeV) Experimental Value Experimental Value
<100> 1.5 0.48 0.50 0.059% 0.030
110 1.5 0.63 0.61 0.056+ 0.021
<110 1.75 0.56 0.5 0.057** 0.021
(11D 1.5 0

.53 0.53 0.074++ 0.026
*  Xmin = 0.038 at an undamaged position, and after background
subtraction xpin = -031.

**  xmin = 0.038 at an undamaged position, and after background
subtraction xpin = -030.

+ xmin = -048 after background subtraction

.059 after background subtraction

t+  Xmin

Table 1



The comparison of experimental and accepted values is very good for
the critical channeling angle. The values for Xmin were uniformly
higher than expected. There are two reasons why this occured. 1In a
prior experiment some discontinuities in the angulaf scan were
introduced when the sample was translated. In these measurements a
trade-off was made to remain at one spot on the sample in order to
obtain a smooth, continuous angular scan. Beam damage of the sample was
partially responsible for the inflated Xmin values. In two cases an
aligned spectrum was obtained at an'&ndamaged position. The minimum
yield was in much better agreement in these cases as shown in Table i.
The other contributing factor was background counts from an unknown
source which grew larger as energy decreased. An estimate of the
background was obtained for all cases. Background'subtraction led to a
significant decrease in Xmin® although this correction is not as
large as that due to beam damage. In summary, it has been demonstrated
that it is possible to align single crystals at a variety of

orientations and perform accurate angular scans.
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3. Lattice Location of Cobalt

Much is known about the behavior of transition metals in bulk
silicon including their location.31 These elements diffuse
interstitially in silicon at elevated temperatures with high
diffusivities. Both Electrdn Paramagnetic Resonance (EPR) and Mossbauer
.Spectroscopy show that upon quenching to room temperature Co, Ni and Cu
atoms do not remain in unperturbed interstitial sites. The interstitial

32,33 A small amount

cobalt atoms form complexes or precipitate out.
of substitutional Co forms when interstitial Co reacts with Si
vacancies. This is valuable background information for the following
study of cobalt located at the Co-Si interface.

The increasingly demanding requirements of integrated circuit
technology has resulted in a great deal of study of metal-silicon
* interactions. Examples include the intérest in lower resistivity gate
metallization (to minimize RC delay as linewidths are decreased) and the
fabrication of reliable ohmic and rectifying contacts. Silicides
(metal-silicon compounds) have many desireable properties including low
resistivity, high temperature stability, and high resistance to
electromigration.13 Two areas of ongoing inquiry are the‘prediction

of Schottky barrier heightla’15

16

and of the first silicide compound to
form. For both of these questions a more detailed description of

the metal-silicon or silicide-silicon interface is desired. Recently
the importance of an interfacial layer has been postulated by various
investigators. Experimental evidence for the existence of an interface

17

layer is difficult to obtain. Ottaviani et al. have proposed that

the interfacial layer will control Schottky barrier height, - To

»



- demonstrate this they discuss a correlatiop between ¢b and the
eutectic tempefature which is considered to be an interfacial property
exhibiting the influence of the interfacial layer. Théy were not able
to'défine the extent, structure, of composition of the layer. Tu18

has proposed a mechanism to explain the lbw temperature (100-200°C)
reaction between silicon and near noble metals conéisting of
interstitial metal atoms in the silicon crystal. The interstitial atoms

~transform the silicon covalent bonds at the interface to metallic bonds,

and high interface mobility may be achievéd. The' region of near noble

metal interstitial atoms in silicon may be considered as a model of the

interfacial layer. The work of Cheung and Mayer19 has provided
expefimental evidence for such a model in the case of the Ni-Si

20

interface. Walser and Bené“" have discussed a method predictihg the

first compound to nucleate based on the existence of a glassy or

21 have presented evidence

amorphous interfacial layer. Bené et al.
for the ekistence of this glassy layer for the Co-Si system.

