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ABSTRACT

This thesis reports on the development and characteristics
of an ion reflection spectrometer designed to operate in the 20 -
150 keV range with specific application to near surface analysis
of solids. The work is divided into two parts,

Part I details the design, operation and éa]ibration of
the sysiems within the spectrometer. They include a high resolu-
tion electrostatic analyzer and a premium solid state detector
c001§d to provide an excellent resolution figure. Control of the
spectrometer is via a small minicomputer programmed with machine
language in a real-time operating environment. Both energy and
geometrical calibration procedures as well as results are provided.
Examples are given which illustrate the performance characteristics
of the spectrometer. Various corrections to both ESA (eg. neutral
component) and solid state detector (eg. pulse height defect) results
are determined and applied where necessary.

, Part' II shows\the capabilities of the spectrometer as
exhibited during the study of three areas of medium energy ion-
solid interactions., The first is an examination of the large
angle scattering cross‘section behaviour for various incident
fons (1 < Z] < 10) in gold layers. The results are compared to
current theoretical predictions and experimental values. The
second is an investigation of the neutralization of charged parti-
cles (1 <1 < 10) as they exit from clean gold surfaces. Other

experimantal values, as well as various theories are discussed in
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relation to the observed results. The last study includes the
determination of the stopping of light mass particles (H,He) in
Au films. These values are obtained after the application of
several corrections based on methods and results of the previous
sections. The stopping powers are related to other experimental
results.

From the foregoing investigations, it is concluded that
the state of medium energy ion-solid interactions is by no means
as quantitative as in the higher energy regime. The energy loss
processes and charge neutralization behaviour are not well under-
stood so that there is a great need for re]iab1§ and accurate
experimental measurements that can provide a solid foundation
on which to base a better theoretical maedel of the processes

involved.
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CHAPTER 1
Introduction

It is only since the middle of this century that the
particle-solid interaction has become a major field of stud}ﬁ
Much of the initial impetus stemmed féom a need to understand
effects occuring in high power vacuum tubes and the requirement
for better devices for the measurement of vacuum. In the late
1940's the use of nuclear fission reactors provided a ready means
of examining the atom-solid interaction as well as providing a
new motivation for studying such effects and the resulting radi-
ation damage. During this time Bohr] published an initial theory
of particle penetration through matter. More than a decade later,
his basic principles were developed into a comprehensive unified
theory of atomic stopping by the work of J. Lindhard and his

cb]]aboratorsz's, now commonly referred to as LSS theory. Since

‘then, the experimental use of low energy (~ 0.5 - 10 keV) ion beams

to sputter etch and analyze surfaces, of medium energy (~ 50 - 500
keV) ion beams to dope semiconductors for device application, and
of high energy (~ 1 - 3 MeV) ion beams to probe bulk and surface
layer bhenbmena in solids have become standard techniques.
Currently there exists high activity in the particle-solid
interaction field resulting from®a major research effort to develop
nuclear fusion as a future energy source. A fusion plasma with
sufficiently pigh temperature to achieve ignition will contain

v
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primarily ions from the low energy regime but with energies
extending into the medium energy region. The enerqy balance in a
fusion reactor and hence the temperature profile will be strongly
inflwenced by particles which have escaped the plasma and subse-
quently are reflected back into the interaction volume from the
containment vessel first wall. Thus, the reflection coefficiente,
charge States7, and impurity productiong, from the recycled
particles will be crucia]g in determining the feasibility of
nuclear fusion as a practical large scale energy source.

It is in this milieu, then, that fhe development of a
medium energy ion reflection spectrometer has taken place, in order
to determine some of the basic fundamentals of the atomic collision
process; also to assess the technique of sufface analysis via the
Tight ions in this energy regime thus allowing the extension of ion
implantation accelerators (involving typically 50 - 200 keV ener-
gies) for on-line surface studies.

