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ABSTRACT
The channeling effect technique employing both 1.8 MeV helium
and 450 keV proton analyzing beams was used to extract disorder distributions for 200 keV and 300 keV boron implanted silicon crystals.
The behavior of the analyzing beam was first investigated by studies
of the minimum yield from single crystal substrates underlying surface
amorphous layers.

A simple description of the interactions of the

analyzing beam in partially disordered samples was acceptable for
obtaining the disorder peak depth and shape when applied to both helium
and proton backscattering spectra.

For samples held at temperatures

below -45°C during implantation of between -2 x 10

14

and -8 x 10

14

2
boron ions/cm , plural scattering gave self consistent results for the

dechanneling mechanism.

An essentially phenomenological multiple

scattering treatment of dechanneling was also given for the analysis
of room temperature implants.

The mechanism governing the dechanneling

was shown to depend on the detailed structure of the disordered layer,
so an all-inclusive treatment of backscattering spectra to extract
arbitrary disorder distributions was not feasible at the present time.
The measured results for the disorder peak depths agreed well with
the values for these depths calculated by D.K . Brice, but were 80-85%
less than the boron projected range .

The measured disorder peak widths

were 60-70% less than the calculated values.
The amount of disorder in samples held at room temperature during
i rr.? lantation was about a factor of twenty less than that in samples

v

implanted at -150°C with the same dose of boron ions.

Comparison of

the disorder production data with the anneal of a -150°C implant showed
the nonequivalence of dynamic anneal processes at a given temperature
and thermal instabilities of disorder produced at lower temperatures
and then warmed to the given temperature.
It was shown that analyzing beam bombardment could effect the
amount of disorder measured.
The depth scale of the backscattering spectra was determined
directly by layer removal.

The composition of the anodic oxide layers

employed in the layer removaJswas measured by a backscattering analysis.
Stopping power measurements were given showing that the aligned beam
stopping power as measured by backscattering was -80% of the random
value at 1.0 MeV, an energy near the maximum of the random stopping
power curve for helium in silicon.
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I.

Introduction
In recent years, much effort has been spent in studying the

motion of energetic charged particles in single crystals.

Whenever a

low index crystal axis or plane is aligned with a beam of positively
charged particles, one observes a significant reduction in energy loss
and an even larger reduction in the yield of processes requiring a
close encounter with the lattice atoms (such as elastic backscattering,
nuclear reactions, and inner shell X-ray production).

The interest in

this "channeling" effect lies both in the further understanding of the
channeling mechanism itself and in its application to the study of the
solid state.
Among the various applications of channeling as an analytical
tool have been foreign atom location, (l,Z) lattice disorder, <3 ) surface
effects, ( 4 ) and nuclear lifetimes. (S)

One recent application has been

the study of ion implantation in semiconductors( 6 ) to determine atom
location and lattice disorder.

The amount and depth distribution of,

the temperature dependence of, and the annealing of lattice disorder
produced by energetic ions are important considerations in the evaluation
of ion implantation doping.

These characteristics {or the disorder

produced in silicon and germanium during implantation with various high
mass ions have been studied previously using the orientation dependence
of the yield of backscattered helium ions or protons( 2 • 3 • 7 )(channeling
effect measurements).

A review of the subject of ion implantation in

silicon and germanium through December, 1969, is the work of Mayer,

-2Eriksson, and Davies(B).
0

The depth resolution (-300A) of the channeling technique
in the usual experimental arrangement with semiconductor nuclear particle detectors is not sufficient to determine the depth distribution
of the disorder produced by heavy ions at the implantation energies
ordinarily used (40-60 keV).

E.

B~gh(g) has shown how depth resolution

can be improved by the use of a magnetic spectrometer.

However,

implantation of low Z ions of moderate energy should produce disorder
distributions quite amenable to measurement by the channeling technique
with semiconductor detectors.

Measurements of this type have been

reported by Gibson et al. (lO), showing the disorder due to 400 keV lithium ions implanted in silicon.

A similar effect has been observed for

1.0 MeV carbon ions implanted in germanium(ll).

These preliminary

qualitative results gave the impetus for a major part of this thesis,
namely, the development of a quantitative analysis of channeling effect
data in the form of disorder distributions versus depth in the sample.
Additional motivation came from the following earlier investigations of temperature effects.

The first such study was a previous

7
measurement( ) which showed that for implantations of 40 keV antimony
ions at substrate temperatures less than 50°C the disorder created per
incident ion was only mildly temperature dependent.

However, later

2
sheet conductance measurements(l ) on silicon implanted with 200 keV
boron ions indicated that the anneal behavior was dependent on the
implantation temperature for temperatures below room temperature.

-3-

Then Hart and Marsh observed

(13)

in silicon a large increase in the

amount of disorder produced per incident 40 keV boron ion when the
sample temperature was reduced from room temperature to -120°C.

These

experimental results strongly indicated that there were new phenomena
in the area of light ion implantations demanding explanation.

Finally,

if any further incentive were needed, the boron implanted silicon
system had obvious relevance to device applications.

Thus the present

study was undertaken with the dual purposes of first obtaining disorder
distributions versus depth by channeling effect measurements for the
disorder created by boron ion implantation and second investigating
the temperature dependence of the amount of disorder produced during
implantation and of the subsequent annealing of the residual disorder
present after such an implantation.
This thesis will be written almost entirely in the light of
present knowledge.

When

the work

WQS

begun, it was not

evident, for example, that disorder distributions could be obtained in
a self-consistent fashion from channeling effect measurements, and
calculated disorder distributions were available for only restricted
ranges of implantation parameters.

Further, the changes below room

temperature in the amount of disorder produced during boron ion implantation and the anneal behavior of the disorder produced by this implantation were not anticipated.
Various facets of the work contained in this thesis have been
published previously, and are listed below:

-4"Temperature Dependence of Lattice Disorder Created in Si by 40 keV
Sb Ions", S.T. Picraux, J.E. Westmoreland, J.W. Mayer, R.R. Hart, and
O.J. Marsh, Applied Physics Letters 14, 7 (1969).

"Production and Annealing of Lattice Disorder in Silicon by 200 keV
Boron Ions", J.E. Westmoreland, J.W. Mayer, F.H. Eisen, and B. Welch,
Applied Physics Letters 15, 308 (1969).

"Lattice Disorder Produced in Silicon by Boron Ion Implantation",
F.H . Eisen, B. Welch, J.E. Westmoreland, and J.W. Mayer,

Proceedings

of International Conference on Atomic Collision Phenomena in Solids,
University of Sussex, Brighton, England, 1969 (North-Holland Publishing
Company, 1970, p. 111).

"Lattice Disorder Produced in GaAs by 60 keV Cd Ions and 70 keV Zn
Ions", J.E. Westmoreland, O.J. Marsh, and R.G. Hunsperger, Radiation
Effects 5, 245 (1970).

"Analysis of Disorder Distributions in Boron Implanted Silicon", J.E.
Westmoreland, J.W. Mayer, F.H. Eisen, and B. Welch, Proceedings of
International Conference on Ion Implantation in Semiconductors, Thousand Oaks, California, 1970, Radiation Effects 6, 161 (1970).

"Correlation Functions in the Theory of Atomic Collision Cascades,
Ion Location and the Distribution in Depth and Size of Damage Clusters",

-5J.E. Westmoreland and P. Sigmund, Proceedings of International Conference on Ion Implantation in Semiconductors, Thousand Oaks, California,
1970, Radiation Effects 6, 187 (1970).

The disorder distribution calculation will be presented by
first introducing the typical experimental geometry, then describing
the theory of channeling and the parameters that govern its application
to disorder distributions.

A simple case of amorphous layers of silicon

on silicon single crystal substrates will be described as an intermediate
case to test some of the principles involved in the disorder calculation
for more complicated distributions.

The results for this simple case

will be shown to be consistent with the calculation procedures used
and, in fact, to suggest how such procedures can be applied logically
to the more complicated cases.

Finally the actual calculation and

results for the real cases of interest, namely, the disorder peaks produced in samples by boron ion implantation, will be presented.

Some

of the limits of the simple theory are pointed out, and other theories
of the mechanisms of dechanneling in disordered regions are discussed.
The ion implantation oriented portion of the thesis considers
the manner in which an ion stopping in a solid creates disorder.

Theo-

retically calculated disorder distributions are described with particular
emphasis given to the theory applicable to the experimental conditions.
Measured disorder distributions are compared directly with the theoretically calculated quantities for different implantation conditions.
The temperature dependence of the amount of lattice disorder produced

-6during boron implantation at substrate temperatures between -115°C
and 23°C and the subsequent anneal of the residual disorder are presented.

The method of determining a depth scale, that is, the

conversion of the energy of

bac~scattered

analyzing beam particles

to depth information about the sample, and values of this depth
scale are next given.

The method involved a layer removal technique

by growth of anodic oxide layers.

The analysis of these layers by

an application of backscattering techniques was necessary to complete
the depth scale determination .

An extension of the depth scale

treatment for disorder is shown to have a novel application to the
measurement of certain stopping powers, and an example is given in
closing the thesis.

-7II.

Disorder Distributions from Backscattering Spectra.

II.A

Experimental Techniques
Investigations employing the channeling effect technique will

have a key role in the following work.

These analyses were made with

the samples at room temperature using momentum analyzed beams of 1.0 2.5 MeV

4 He+.

Results are included of 450 keV proton measurements

carried out at the North American Rockwell Science Center.

Figure 1

shows a schematic of the geometry of the backscattering analysis for
single alignment.

The sample is mounted on a goniometer with two

degrees of rotational freedom, tilt

(~ )

1

and rotation

of rotation is in the surface plane of the sample.

(~ ).

2

The center

Thus any crystal

axis or plane of the sample can be aligned with the direction of the
incident analyzing beam.

The accuracy of the goniometer is± 0.05°.

In single alignment the analyzing beam incident on the boron implanted
silicon sample is aligned parallel to a low-index axis, typically the
<110> crystal axis.
through angles 8L

Some of the incident particles are backscattered

= 164°,

exit far from any high syrmnetry direction,

and enter the solid state silicon surface barrier detector.

The energy

spectrum of these particles was obtained by standard-electronics shown
in the block diagram in Fig. 2.

The full width half maximum (FWHM)

resolution of the particle detecting system was about 15 keV.

The type

of energy spectra that are observed are shown in Fig. 4a and will be
discussed in (II.B).
The uniax'ial alignment geometry is shown in Fig. 3 with the
single alignment geometry included for comparison.

Uniaxial alignment

Fig. 1.
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employs an annular surface barrier detector positioned far enough from
the silicon target along the beam axis so that the half angle subtended
(¢)was

~0.2° .

Since the angle subtended was less than the critical

angle for channeling, the bo..c.ksca.Hered

pa..rfic.les

detected by the

annular detector were essentially channeled along the <110> crystal axis.
For the 1.8 MeV

4He+ analyses, the gain of the system was

+o

to better than 1% an energy per channel
/\

in the backscattered spectra of 6.3 keV.

This quantity could always

be measured for calibration in the single alignment configuration by
moving the analyzing beam aligned with the <110> axis to an unimplanted
region of the silicon sample and recording a spectrum.

After sufficient

bombardment with the beam a surface contaimination of carbon would
Quantities of 2 x 10

appear.

16

carbon atoms/cm

2

producing negligible

energy loss (-1 keVCl 4 )) could be easily detected.

The yield from the

silicon atoms at the surface and the yield from the carbon thin target
gave two easily located points in the spectrum with well known energies
(Eobs = k 2 Ein, see Eq. (10), II .D, and V.A

for more details) from which

the energy per channel was then immediately available.
The silicon samples, 10-20 n-cm, n-type, phosphorus doped,
were cut to within -1° of the <110> axis.

,

The ion implantations were

made at energies of 200 or 300 keV with a magnetically mass separated
boron (

11

B) ion beam at the North American Rockwell Science Center.

.

The silicon sample was tilted 10° off the < 11()> axis

* In

*

and was held at

some cases, the implantations were made with the boron beam aligned
parallel to the <110> axis. Analyses of the disorder distribution for
these cases have been given in the proceedings of the Sussex Conference,
Ref. 38.

-12the indicated temperature during the boron ion implantation.

The

implantation geometry is similar to the analyzing beam geometry shown
in Fig. 1 except that the detector is removed and the incident beam,
now boron, is swept across the sample by horizontal and vertical deflection plates to produce a uniformly implanted region of the order of
2
1 cm •

For below room temperature implantations the sample was mounted
on a copper block which was

mounted on sapphire rods.

The

stage to which the sapphire rods were attached was cooled by conduction
with copper braid attached to an external dewar containing liquid nitrogen.

This system allowed the analysis to be performed at temperatures

below that of the boron ion implantation .
to temperatures of 90°C.

It also permitted annealing

The sample for analysis on the Caltech 3

accelerator could be mounted on a copper block
lava insulator.

MV

mounted on a

Heaters in the copper block allowed annealing treatments

to be performed up to 250°C.

For temperatures higher than 250°C the

sample was removed from the goniometer to an annealing furnace.

-13II.B

Backscattering Spectra and Schematic Disorder Distribution
Typical energy spectra of the backscattered particles will be

presented and common features will be discussed.

All analyses of this

thesis were performed in the single alignment geometry except for one
detailed in (V.D).
Figure 4a shows, as an example, backscattering spectra obtained
from a 1.8 MeV

4

He+ analysis of an unimplanted silicon sample and of

one containing some disorder 0reated by implantation of 5 x 10
2
boron ions/cm }

14

200 keV

Aligned spectra or aligned yield refers to those back-

scattering spectra in which the incident analyzing beam is aligned parallel to a low index crystal axis (for the data reported in this thesis
always <110>).

Random spectra or random yield refers to those in which

the incident beam is far from any high order symmetry direction of the
crystal. *

The random spectra are equivalent to the yield from an amor-

phous target of the same composition.

One of the principal purposes of

this thesis is to extract from these spectra a disorder distribution as
shown schematically in Fig. 4b.
The disordered layer, region D of Fig. 4a, probably consists of
clusters of displaced atoms or vacancies as well as strained regions
around these damaged clusters.

The presence of these atoms which are

located off the crystal lattice sites results in scattering of the aligned
beam.

These scattering effects may be classified as follows:

1) large

angle scattering events which deflect particles in the analyzing beam
through large angles so that some are scattered into the solid state
detector (recall Fig. 1), resulting in the disorder peak shown in region
*Because of the small acceptance half angle (1.47°) of the detector, considerable effort is necessary to locate a representative random direction.

-14-
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to aligned spectrum from implanted sample in Fig. 4a.

-15D of Fig. 4a; 2) small angle forward scattering events which spread
the angular distribution of the aligned beam and ultimately result
in the dechanneling of those particles in the beam which have been
scattered beyond the critical angle for channeling.

These dechanneled

particles can then scatter both from the silicon atoms off lattice
sites and from those on lattice sites as well.

This increase in the

number of dechanneled particles begins in the lightly damaged portion
of the sample near the surface, region E of Fig. 4a.

The major portion

of the increase occurs in the more heavily disordered region D.

It

is the increase in the number of dechanneled particle s that accounts for
the fact that the yield in region C of Fig. 4a behind the disorder peak
does not return to the value observed in the unimplanted sample.

Layer

removal studies of implanted samples have shown that there is no disorder
in depths of the sample behind the peak.

To extract the disorder distri-

bution from the observed backscattering spectrum, it is necessary to
estimate the effect of this dechanneling on the total backscattered yield
as a function of depth in the disordered layer.
conversion of the energy of the backscattered

The development of a
particles to a measure

of depth in the sample is undertaken in detail in (V).

For now, one

can regard the channel number as a linear depth scale.

This will be

shown to be a good approximation in (V) .
For the large angle backscattering technique to be useful as
a probe , one must be able to extract distributions such as Fig. 4b
from spectra such as Fig . 4a.

The manner in which the effects of

dechanneling and large angle backscattering are combined to produce

-16aligned spectra is presented schematically in Fig. 5.

For simplicity

it has been assumed that the random spectrum and the aligned yield
from the unimplanted sample are independent of depth.
cannot be assumed in the actual calculation.)

(This, of course,

Then all spectra are

divided point by point by the level of the random spectrum to give the
normalized ordinate shown in Fig. 5.
from the unimplanted sample is

x1

The normalized aligned spectrum

where

x1

is determined by the frac-

tion of the aligned beam that is scattered outside the critical angle
for channeling as the beam penetrates into the sample.