The investigation presented here was uhdertaken to see if further
information on the Co-Si interface could be obtained by studying the
lattice location of cobalt on the silcon (100) surface. Experimental
. data was obtained both before and after the new goniometer was added to
the system. The.différences between this type of lattice location study
and that of impuritieé located in bulk samples will be discussed in the

next section.
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3.1 Lattice Location of Surface Atoms

The techniques previously described‘for a lattice location study are
not applicable to studying surface impurities on a thick crystal. The
beém would encounter the surface atoms first, obviohsly, before any type
of channeling effect of the beam could take place. The establishﬁent of
shadowed regions has been discussed as a necessity for lattice location.
experiments. Neverthelgss, there are two methods that can be used to
determine the lattice sites of impurity atoms at the surface. Van Der

Veen et al.22

have described a technique which 1s'tapable of
investigating monolayer or submonolayer impurity coverages on thick
samples. The technique uses ions accelerated in thg medium energy range
(50 « E0 ¢ 200 keV) which are incident along channeling directions of
the crystal and a movable detector which can be brought into alignment
with the channeling directions of the crystal as well. Figure 11 gives
én example of the side view of the surface region with a fraction of a
monolayer of impurity atoms present. Of interest is how the sﬁrface
scattering of the host atoms is shadowed by the impurity atoms. The
shadow cone denoted "a™ results from the shadowing of the surface
.scattering from the first host atom in the string while the cone marked
_ "b" results from scattering from the second atom along the row. The
characteristic of an angular scan (meaning in this context moving the
detector, thereby changing the scattering angle) is the reduction in
yield which occurs when the detector is aligned with the shadow cone
radius. In.the same manner as was previously described, triangulation

is used to identify the impurity site. Monte Carlo computer simulations

can be used to generate angular scans for comparison to the
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Figure 11. Scattering geometry for surface étudies,by double alignment.

experimental daia to test various possible locations. Other than the
equipment needed to perform this type of experiment (ultrahigh vacuum,
electrostatic or magnetic analyzer for better resolution, etc.), it is
important to realize that this type of experiment is not applicable to
impurity coverages greater than one monolayer since a well defined
shadow cone is required.

An alternative method of investigating the lattice location of.
surface atoms (and the one used iﬁ this study) involves the use of

membranes several thousand anstroms thick.19

The beam is incident on
the impurity free side first. As the beam penetrates through the-
membrane flux peaking is estaﬁlished. It then interacts with the
impurity atoms on the back side of the mémbrané; is scattered back

through the membrane, and is detected. Hence, the principles for this
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experiment are the same as for a bulk location study. The only
difference is the experimental detail of ysing a membrane thin enough
that the beam can penetrate through it and the scattered particles
refurn back out to the detector. For this type of experiment it is
possible to use more than a monolayer of impurity atom coverage. One
must be aware though, that as the impurity coverage increases the
portion of the signal corresponding to atoms occupying preferred sites
at the surface diminishes. Hence, there is an upperlimit to the

impurity layer thickness.

3.2 Experimental

Thin silicon membranes were provided by Nathan Cheung of the
Electrical Engineering and Computer Science départment, U.C. Berkeley
and prepared by Gary Atkinson. The basic.process for making these
samples has been reported in the literature.zs' The key step in the
process is the use of a selective etchant, ethylenediamine-pyrocatechol
(EDP) which does not attack silicon when doped with boron to a level
exceeding 7x1019 atoms/cmB. Hence, one diffuses boron into an n- or
p-type device grade silicon wafer such that this doping level teaches a
_ depth corresponding to the desired membrane thickness. The wafer is
then etched away from the backside and will stop upon reaching the boron
dbped region.

The cobalt deposition was done in an electron beam evaporator which
uses only oiless pumps: a carbon vane pump, cryogonic pumps, titanium

filament, and an ion pump. This is important in minimizing the amount

of surface impurities on the membrane prior to evaporation. The



membrane was organically degreased and dipped in concentrated

hydrofluoric acid just before loadihg into'the evaporator. This

procedure will leave < 1 x 1015 oxygen atoms/cm’ and {5 x 1024 _

19

carbon‘atoms/cm2 on the silicon surface. The system was evacuated

to 3 x 10'7 Torr prior to the depositidn. In a previous study of the

Ni-Si systemlg’2

6 it was found that a 10 A coverage was a good
compromise between the amount of impurity atoms necessary to initiate an
interfacial reaction and that amount which would contribute a large

random component to the impurity signal. Since the system was not

35

equipped with a crystal monitor, calibration runs were done to determine

the dependence of cobalt thickness on the length of time the shutter was
opened at a given emission current. The needed deposition parameters
were determined by e#trapolating to lower thicknesses. The obvious
uncertaihties in such a procedure are the reason that, although a 10 A

coverage was desired, the actual thickness was close to 5 A.