This thesis is logically divided into two parts: part I
includes in Chapter 3 the design and development éf the spectro-
meter while Chapter 4 pfovides most of the performance properties
of the system. Part II reports on the measurement of some basic
parameters which aid in the characterization of ion-solid inter-
actions and also which indicate some of the capabilities of the
spectrometer. Each of these two sections are prefaced by a mbre

detailed introduction. »
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THE SPECTRO@FTER
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CHAPTER 2
Introduction

In this section, the design, operation and performance of
the medium energy ion reflection spectrometer (M.E.I.R.S.) is
given. Chapter 3 provides a general overview of the ibn-beam
production and transport systew as well as the target chamber with
emphasis on the spectrometer components and modes of operation.
Chapter 4 gives a detailed explanation of calibration techniques
and measurement characteristics of the spectrometer., The basic
theory appropriate to this chaoter is briefly outlined. A more
detailed theoretical description is deferred to Part II, where
a natural progression of fundamentals is introduced and developed,

as required, to discuss the experimental results
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CHAPTER 3
System Design and Control

3.1 Introduction
Ion reflection in the medium energy range has analysis
capabilities similar to those of MeV backscattering but with

smaller accessible depths‘o.

Scattering cross sections are
larger in this regime allowing shorter analysis times. Such
advantages are lost when solid state detectors are employed,
however, due to the aésociated pulse pile-up problems. The

use of an electrostatic analyzer (ESA) resolves this problem,
although at the expense of longer analysis times which are
needed since this is a single channel counting device. However,
one advantage of the ESA system is the depth resolution figure
which can be as low as 5-10 angstroms (R) for protons and He on
gold. In fact, recently, an ESA has been designed for up to 1
MeV backscattering work alone with ~ 0.4% reso1ution]]. The
ESA also has one major disadvantage in that it collects only
charged ions. This means that for quantitative information

the backscattered yields must be corrected for the ignored
neutral fractions of the backscattered particles. The neutral
fractions are only important in light ion (H or He) scattering
at energies < 200 keV where they begin to become significant. _

This is the region of interest in this study. Here, charged-

fractions can be obtained by combining a solid state detector

-7 -



with electrostatic charged partidle deflection plates interposed
between the target and the detecfor. For this application the
rather poor energy resolution of the solid state detector is not
a significant problem. Thus the basic spectrometer includes a
solid state detector to generate in-situ determinations of the
charged and neutral particle fractions to correct the ESA spectra,
the ESA itself, and devices to measure beam currents on the target
as well as to provide sample manipulations,.

In this chapter a detailed discussion is given of the
components which comprise the spectrometer. Also described are
various design considerations as well as modes of operation.
Section 3.1 outlines the ion accelerators and the beam transporta-
tion leading to the ultra-high vacuum (UHV) scattering chamber.
Details of the sample handling devices are given in section 3.2,
The middle two sections, 3.3 and 3.4, describe the two main
analysis systems: the former for the ESA detector and the latter
section for the solid state detector. The last section, 3.5,
details the computer control aspect of the two detection systems

through both hardware and software considerations.

3.2 Beam Transport

Although most of the emphasis in this chapter is on the
design, operation and characteristics of the systems in the UHV
chamber, this section is concerned with the production of ion
beams of both medium (20 - 150 keV) and high (> 500 keV) energy

and their subsequent transport to the UHV scattering chamber.



Figure 3.2 shows the entire M.E.I.R.S, system. Section 3.2.1
examines in detail the coupled accelerator system while the
transition from low vacuum areas of the accelerators to the UHV
environment is discussed in section 3.2.2. The last subsection
concerns the description of UHV chamber components that are not
directly associated with the particle analysis devices, such as
the faraday cup and results of residual gas analysis of the vacuum

environment.

3.2.1 Beam Production and Shaping

As shown in figure 3.1, the beam from either accelerator
may be brought into the UHV target chamber via the common analyzing
magnet and a differential pumping region. Enerqgy stabilization of
< 0.5% is attained for both accelerators by monitoring the beam
current striking slits placed after the analyzing magnet. A feed-
back circuit adjusts the energy of the beam so that the currents
are equalized.