This component

of the beam is called the random component as it is assumed that
dechanneled particles can interact with all the lattice atoms.

In an

implanted sample the presence of scattering centers in disordered regions
causes an increase in the amount of dechanneling, and the random fraction XR of the aligned analyzing beam is increased above its value
for an unimplanted sample.

x1

x1

At a given depth XR is composed of both

and a contribution proportional to P, the total probability that

aligned particles have been dechanneled by this depth.
depth (channel) the observed normalized yield

x2

At any given

in an aligned spectrum

is composed of XR and the desired normalized component of yield proportional to the number of scattering centers N' in that thickness increment.

To obtain N', one must then calculate XR and in turn to obtain

XR one must evaluate P.
Although expressions for scattering by thin laye rs have been
studied in detail both theoretically and experimentally in the regions
of single, plural, and multiple scattering, it was not known how to

-17-
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-18apply those results to the case of interest here where the scattering
centers are distributed in some fashion in a more or less single
crystal medium.

To decide what expression or expressions to use for

P and how to apply such expressions to the dechanneling of particles
into the random component of the analyzing beam, a simpler case was
first considered.

The case chosen was that of amorphous layers of

silicon formed on silicon single crystal substrates by ion implantation.

This allowed one to investigate the magnitude of the random

fraction XR in a single crystal overlaid by a known number of scattering
centers.

These scattering centers spread the beam angular distribution so

that some of the particles enter the substrate with angles of incidence
greater than the channeling angle.

These studies suggested a form

for P for the disordered regions of most interest.
The linear depth scale was measured directly by a successive
layer removal technique because of various inadequacies in the available
stopping power data.

One of the implantation produced disorder peaks

was used as a marker and traced as more and more of the silicon surf ace
was anodically oxidized and stripped off.

In addition to allowing a

description of the dechanneling this depth scale gave the shape of the
desired disorder distributions.
So using the information about P gained from study of amorphous
layers, this thesis will describe the method of calculating P and XR
in order to obtain N'.

-19II.C

Critical Angles and Minimum Yields.
To understand the channeling effect technique analyses and

the procedure to be taken to extract disorder distributions from the
backscattering spectra, one needs a description of some of the parameters governing channeling.

This discussion will summarize just

those basic quantities needed to understand channeling as it will
be applied in this thesis.
The channeling of an energetic beam of particles in a single
crystal occurs whenever the crystal axis or plane is aligned with
the beam direction.

During channeling the incident particles are

steered by a series of gentle correlated collisions with the lattice
atoms of the rows or planes.

In order for an energetic beam of

particles to be steered by the lattice, the beam direction must be
oriented within a certain critical angle

(~

c

) of the crystal axis

or plane.
The critical angle is a particularly useful parameter for
characterizing the channeling process.

A theoretical framework has

been developed by Lindhard(lS) for quantitatively interpreting the
channeling angular distributions and, in particular, the critical
angle.

In Lindhard's treatment, the steering of the particle is

described by its interaction with the average potential of the row
or plane.

The discrete atomic potentials are replaced by a continuum

-20model * giving an average potential V(r)
dicular distance r from the .row or plane.

depending only on the perpenLindhard has shown that a

good approximation is to treat the transverse energy of the channeled
particle as conserved.

If the energy in the transverse motion of

the particle is insufficient to overcome the potential barrier presented by the lattice row (plane) then one may write
(1)

where

21 M1v 2 = E

the energy of the particle,

~

is the angle of incidence

of the particle with respect to the row and V(r) is the average potential
at an impact parameter r with the row corresponding to incident angle
~.

The minimum impact parameter (r i ) corresponds to the maximum or
mn

"critical" angle
the crystal row.

(~

=

~

c

) for which the particle can be steered by

For larger angles of incidence the particle penetrates

the row and is able to undergo large angle scattering.

Thus

(2)

For axial channeling,
(3)

*Detailed angular distribution calculations for axial channeling have
been performed by FeldmanC16,17) without the use of the average potential approximation by following the individual collisions in a Monte
Carlo type calculation. Comparison of these results(l8) to average
potential calculations by Andersen(l9) has shown good agreement over
the range of validity of the average potential model.

-21-

where

~

.. 2z 1 z2e
lj;l

Ed

2r

(4)

and

a

z1

and

z2

+log(P~

a

log

2~
+

r

(5)

the Thomas-Fermi screening distance associated with

the potential (a= 0.885 a

o

2

are projectile and lattice atomic numbers, d is the spacing

along the row, a

a

3a

0

(z 1 213 + z2

213 )- 112 ::::::: 0.1 to 0.2A where

0.529A, the Bohr radius), and p2 is the mean square vibrational

r

amplitude of the lattice atoms in the plane perpendicular to the row.
The main functional dependence of the critical angle is contained in

1/!

1

which involves energy, atomic number, and lattice spacin:g.

z2 e/d

Note that

is simply the nuclear charge per unit distance along the row.

The constant a depends only on the vibrational amplitude and the screening distance

a.

The value of a is of the order of unity.

numerical calculations by Andersen
rate in the region 1/!

1

(19)

Detailed

have shown that Eq. (5) is accu-

< Pr/d.

For low Z particles at MeV energies, the conditions

iJ;

1

< a/d,

and 1/! < pr/d are usually fulfilled. However, for iJ; > a/d, a less
1
1
5
accurate expression must be used. (l ) This is the region of heavy ions
at keV energies, and the channeling criterion for a particle of energy
E and angle of

inc~dence

relative to a row is now given by the following:

-22-

iµ

2

=

aet1J! 1
[

l~

(6)

d$]

For energ ies less than a f ew hund r ed keV, iµ

2

is between 3° a nd 5° for

ions h~a.vier ThD.h bor-on i ncident along either the <110> or the <111>
ax is in silicon.

Equ a tion (6) i nd i cates that iµ

2

depends only wea kly on

energy or atomic number.
The planar case is treated in a similar manner. (l 5 )

Since

only axial critical angles are directly connected with the analyses to
be presented in this thesis, it will be simply noted that detailed
formulas are available, for example, in Lindhard, (l 5 ) and have been
studied in detail by experiment .

(20 21)
'

Table I includes for ready reference a summary of typical
values of channeling parameters for helium, hydrogen , and boron in
silicon .
The discussion of channeling has so far been independent of
the role of the channeled particles in a particular experiment.

Now

one specializes to the case of charged particles used as an analyzing
beam to probe a single crystal solid .

The motion of particles with

angles of incidence with crystal lattice rows 1J! < iµc determines the
particular effects that make channeling both a useful probe and an
interesting mechanism to investigat e.

In this case the particles are

steered so that they never come closer than r i to lattice sites .
mn
0

Since r i is of t he order of 0.1 - 0.2A
mn

(15)

all close encounter

processes such as large angle backscattering (impact parameter -10

-30
A

-23Typical Values of Channeling Parameters
Helium (He), Hydrogen (H), and Boron (B) in Silicon

d

Lattice Constant

aHe

-

0

0

.. 5.43A

0

0

0

0.172A

aH

=

0.180A

aB

d

=

0.158A

0

0
d<llO> =-a 3.84A

~

p

0

r

~e and H,EXP.
aH/d

=

=

p /d

0.106A

= 0.90 +

r

1.6°

a B,THEO. = 1.09

0.06
aH/d

2. 6°

::I

=

2. 7°

aB/d

W1 (o)
1.8 MeV He

0.62

1. 0 MeV He

0.83

0.450 MeV H

0.87

200 keV B

TABLE I

a

2.4°

I/! (0)
l

I/! (0)

2.9

2.3

2

-24for 150° backscattering) will experience a drastic reduction in yield.
As an example, for the <110> axis in undamaged silicon at an angle eL

= 164°, one sees a 35-fold decrease below the amorphous target yield
in the number of backscattered particles for a 1.8 MeV
beam.

4

He+ incident

This was just what was seen for the aligned unimplanted spectrum

in Fig. 4a.

In contrast to this reduction in the yield from the ordi-

nary "on-lattice site" atoms the yield from "off-lattice-site" atoms *
has no orientational dependence.

For this reason the large angle back-

scattering can be used as a probe of the amount of lattice disorder
present.
As previously mentioned the yield of close-encounter processes
has a marked dependence on the orientation of the incident beam with
respect to the crystal lattice.

The lattice will also determine the

externally observed intensity as a function of angle between the observed
emission direction and a crystal-axis or plane for charged particles
emitted or scattered from crystal atomic nuclei.
is usually referred to as

11

blocking."(l 5 , 22 ' 23 )

This latter effect
According to Lindhard(l 5 )

reversibility arguments require that the angular dependences are not
only governed by the same parameters but are in fact the same in cases

*"Off-la ttice site" here means displ a cement of the order of the Thomas
Fermi screening radius a perpendicular to the direction of the aligned
beam. This is the approximate minimum separation of a lattice atom from
a lattice site required for this atom to backscatter the aligned analyzing
beam. The yield from atoms displaced parallel to this direction will
still experience an orientational dependence for analyzing beams aligned
with this direction. There are some regular interstitia l sites such as
the tetrahedral interstitial sitesC8) which are along the <111> but not
along the <110> lattice rows. The yield from atoms displaced to these
sites would experience an orientational dependence for the analyzing beam
incident along the <111> but not the <110>.

-25where the slowing down of the particles is small enough to be neglected.
Physically, the emitted particle emerging from a lattice atom in a
crystal row or plane at an angle less than the critical angle would
have to pass so close to the nearest neighboring atoms of the row or
plane that there would be a very large probability for it to undergo
a larger angle of scattering than the critical angle.

So, for example,

in large angle backscattering experiments, one could align cryst~I

OJ<es

with the incident beam direction (single alignment), with the detector
(blocking), or
uniaxial alignment(

24 25
simultaneously with both (double alignment, < • )
26

)).

In this thesis the single and uniaxial align-

ment techniques will be employed.
The discussion of channeling of the analyzing beam so far has
emphasized the behavior of particles inside the target sample.

It is

useful to think of an external beam of particles impinging on the sample
as one now discusses what happens as the beam passes a surface.

The

same effects exist for the exiting beam in blocking experiments with the
wording changed appropriately.

The incident beam is well collimated

with the angular spread of the beam less than 0.1°.

Some fraction of

the incident beam will enter the crystal with an impact parameter with

firsf sc.o.:He.rin9 it

a row or plane of atoms so small that

oJtel' ihe/\

has too much

transverse energy to be steered or channeled by the concerted action
of the crystal atoms.

This portion of the beam will

have

an angle of incidence with the crystal symmetry direction greater than
1Ji

c

,

hence will

interact with the crystal as though it were

an amorphous stopping medium.

Thus, it is referred to as the random

-26component.

The approximation commonly use d

(l5)

is to treat the beam

as being composed of two components, a channeled component which is
well aligned and a random component which experiences no effect due
to the crystallinity of the sample.
Another characterization of the channeling process is the
measurement of the yield of backscattered particles when the analyzing
beam is perfectly aligned with a crystal axis or plane.

The minimum

yield \iin is defined as the ratio of the minimum value of the yield
when the incident beam is aligned with the crystal symmetry direction
of interest (aligned yield), to the value of the yield with the beam
far from any high symmetry direction of the crystal (random yield), the
yields being compared at the same energy. *
refer to Fig. 4a.

For illustration one may

For an undamaged silicon sample, the minimum yield is

then by definition the ratio of the value of the aligned unimplanted
spectrum in channel number 158 to the value of the random spectrum in
the same channel after compensating for detector resolution effects. **
A similar quantity can be defined for the spectrum from the implanted
sample of Fig. 4a.
The minimum yield is another useful experimental parameter
for characterizing the channeling behavior since it is a measure of that

*The difference in aligned and
** The front edge of the random

random depth scales will be discussed in V.C.

is sensitive to minor planar channeling
or to the presence of a thin oxide layer. To obtain a representative
random value, the approximation used near the front edge is to project
the curve of the relatively slowly varying random spectrum behind the
front edge (e.g. channels 120-145 in Fig. 4a) to the channel of interest.
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fraction of the beam which is not channeled.
scattered near the surface

Its value for particles

of an undamaged sample is essentially just

the fraction of the beam penetrating the crystal sufficiently near a
crystal row (or plane) so that this fraction of the particles are
deflected by more than the critical angle and are no longer channeled.
An estimate of the minimum yield for axial channeling can be made from
2

the ratio of the areas around the row ('TTr i ) to the total crystal area
mn
per row (l/Nd),
2

(7)

~in = TINdrmin

where N is the atomic density,

d the lattice spacing along the row and

is the minimum impact parameter for a channeled particle with the
2
2
2
row. Using Picraux's result( l) of r i - p , one obtains a rough

r

min

m n

r

2
estimate of Yi ~ TINdp or for small vibrations r i ~ a giving
"mn
r
mn
2
~in ~ TINda2 where pr is the mean square vibrational amplitude perpen-

dicular to the row and

a

is the Thomas-Fermi screening distance.

planar
As for the case ofAcritical angles, the case of minimum yields

ho.s been treated else-

for planar channeling
where

(15 27)

'

IS

but it will not be used and soAnot described in this thesis.

The major advantage of the critical angle treatment given
above is the simplicity of the resulting formulas and the insight they
give into the channeling process.

The major effectswhich have not been

included in this discussion of axial critical angles are surf ace transmission and the depth dependence.

Detailed numerical calculations(l 9 )

have shown that surface transmission has a negligible effect on axial

-28critical angles.

Depth dependences have not been treated analytically

except in a few special cases. (

28 29
' )

In fact, experimentally measured

values are reported as near the surface as possible or extrapolated
27
to zero depth. < )
angle

Wc

However, for 1.8 MeV helium in silicon the critical

2
changes by less than 10%( 0) from the surface to a depth of 1µ,

so this is a small effect in the regions of interest of this thesis.
In conclusion the analyzing beam is often treated as an
aligned component interacting only with off-lattice-site atoms and a
random component interacting with all target atoms.

These quantities

are initially defined by the entrance of the beam into the sample.

The

aligned component decreases as the beam penetrates the sample, more
strongly in the case of a disordered sample.

Governing the overall

motion of particles is their angle of incidence with the crystal lattice
rows.

If this angle is less than some critical angle

Wc ,

may be regarded as in the channeled or aligned component.

the particles

-29-

II.D

Minimum Yields for Amorphous Layers on Single Crystal Substrates
Before treating the discrete disorder peak case illustrated

in Fig. 4a, the influence of amorphous layers * on the minimum yield of
backscattered particles from the underlying, undamaged material will
be discussed.

The aim of the disorder analysis is to try to handle the

small angle forward scattering processes taking place in the disordered
layers.

With amorphous layers one chooses a simple case with a layer

of scattering centers followed by a single crystal substrate.

By

varying both the energy of the analyzing beam and the thickness of the
amorphous layers, one can determine whether the energy and thickness
dependences of the minimum yield from the crystalline region is consistent with the treatment of the forward scattering in the amorphous layer.
The angular distribution of the analyzing beam is calculated from the
number of scattering centers/cm

2

in the amorphous layers.

By compari-

son of the measured values of the minimum yield and values calculated
from the beam angular distribution (employing the value of the critical
angle in the crystalline region) one determines if a direct relationship
exists between the number of scattering centers and the measured values
of the minimum yield.

Such a relationship is vital to extending the

disorder analysis to more complicated disorder distributions, where the
random fraction of the aligned beam corresponds to the minimum yield
in the present case.

Finally, the absolute values of the results allow

a prediction of the error to be expected when such a treatment is applied

*Different

thicknesses of such layers are made by different energy
implantations of 1 x 1016 boron ions/cm2 with the samples held at -150°C
during the boron implantation.

-30to more complicated disorder distributions.
There is no channeled component of the analyzing beam in the
heavily disordered layer to be discussed because of the amorphous
nature of the layer.

The angular distribution of the analyzing beam

is spread by small angle scattering as it passes through the amorphous
layer.

The layer will be treated as a scattering foil with a known

number of scattering centers.

This change in the angular distribution .

causes an increased backscattering yield from the underlying crystal
directly related to the number of particles of the analyzing beam which
have angles of incidence with the rows of atoms greater than the
critical angle for channeling.
Six+e.e.haligned and random spectra were obtainedfrornfour
different thickness amorphous layers in the single alignment configu-

b~

ration of Fig. lAemploying 1.0, 1.5, 2.0, and 2.5 MeV
beams.