3.3 Results

"After deposition the sample was stored at room temperature for one
month before preliminary tests could be performed using the old
goniometer. Figure 12 shows random and <100> channeled spectra, as well
as the scattering geomeiry. ‘The helium ions were accelerated to 1.75
MeVv, the scattering angle was 170°, and a beam dose of 3 uC was
collected for each spectrum. Dué to the limitations of this goniometer
it was only poséible to obtain an angular scan in the <100> channeling
direction. The angular.scan is shown in Figure 13. The silicon scan is

obviously unsymmetric which leads to a discrepancy between the measured
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Figure 12. Random and <100> spectra showing silicon and cobalt.

valve of the half angle of 0.55° and the known value of 0.46°. The
minimum yield of 0.053 was significantly larger than the known value of
0.030 although it is plausible that this is due to beam damage which
oécured during-alignment. The cobalt curve, although showing a
‘considefable amount of scatter due to the low count rate, indicated a
slight dip which coincided with that of the silicon scan. The minimum
yield may be estimated as 0.85 or a 15% decrease in yield while wx

may be estimated as 0.47°. The uncertainty of an individual measurement
due to countinﬁ statistics is shoﬁn in the figure, and according to that

estimate of error the magnitude of the dip is statistically significant.
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Figure 13. Cobalt oh silicon: <100> angular scan.
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Six montﬁs after this_data was taken the sample was tested again

with the new goniomeier. An aligned spectrum along the <iOO> channeling
direction is shown with a réndom spectrum in Figure l4. The beam energy
in.this experiﬁent was 1.5 MeV and a dose of 8 uC was used for each
spectrum. One addition to the previous experimental set-up was a thin
gold layer present on the carbon surface. This is useful for two
purposes: first, to normalize fluctuations in charge integration and
second, to normalize the anomolous difference in energy loss when the
beam is aligned in a channeling direction compared to a :andom
orientation. When the beam is channeled the energy loss is slightly
less than if it were randomly oriented. Since the scattering cross
section is inversely proportiocnal to Ez, the cobalt yield will be
slightly reduced. Since the.gold atoms are exposed to the same beam
condition as the cobalt atoms, .the change in the gold yield can be used
to normalize the cobalt yield. The <100)» angular scan is shown in |
Figure 15. The scan is much more symmetric. The half angle is 0.48°
which compares well with the known value of 0.50°. Again Xmin is
somewhat higher than the known value due to beam damage. Most
importantly, however, the cobalt yield shows no dependence on tilt angle

indicating that it is randomly located at the silicon surface. One can
clearly see that the scattering of the data points is of the same order
as the uncertainty associated with the counting statistics. It is known
that in some systems the beam can cause movement of the impurity atoms

24

off prefered sites. A beam effect has been observed in the Co-Si

system.25 So, to'determine if this was a problem the sample was



| ! | 15 MeV *He™
] _ _ | C Si |

2 | 3 ]
S E, C

> KsiEo Ay 2P |
©

5 1 KoEg Co i
S 1 lKAqu
S L | |
2

>-

I ~ .
0.50 0.75 1.0 1.25 1.5
Energy (MeV)

XBL 847-10744

Figure l14. Random and ¢100> spectra showing silicon, cobalt, and gold.

‘translated to a fresh area and an abbreviated angular scan consisting of
only three points prior to the aligned position was obtained. This scan
showed no significant différence from the original'scan and the '
poésibility that the'negative resulf was due to a beam effect was ruied
out. Although this data is sufficient to indicate the lack of a
preferred site, a <(110> angular scan was also obtained and is shown in

Figure 16. This data was taken at a beam energy of 1.75 MeV and 8 uC



doses. Again, the cobalt yield shows no dependence on tilt angle. The
scattering of the data points is somewhat larger in this case due to an
increasing problem in rgsolution. Since the cobalt was on the backside
of the membrane, as the membrane was tilted 45° to the <(110) position _
the beam lost more energy before striking the cobalt. Thus, the cobalt

signal moved closer to the silicon edge and was not as well separated.
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Figure 15. Cobalt on silicon: (100> angular scan. Figure 16. Cobalt on silicon: <110> angular scan.
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3.4 Discussion
The initial data obtained one month after prebaration of the sample
indicated the existence of a preferred site for cobalt at the silicon
surface. It is impossible to determine what type of site it may be (ie.
substitutional or interstitial) as data from only one orientation was

obtained. An estimate of the fraction of cobalt atoms located on

preferred sites can be obtained from the relatibn:27
impurity
L - Xnin
1 - Jhost
Xnin

14 cobalt atoms/cm2 were located

Approximately 16 + 5% or 7 + 2 x 10
on preferred sites. The uncertainty in this number is determined by the
counting statistics of the experiment.