The ion implantation accelerator is a Texas Nuclear Corpor-
ation Model 9509 Cockcroft Walton neutron generator modified to
accommodate a Danfysik 911A universal ion source. This is a hot
cathode source having an auxillary heating filament so that solid,

as well as gaseous sources may be emp]oyed12’]3.

The solid,
depending on its vapour pressure curve, can be placed inside one of
these holders which adjust thé source temperature by changing the
disfance from the heating filament. To achieve the discharge, a
carrier gas (usually Ar) i§ used; however, when the source material

is gaseous, the ovens and carrier gas can be eliminated. Using an
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Figure 3.1 The Medium Energy Ion Reflection Spectrometer including
the scattering chamber beam transport system and the coupled

accelerator facility.



-— .«O&U&,ED A [
.mm&"hﬁvcmw.”m

WRisAs sojowson ,
- 304321150 Wog . ) Aoposoy -
uag . doy) woag Bt F T

Rquoyy

44
12610
L AHA MBUDA e w‘
odnupony mbh.m\@\m B sdsuoq

i2ubpyy busKjouy



~

- 12 -

extraction potential of ~ 10 keV, the beam is extracted from the
jon source with a diverging exit envelope. It is then focussed to
a slightly converging envelope via an Einzel lens assembly located
between the extraction electrode and the acceleration column with a
continuously variable potential up to 30 kV. The ion source can
provide beam intensities of up to several uA/cm2 on the target.
The vacuum in the 150 kV accelerator is maintained py an oil diffu-
sion pump equipped with a liquid nitrogen cooled vapour trap while
the ion source is differentially pumpedwith a small Edwards Diffstak
system. Base pressure is 1 x 10'7 torr. The beam lines are evacu-
ated to typically 1 x 107 torr.

The higher energy beams (> 500 keV) are supplied by a High
Voltage Engineering model KN single-ended Van de Graaff electro-
static accelerator. The ion source is a radio-frequency type pro- -
viding H or He beams of close to 250 uA/cm2 currents on target. The
base pressure in the machine is 5 x 1077 torr maintained by a 450
2/s turbomolecular pump.

Beamnmnipu]aiion1saccomp]ishedw1thvariousmagneticsteerers
and quadrupole lenses. The lenses are positioned so as to optimize
their effect on maintaining a reasonably small beam spot (< 2 mm
diameter in cross section) from aﬁywhere along the distance between
the colimating apertures and the ta;get area. This was accomplished

through the use of first order linear beam optics ca1culatiém@‘3’]4.
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3.2.2 Differential Pumping Region

The final section of beam shaping along the transport
system occurs in the differential pumping reqgion. It is composed
of a set of variable size apertures and an Edwards 160 mm diameter
Diffstak system with a pumping speed of 1300 ¢/s for H and 700 g/s
for air,

This region serves the dual purposes of 1) an intermediate
vacuum region at 10'8 torr to interface between the accelerator
pressure (v 5 x 10'7 torr) and the target chamber which operates
in the 10-9 torr range and 2) beam shape definition with variable
sized apertures that éo]limate the beam to at best a 0.05° half
angle divergence. These collimators, located 1 m apart, are mov-
able vertically (resettable to 5_0.02 mm) to allow either a 0.5 mm
1.0 mm or 2.0 mm diameter beam. When samples in the target cham-
ber are to be sputter-cleaned, the 2 mm apertures are used. During
analysis, however, they are returned to 0.5 mm diameter for solid
state detector work or to 1.0 mm diameter for the electrostatic
analyzer. The effect of these changes on vacuum is such that the
region is maintained to better than 1 x 10”7 torr and typically
1 x 10'8 torr which for the latter is in good agreement with design