4

+

He

analyzing

Also for the thickest layer spectra were obtained employing a

450 keV proton analyzing beam and a 1.8 MeV

4He+ analyzing beam.

spectra all contain the same general features.

The

Consider, for example,

the aligned and random spectra obtained at 1.8 MeV and shown in Fig. 6.
The aligned yield follows the random yield at the surface and then
drops below the random yield deeper within the sample.

The experimen-

tal values of the minimum yield XR are obtained from the spectra of Fig.
6 as follows:
(8)

where A is the minimum value of the aligned spectrum behind the layer
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Fig. 6.

Spectra from 1.8 MeV

4He+ analysis of an amorphous layer.
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and B is the value of the random spectrum at the same energy (see Fig.

6).

The value of XR depends on analyzing beam energy and layer thickness
For the calculation of XR' the heavily disordered layer is

approximated by a layer of thickness 6t of scattering centers of the
number density of silicon (5.00 x 10

22

atoms/cm 3 ).

All thicknesses

and depths in this thesis will be reported in units of length.
is actually measured is the number of scattering centers/cm
cases.

2

What

in all

Then the number density of silicon is used to convert to the

length unit.

This length may not be the actual linear depth in the

sample because the implanted layer may have a different density from
crystalline silicon.

In fact, for the amorphous layers to be considered

in more detail in this section, there is evidence( 3 0) that the density
may be less than that of single crystal silicon by as much as 10% .
This in no way affects the comparisons made with theory, for example in
(III), because all theoretical calculations of disorder distributions,
measurements of stopping power, or the like assume that the density of

3
the medium is just that of single crystal silicon (2.33g/cm ).
The first step in measuring 6t is to obtain 6E the width in
energy for all sixteen cases as illustrated in Fi g . 6 .

The high energy

leading edges of both random and aligned spectra coincide and are
determined by the system energy resolution.

The energy corresponding to

silicon surface atoms is the midpoint of the rise to the random level.
The drop of the aligned spectrum (in approximately channel 115) below
the random spectrum has the same width as the front edge, that is, is
again determined by the system energy resolution.

This suggests the

-33presence of a sharp interface between the amorphous layer and the
underlying undamaged substrate.

For such a sharp interface the rear

edge of the amorphous layer corresponds to the midpoint of the drop in
the aligned spectrum from

the random spectrum to the minimum of the

aligned spectrum (see Fig. 6).

This assumes that the aligned spectrum

near channel 115 in Fig. 6 is just a superposition of the yields from
the rear edge of the amorphous layer and the front edge of the underlying crystalline substrate and that the midpoints of these two yields
occur in the same channel.

A more detailed description of this type

of analysis has been given recently by Mitchell et al. C3l) as is discussed briefly in (V.B).
The values of
are given in Table II.

~E

in keV and normalized values at each energy

The error in one

~E

determination is composed

of the error in determining the energy per channel (<1%) and the errors
in choosing each midpoint (±0.5 channel).

The widths in number of

channels vary, so the estimated absolute error varies from +2.5% for the
thickest layer (sample NX-2-38-1) in the 1.0 MeV measurement to ±7.5%
for the thinnest layer (sample 66C) in the 2.5 MeV measurement.

All

normalized values for a given sample are within ±4% .of the average for
all four energies.
The thicknesses

~t

were calculated from the Lili values using

the following depth scale for heavily disordered layers:

(9)

0.839

298
237
163.8 0.462

66A

66B

66C

0.668

337

1.000

355

NX-2-38-1

0.641

0.823

1.000

147 . 7 0.438

216

277

keV

Normalized

keV

Sample
Normalized

1.5 MeV

1.0 MeV

Analyzing Beam
Energy

0.833

1.000

Normalized

132.6 0.443

190.3 0.638

249

299

keV

2.0 MeV

Values of 6E for Different Thickness Amorphous Layers

TABLE II

0.801

1.000

Normalized

129.6 0.461

173.0 0.616

225

281

keV

2.5 MeV

"'I

I

w

-35where 8 is the backscattering angle in the laboratory system of coor1
dinates, E the incident energy, E
1
2

= k 2 E1 , SR(E) the random stopping

power of the analyzing beam in silicon at Energy E, and k

2

as

follows:

M is the projectile atom and M2 the target atom from which M is
1
1
scattered.

The depth scale expression, of which Eq. (9) is a special

case, is discussed in (V.C).
To apply Eq. (9) one needs the stopping powers for helium in
silicon.

These are not available below 1 MeV and for 1 to 2.5 MeV

are only known to an estimated error of ±10%(l 4 ).

However, independent

values( 3 Z) of the stopping power for protons in silicon in the energy
range 350 to 480 keV are available.

For this reason the 450 keV proton

measurement of the thickest layer was performed.

Since the 6E values

for the four different measurements scale well, a single depth scale
determination would allow calculation of the thicknesses 6t for all four
layers from the average of the ratios in Table II.
by F.H. Eisen(

32

The results

ob+ained

) for SR(E) were used for the proton measurement giving

a value of 6t of 6500A for sample NX-2-38-1.

The purpose of the 1.8 MeV

helium measurement was to estimate the error in this proton thickness
measurement.

Values of SR(E) for the 1.8 MeV helium analysis were

estimated using the value(l 4 ) of 25.7 eV/A computed from the measurements
of Gobeli. <33 )

0

(The other value available for this number was 24.1 eV/A

34
from the proton value of Janni < ) for SR(450 keV) scaled by 4.0, a

-36factor given by Whaling(l 4 ).

This is a difference of only 6% well

within the +10% error estimated by Whaling.)

For SR(l.O MeV) the

0

value of 33.1 eV/A obtained in this thesis (V.D) was used.
has been recently confirmed by other

measurements~ 35 )

This value

These results

0

give a value of 6230A for 6t for sample NX-2-38-1, a difference of only
4.3% from the proton measurement result.

This is taken as a measure

of the stopping power errors.
0

The 6t values were scaled to the 6500A by the ratios of
0

9

0

1.000:0.832:0.649:0.448 giving thicknesses of 6500A, 5400A, 4200A, and
0

2900A.

The values of the 2.5 MeV measurements were omitted in the

average ratio calculation since they seem to be consistently further
away from the other values.

Based on the sharp interface approximation

the thickness of these layers seems known to within the variation of
the values from the average, a maximum of +3% for the thinnest layer,
plus the absolute error due to stopping power errors estimated at +5%,
or about +8% error in a given value of 6t.
The small angle scattering in the amorphous layer is treated
in the plural scattering regime in the manner of Keil et al. <36 )
in the multiple scattering regime in the manner of Moliere<

37

).

or
The

Gaussian approximation to Moliere's angular distribution will be used.
Another Gaussian approximation due to Lindhard(l 5 ) is compared to the
Moliere one since it was used<

33

) in some of the earlier disorder cal-

culations to be described in (II.E).
The plural and multiple scattering in· the small angle approximation the differential cross section may be representedC 39 ) as follows:
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2

do

2zp
1 vz 2 e

]

_2n_e_d_e_ _

[

(82

+

(11)

82)2

a

where

z2

is the atomic number of the scattering centers,

z1 ,p,

and v

the atomic number, momentum, and velocity respectively of the scattered
particle in the center of mass system of coordinates.
angle 8

a

The screening

describes the screening of the nuclear charge by the atomic

electrons and is definedC 39 ) as follows:

(12)

where

a

is the Thomas-Fermi screening radius, and

B = v/C.

Since the

data given by Keil et al. are in terms of reduced angles, the following
reduced critical angle was defined:
\j!c

ek = e-

(13)

a

2
Experimentally measured values( 0) of\)!
calculated from Eqs. (3), (4), and (5).

c

are about 25% less than values
The experimental data were fitted

by the least squares approach to Eq. (3) to obtain a value of a= 0.90
for the <110> axis in silicon with which to calculate \)! •
c

The mean number m of single scattering processes which a particle experiences traversing an amorphous layer of thickness t is the
following:

m

Nto

(14)
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where N is the atomic density and, letting e be the scattering angle,

o •

J

(15)

8=0

The quantity do/dn is the probability that a particle will be scattered
through an angle whose magnitude lies between e and

e+

de independently

of whether or not other deflections occur at the same time into other
angular regions.

The quantity m depends on the exact behavior of

do/dn for small values of the argument 8.

For theoretical treatments

of plural and multiple scattering more complicated quantities than m
are defined to characterize the detailed angular distribution.

When

do is represented by Eq. (11), min Eq. (14) has the same value as the
other more complicated quantities.

The approach taken in this thesis

is to use Eq. (11) for do obtaining m as follows:

(16)

(The contribution at 8

= TI

is negligible and has been dropped from

Eq. (16)).
Under the approximation that all particles scattered outside
the critical angle

~c(reduced

critical angle 8k) in passage through

an amorphous layer are in the random component of the beam in the
underlying undamaged regions of the sample, the minimum yield XR
defined in Eq. (8) is the following:
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(17)

"* is the value of the normalized angular
where m is from Eq. (16) and G
"* integrated over angles greater than 8k.
distribution G

"* is
Thus G

the fraction of particles scattered through angles greater than

2*

ek.

is obtained from Table 2 of Keil et al. <36 )
For multiple scattering, following Lindhard, (lS) one has that,

as a result of many small scattering processes, the beam distribution
for small values of

f ($)

where

n2

Wmay

2~

be approximated by a Gaussian as follows:

sin $ d$

e

exp (-

~) 2$

d$/>!

is the mean square scattering angle and

with respect to the axial channeling direction.

2

wis

The

the polar angle

Again XR as defined in

Eq. (8) is just the fraction of particles with angles

we,

(18)

Wgreater

so XR is Eq. (18) integrated over angles greater than

con+rib1.4+1·0V\

than

We·

c.J -the- endpo1·n+ of in+e5rafion

is negligible so XR is the following:

(19)

Two formulations of the mean square scattering angle 0 2 will
The Gaussian approximation to the Moliere distrib~tion is
2
2
characterized by n = ~ defined as follows:

be compared.

-402

~

..

ziz~e 4 TINtB

(20)

E2
L

where E is the energy of the scattered particle i n the laboratory system
1
of coordinates.

The quantity B in Eq . (20) is related to m as follows:

(21)

and
2

L
e

= 1.167

(22)

The Lindhard treatment of multiple scattering uses

2

n

L

n2

•

n2

where

L

Nt in(l.29e::)

(23)

and
(24)

This gives an alternate expression for the mean square scattering angle
within the Gaussian approximation to the beam angular distribution.
Figure 7 shows experimental values of XR versus the reduced
critical angle ek defined in Eq. (13).

The experimental values of XR

are the results for spectra from the different energy helium analyzing
beams on the different thickness amorphous layers.
lines in Fig. 7

The two lower solid

are the values of XR as a function of ek calculated

from the plural scattering expression, Eq. (17), for values of m

-41-

MeV
1.0 ---~~__;1T.o=---~__;1~.5::;__~~2r.o~-=2r.5~~~~~-,

--· ---· ----

-........... .

~ ..

~

0.8

0.6
m = 31.9
m = 26.5
m = 20.7

0:::

><

m = 14.4

0.4

m

0

0.2

'1

6500 A

8.

5400 A

0

4200 A

0

2900 A

= 20.7

m = 14.4

0

0

0

Fig. 7.

Experimental values of XR from. different energy 4He+ analyses of
different thickness amorphous layers. Calculated values of XR
based on (1) solid lines - plural scattering, (2) dashed lines Moliere multiple scattering, (3) dash-dot line - Lindhard multiple
scattering.

-42(14.4 and 20.7) determined from Eq. (16) for the two thinner layers.
The plural scattering results of Keil et al. are valid for 0.6
and according to Keil et a1.C

36

~

m

~

20

) join in the region m-;::;. 20 with the

results of Moliere's theory of multiple scatteringC

37

).

So, similarly,

the four upper dashed lines in Fig. 5 are the values of XR calculated
from the Moliere multiple scattering expression, Eqs. (19) and (20),
for the beam angular distribution form= 14.4, 20.7, 26.5, and 31.9.
Values of XR calculated by the Moliere approach are relatively slowly
varying functions of m in this region.
The uppermost dash-dot line in Fig. 7 is the result of
0

calculating XR for the 6500A layer using the Lindhard expression

n12

from Eqs. (23) and (24) in Eq. (19).

This treatment does not appear
2 2
satisfactory for these amorphous layers. In fact, the ratio S\r/n
is
1

readily available from Eqs. (20) and (23), and is B/(2in(l.29€)).

This

quantity has a value of about 0.4 for the multiple scattering region,
but it is a slowly varying function of energy and m.
varies for 1.0 MeV helium in silicon from 0.37 form
m

~

40.

For helium in silicon and m

a

For example, it
~

25 to 0.42 for

32 it varies from 0.40 for 1.0

MeV to 0.35 for 2.5 MeV.
Increasing values of 8k in Fig. 7 correspond to increasing
energy of the

4He+ analyzing beam.

The slope of the solid lines with

increasing ek agrees with the slope of the data points,

80

energy dependence of XR agrees with the experimental one.

the calculated
For the

two thicker layers the Moliere calculated value of XR agrees to within
5% with the measured value.

For the two thinner layers, the plural

scattering values lie llir.to 35% below the measured values of XR for the

-430

2900A layer and 6%to 13% below the measured values for the 42001
layer.

However, the Moliere multiple scattering values of XR lie 22%
0

to 16% above the measured values for the 2900A layer and 11% to 16%
0

above for the 4200A.

There appears to be a rather broad transition

region between plural and multiple scattering where neither calculation
works very satisfactorily in terms of the absolute value of XR
calculated.
The results of this work with amorphous layers indicate that
Eqs. (12) and (16) for 8 and m respectively give qualitatively correct
a
descriptions for forward scattering in the regions of interest in this
thesis.
Leisegang

This determination was necessary because the experiments of
(40)

for the scattering of electrons in thin gold foils showed

that in the region of plural scattering, values of m calculated from
these equations differed from experimental values by nearly an order
of magnitude.

Although in the region of multiple scattering these

expressions for m and

ea

had been confirmed by experiment for electrons,

( 41 • 42 ) there were some errors in Moliere's work (see Scott<
details).

Bichsel's measurements<

44

43

) for

) of the multiple scattering of

protons at 2.2 MeV agree to within 10%to 20% with the Gaussian approximation to Moliere's distribution for reduced angles less than 0.80 but
indicate large differences in the single scattering tail.
results then indicated that the expressions for m and

ea

These varied
should be exper-

imentally verified in each case to which they were to be applied.
Finally the amorphous layer results indicate that the choice
of the critical angle as the dividing point between aligned and random

-44components of the analyzing beam leads to consistent results.

In

retrospect a better way to study the forward scattering and backscattering processes mi ght be to evaporate thin metal films on single
crystals and then employ the same line of investigation carried out
with amorphous layers created by ion implantation.

-45II.E

Disorder Distributions for Discrete Disorder Peaks
The principa1 problem to be attacked is that of extracting

disorder distributions from the discrete disorder peak type of spectriim
of Fig. 4a.

For an increment of thickness one would like to evaluate

the probability that a particle has been dechanneled, that is, that a
particle in the aligned component of the analyzing beam has been scattered into the random component by the scattering centers in that given
increment of thickness.

From this one could then obtain the desired

disorder distribution from aligned spectra.

Unfortunately accurate

analytical expressions for this probability are available only for
two limiting cases:

(a) when the dechanneling is due entirely to single

deflections greater than

~

c

, and (b) when it is due to multiple scatter-

ing in which a total deflection greater than

~c

is the result of many

(i.e. more than--20) deflections each of which is much smaller

than~

c

.

These limiting expressions will be presented, and a method of treating
dechanneling in the region between these limits will be described.
Whatever the treatment of the scattering process, it will be necessary
to obtain the angular distribution of the analyzing beam as a function
of depth in the sample and to formulate criteria for deciding when
particles have been dechanneled.

The procedure used is an extension

of the method employed in the investigation of the minimum yields
behind amorphous layers.
Specifically the approach taken is to calculate a distribution
of scattering centers based on the following assumptions:

-461.