These observations compare favorably with'the thorough lattice
location experiment of Cheung and Mayer19 on the Ni-Si system. 1In

15 nickel atoms/cm2

that study membranes with a coverage of 9 x 10
were prepared under similar conditions as in this work. A 23% decrease
in the yield from the nickel atoms was observed in the <100> and <11l1>
directions while no dip was seen in the <(110> direction. Planar
channeling results were also obtained. The data indicated that 23% or

15 Ni atoms/cm2 occupied the tetrahedral interstitial site.

2.1 x ld
It 15 not unlikely that similar results would be obtained for these two
systems as both cobalt and nickel are transition metals with partially
filled d-orbitals and are located next to each other on the periodic
chart. Furthermoré, both elements form silicides including epitaxial

disilicides.?®



The data obtained seven months éfter the samples wefe brépéred
showed no evidence of a preferred site for cobait. What might account
for a change in the position of-the'CObalt atbms,.and is there any

_experimental evidence of a change in the sampies? Room temperature
oxidation of the membrane is certainly a possible way in which the
surface of the sample could change and with it the location of the
cobalt atoms. Usually one cannot study the scattering information from
elementé lighter than the substrate, but in this case it is possible
because the substrate'is a thin membrane. The OXygén signal appears at
lower energies than the low energy edge of the silicon membrane. Since

the energy'bf the beam at the back side of the membrane differs from
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that incident on the front side, the oxygen signal coming from eaéh side -

| will be séparated in energy also. However, it is not possible to
measure the oxygen signal from the side which also has the cobalt on it
in the case of the data taken after one month. In that case the oxygen
signal from the side where cobalt atoms are present overlaps with the
carbon signal from the front surface. It is possible to cbmpare the
amount df oxygen present on the ffont, cobalt-free sides for both sets

of data. Also, in the case of the data taken after seven months, one

can compafe the amount of oxide on the two sides of the membrane because

a different beam energy was used in that experiment. Careful
examination of representative spectra from each run showed that the
amount of oxide incfeased during the six month time period by a factor
of 1.7 or from approximately 7 x 1015 oxygen atoms/cm2 to 1 x 1016

8] atoms/cmz. This correSponds to an increase of approximately 10 A of



oxide.29 In the case of the data taken after seven months, there is

an equal amount of oxide at the front and back surfaces within
experimental error. Hence, it is reasonable to expect that an

A additibnal 10 A of oxide was formed on the surface where cobalt atoms
were present. The amount of cobalt atoms on preferred sites was

originally found to be 7 x 1014 atoms/cm2 which is very close to one

monolayer of <100)> silicon atoms (= 6.8 Xx 1014 Si atoms/cmz).30
If these atoms are occupying sites in the first few monolayers on the |
silicon surface, it is reasonable that the envirormment of the cobalt

atoms was completely changed by room temperature oxidation between

experiments.



4. Conclusions

Equipment modifications have been made to the LBL RBS facility to
enhance the performance of channeling experiments. Additionally, an
investigation of the iattice'locatidn of cobalt on the (100) silicon
surface was pursued as an‘aphlication of the channeling technique. A

summary of the results and conclusions are given below:

e A significant improvement has been achieQed at the LBL RBS
facility for performing channeling experiments. The
important equipment modifications include the addition of a
new, high precision goniometer and improvement of beam

- collimation. These changes allow one to align a single
crystal at a variety of orientations and carry out precise

angular scans at each orientation.

. Aﬁgular scans about the <100>, <110>, and <1lll> directions
of a silicon crystal demonstrate the.improved channeling
capability. The critical angles of these scans compared
very well with known values while the values of the minimum
yield were consistent with known values cohsidering the
effect of beam damage.

14 atoms/cmz) of the

e A preferred site for (16% or 7 x 10
cobalt atoms debosited on the Si(100) surface was indicated
by preliminary channeling results using the original

~ goniometer. However, no specific lattice site can be
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identified as it was not possible to obtain angular scans
at orientations other than the cut orientation of the
crystal. The data is qualitatively consistent with either

a substitutional or an interstitial site.

Using the new goniometer, angular scans about the <100> and
<110> directions were obtained on the same sample six
months later. The data indicates that cobalt atoms occupy

no preferred site with réspect to the silieon lattice.

It is believed that the room temperature oxidation of the
sample between experiments altered the position ofvthe
cobalt atoms at the silicon surface. Experimental data
showed that 10 A of oxide formed during the time between

the two experiments.
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