15 and Shapiro]a. Also

calculations taken from the work of Jones
located within the differentially pumped region is a liquid nitrogen
cold shield which reduces beam hydrocarbon deposition on target

samples inside the UHV scattering chamber.
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3.2.3 The UHV Scattering Chamber

The ultrahigh vacuum scattering chamber is the heart of
the spectrometer. As shown in figure 3.2. it houses the particlé
detection systems, beam current measuring Faraday cup,as well as
various vacuum pumps and gauges. It also has attached to it a
vacuum quick load device and a sample manipulator arm. The latter
two units form the main topic of discussion for the next section
while the particle detection systems are described in sections
3.3 and 3.4.

The chamber is maintained at £ 5 x 1072 torr under static
conditions (as measured by a nude ionization gauge) via a 220 #/sec
noble vacion pump. Occasional use of a titanium getter pump lowers
the pressure to < 2 x 10'9 torr. By means of a mass quadrupole
spectrometer (Vacuum Generators model Q4) residual gas analyzer,
the chamber partial pressures have been measured and are given in
table 3.1. After several days of bakeout,with a 150° € skin
temperature, the H, OH, and‘HZO contents are reduced by g factor of
two; however, a week later with no auxillary pumping or heat appli-
cation, they retul) to levels shown in fable 3.1. During target
bombardment, the pressure can increase up to 10 x 10'9 torr mainly
due to increased hydrocarbon contamination whose partial pressures
rise v 10%.” Pressure rises inside the chamber are directly pro-
portional to input beam intensity.

The beam current is measured by means of a beam chap
Faraday cup. This device is configured so as to be able td fit in

front of the ESA support and solid state detéctor beam collimation
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and deflection system. The cup itself is composed of copper,
electropolated with 250 um of Ni, while the backplate rotator is
made from tantalum. The entrance aperture is a grounded front
plate behind which is placed an electrically isolated aperture
maintained at -100 V dc to suppress electrons from escaping

through the entrance]7

3.3 Sample Handling Systems

Early in the design of the spectrometer, it became apparent
that the facility of a multiple sample holder and a quick load
transfer dt?vice]8 would greatly reduce the required accesses into
the champ#%. This was deemed necessary when the chamber, after
opening ’to atmospheric pressures for sample input, took several
days to return to a 10'8 torr vacuum environment., Currently, a
sample can be mounted in the quick load device, pumped down to
B ox 10-7 torr in about one hour, and then injected into the
chamber resulting in a pressure rise to only 1 x 10'8 torr. In
several minutes, the target carousel can be mounted on the sample ,

rotator and the quick load device, QLD, withdrawn leaving the

chamber at 5 x 10'9 torr within minutes39

3.3.1 The Sample Rotator and Target Carousel

The UHV sample rotator is a modified Physical Electronics
manipulator. It allows both X, Y and Z translation, vertical tilt
and vertical axis of rotation that is converted via gears to a
horizontal axis of rotation (perpendicular to the beam direction)

which is used to turn the target carousel. Both manipulator and
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C‘;y

Figure 3.2. Side view of thg UHV scattering chamber showing the
orientation of the quick load transfer device and the sample mani-
pulation arm. The cut away section reveals the internal configu-
ration of the two particle analysis and detection systems: the
electrostatic analyzer and the solid state detector with its

charged particle deflection plates.
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Figure 3.3. The design of the beam chopper type Faraday cup.
The orientation is such as to place the cup in front of the
electrostatic analyzer and target where the beam enters the
chamber. The chopper vane is given a 10 rpm movemént by an
external HURST type motor. The motion is transmitted to the
vane via a UHV rotary feedthrough (Varian #954 5151) and

several gear sets. Electron suppression voltage is -110 V dc.
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TABLE 3.1
UHV CHAMBER PARTIAL PRESSURES