In an aligned orientation the analyzing beam is composed

of an aligned or channeled component and a random component.
2.

All particles scattered outside the critical angle are

dechanneled from the aligned component of the beam into the random
component,
3.

The normalized random component (random fraction) of the

analyzing beam is composed of two parts:

the fraction that would have

been dechanneled by a perfect crystal represented by the normalized
aligned yield of an unimplanted sample and the fraction dechanneled by
forward scattering from the same scattering centers which produce the
backscattering yield.
4.

All scattering centers give the same amount of dechanneling

independent of their location within the crystal channel or of their
association in the form of complex defect clusters.
5.

A particle in the random component of the beam never be-

comes a part of the aligned component of the beam.
Assumption one is the common one(lS) taken in describing the
analyzing beam, as it moves through the sample.

In fact, it is an

approximation because the portion of the beam in the region of angular
incidence ,,,

o/c

< ''' < 2 11 •

-

o/

-

o/c

is

between being a part of the

in some sort of transition region
well-aligned component and the

random component.
Assumption two implements assumption one by specifying the
point of division of the beam into aligned and random components.
is the same as used in the determination of the XR values of the

It

-47amorphous layers.
Assumption three contains the important points relating to
the sources of the random fraction of the analyzing beam XR•

First

it treats as independent the different contributions to the spreading
of the angular distribution of the analyzing beam.

It represents

these different contributions by letting XR be a simple sum.

The con-

tribution to this sum from the undamaged lattice is then available
empirically from the measured aligned yield from an undamaged sample,
shown in Fig. 4a, normalized by the random spectrum.

An even more

important point is that the only other contribution to XR is from
dechanneling of the aligned beam by forward scattering from the scattering centers composing the disorder.

This contribution to XR is

usually the dominant one for the cases of interest in this thesis.
For example, for 1.8 MeV helium analyses,
XR may be

~

0.3.

x1

0

is~

0.05 at 7,000A where

Assumption three further requires that particles

scattered to angles less than the critical angle do not experience a
faster dechanneling rate than the initially well aligned beam.
Assumption four is one of the most limiting assumptions when
one tries to apply this treatment to a general backscattering spectrum
from an arbitrary distribution of disorder.

The distribution of atoms

in the disordered layer as a function of distance from the lattice row
is not known. Neither is the backscattering or forward scattering
probability of atoms for the aligned component of the analyzing beam
known as a function of the distance of these atoms from the lattice
rows especially in the crucial region near the row.

So, as a first

-48approxima tion, the scattering probabilities are taken as arising from
2
the presence of a number of individual scattering centers/cm .

That

is, the centers producing the backscattering are the same centers that
produce the dechanneling contribution XR -

x1 .

One case where this

assumption clearly breaks down will be discussed in the analysis of
room temperature implants.
Assumption five requires that the probability of particles
in the random component of the beam being scattered into the aligned
component of the beam is small.

For an undamaged crystal the situation

is the same as the emission of charged particles from lattice site, that
is, the blocking effect occurs so the probability of "rechanneling" by
single collisions is accordingly small.

For a damaged crystal there may

be a significant probability of scattering back into a channel by the
disordered regions, but this probability is assumed to be negligible for
the present investigations.
These assumptions form the basis of a simple model of the dechanneling process.

The intent of this work is to see whether this approxi-

mate treatment yields self consistent, physically meaningful results.
As

B~gh

4
has shown, ( ) the density N' of centers producing the

backscattering is given as a function of the depth

x Ct) - XR(t)
N 2

N' (t)

~~~~~~~

t

by:
(25)

where N is the atomic density of the crystal, XR is the random fraction
of the analyzing beam, and

x2

is the normalized yield in the aligned

spectrum, i.e., the aligned yield divided by the random yield (random

-49spectrum, Fig. 4a).

The quantities

in the schematic Fig. 5.

x2

and XR have been identified

Equation (25) may be derived by observing

that the random fraction of the beam XR interacts with all the lattice
atoms whereas the aligned fraction of the beam 1 - XR interacts
only with the "off-lattice site" atoms N'.
from which Eq. (25) follows directly.

Then

= XR +

(1 - XR)N'/N

The disorder calculation

should use values of the aligned yield at depth
random yield at that depth.

x2
t

normalized to the

For convenience the value of the random

spectrum at the same energy was used.

The difference of the random

spectrum depth scale from the aligned spectrum depth scale as discussed
in (V.C) introduces only a negligible error because the height of
the random spectrum varies only slowly with energy behind the front
edge.

The value of N used in the calculation is the total number of

lattice atoms equivalent to the thickness of the sample corresponding
to one channel.

The measurement of a depth scale for the sample will

be discussed in (V.C).
employed here.

The result of that measurement will simply be

For 1.8 MeV helium spectra under this experimental geo-

metry the depth scale is (45

±

to give 6.3 keV per channel (see
or finally N

0

2) eV/A.

Since the electronics are set

~I.A)),

0

this gives 140A per channel

= 7.0 x 1016 atoms/cm 2 per channel.

The problem of determining the disorder distribution from
measurements of the aligned and random

backscattered _~nergy

then becomes one of estimating or calculating XR(t).

spectra

An approximation

to the yield from the random component which has been used in earlier
2 3
work( • ) is represented by the straight line labeled R' in Fig. 8.
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Schematic spectra showing
this thesis.

disorder analysis technique before

-51This shows schematically a typical case in which the straight line
approximation was applied.

The disorder peak was at the surface of

the sample and had a half widthcomparable to or slightly larger than
the detector resolution.

While the straight line approximation faci-

litates making rough estimates of the relative amounts of disorder
represented by the disorder peak in cases of wider disorder distributions, it is an oversimplification to assume that XR varies with
in this manner.

t

To extract disorder distributions from the backseat-

tering data, the following expression, originally suggested by Feldman,

45 ) was used for XR:

<

(26)
where

x1 (t)

is the normalized aligned yield from an unimplanted sample

and P(t) is the probability that a particle in the aligned beam has
been scattered through an angle greater than the critical angle.

The

choice of the forward scattering mechanism governing the dechanneling
for the sample being analyzed determines the choice of P(t) in Eq. (26).
For single scattering, the following Rutherford scattering
cross section( 46 ) is employed to obtain a value for P(t):

da

2 2 4
2 1 2 2e

--=
2
drl
cm
16E

(27)

L

where R_
-L is the initial energy of the projectile in the lab and
the scattering angle in the center-of-mass system.

ecm

Then, the probabil-

ity P(t) for Eq. (26) is just Eq. (27) integrated from

~

c

to TI and
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multiplied by the total number of scattering centers traversed as
follows:
t

7T

I

P(t) ..

dcr

ds-2

dD

cm

J

cm

(28)

N' (T)dT

0

wc,cm
,or,
P(t)

Since

iJ!

=

2
46
< 1° for the cases of interest( 0), the following relation( )
c -

between laboratory angle (8 ) and center of mass angle (8

1

cm

):

(30)

gives in the limit of small angles,

,,,

o/c , cm

=(

Ml

+ M2 )

(31)

iJ!c,L

M
2

Neglecting the one with respect to the csc
csc~ ~ ~

-1

2

term in Eq. (29), using

, inserting Eq. (31), and finally substituting for iJ!

c, 1

from Eqs. (3) and (4) yields the following expression for P(t) for the
case of single scattering:
t

f N' (T)dT
0

(32)
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To describe the dechanneling by plural scattering the
expression for P(t) is obtained from Eq. (17) as follows:
(33)

where m is obtained from Eq. (16) by replacing N as follows:
t

J

N ""

(34)

N' (T)dT

0

and N'(t) is the density of scattering centers producing the backscattering yield as a function of depth .
To use Lindhard's expression for multiple scattering one again
replaces Nin Eq. (23) as was shown in Eq. (34).

This is essentially a

phenomenological approach because the amorphous layer work indicated
that some discrepancy existed in the Lindhard expression, but the results
are sufficiently interesting to be worth observing in this restricted
sense.

So with this understanding, the expression for P(t) for the

Lindhard version of multiple scattering is, in analogy to Eq. (19), the
following:

P(t)

= exp ( -

lJ;c2 L )
~

(35)

or

P(t) • exp

(-A [J

N' (T)dT

]-l)

(36)

-54where
(37)

A. ==

The disorder distribution calculation begins by evaluating N'
for the first point in the aligned energy spectrum behind the surface peak
assuming P(t=O)=O.
Eq. (25), N' (t=O). *

From Eq. (26)

this gives x (t=O)=x (t=O) and from
R
1

This value of N' is used to evaluate the scattering

in this layer of the sample from Eq. (16) and then to obtain the value
of P(t) from Eq. (33) to be used with the next data point. **

The results

will be presented versus channel number, hence, really as functions of
energy.

The energy can be converted to depth with the depth scale.

The

yield YR(E) from the random fraction of the beam XR(E) will be given where
(38)

and R(E) is agoin just the random spectrum from Fig. 4a.
Figure 9 shows the aligned spectrum of Fig. 4a (solid squares
and dashed line) and the results for YR(E) calculated with three of the
different expressions for P(t) corresponding to three of the different
treatments of the dechanneling.

In each case one expression was used

for P(t) for the entire calculation.

Figure 10 shows the results for

the number of scattering centers as a function of channel number for
the aligned spectrum of Fig. 4a for each treatment.

The ordinate is

given as the concentration of silicon atoms required to produce an

* Here

0
t=O is chosen behind the surface peak. Actually t ~ 330A,
as the
surface peak is approximately the system energy resoiution which in turn
is about 15 keV. . The
depth scale to connect keV to A will be discussed
0
in (V.C). This 330A has been added to the disorder peak depths in Table III.
** Again for plural scattering each value of "'*
G must be obtained from Table
2 of Reference 36. For single or multiple scattering one employs Eqs.
(32) or (36) respectively instead of Eqs. (16) and (33).
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Aligned spectrum ( ~ and dashed line)
from a 1.8 MeV 4He+ analysis of a
samEle implanted at -150°C with 5 x
101 200 keV boron ions/cm2. Other
date are yields from random fraction
of analyzing beam calculated by treatments of dechanneling based on plural
scattering (o), single scattering (6),
.. and _Lin,sJ.h<;ird multiple scattering ( D).
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Scattering center densities for aligned spectrum
of Fig. 9 calculated from treatments of dechanneling
based on plural scattering (o), single scattering
(6), and Lindhard multiple scattering ( o).

-57amount of scattering equivalent to that calculated which is N' (t) from
Eq. (25) multiplied by 7.14 x 10
single crystal silicon, 5 x 10
yield.

22

5 cm-1 .

Thus, the atomic density of

3
atoms/cm , is equivalent to a random

The test of the self-consistency of the results for the

disorder distribution calculation is based upon layer removal studies
of the kind to be discussed in (V.B) and (V.C) which established
the absence of disorder in depths of the sample behind the disorder
peak.

The value of YR(E) is fixed only at the surface of the sample

by the minimum yield of the undamaged sample.

Yet it should approach

the value of the aligned spectrum immediately behind the disorder peak
due to the absence of disorder there.

Equivalently this portion of

the aligned spectrum behind the peak is due to dechanneled analyzing
beam, not to disorder.

The results of each treatment of the dechanneling

in Figs. 9 and 10 will be presented in turn and discussed with respect
to this self-consistency criterion.
Estimating that the region of validity of plural scattering
according to Keil et al. might encompass nearly the whole of the
disorder distribution of Fig. 4a, the plural scattering expression for
P(t) was applied for the entire calculation.

The resulting values of

YR the yield from the random component of the analyzing beam are the
open circles in Fig. 9.

This curve begins low and increases as more

of the disordered region is sampled.
the aligned spectrum.

It approaches to within 6-7% of

This error is less than those found in the

plural scattering calculation of the minimum yields behind amorphous
layers (II.D).

The distribution of scattering centers N' calculated
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at the same time as YR and shown as the open circles in Fig. 10
reflects the behavior of YR starting at a low value, rising to a peak,
and returning close to zero

deep

the sample.

in

A fit of this

nature is satisfactory to determine the position and shape of the
disorder distribution.

The total number of scattering centers/cm

2

represented by the disordered layer can be defined as the sum of
channels 114 - 160 in Fig. 10, which gives a value of 7.4 x 10

17

2
scattering centers/cm •

The YR values as calculated by the plural scattering treatment
of dechanneling never quite reach the aligned yield.

The aligned

spectrum below about channel 110 (Fig. 9) increases faster than the
aligned spectrum for an undamaged sample (Fig. 4a), indicating a breakdown in assumption three.

Although the errors in the plural scattering

YR values are relatively small, they may reflect the faster dechanneling
rate behind the disorder peak than that predicted by assumption three.
However, with the number of approximations involved in the treatment of
dechanneling other sources of error cannot be excluded.
The single scattering expression should be applicable(

36

) for

values of m (Eq. (16)) less than about 0.5. This corresponds to only a
thickness of 5.1 x

io16

silicon atoms/cm
0

of amorphous silicon of only 102A.

2

and is equivalent to a thickness

Principally, disorder distributions

versus depth in the samples were desired for samples similar to those
represented by the spectra of Fig. 4a where the plural scattering treatment has already worked well enough to indicate that there is at least
a factor of ten more scattering centers present than in the region of

-59applicability of single scattering.

Surraning channel by channel the

plural scattering results over the first ten channels (151 - 160) in
Fig. 10 gives 5.2 x 10

16

scattering centers/cm

2

so the dechanneling

in the principal portion of the disordered layer would appear to be
governed by the plural scattering regime.

Still, for comparison, the

scattering center distribution shown as the open triangles in Fig. 10
was calculated for this sample using the single scattering expression
of Eq. (32) throughout the entire aligned spectrum.

The single scatter-

ing distribution in Fig. 10 rises above the plural scattering result

o.11

+hen

and/\remains a large distance above zero tor/\ depths of the sample.

This

indicates that single scattering underestimates the dechanneling for
the bulk of the disordered layer.

The single scattering YR(E) values

OY'\\y
shown in Fig. 9 as open triangles indicate thatAin the region of

do

small amounts of dechanneling near the surface, the single and plural
I\

scattering results agree well.

S::or comparison,
Abecause it will be used later in a phenomenological analysis
of room temperature implants,the Lindhard multiple scattering expression * of Eq. (36) was also applied to the aligned spectrum of Fig. 4a.
A negative scattering center density appears in the results for the
scattering center distribution shown as open squares in Fig. 10.

This

negative value means that the dechanneling has been over-estimated
as can be seen more clearly from the YR(E) values shown as open squares

*The

Moliere distribution was not employed because values of B (Eq. a1))
do not exist for m (Eq. (16)) less than 3.18.

-60in Fig. 9.

The eventual return of the multiple scattering distribution

to zero after such an "undershoot" has no physical meaning and is only
an artifact of the calculation.
Regardless of the detailed treatment of the mechanism of dechanneling, it should be noted that one can minimize the effect of dechanneling on his experimental investigation by proper choice of analyzing beam particle and energy.

Figures 11, 12, and 13 illustrate the type

of spectra obtainable for the same samples, using different analyzing
beams . *

Because the scattering cross section is greater at lower energies

the effects of dechanneling are greater for

4

He+ at 1.0 MeV (Fig. 11)

than at 1.8 MeV (Fig. 12) as can be seen by comparing the spectra for
the same sample.

The effect of using protons instead of

4He+ at the

same energy would be to reduce the amount of dechanneling.

However, at

the energy of 450 keV at which protons were used in Fig. 13, the increase
in the scattering cross section with decreased energy cancels out this
effect and results in greater dechanneling than with 1.8 MeV

4He+ .

To ascertain whether the plural scattering treatment of dechan.;.
neling was a fortuitous choice for the particular disorder distribution
(Fig. 9) as represented by this particular analyzing beam particle and
energy (1.8 MeV

4

He+), the same approach was applied to a wider range

of amounts of disorder, using now for analysis a 450 keV proton beam.
Figure 14 shows the calculated scattering center distributions.

The

measurements were performed at room temperature on samples that were
held at -50°C during the boron ion implantation.

*Structure

For the

1 x 10

14

is sometimes seen behind the disorder peaks in room temperature
implants. Compare the data points presented in Fig. 15. The surface peak
in the aligned spectra (e.g., about channel number 160 in Fig. 11) appears
to be enhanced in room temperature implants.

Fig. 11.
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2

sample of Fig. 14, the plural scattering slightly underestimates

the dechanneling.

For intermediate amounts of disorder,

~2 x 10 22

3
scattering centers/cm , the scattering center distributions return to
zero behind the disorder peak.

However, when the number of scattering

centers becomes greater than 2 x 10

22

3
/cm , the plural scattering treat-

ment begins to overestimate the dechanneling as is again indicated by
the appearance of a negative scattering center density in the 1.6 x 10
ions/cm

2

sample of Fig. 14.

15

So, for moderate amounts of disorder in

low temperature implants the results obtained using the plural scattering
approach satisfy fairly well the requirements of a self consistent
disorder distribution calculation.
While the plural

scattering

approach

just

described

appears to work fairly well in some cases, there is some experimental
evidence which indicates that the situation is not so simple as has
been assumed in this treatment.

Digressing a moment, one recalls that

these spectra are studies of actual boron implanted silicon samples,
hence represent actual distributions of disorder, whatever their form
or composition.

Figure 15 shows the 1.8 MeV helium backscattering

spectra from two samples, one of which is different from those presented
so far.
ions/cm

The dashed line is the analysis of a 1 x 10
2

15

200 keV boron

implant with the silicon substrate held at -150°C during the

boron implantation.

The solid line is from the analysis of a 2 x 10

200 keV boron ions/cm

2

16

implant with the silicon substrate held at room

temperature during the boron implantation.

The relations of the amount

of disorder, the substrate temperature, and the dose are discussed in
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Spectra from 1.8 MeV 4He+ (room temperature) analyses of
samples at -150°C (dashed line) and room temperature (solid
line) during boron implantation.
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The important aspect to notice at this point is that even

though the amount of disorder in the sample implanted at -150°C is
greater than that in the sample implanted at room temperature, the
level behind the disorder peak for the sample implanted at -150°C
is lower than that for the sample implanted at room temperature.

This

indicates that the dechanneling is affected by the detailed nature of
the defects in the disordered layer and is clear evidence of the restrictiveness of assumption 4.

There is at present no way to take this

into account in general as has already been discussed.

However, it

is clear that since the plural scattering works reasonably well for
the low temperature implant type of disorder as indicated in Figs.
9 and 10 it cannot work for the room temperature samples where it
will underestimate the dechanneling.
One approach to the distributions of disorder present in room
temperature implants is to assume that there is some difference in the
nature of the disordered regions from those created by low temperature
implantations due perhaps to annealing effects or lattice strain due
to the high boron concentrations.

Then it is reasonable to assume that

a different mechanism might now be responsible for dechanneling of
the analyzing beam.

3
Historically( B) the multiple scattering

suggested by Lindhard(lS) was tried.

~rGa..~rne.nt

Realizing the problems with this

approach now, it is still useful to reproduce the results to see what
can be said.
Some typical results of this multiple scattering dechanneling
calculation are presented in Fig. 16 for samples implanted with boron
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-69at room temperature at different energies to produce different disorder
distributions.
helium.

The analyzing beam giving the spectra is again 1.8 MeV

In each case the density of scattering centers shows a well

defined peak returning to zero on the back side of the peak with some
dip below zero exhibited for the deepest peak.

The return to zero

of the density of the scattering centers is as always a necessary
condition for the validity of this kind of disorder distribution
calculation where measurements after layer removal have indicated no
disorder beyond the peak.

So the multiple scattering +re~-h-nen+ does

treat dechanneling in room temperature implants in a consistent
manner.

This agreement of the multiple scattering expression is

rather fortuitous, however.

Physically it means that for each back-

scattering center in the disordered layers of the room temperature
implants, the multiple scattering expression by chance assigns the
appropriate amount of additional dechanneling to the analyzing beam
to account for its final distribution on emerging from the disordered
layer.

One can argue that this is due to a subtle change such as

strain in the lattice giving more forward scattering per unit backscattering than one would calculate based on a model· of individual
centers responsible for both types of scattering.
To illustrate that Eq. (36) was only a fortuitous choice for
the room temperature implants the calculated scattering center density
for the multiple scattering +reo.:1-trieMf applied to the low temperature
disorder was made to return to zero without becoming negative by
adjusting the value of A in Eq. (37).

The result of a calculation

-70in which A was increased by 75% over the value calculated from Eq.
(37), is shown in Fig. 17 for a low temperature implant.

Also shown

in Fig. 17 is the scattering center distribution obtained from the

*

sample after approximately 3500A0 of silicon had been removed from
the surface by the layer removal technique to be described in (V.B).
Again the higher value of A was used and the agreement with the distribution for the original sample is good.

Although this is only phenome-

nology, it is interesting to realize that increasing

A physically

amounts to increasing a, that is, increasing the angle at which a.

po.rficle is desc.ribe.d as havin3

been dechanneled into the

random component of the beam by a constant factor times the critical
angle.

If this is an indication that the choice of the critical angle

for the changeover from aligned to random beam was incorrect but that
a value larger than

~

c

is better, this particular line of reasoning

can be closed by saying that smaller critical angles for analyzing beam
particles moving through the disordered layers in the room temperature
implants are a reasonable description of the overall "rougher" lattice
due to strain and distortion.
The plural scattering treatment of the dechanneling mechanism
is clearly the more physical approach to disorder distribution calculations since this method employs a one-to-one relationship between
backscattering centers and forward scattering (dechanneling) centers.
The multiple scattering approach can at best be regarded as looking at
the dechanneling mechanism as an unknown function.

The corrected differ-

ence between the aligned and random yields is the input to generate as

"The disorder- peo..k o..-F.fey ICA;yeY" removo.I (o) wo.s sh',fteJ dowr'l
I Ci c.ho..nnels for- dire ct' coMfo.risori of th~ +wo sho..pe s.

Fig. 17
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-72output some new value of the random fraction of the beam.

The results

of the Lindhard multiple scattering expression in calculating XR as
discussed in (II.D) not only varied from 14%to 47% from the measured
values of XR but even more important seemed to have the wrong energy
dependence.

It was certainly a more unsatisfactory treatment than

the Moliere approach which again has been more or less empirically
verified by other experiments.

Thus the multiple scattering treatment

lacks the justification of the plural scattering treatment.

In fact,

the only justification for this treatment of dechanneling is that for
certain disorder regions it fulfills the self consistent criterion of