Total pressure ~ 5 x 1077 torr

Element Pressure Molecule Pressure
x 10710 torr x 1079 torr
(+ 10%) (* 10%)
H 9 CH, 2
CH4 +0 2
He 0.1 OH 2
H,0 6
C 0.5 CoH, 1
’ CoHg 3
N 1 N, +CO 4
CH; ! 2.5
Ne 0.5 0, 0.25
- C3Hq \ 2
C1 0.5 C,He 2.5
C3H7 2
Ar ) co,, 1.5
C4Hg 0.5
C4Hg 0.5
C4H5 1.5
C,H 1

49
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carousel are illustrated in figure 3.4. The former contains a
"kink" in the rotary transmission axis since the target position
is not centrally located within the chamber but is 100 mm to the
rear of the chamber center to allow space for the ESA. The
rotation is resettable to only ~ 4°,

The sample carousel usually contains 5 samples of up to
7 mm square x 1 mm thick size while the 6 th position is reserved
for a sample of A1203 which fluoresces when exposed to light mass
ions of at least 60 keV energies and 10 pA currents. The beam can
thus be optically centered on the target via sample manibu]ator
translational motion. The carousel, carried on a claw from the
QLD can be "snapped" into the sample holder via a pressure motion
along the axis of rotation. This action seats a spring exposed
ball bearing into the carousel circular shaft groove. Note that
the carousel must be aligned in an orientation which accommodates
the shaft index pin. In order to reduce UHV "weld" effect for
similar metals, the holder is fabricated from type 304 stainless
steel wﬁi]e the carousel shafts are made from molybdenum. The

claw and carousel are shown in detail in figure 3.5 (b).

t
L7

3.3.2 The Sample Quick Load Device

The quick load device, QLD, is shown in Figure 3.5(a) and
is primarily composed of a rack and pinion set. The stainless
steel type 316 rack slides on bearings of type 304 stainless steel
with the aid of molybdenum disulphide dry lubricant. They are

housed inside a stainless steel tube supported on one end with a
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\%

Figure 3.4. The sample manipulator and carousel rotator. The
former is a modified Physical Electronics goniometer while the
latter is a stainless steel arm that converts the vertical axis
of rotation into the horizontal. This allows any one of six
target positions to be set into analysis position. Other sample
movements are possible (see text). The target carousel is held
with 1ight pressure by means of seating a ball bearing exposed
in the holder into a groove on the carousel shaft. Rotational
freedom is denied the carousel relative to/;he holder by the
use of a longitudinal channel in the carodgel shaft which
accommodates an index pi; welded in the target -holder. These

must be aligned before acceptance of the carousel by thé holder.
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Figure 3.5 (a) The quick load device used to provide target access
to the scattering chamber without the necessity of
exposing the chamber to atmospheric pressures.
Local vacuum pumps attached to the device allow
changes in pressure independent of that in the
scattering chamber.

(b} The target carousel is carried by the claw which
is aftached to the end of the quick load device
rack. This carousel can be either extracted from
the holder on the manipulator arm within the chamber
and withdrawn or it can insert a new carousel into
the chamber and deposit it on the manipulator arm.
In either case the rack is then withdrawn and the

gate valve closed.
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micrometer X-Y translator and at the other end with a set of X-Y
gimbals. This structure allows the claw and carousel to be mani-
pulated and pressed into its pocket mounted on the sample goniometer.
The tube is connected to an eight-fold cross (two are not shown for
clarity) via a bellows set. The cross allows independent pump down
from atmospheric pressures using the attached 1iquid nitrogen cryo-
pump (a Varian vacsorb) and a 20 2/s vacion pump both isolatable
from the device. The cross also provides a view port and access
port for sample entry. Sequential use of these two pumps gives the
QLD a recycling time of 30 - 40 minutes with a "before-UHV-entry"

pressure of ~ 1 x 1077 torr.

3.4 The Electrostatic Analysis- System

The ESA is composed of the energy analyzer for the
scattered iong-dnd\two particle detectors. The former is Hughes-

.19-21

Rojanski type 127° 17 cylindrical analyzer while the latter

involves two chanpe] electron multipliers which serve to detect
- the ions that tran;;? the analyzer. For target alignment purposes,
a solid state detector is mounted on the ESA support. The configu-
ration of the system is shown in figure 3.6. These elements are

each detailed in the subsections which follow.

3.4,1 Analyzer besign

In 1929 Hughes and Rojanski pointed out that a two dimensional
inverse first power radial field has a refocussing property for charged
particle orbits. Consider figure 3.7(a). If a charged particle with

energy Eo is moving at point, P, perpendicular to the radius vector
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at that point, then under the influence of the radial electric
field, it will describe a circular path concentric with the axis
of the field. Charged particles with the same energy but moving
in different directions at the same point, P, will trace paths
which refocus at point F which is 127° 17* from point P. This
angle then becomes the basis of the electrostatic analyzer design
as does 90° for magnetic analyzers.

The inverse first power field is obtained using two
concentric cylindrical surfaces with radius " and ro and a
potential difference of V. The resulting electric field, £ is

v .
£ = ——— (3.1)

1
r, 0} —
0 [‘:2]
where ) is the central circular orbit traced by the charged

particle,
% (r] + rz) (3.2)
Hence the energy, EO of the ion having Z units of charge is

N V Ze
EO E — (3.3)

2 2n(r1/r2)
wheré e is the electronic charge.
Thus fhe analysis of 150 keV single charged ions with a gap of
2 mm and central radius of 10 cm requires a plate potential
differénce of 6 kV. The 10 cm radius is the maximum allowable
size' for the ESA to remain within the confines of the upper half

of the UHV scattering chamber. The use of two 3 KV supplies allows

[ N,
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Figure 3.6. The electrostatic analyzer and associated apparatus.
The cutaway reveals a portion of the steel electrodes which are
supported by blocks of VESPEL, a Dupont polymide resin. These,
in turn, are coméressed by a stainless steel cover on the top and
the aluminum ESA support on the back. Shown are the entrance and
exit apertures which slide into slots in the aperture supports.
Also included are the channel electron multiplier radiation

detectors as well as an auxillary solid state detector used for target

alignment.

‘&v
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rather easy computer control, in this case remote resistance voltage
\programming, al]owing‘theplates to operate from zero to + 3 Kv and
- 3 KV with a zero voltage condition along the central circular
orbit of ro- The analyzer electrodes were cut from cold rolled
steel cylinders and finished with a thin coating of Ni. They are
separated by a gap of 2.03 + 0.01 nm maintained through upper and
lower insulating supports fabricated from VESPEL, a Dupont polymide
resin. VESPEL possesses good electrical insulation properties and
yet a low enough vapour pressure to be able to be used within the
UHV chamber. Being slightly hydroscopic in nature, the VESPEL was
subjected to a vacuum bakeout of 200° C before installation inside
the chamber.
Having decided on the ESA external dimensions, the selection

of entrance and exit aperture sizes solely remains. Th;se critical
widths determine the analyzers' performance, i.e. resolution figures.

19

Hughes and Rojanski ~ have calculated the ESA resolving power to be

L = (28 - 489

e (3.4)

"o

V.-V
and B:-Q.__.
Yo

where Le is the distaﬁce between the radius of the circular path o
which a charged particle of velocity Vo will describe and the radiug
vector, r, of the path of another particle of velocity v, measured
at the exit aperture. These parameters are depicted in fiqure
3.8(b). For 1% resolution, £ = 0.99 Ey qiving # = 5 x 10™° and

Le = 0.503 wen. Thus the exit aperture, for ;% = 100, must be at



least of 1 mm diamete%.