the disorder distribution calculation.
The attempts to allow for the effects of dechanneling have
thus been only partially successful.

This is not surprising in view

of the complexity of the problem and the necessary approximate nature
of the calculation.

Within the limits of the theory and the

a~sumption

of the disorder calculation, the plural scattering seems to be the
most valid dechanneling mechanism described, and it is moderately

satis~

factory for the kind of disorder found in the low temperature implants.
For the simple purpose of reducing the dechanneling and accentuating
the disorder peak for a given analyzing beam
energies.

one should use higher

This must be balanced against the requirement of maintaining

adequate stopping power to give the desired depth resolution (see V.C.).

-73III.

Implantation Caused Disorder Distributions.

III.

A

General Description
Spectra have been presented from analyses of disorder distri-

butions in silicon.

It has simply been stated that these disordered

samples were produced by implanting boron ions into silicon single
crystals.

The process by which an ion coming to rest in a solid pro-

duces disorder will be discussed and the important quantities characterizing the stopping process outlined.

The theoretical calculations

of disorder distributions that are available will be described,
emphasizing the one relevant to the work of this thesis.

Then the

measured values for the disorder peak depths and widths will be presented
and compared with the theoretically calculated quantities.

-74-

III.B

Theoretical Considerations.
It has been known for many years that bombardment of a crystal

with energetic (keV to MeV) heavy ions produces regions of lattice
disorder.

An extensive review of work in this field up to 1966 has

been given by Carter and ColliganC

47

).

More recently ion implantation

in semiconductors has received increased attention and has been reviewed
by Mayer, Eriksson, and Davies(B).

The disorder produced by ion born-

bardment can be observed by techniques sensitive to lattice structure,
such as electron-transmission microscopy, electron diffraction, and,
as used in the present study, MeV-particle channeling.
As an ion slows down and comes to rest in a crystal, it makes
a number of collisions with the lattice atoms.

In these collisions,

sufficient energy may be transferred from the ion to displace an atom
from its lattice site.

The displaced atom can in turn displace other

atoms, and so on - thus creating a

cascad~

of atomic collisions.

This

leads to a distribution of vacancies, interstitial atoms, and other types
of lattice disorder in the region around the ion track.

The precise

nature of these disordered regions is not known at present.

As the

number of ions incident on the crystal increases, the individual disordered regions begin to overlap.
formed.

At some point an amorphous layer is

The total amount of disorder and the distribution in depth of

ion dose ra+e,
the disorder depend on ion species, ion energy, total ion dose,Achanneling effects on the bombarding ion, and the temperature of the substrate
during the implantation.

In general, one deals with average quantities

resulting from implantation by many atoms, i.e., the average number of
displaced lattice atoms, their spatial distribution, etc.

-75In considering the disorder created by an incident ion, one
must first determine the partition of energy between electronic and
nuclear processes.

A similar procedure is used in determining the

range distribution of implanted atoms.

The difference between range

and disorder calculations is that in the latter case, the energy partition of the displaced atoms must be considered also.

In either case

the crystal structure can influence the amount of energy lost in nuclear
collisions.
energy in

For example, a well-channeled particle loses most of its

el~ctronic

processes, and so creates less disorder than a

particle whose initial direction of motion is not aligned with any
low-order lattice axis or plane.

In this work, the concern is with

nonchanneled implants.
Lindhard et al.

(48)

have derived a theoretical treatment for

the distribution of energy between electronic and nuclear processes for
both the primary (incident) particle and the secondary (knocked-on)
particles, assuming that no particles are channeled.

To a first approx-

imation the electronic stopping is separable from the nuclear stopping
and constitutes a viscous damping.

It contributes part of the energy

loss but essentially no angular scattering.

The elastic collisions

with the host nuclei contribute the remainder of the energy loss and
essentially all of the angular scattering.

The electronic stopping

initially increases linearly with the velocity of the incident ion
for boron in silicon, up to energies of the order of two MeV.

The

nuclear stopping is calculated by employing a differential cross
section for nuclear collisions.

At low enough energies the nuclear

-76stopping dominates for any ion target combination.

For boron in

silicon the nuclear stopping reaches a maximum at 3 keV, then falls
off with energy.

At 17 keV the electronic and nuclear stopping are

equal.
Distributions of disorder created in silicon by boron ions
with energies above a few tens of keV reflect the fact that the major
part of the energy loss occurs in the electronic stopping mode.

There

is a relatively low disorder production rate near the surface with a
buried layer of somewhat higher disorder density corresponding to the
nuclear processes which dominate the stopping near the end of the boron
ion track.

Any attempts to calculate such disorder distributions

must properly account for electronic stopping to give reasonable results.
There are in addition to Monte Carlo treatments other theoretical calculations of disorder distributions.

Sigmund and Sanders< 49 )

have presented an integro-differential equation which governs the spatial
distribution of energy deposited into atomic processes by energetic ions
moving through an amorphous solid.

Because of the large number of

variables involved it is not practical to obtain solutions to the equation by the usual numerical techniques.

Sigmund and Sanders have

reduced the number of variables by introducing the moments of the damage
distribution.

Even then it is prohibitive to include the electronic

stopping in the solutions for M
1
moments for M
1

m

M•
2

(M

1

~

M or for more than the first few
2

is the projectile; M , the target atom).
2

An

extension of the work of Sigmund and Sanders was performed in collaboration with Sigmund. (SO)

A correlation function approach was employed

-77to investigate details of disorder distributions not available from
the simple disorder distribution functions.

Again solutions to the

resulting moment equations could only be obtained for the first few
moments for a power law atomic interaction potential in the elastic
scattering limit.

Neither this work nor the work of Sigmund and

Sanders will be further included in this thesis because for boron in
silicon the role of electronic stopping cannot be neglected.
The method of disorder distribution calculation due to
Brice(Sl,S 2 ) includes electronic stopping but then must neglect the
effect of recoiling secondaries from collisions with the primary projectile.
two steps.

Brice's method breaks the analysis of the damage process into
First, he determines the spatial distribution of the ions

at intermediate energies E' below their initial energy E.

Then from

these distributions, a knowledge of the interaction cross section,
and the experimentally measured values of the partition of the transferred energy into electronic and atomic processesC 53 , 54 ,ss), he
determines the initial spatial distribution of the energy deposited into
atomic processes.

This resultant spatial distribution is taken to

represent the final distribution of damage in the solid.
Brice points out that the principal approximation in his .
determination of the spatial distribution of energy deposited into
atomic processes is the neglect of energy transport through the recoil
of struck target atoms.

In particular, the quantity which is assumed

small is the range of the average recoil atom relative to the range of

-78the incident ions.

Brice notes that it is difficult to estimate the

region of validity of this approximation from first principles.

At

least at not too low energies and for a fixed incident energy the
approximation should be more valid for the lighter incident ions on
a given substrate than for the heavier ones since the range of the
recoils will be smaller.

Also, as Brice indicates, diffusion, satur-

ation, and annealing effects must be negligible for his results to
correlate with experimental observations.
For a more quantitative estimate of the validity of the principal approximation, Brice compares his average damage depths for
M
1

= M2

56
with those calculated exactly by Sigmund et al. < ).

For

example for silicon bombarding silicon at 40 keV, he finds that his
two step method underestimates the average damage depth by 17%, consistent with the fact that the neglected recoils would actually tend
to carry energy deeper into the solid.

He concludes that for boron

bombarding silicon, his calculations should be applicable for boron
energies greater than 9 keV.
In addition to the specific problems of a given calculation
any theoretical analysis of structural damage produced in a solid by
bombardment with atomic projectiles requires the choice of some measure
by which the damage can be quantified.

The structural damage should

depend on the energy which ultimately resides in atomic processes.
For example, the theoretical depth distribution of vacancy production

(57)

as calculated by a Monte Carlo technique, has been shown to be proportional to Brice's calculated depth distribution of energy deposited

-79into atomic processes

for 60 keV boron incident on silicon( 5 l).

The total neutron damage in silicon,

(58 59 60)
'
'
as measured by carrier

removal has been shown experimentally to be proportional to the total
energy deposited into atomic processes.

In addition, the depth

distri~

-

bution of more complex forms of damage has been shown to be roughly
proportional to calculated depth distribution of energy deposited into
atomic processes for 400 keV oxygen ions incident on silicon( 51 • 61 • 62 ).
The energy deposited into atomic processes is thus a basic quantity
which is accessible to precise quantification and which seems to correlate well with experimental measures of damage in a solid.
The major consideration then in using Brice's calculation is
deciding on the validity of the neglect of the effects of recoils.

To

give a feeling for the numbers involved, one may comment that for a bombarding boron ion energy of 100 keV, the range of an initial recoiling
silicon atom with an energy equal to the maximum classical energy
transfer is -0.3 of the boron range.

Since such a collision is so

unlikely, the limit it sets is pessimistic.

However, for such a factor

the recoiling silicon atoms will surely do little to change the shape
of the disorder distribution.

In the final analysis, it is this

result which justifies the application of Brice's calculation to the
cases of experimental interest in this thesis.

-80III.C

Disorder Peak Depths and Widths
Disorder peak depths and disorder peak widths for the disorder

distributions obtained from 1.8 MeV

4He+ analyses performed at room

temperature on boron implanted silicon samples are presented in Table
III. The boron dose for the samples held at -150°C during implantation
14
2 Csee ~ig.'l))
was 5 x 10
ions/cm ~and tne plural scattering mechanism was used
for the dechanneling calculation.

The boron dose for the samples held

at room temperature during implantation was 1 x 10

16 ions/cm 2 , and the

Lindhard multiple scattering expression was used for the dechanneling
calculation.

The doses are chosen to give comparable disorder densities

at the peak of the disorder for the two implantation temperatures.

The

factor of twenty difference in dose required will be discussed in (IV.B).
It will be pointed out there that a significant amount of annealing
takes place in the room temperature implants during the implantation
itself, and the disorder distributions may no longer represent primary
distributions of energy into atomic processes.

The boron range and

range straggling are the values calculated by F.H. Eisen with a computer
program written by W.S. Johnson.

The program numerically evaluates

the integral equations for the projected range distribution derived by
Lindhard, Scharff, and Schiott(
measured value(

32

63 ).

It employs an experimentally

) of the electronic stopping power for boron in silicon

of
~

1 dE
- = 2.06 x 10-16 (eV) 2cm
N dx
atom

2

E~

5900

5900

7000
7000

300(-150°C)

300(RT)
5900

2100

2000

2000

1800

1800

(A)

p

2.356R

3100

3100

2800

2800

Calculated
Peak Width**
cA.>

I

I
I-'
I

CJ:)

temperatures following the implant energy are those of the substrate during the boron implantation.

5650

2150

1600

2200

(A)

Peak
Widtht

** Values from D.K. Brice (52).

See also (t ).

t The term width always means full width at half maximum (FWHM) of the relevant di stribution.

*The

4200

3950

5000

200(RT)

4200

5000

200(-150°C)

4200

(A)

Calculated
Peak 0 Depth*)~
(A)

(A)

Peak
De~th

Cale. B
Range

Implant
Energ¥
(keV )

Sampl es at Room Temperature for Analysis

Disorder Peak Depths and Widths
4
1 .8 MeV He+ Analyzing Beam

TABLE III.

-82or
dE
-dx

.. 0.103

( eV ) ~

-0 -

x E~

for crystalline silicon.

A

Assuming that the boron projected range distribution is Gaussian with
a standard deviation 6Rp' the FWHM of the distribution is

2 o/2~n26Rp

=

2.35 6R *••
p

The originally measured peak depths and widths ln keV were
0

0

converted to A with the 45 eV/A depth scale from (V,C) for presentation in Table Ill·

The values given are averages over three samples in

each case, and the scatter for a given case is +8% about the presented
average for the damage depths and ±15% about the presented average for
the damage widths.

Within these errors the room temperature implants

have slightly

shallower peak depths than the cold implants.

This

difference suggests that the annealing that takes place during the
room temperature boron implantation causes a slight shift of the disorder
peak.

For comparison with the calculated boron range one must recall

the estimated +5% error in the depth scale which is now a relevant source
0

of error in the conversion to A.

In both 200 and 300 keV implants the

disorder peak depth is for the cold implants -85% of the calculated
boron range and for the room temperature implants -80% of the calculated
boron range.

For comparison the calculated FWHM of the boron projected

range distribution was included in TableII.I and is in all cases comparable to the FWHM of the disorder distribution.

*Values

of Ro have recently been measured by A. Moline (Bell Telephone
Laboratories)and agree with Eisen's calculated values .
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The values for the depths and widths of the damage peaks
2
as calculated by Brice(S ) are included in Table III. The agreement
between the experimental and calculated results for the disorder peak
depth is good.

However, the measured values of the FWHM of the dis-

order distributions are for the room temperature implants 60% to 70%
of the calculated values, for the cold implants 70% to 80% of the
calculated values.

The experimental results suggest that the residual

disorder distributions at the time of measurement have been affected
by the annealing taking place especially during implantation at room
temperature and even possibly during implantation at -150°C.

Also,

the data presented in Table Ill for the cold implants were obtained
after the samples had warmed to room temperature .

As will be discussed

in (IV.B) approximately a 30% reduction in the disorder observed takes
place during this warm up.

To effect the measured widths, these anneal-

ing processes must be more effective in the more lightly disordered
wings of the disorder distribution.

Such an effect would immediately

explain the narrower measured distributions.

It is also possible that

the measured disorder for these boron ion implantations is a nonlinear
function of the amount of energy deposited into atomic processes, a
result that has been shown to be the case experimentally by Picraux
et al. (

64

) for 200 keV antimony ion implantations into silicon.

The major conclusion is that the measured disorder peak depth
is shallower than the peak in the boron range distribution.

The cal-

culated values of Brice for the disorder peaks are in close agreement
with the measured values.
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Annea l i ng Effects on Disorder.

IV.

A

General Description.
The preceding sections of this thesis have treated the

disorder produced by boron ion implantation into silicon first as a
relatively abstract structure, that is, the emphasis was on the extraction of the disorder distribution versus depth in the sample and
comparison of the experimentally measured parameters of the distributions with those that could be calculated theoretically.

Various

annealing effects have been alluded to where necessary to make plausible some of the approaches taken in the investigation and some of
the conclusions drawn.
by different treatments.
cribed.

Now one considers how the disorder is effected
Two different kinds of effects will be des-

The dependence of the amount of lattice disorder produced on

substrate temperature during ion implantation and the effect on the
lattice disorder by subsequent anneal treatments will be discussed.
Then the effect of the analyzing beam itself on the lattice disorder
will be described.
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Temperature and Dose Dependence of Disorder Production and of
Anneal of Disorder
The lattice disorder created in silicon by 200 keV boron ions

has been investigated both as a function of substrate temperature
during implantation and by measurements of the residual lattice disorder
present after subsequent anneals of these implants.

Previous measure-

ments Cl) showed that for implantations of 40 keV antimony ions at
substrate temperatures less than 50°C, the disorder created per incident
ion was only mildly temperature dependent.
measurements

(13)

Recent channeling effect

on silicon implanted at -120°C and 23°C with 40 keV

boron ions demonstrated that the amount of disorder was markedly greater
in the lower temperature implants.

The temperature dependence of the

lattice disorder produced during boron implantation at substrate
temperatures between -115°C and 23°C has been measured here.
Figure 12 showed 1.8 MeV He+ aligned backscattering spectra
from silicon implanted with boron ions at substrate temperatures of
-150°C and room temperature where the random spectrum was included for
comparison.

The aligned spectrum for a dose of 10

reaches the random level.
1 x 10

16

ions/cm

2

Higher doses of 3 x 10

15

15

ions/cm
ions/cm

2

2

at -150°C
and

at -150°C cause the region of contact of the aligned

yield with the random yield to spread progressively to the surface and
deeper into the silicon sample· (Otl:er spectra from the 1 x 10
cold implant

ra~

16

ions/cm

already been presented in Fig. 6 in the different

context of (II.D).)

Part of the apparent motion of the disorder deeper

into the crystal with increasing boron dose is due to the increase in

2

-86the depth scale with increasing amounts of disorder in the crystal.
This is only a change of ,..,,,9% as will be discussed in (V.C).
the rear edge of the disorder peak in the 1 x 10

15

ions/cm

2

However,
sample is

0

37 channels deep (6t :::::: 5400A) while the rear edge of the disorder
peak in the 1 x 10
of -24%.

16

ions/cm

2

is

0

46 channels ( t = 6500A), a change

So the disorder builds up deeper in the crystal than the

original peak with increasing boron dose.
The increase in depth of the rear edge of the heavily disordered region is consistent with range and disorder calculations.

One

can approximate the boron range distribution by a Gaussian as follows:

N(x)

where R

p

and 6R

p

(39)

are the average projected boron range and range strag-

gling respectively and NT is the total boron dose in ions/cm

2

From

0

Table IV for a 200 keV boron ion in silicon R = 5000A and 6R
p
p

0

780A.

The aligned yield just reaches the random yield in the -150°C, 1 x 10
ions/cm

2

15

implant at the peak of the disorder where the boron concentra-

tion is approximately N (RP) (Eq. Q9) with NT= 10
1

15

2
ions/cm ).

The

rear edge of the region where the aligned yield reaches the random yield for
the 10

16

ions/cm

2

implant should occur at a value xD where N2 (xD) (Eq. (39)
2
16
with NT = 10
ions/cm ) has the same value for the boron concentration
as N (RP).
1

The value of xD can be determined from solving these two

cases of Eq. (39) simultaneously as follows:
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1015

(40)

= N1 (RP) = - -'fl- r;;:6R .'~ 2TI
p

or
R + 6R . ..J 2i n10
p p

(41)

v

0

The positive sign is to be chosen giving xD

= 6700A.

The result of this

very approximate plausibility argument agrees with the calculated value
0

of 6500A.
In contrast with the low temperature implants, a room temperature implant requires a dose of >2 x 10
region.

16

ions/cm

2

to form an amorphous

A more exact comparison of the disorder produced by a given

dose is not in order at present, since recent experiments have shown a
substantial difference in the amount of disorder produced at room temperature when the dose rate is changed from 0.2 µA/cm

2

2
to 2.0 µA/cm .

The amount of disorder is reduced by post-implantation . thermal
anneal treatments.

Figure 18 shows a sequence of 1.8 MeV He+ aligned

backscattering spectra recorded at room temperature in the single alignment geometry after successive ten minute isochronal anneals of a silicon
sample implanted with 2 x 10

14

boron ions/cm

2

at -150°C.

The disorder

represented by the peak in the backscattering spectra anneals significantly by 210°C and has all but disappeared by 325°C.

However, there is
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Fig. 18.

Spectra from 1.8 MeV 4He+ analyses representing results of
ten minute isochronal anneal treatments performed on samples
after implantation at -150°C with 2 x 101 4 200 keV boron
ions/cm2. Spectrum from unimplanted sample included for
comparison.
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still residual disorder present since the aligned spectrum after the
325°C anneal is still -1.5 times the level of the unimplanted aligned
spectrum.

The initial curve of Fig. 18 has been designated RT because

some anneal takes place between the implantation temperature and room
temperature (RT).
Isochronal anneal sequences from -150°C to 300°C were obtained
from analyses performed at the North American Rockwell Science Center and
at Caltech.

The reason for breaking the experiment into two stages

is that the implantation apparatus at the North American Rockwell Science
Center could use a 450 keV proton
up to temperatures of 100°C.

analyzing beam in situ from -150°C

To continue the annealing sequence, it

was then necessary to remove the sample and continue the process with
the Caltech 3 MeV accelerator.

The lower temperature anneal stages yield

a sequence of curves analogous to Fig. 18.

The data for the two portions

of the anneal curve for 200 keV implants were fitted in the region from
RT to 100°C and are presented in Fig. 19.

Figure 19 also shows relative

numbers for the amount of disorder produced as a function of the temperature of the silicon substrate during the boron implantation.
measurements, the sample was implanted, then cooled to
implantation temperature and analyzed in situ
analyzing beam.

For these

10°C below the

with the 450 keV proton

The shift of the boron disorder anneal curve to higher

temperatures than the implantation curve shows the nonequivalence of
dynamic anneal during implantation and anneal treatments after the
disordered regions have been formed.

The temperature dependence of the

amount of disorder produced for 200 keV boron implantations into silicon

-90-

Fig. 19.

15
Amount of disorder produced by implantation of 1 x 10
2
200 keV boron ions/cm from analyses with 450 keV protons
(+). Results are given for anneal treatments performed
on samples implanted with 2 x 1014 200 keV boron ions/cm2
and analyzed with 1.8 MeV 4He+ (x,o,O) or 450 keV protons
(6). Annealing characteristics (dash-dot line) for divacancies (1.8µ absorption band) in samples at room temperature
during 400 keV oxygen ion implantation are from Ref. 67.
Growth (dotted line) of divacancies (1.8µ absorption band)
in samples at -190°C during 400 keV boron ion implantation
are from Ref. 69.
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is very strong.

This amount changes by a factor of about twenty from

-85°C to room temperature, with a midpoint of the decrease at about
-50°C.
The large angle backscattering technique averages over the
defect structures present in an increment of thickness. It does not
distinguish between particular defects.

For this reason, the studies

of this part of the thesis are not appropriate to investigate the detailed mechanism responsible for the low temperature anneal behavior
discovered in these boron implants.

At best it is possible that com-

parison of uniaxial alignment analyses with single alignment investigations might show different backscattering yields or different dechanneling dependences for the same samples from which one might infer some
measure of the overall strain or lattice distortion present.

However,

the use of other techniques such as anomalous x-ray transmission
measurements

(65)

. an d e 1 ectron spin
. resonance (66) and
to stu d y strain

6
. f rare d a b sorption
.
in
stu d.ies ( 7) to i. d enti. f y an d f o11 ow speci. f.ic d e f ects
are suggested should one wish to pursue the detailed mechanisms of the
annealing of the disordered regions.

Much work with these techniques

has been and is being performed and no comprehensive survey is intended
by the single references given.

Only a single representative work is

given in each case.
. et a 1 . stu d.ie d ( 6 7) t h e annea 1 o f d.ivacancies
.
pro duce d
Stein
in silicon by implantation of 400 keV oxygen ions at silicon substrate
temperatures of

-so c.
0

These data are included in Fig. 19.

They noted

that the anneal of the divacancies was similar to the lower temperature

-93(near 200°C) isochronal anneal stage of the disorder produced in silicon by low doses of 40 keV antimony ions and concluded( 6S) that the
"low influence ion damage annealing is dominated by divacancy motion."
However, as shown in Fig. 19, the drop in the amount of disorder
produced during the 200 keV implantation itself and the reduction in
the disorder peak produced by anneal treatments after implantation
both occur at lower temperatures than the drop in the divacancy concentration in 400keV oxygen implants.

The second set of divacancy data( 69 )

was obtained after the boron anneal results presented in this thesis.
It shows the growth of the divacancy concentration with anneal temperature for 400 keV boron implantations made into silicon substrates at
-190°C.

The measurements were also made at -190°C.

Part of the growth

of the divacancy concentration occurs in the same region in which the
channeling effect analyses show a decrease in the amount of disorder.
The work of this thesis in the area of temperature effects thus
clarifies early suggestions that the channeling effect was detecting
principally divacancies and the strained regions of the samples around
divacancies.

In the low temperature boron implantations in silicon

these channeling effect measurements suggest that other defect structures
than divacancies must also be present.

-94IV.C

Effect of Analyzing Beam on Disorder Measurement
Bombardment of an implanted sample with the analyzing beam

can influence the disorder measurement.

3 x 10

14

200 keV boron ions/cm

2

A sample was implanted with

with the substrate held at -150°C

during the boron implantation, then warmed to room temperature and the

4He+ analyzing beam aligned with the <110> crystal axis.

1 MeV

alignment required a dose of (3-5) x 10

16

He+ ions/cm

2

The

typical for the

experimental geometry employed in the work of this thesis.

The beam

was then moved to an unbombarded spot on the implanted region of the
sample.

One analyzing run comprising a disorder measurement and

requiring 6 x 10
in Fig. 20.

15

He+ ions/cm

2

was made and is the first curve shown

The analyzing beam bombardment was continued, stopping

periodically to make a disorder measurement requiring the standard 6 x
10

15

2
ions/cm , and the total dose to the sample was recorded.

Figure

20 shows the sequence of spectra obtained in this manner with the backscattering yield dropping successively with increasing dose of the
analyzing beam.

Further, the level behind the disorder peak also drops

successively showing that the amount of dechanneling in the disordered
layer also decreases.

This sequence of curves shows immediately the

large effect that the dose of analyzing beam required for alignment alone
can have on a disorder measurement.
2
typical area of 2mm •

The analyzing beam spot had a

2
If, after a dose of 3 x 10 17 He+ ions/cm , the

analyzing beam is moved to an adjacent unbombarded region of the sample,
the spectrum is identical to the original one from the bombarded spot
recorded before large amounts of analyzing beam had struck that spot.
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Fig. 20.

Effects of 1.0 MeV 4He+ analyzing beam on disorder
measurement. Sample at room temperature during
analyzing beam bombardment.
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o..s wo~ld be e.xpe.c:fu:J
This indica+csAthat the disorder reduction does not propagate any macroscopic distance laterally.

So for each successive analyzing run on

the same sample, for example, in a sequence of layer removals and
analyzing runs, the analyzing beam was moved to a different spot to
minimize this change in the disorder.
Each measurement is really an average over the disorder as
it changes, but after the first run shown in Fig. 20, another spectrum,
not shown, was recorded with the next dose of 6 x 10
second analyzing run caused a change of only 6%.
6 x 10

15

ions/cm

2

15

2
ions/cm .

This

Although a dose of

was required to give adequate statistics, it was

judged that the spectrum from this dose represented a measurement at
most only 3% different from the disorder present in a sample prior to
any bombardment.

Such an error is acceptable, so all analyzing runs

are taken as representative of the initial condition in a sample, and
no attempt is made to correct for any such slight reduction.
The disorder reduction effect is observed in the 450 keV proton
analyses as well as those employing helium beams in implants made at
-150°C with boron doses

~5

x 10

14

2
ions/cm •

However, the disorder

reduction effect of the helium or proton analyzing beam is not observed

compa.ro..ble Q.moun+.s
in measurements of/\ pf disorder in samples held at room temperature
during the boron implantation.
A thermocouple was fixed to one of the samples so that the
helium and the proton analyzing beams struck positions both adjacent
to the thermocouple-sample junction and directly on top of this junction.
No temperature rise greater than 2°C was observed for beam currents a

-97factor of five higher than that used to produce the effects shown in
Fi g . 20 .

This suggests that the measured reduction of disorder was

not due to a rise in sample temperature during the analyzing beam
bombardment.
The beam annealing effect may be another manifestation of
the phenomena responsible for the different temperature dependence of
disorder production during implantation and of anneal of disorder
a f ter implantation.

The thermal annealing of low temperature implanted

samples at temperatures slightly above room temperature has already
been shown to produce a reduction in the amount of disorder.

Therefore,

it is possible that beam annealing is due to low nuclear energy transfers (much less than those required to produce lattice atom displacement)
which may introduce enough energy into lattice atom motion to cause
some annealing of disorder to occur at room temperature.

Ionization

effects in the form of hole-electron pairs generated by electronic energy
loss may also be responsible.
(70)

Charge state effects are known to exist.

For example, the neutral vacancy V0 in silicon is not mobile

be/owtemperatures of the order of 150°K whereas the doubly negative
charged vacancy

v=

is mobile at least down to temperatures of 80°K.

The stability of divacancies in silicon has also been known( 7 l) to be
influenced by charge state effects .
Figure 20 shows a sharp peak at relatively low energy .
the carbon building up on the sample surface.

This is

This carbon causes energy

loss in the incident beam moving the front edge of the silicon spectra
to lower energies.
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Depth Scale Determination and Applications.

V.

A

General Description.
The disorder distribution calculation described in (II.E) re-

quires a determination of the thickness of the sample equivalent to one
channel in the backscattering spectra.

This quantity was then used

in (111.C) to determine the depth of the disorder peaks and the widths
of the scattering center distributions.

A layer removal technique by

anodic oxidation and stripping will be presented first.
removal of a known amount of the sample.

This allows

Large angle backscattering

techniques were used to analyze the composition of these oxide layers.
A general expression for the depth scale expression of the type already
employed in this thesis in (II.D) and (II.E) will be derived and the
approximations involved indicated.

Then the results of the direct

measurement of a depth scale for the single alignment spectra will be
described.

In conclusion, an application of the general depth scale

expression to stopping power measurements with the two addition experiments used to measure the aligned and random stopping power for helium
in silicon at one energy will be presented.

-99V.B

Anodic Oxide Procedure and Results
Oxide layers were anodically grown on the sample of interest

using a solution composed by we i ght of 97% N-methylacetamide, 2% water
(distilled and deionized), and 1% potassium nitrate (KN0 ).
3

The area

of the anodic oxide layer was determined by the hole in a vinyl overlay
placed on the sample to be anodized .

By using the same piece of vinyl

each time, it was only necessary to use the same increase in voltage
6V and the same current I to accurately define layers of reproducible
thickness.

The anodic oxide layers were stripped off the sample with

concentrated (48%) hydrofluoric acid (HF).

Two standard oxide thick-

nesses were used.
T
1

They will be referred to simply as T and T . Oxide
2
1
2
had a nominal thickness of 1550A and an area of -0.72 cm • This

oxide was accurately defined by 6v

Q

284 volts with the current

I main-

tained at 6.55 mA. throughout the growth process.

Oxide T had a
2
0
2
nominal thickness of lOOOA and an area of -o.080 cm and was accurately
defined by 6V = 188 volts and

I~

0.74 mA.

(The different size of

oxide T arose simply because of the smaller size of the implanted regions
2
on the samples on which these oxide layers were to be grown.)

The

uniformity of the color of the oxide grown on the implanted portion of
the sample showed that these anodic oxide layers were uniform.
The usual nondestructive film thickness measuring techniques
such as ellipsometry(

72 73
• ) require a knowledge of the

tion of the substrate beneath the thin film.

ind~x

of refrac-

Since this index was not

known for the implanted portion of the sample, control oxides were
grown on unimplanted silicon at least after every two or three layers

-100-

were grown on the implanted region.

The thickness of the layer

removed could then be checked by a comparison of the color of the control oxides and the color of known standard oxides, and by measurement
by ellipsometry of the thickness of the control oxides. * The average
0

thickness for the oxide layer T from ellipsometry was 1550A.
1

This

was the average of the measurement of 21 films and the calculated
0

standard deviation was 35A.

For oxide T

2

the average of the measurement

of 3 layers was 1010A with a standard deviation of 20A.

Optical measure-

ment by the Tolansky multiple beam interference technique<

74

) of the

step in the unimplanted material after stripping the control oxide gave
for the layer T the amount of silicon removed per strip 6t = (665 +
1
0

20A).

This value is the average of 69 fringes measured on 10 photographs,

and the error quoted is again the calculated standard deviation.

The

0

value of 665A is 6% less than the 705A of silicon which would be removed
Q. s+ri'ppi 11g of a.
lo..~er
o
inAstoichiometric silicon dioxide~of the thickness of 1550A given by
ellipsometry. **
The discrepancy between the ellipsometric and interferometric
results was outside the errors of either of these processes.

This

suggested that the anodic oxide layers did not have the composition of
stoichiometric silicon dioxide.

There was another possible difficulty

in that the oxides grown on the implanted regions of the samples might
have different thicknesses from those grown under identical conditions

*The ellipsometry measurements were performed by T. Smith at the North
American Rockwell Science Center.
** Stoichiometric silicon dioxide has a density of 2.27 g/cm3 . (75) Using
a gram molecular weight for sio2 of 60.09 g., this is equivalent to 2.28
x 1014 silicon atoms/cm2 per A of oxide.

-101on unimplanted silicon.

Two types of large angle backscattering

measurements similar to those already described in the context of
measuring disorder were performed to resolve these questions.
The first type of backscattering measurement was used to compare the oxides grown on the implanted and unimplanted silicon.

This

was to determine whether ellipsometric measurements of anodic oxides
on unimplanted material could be used for the thicknesses of anodic
oxides grown on the implanted region of the sample.

A 1 MeV

4

He+ beam

was allowed to impinge on the oxide layers in a "random" direction
(far from any high symmetry direction of the underlying silicon crystal).
Figure 21 shows the resulting energy spectrum of the backscattered
particles (recorded in the single alignment geometry of Fig. 1) for
one of the oxide layers T .
1

The spectrum shows a step at the front

edge because there are a smaller number of silicon atoms per unit
stopping power for the helium analyzing beam in the anodic layer than
in the silicon substrate beneath the layer.

The mesa at lower energy

riding on the silicon substrate spectrum is the yield from the oxygen
atoms in the anodic layer.

The helium particles scattered from the

surface of the anodic layer have energies Ecbs

2

= kSi Ein

for the silicon and oxygen atoms respectively where Ein is
the incident energy, 1.0 MeV.
the measurement,

e1

Under the experimental conditions of

= 164° so the values of k 2 , calculated from Eq. (10),

are for helium scattered from silicon 0.569 and for helium scattered
from oxygen 0.367.

The midpoint of the Si front edge is in channel

number 173.5 and the midpoint of the front edge of the oxygen mesa is

3000

Fig. 21.
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-103in channel number 107.3 giving an energy per channel of 3.05 keV.
In all cases the spectra from oxides on the implanted region
coincided with the spectra from oxides on unimplanted material to
within statistics

(~5%)

both in the yield in the region of the silicon

step and in the position of the leading edge of the underlying silicon
substrate yield.

In some cases due to mild channeling effects, the

substrate yield varied by as much as 10%.

In the worst of these cases

where direct comparison of the silicon step was somewhat difficult the
oxygen peaks were also compared by subtracting the silicon background
(solid line in Fig. 21) and they agreed again within statistics.

This

indicates that the anodic oxide layers on both implanted and unimplanted
silicon were nearly identical.
To examine the possibility that the anodic oxide layers were
not stoichiometric silicon dioxide, those grown on unimplanted silicon
were evaluated in more detail.

The 1 MeV

4He+ analyzing beam was

aligned with the <110> axis of the underlying silicon.

This aligned

spectrum with a background for the yield (solid line) from the silicon
substrate and the resulting oxygen peak after the background subtraction
are shown in Fig. 22.
recorded.
Fig. 21.

A random spectrum for this sample was also

It is not presented here because it has the same features as
The aligned and random spectra are analyzed by the method

described in detail by Mitchell et al. <3 l) to separate the contributions
from the substrate and the oxide layer.

Briefly, one assumes that the

random spectrum (R) is composed of an amorphous target yield from the
silicon substrate (B) and the yield from the silicon in the oxide (C)

-104-

Fig. 22.

Aligned spectrum from 0 l.O MeV 4He+ analysis of anodic
oxide layer T1 (-lSSOA, see text). Yield from oxygen
in layer ( o and shaded) is after substraction of yield
from silicon substrate (solid line). Yield from silicon
in layer ( O and shaded) is after correction for yield
from silicon substrate.
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as follows:

R = B+ C

(42)

Equation (42) is applied to the spectra from about 15 channels 46 (keV)
below the oxide substrate interface, that is, for example, for energies
above about channel number 130 in Fig. 22.

Then one assumes that the

aligned spectrum (A) is composed of the yield from the silicon in the
oxide (C) and the amorphous target yield from the silicon substrate
properly scaled as follows:

A

fB

+ c

(43)

Equation (43) is similarly assumed to hold for energies above about
channel number 130 in Fig. 22.

The scale factor f is the ratio of

the minimum yield determined as the average over ten channels in the
aligned spectrum behind the silicon in the oxide layer, i.e., about
1830 in channel 146 in Fig. 22, to the value of the random spectrum (not
shown in Fig. 22) in the same energy region.

The v a lue of f for Fig.

22 was 0.303, a typical value for oxides of this thickness.
solves Eqs. (42) and (43) for C for each channel.

One then

This constructed

spectrum coincides with both the aligned and the random spectrum away
from the overlap, that is, above approximately channel 145 in Fig. 22.
The open squares are the constructed values in the region of the overlap.
(The aligned spectrum with its lower substrate background and hence
greater sensitivity was not used in the comparison of oxide layers on
the implanted and ·unimplanted samples because in the implanted sample
it would have been very difficult to separate the effects of the disorder

-107from those of the anodic layer itself in order to make the desired
comparison).
The following equation gives the ratio of the total amount of
oxygen in the layer to the total amount of silicon:

(44)

where R is the total number of counts in the oxygen peak (shaded in Fig.
0
22), RSi is the total number of counts in the constructed yield of the

silicon in the oxide layer only (shaded in Ftg. 22), and

as.l
0

o

(~~
=(.92CTil

dSlcm
(
Si
d5"2L

(45)

(d5tcm

d5tcm 0

l:..ltL,X

Si

d~

0

is the laboratory solid angle for element X,

da/d5t

is given

cm

46
in Eq. (27), and, from, for example, Leighton, C )

3/2

+ l]

d5t

cm
d5"21

(46)

=

where Ml is the projectile, M , the target atoms, and 8cm is the scatter2
ing angle in the center-of-mass system, related to 8 the scattering
1
angle in the lab system by Eq. (30).

Since l:..\t •
= 6rL , and under
Si,L
0 1

these experimental conditions again 8
1

=

164°, then aSi/a

0

=

3.33.

Two anodic oxide samples T were measured giving values of
1
N /NSi of 2.14 and 2.13.
0

After heating these anodic layers for 1.5 hours

at 500°C in a dry nitrogen atmosphere, the measurements were repeated

-108giving va lues of , respectively, 1.91 and 1.95.

For comparison a ther-

ma lly grown oxide gave a value of 1.94 for N /NSi'
0

The error in a

given measurement of N / NSi is estimated to be ±5 %.
0

A direct compari-

son of the spectra can be made, and the level of the yield from the
silicon in the thermal oxide agrees with that from the silicon in
the two anodic oxides only after the heat treatment.
treatment the levels were

Before heat

lower than that of the thermal oxide.

Further, ellipsometr.ic measurements on three heat treated anodic oxide
0

layers gave an average thickness of 1485A with a standard deviation
0

of 30A.

Assuming that the layers are now stoichiometric silicon diox0

0

ide, the silicon removal would be 675A with a standard deviation of ISA.
This result now agrees with the interferometric measurement of the value
of the silicon removal.
Althou gh the absolute errors in a given determina tion of
N / NSi may be about 5%, the relative changes _ in this quantity can be
0
found to greater accuracy by a direct comparison of the spectra from
two different samples.

Heat treatment reduces the value of N /NSi for
0

an anodic oxide l ayer to that for a thermal oxide.

This indicates that

the ano dic films are tak ing on the composition of a thermally grown
oxide after the heat treatment, apparently by losing water of hydration.
A similar change is found in the ellipsometrically measured values of
thickness.
Based on the above analysis an anodic oxide T contains
1
17
2
(3.33 ± 0.10) x 10
silicon atoms/cm or is equivalent to a thickness
0

of crystalline silicon of (665 ± 20)A.

The

chemi c ~ l

composition of

-109the anodic oxide layers T is assumed to be the same as that of the
1
17
2
anodic oxide layers T . The value of 2.29 x 10
silicon atoms/cm
2
0

indicated by the thickness value of (1010 + 20)A determined by ellipsometry is then scaled by the ratio of the interferometric to ellipsometric values for the anodic oxide T . This procedure indicates that
1
17
2
an anodic oxide T contains 2.16 x 10
silicon atoms/cm or is equiva2
lent to a thickness of crystalline silicon of 430A.
In conclusion, this section illustrates the applicability of
the backscattering technique to other than disorder distributions and
suggests its use in the evaluation of many thin layer systems.
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V.C

Depth Scale Measurement.
The general depth scale expression will now be derived and

the application of the layer removal technique to direct depth scale
measurement will be presented.
The detected energy Eobs of a particle incident with energy
Ein and backscattered from a depth t in a sample (see schematic in
Fig. 23) is the following:
0

t/cos el
0

where k

2

f

(47)

Sin(E)•d£1] t/cos e 2

J

has been defined in Eq. (10) and the first and second integrals

are the energy losses along the incoming and outgoing trajectories, £
and £ .
2

The angle of the beam with respect to the surface normal is

el, the angle of the detected backscattered particle with the surface
normal is e 2 , and the scattering angle is e .
1

Sin(E) and SOut(E) are

the stopping powers for the entering and outgoing beam respectively
in units of energy/length.
the change in E b
0

If the

s

increasing

2

= 0, Eobs = k Ein'

A depth scale is

for a given change in t.

in~ident

beam is random, el

If t

~

beam is aligned, e

1

~

1°.

If the incident

6° because random orientations are obtained by

¢1 (see Fig. 1) to 6°, then gradually changing ¢2 while

monitoring the backscattering yield until a place far from any high
symmetry plane of the crystal is found.

In either case cose

1

~

1.

For all of the work presented in this thesis the energy loss along £

1

1

Fig . 23.
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-112or £ 2 is small compared to the energy of the particle on that trajectory * and the stopping power changes sufficiently slowly with energy
that Eq. (47) can be written to a good approximation as follows:

(48)

Integrated depth scales are desired, so the change in E b
0

s

of interest

is l1E as follows:
6E

= Eobs (t = O)

Finally, since cos 82

~

- E
(t
obs

a

6t)

- cos 81 , and then using E
2
scale expression becomes the following:

(49)

= k 2 Ein'

the depth

(50)

The special case of the depth scale expression Eq. (50) to be
discussed now is that for the single alignment type of spectra with 1.8
MeV

4

He+.

The helium atoms lose a large amount of energy when they

are backscattered from the silicon atoms of the sample and have a higher
energy on their path entering the sample from their energy on their path
exiting from the sample.

Further the depth scale for single alignment

(SA) spectra involves the aligned stopping power for helium in silicon

*The

worst case occurs for the 300 keV implants where the energy lost by
the particle on £2 is ~20% of the energy of the particle. The energy
of the particle on £z changes from -940 keV to -740 keV. The calculated
values(76) of the stopping power for helium in silicon only change ~4%
for this range of energies.
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at one energy and random stopping power at another energy as follows:

(51)
2

0.569, SA (E ) is the aligned stopping power for the incident
1

where kSi

= 164°, and SR(E 2 ) is the random stopping power
at the energy after backscattering E = 1 MeV. The value of the aligned
2
1.8 MeV, 9
1

energy E
1

stopping power for helium in silicon at 1.8 MeV, SA(E ) in Eq. (51),
1
was not known, and more accurate results were desired than would be
4
permitted by the estimated+ 10% errors(l ) in the measured values of
the random stopping powers.

So it was undertaken to measure (6E/6t)SA

directly.
The anodic oxidation layer removal technique described in (V.B)
was the tool used to determine a depth scale for the 1.8 MeV
aligned spectra.
with 5 x 10

14

4

He+

The silicon single crystal samples were implanted

boron ions/cm

2

at energies of 200 and 300 keV.

strate was held at -150°C during the boron implantation.
conditions the disorder spectrum has a sharp peak.

The sub-

Under these

Anodic oxide layers

were gro;.mon and then stripped off the sample as has already been described.

After each strip or set of strips the 1.8 MeV

4

He+ beam was

aligned with the <110> axis incident on the implanted and stripped region
of the sample, and a spectrum was recorded.

Figure 24 shows a sequence

of such aligned spectra after successive layer removals performed on a

200 keV implant.

The energy shift 6E of the peak of the disorder was

measured from data similar to those shown in Fig. 24.
the values obtained for five measurements.
keV per removal of an anodic oxide T

1

Table IV

gives

The average value is 30.0

with a standard deviation of 1.24
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TABLE IV
Depth Scale Results
Number of T Oxide
1
Layer* Removals

*See

Total Silicon

Peak Shift

Removed (A)

6E (keV)

2

1330

57.4

3

1995

95.1

2

1330

57.0

3

1995

90.9

3

1995

92.7

text for definition of T oxide layer.
1
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keV.

Combining the fractional deviation in 6E in the usual sum of

the squares approach to uncorrelated errors with the fractional deviation for the thickness of the silicon removal 6t from (V.B) gives a
0

value for (6E/6t)SA of 45 eV/A with a fractional deviation of 0.05
0

or 2 eV/A.

This value is for the 1.8 MeV helium aligned spectra

in our experimental geometry.

The error of approximately ±5% is a

significant improvement over anything that might be estimated from
existing values of stopping powers.
The depth scale just presented is for aligned spectra from
lightly damaged samples because the aligned yield from the region of
the crystal removed by stripping is -10% of the random yield.

The

error involved in using this depth scale throughout the whole spectrum,
even in the region of the disorder peak,

i~ howeve~

sma ll.

As the

amount of disorder in some region of a sample increases, the stopping
power of that portion of the sample for the aligned beam increases from
the aligned value SA(E ) toward the random value
1

SR(~ ).

1

For example,

·
4 a, using
·
·
1 y reporte d va 1 ue Cl 4 ) of
f or th e samp 1 e o f F ig.
t h e previous
0

26 eV/A for the random stopping power of 1.8 MeV helium in silicon
0

the depth scale changes only -4% from 45 eV/A at the surface to 47
0

eV/A at the peak of the disorder.

Allowing for this depth dependence

of the depth scale only changes the calculated peak depth of this
0

0

200 keV implant from 4220A to 4160A.

In fact, the depth scale for 1.8

MeV helium analyses for the experimental geometry employed here would
0

change only -9%, its maximum amount, to 49 eV/A in regions of a sample
in which the aligned beam experienced the random stopping power, that

-117is, where SA (E ) in Eq. (51) would be replaced by SR(E ).
1
1
0

Ir. conclusion, an energy to depth conversion of (45 + 2) eV/A
was found for the single alignment spectra using 1.8 MeV helium.
This depth scale should be applicable to disorder distributions similar
to that shown in Fig. 4a.
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Application of Depth Scales to Stopping Power Determination
In addition to the obvious appli cation to determining the

depth in a sample represented by a given point in the backscattering
spectra, the general depth expression (Eq. (50)) can be applied to two
additional experiment s to obtain the random and aligned stopping powers
for helium in silicon at one energy.
The first additional experiment required was a uniaxial
analysis, whose scattering geometry was described in Fig. 3.

Figure 25

shows a spectrum collected in single alignment and one collected in
uniaxial alignment from the same spot on a sample which was implanted
at -150°C with 5 x 10

14

of the disorder peak is

2
300 keV boron ions/cm •
app~rent

A significant reduction

in the uniaxial spectrum.

This change

has taken place because of the relatively large size of the total dose
of analyzing beam (-2 x 10
the uniaxial spectrum.

17

1.8 MeV He+ ions/cm 2 ) required to complete

This is the same disorder reduction effect

which was discussed in (IV.C).

Recalling that section, one can compare

in Fig. 20 the effect of this dose of 1.0 MeV He+ ions/cm 2 on a similar
disorder peak.

Despite the reduction of the amount of

disorde~

as

Fig. 20 shows, the location of the disorder peak has not changed.

So

the disorder peak is a fixed marker at a known depth (from the SA analysis and SA depth scale) inside the sample.

The peak shift 6 of 44

keV between the two spectra in Fig. 25 then makes it immediately clear
that different stopping powe rs are involved in uniaxial alignment as
compared to singl e alignment.

The peak depth in energy /If. (Fig. 25)

in the uniaxial case then gives a depth scale for uniaxial alignment
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Fig. 25.

4
He+ single (SA) and uniaxial (UA)
Spectra from 1.8 MeV
al i gnment analyses of the same s ample. The random spectra
(not shown) have a ratio (SA to UA) of 79 in channel 161
and 70 in channel 100. Normalized to the respective
random values, the ratio of the peak heights is 140 and
the ratio of the minimum values of the aligned spectra behind
the respective peaks is 110.

-1 20-

BACKSCATTERING SPECTRA
ANALYSIS 1.8 MeV He+
5 x I 0 14 300 keV B IONS/ cm 2
-150 °C SUBSTRATE

4000

8

!:::.

0

600

=44.0 keV

0
(/)

PEAK
POSITIONS

0

1-

z

=> ~
0 w

OJ

3000

~ 2
0
z
_J <..9
w _J

D

(/)

1-

450

l~~

l::.E

z

z

rn

0

<..9

_J

_J

~<l:

-

<l:

>-

<..9

w

<..9

0:::

<..9

z

I-

(J)

>z

_J

w -

I-

=> z
0 w
u2

300

2000

_J

<!

z- -x
0::: <!
w I- z

I-~

1<i:

<!

0

0

C2:J

(J)

(J)

D

0
[]

150

1000

-

SINGLE

ALIGNMENT
ALIGNMENT

D UNIAXIAL

0

L--~--.-~~-.-~~--.-~~.....-~~....-lo..=.1:.1l,J11

60

100

140

CHANNEL NUMBER

Figure 25

180

-121(UA).

This depth scale involves stopping powers for helium in silicon,

ali gned but at two different energies, as follows:

(52)

where SA (E ) is the aligned stopping power for the incident energy
1
E
1

= 1.8 MeV,

backscattering

SA(E ) is the aligned stopping power at the energy after
2
E
2

= 1 MeV,

8

= 179.8°, and kSi

m

0.563.

For this

sample 6t
0

38 eV/A.

+oil ow ins:
(53)

(6E/6t)SA - (6E/6t)UA = 7 eV/A =

Using previously reported values of SR(E ) of 29 eV/A(l 4 ) in Eq. (53)
2
gives SA/SR

~

0.8 for helium in silicon at 1.0 MeV.

The random stopping power for helium in silicon at 1 MeV
SR(E 2 ) can be determined directly.
crystal was implanted* with 8 x 10

For this measurement a silicon single
14

400 keV antimony ions, then annealed

for 1.5 hours at 700°C in a dry nitrogen atmosphere.

The annealing was

necessary to reorder the lattice of the sample sufficiently to be able
to grow reproducible anodic oxides on it.

A 1.08 MeV

4

He+ analyzing

beam was allowed to impinge in a random orientation on the sample in
the single alignment geometry.

* E.

The spectrum was recorded with the

B~ gh of the Institute of Physics, University of Aarhus, Aarhus,
Denmark, kindly supplied the 400 keV antimony implant.

-122electronic gain adjusted to give an energy per channel of 3.3 keV and
is shown as the open squares in Fig. 26.
mass impurity is a fixed marker

~1500A( 8 )

This spectrum of a heavy
deep in the sample.

The

midpoint of the rear edge of the antimony was chosen as the point to
observe since it is the most accurately defined feature.
anodic oxides T

2

Two successive

were grown on and stripped off of the sample by the

layer removal technique already described with a spectrum recorded
after each layer was removed as shown in Fig. 26.

The experiment was

repeated on another section of the same sample for another two layer
removals.

The four values of the energy shift in keV of the midpoint

of the rear edge of the antimony peak per strip were 28.2, 25.5, 31.2,
and 25.5.

The average value was 27.5 keV with a calculated standard

devi a tion of 2.3 keV.

The energy loss of the helium atoms when they

a re ba cks cattered from antimony (Sb) is small since for 8
1
2

kSb

~

0.879.

= 164°,

The helium atom entering and exit energies are close to

the same value.

The depth scale for this experiment involves only the

random stopping

power for helium in silicon at essentially one energy

as follows:
(54)

2
where kSb

= 0.879, e1 = 164°, and the assumption is E1 • E2

~

1 MeV.

This experiment gives for helium in silicon at 1 MeV, a random stopping
0

power SR(E ) of 33 eV/A, a value 14% higher than the 29 eV/A previously
2
reported. (l 4 ) This value has been confirmed recently by measurements
at another laboratory. <35 )
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-124Inserting SR(E 2 ) in Eq. (51) gives for helium in silicon
0

at 1.8 MeV, an aligned stopping power SA(E ) of 19 eV/A.
1

Inserting

SA (E ) in Eq. (52) gives for helium in silicon at 1 MeV, an aligned
1
stopping power SA (E 2 ) of 27 eV/A.
The significant result of the stopping power measurements is
(<110))
that for 1 MeV helium in silicon the alignedAstopping power is about
80% of the random stopping power.

This stopping power ratio as seen

by backscattering measurements appears to differ considerably from
early proton transmission results(??) which showed that the channeled
energy loss peak had suffered only about 40% of the energy loss of
the random energy loss peak.

This is perhaps not surprising since the

channeled energy loss peak represents just the particles which have been
almost perfectly channeled as they penetrated the sample.

However,

the backscattering will always average over some particles which have
not been so well channeled and so have undergone somewhat higher energy
losses.

It is also possible that the ratio of aligned to random stop-

ping power only tends to values of 0.4 to 0.5 as the energy increases,
in particular, above 2 MeV for helium in silicon.

This would be an

interesting aspect of the stopping power question t6 resolve.

Some

investigations of this problem are underway at another laboratory.

(35)
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Summary
This thesis used channeling effect analyses to investigate

disorder distributi ons and temperature effects on the disorder produced
in silicon by boron ion implantation.

A self-consistent method for
0

t he extraction of disorder distributions in regions from 300A to
0

10,000A from the surface of a crystalline sample was described, and
for illustration, distributions were obtained for the disorder in 200
keV and 300 keV boron implanted silicon crystals.

The channeling

effect technique utilizing both 1.8 MeV helium and 450 keV proton
analyzing beams was employed to obtain aligned and random backscattering
spectra.

The behavior of the analyzing beam was first investigated

by studies of the minimum yield from single crystal substrates under0

0

lying surface amorphous layers from 2900A to 6500A thick.

The insight

into the scattering processes gained from the amorphous layer results
was applied to an iterative analysis of the backscattering spectra from
discrete disorder peaks.
The model employed was a simple description of the interactions
of the analyzing beam in partially disordered samples to see whether
physically meaningful, self-consistent results could be obtained.

The

description chosen consisted of an aligned component interacting only
with the disordered lattice atoms and a random component interacting
with all lattice atoms.

The dechanneling of the analyzing beam from

the aligned component into the random component for the case of interest
was assumed to be due to small angle forward scattering in the plural
scattering regime from the same disordered atoms that produce the

-126backscattering of the aligned component.

Particles scattered outside

the critical angle for channeling were treated as being in the random
comp onent.

No attempt was made to account for possible different

scattering probabilities due to the association of defects into
clusters or more complicated structures because such a refinement
would imply a knowledge of the disordered regions that did not exist.
This approach was acceptable for obtaining the disorder peak depth
and shape when applied to both helium and proton backscattering spectra
obtained from samples held at temperatures below -45°C during the
boron implantations, provided that the boron doses were greater than

~2 x 10 14 ions/cm 2 and less than~8 x 1014 ions/cm 2 . Although for the
amounts of disorder easily detectable by the backscattering technique
and amenable to the approach of this thesis the dechanneling in cold
implants was shown to be predominantly in the plural scattering regime,
single scattering was studied and found to agree with plural scattering
in the regions of lower disorder density near the surface of the implanted sample.
A multiple scattering treatment was also given for dechanneling
in the disordered regions created in silicon samples held at room
temperature during boron implantation.

Although the treatment was

essentially phenomenological, it gave an adequate description of the
desired disorder distributions.
Dat a were presented showing that in the disordered regions
produced in samples held at room temperature during the boron ion
implantation there was a faster rate of dechanneling for the amount of

-127disorder present than was observed in the low temperature implants.
Hence, the mechanism governing the dechanneling depended on the detailed structure of the disordered layer.

For this reason it was

suggested that an all-inclusive treatment of backscattering spectra
to extract arbitrary disorder distributions was not feasible at the
present time.
The measured results for the disorder peak depths and the
widths of the disorder distributions were compared with the values for
these quantities calculated by D.K. Brice.

The depths agreed quite well,

but the measured widths were 60% to 70% less than the calculated
values.

This effect was attributed to annealing of the disorder, or

possibly to the same nonlinear processes seen for antimony in silicon.
The measured disorder peak depths were 80% to 85% less than the calculated boron projected range and the measured widths were comparable to
the calculated widths of the boron projected range distributions.
The disorder was then discussed with respect to its having
been created by boron ion implantations into silicon.

Temperature

effects were described with special attention given to the drastic
dependence of the amount of disorder produced on the temperature of
the silicon substrate during the boron ion implantation.

The amount

of disorder seen in samples implanted at room temperature was about a
factor of twenty less than that seen in samples implanted at -150°C
with the same dose of boron ions.

The anneal of a -150°C implant was

measured and shown to suggest that the nature of the annealing process
was governed to a considerable extent by different mechanisms than

-128those responsible for the anneal behavior of the disorder produced by
light dos es of heavy ions such as antimony implanted into silicon at
room temperature.

The observed temperature dependence of the disorder

production process during i mplantation was different from the temperature dependence of the effects of subsequent anneal treatments performed
on the samples after the disordered regions had been produced.

This

showed the nonequivalence of dynamic anneal processes at a given temperature and thermal instabilities of disorder produced at lower
temperatures and then warmed to the given temperature.
It was shown that the low temperature implantation-produced
disorder was unstable with respect to analyzing beam bombardment,
while the room temperature implantation-produced disorder was not, and
that this instability was not a temperature effect.
A process utilizing successive layer removals by anodic oxidation
and stripping for measuring directly the depth scale of backscattering
spectra was described.

The backscattering analysis was applied to measure

the composition of the anodic oxide layers employed in the layer removal
because there were differences in the ellipsometric and interferometric
indications of the amount of silicon removed per anodic oxide layer
stripped off.

The anodic oxide layers were found to contain an oxygen

excess suggested to be in the form of hydrated water, but they attained
the composition of thermal oxide layers after heat treatment.

Finally

an application of the depth scale expressions to stopping power measure0

ments was given.

A value of 33 eV/A for the random stopping power for

helium in silicon at 1.0 MeV was obtained.
than the results of previous

This value was 14% highe r

-129measurements.

Then it was shown that the aligned analyzing beam

stopping power as measured by backscattering measurements was

~80%

of the random value at 1.0 MeV, an energy near the maximum of the
random stopping power curve for helium in silicon.

In contrast

values as low as 40% had been seen by other workers for the channeled
energy peak in early proton transmission work.
In conclusion this thesis described a method of obtaining
consistent disorder distributions from helium and proton backscattering
analyses of the disordered regions in boron implanted silicon.

Measure-

ments were given of temperature effects on the disorder in regions of
low temperature where such effects were not anticipated.

An applica-

tion of the backscattering analysis technique to study the composition
of thin layers was presented.
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