Because the ESA is rather close to the sample active area
(exposed to the incident beam), this‘region cannot be considered as
a point source. Consider figure 3.7(c) where, for large entrance
angles (> 1?) the departure from perféEE refocussing of the analyzer
cannot be ignored. Again, Hughes and Rojanski]9 have calculated the
second order effect and give a measure of this distance, Ld
4a2r0

3

Ld =

(3.5)

where Ld is the distance between the central radius, ros and the
actual focussing point at the exit aperture for an entrance half
angle, o, subtended bj the beam area striking the target using the
1 mm collimating apertures of the MEIRS differential pumping region.
For these geometrical conditions, a ='0.5°, and Ld = 0.579 mm so
1that in order to maximize the capture rate of the backscattered
particles from the target, an exit aperture of 0.6 mm is needed.
Thus the exit aperture.cﬁosen was 1 mm in width. The
entrance aperture width was fixed at 0.5 mm width, This is the
best éompromisé between achieving a suitable .solid angle for
particle acceptance énd reducing collimated beam scattering between
the analyzer electrodes (which contr%bute to a constant output back-

ground). The length of the.exit aperture is 22.2 mm which accommo-

"dates two channel electron multipliers with rectangular entrance

cones (12 nm x 3 mﬁ) while the ESA entrance aperture length is

4.8 mm, so that the “"shadow" of this aperture produced by partic}es

. Q



Figure 3.7 (a)

(b)

(c)
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IMlustration of the refocussing property of charged
particles at 127° 17* in the presence of a radial
electric field, E.

The diagram shows the role played by the analyzer
exit aperture size, L, in determining the energy
resolution, set here to 1%.

Using the variable entrance angle, o, to Ealculate
the departure from perfect refocussing, Ly for an
extended source of charged particles. S, and S,

dre the entrance and exit abertures of the ESA.
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from a point source located 50.8 mm from the analyzer coincides
with the exif aperture length. As shown in figure 3.6, these
apertures are mounted on supports which are insulated from the body
(electrical ground) of the support structure. This allows biasing
of either or both apertures to provide pre-detection acceleration
or de-acceleration of the particles. In the present work, however,

both apertures are maintained at ground potential.

3.4.2 The ESA Particle Detector

The particle detection circuit of the ESA, unlike the solid
state detector system, need only provide signals to determine the
presence or absence of analyzed ions, that is, no energy information
is required from pulse heights since the energy is determined by
the ESA electric field, The devices.used are two channel
electron multipliers (CEM) obtained from Mullard, Model number °
B213L, and connected in parallel to yield an output charge pulse
when either détecto; collects a charged particle. Among the
advéntages of the win&owless radiation detectors, aresimplicity,

bakeable to 10b0° C, 100% efficiencyat energies ahove 5 keV22 and

at count rates below 102/sec23, as well as being small and compact. The
disadvantages include fragility and susceptability to electrons.

The latter property meant that the devices must be enclosed in
eiectron shields (electrons mainly from the ionization gauges,

ion beam induced secondary electrons andlvacion pump residuals).
These detectors are biased at -1500 V dc such that their entrance
cones impart a slight post-analysis acceleration to the incomina

Y

positiveiy charged fons,
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3.4.3 Ig[get Alignment Procedure

During the initial stages of operation, it became evident
that the positioning of the target with respect to the ESA analysis
apertures was extremely critical. The method employed for align-
ment is to backscatter a high intensity beam (v 3 uA/cmz) of parti-
cles from a heavy mass target to provide a large backscattered
current. Usually a gold sample is placed in one of six carousel
positions of the target holder. The sample position is adjusted
so0 as to maximize the signal obtained from an auxillary solid state
detector. This detector is mounted at the back of the ESA such
that through a 2 mm diameter hole bored in the upper (+) electrode,
and thréugh the ESA entrance aperture, the detector has a line of
sight to the target. The integral of all backscattered particles
detected by this device.can be routed to a linear rate meter whose
count rate 1s monitored as function of the target position. In
this way, the target can be manipulated to an optimum position.

The time taken for an alignment is typically 5 minutes.

3.5 Solid State Detector Systems

The solid state detector system fulfills two separate
applications: 1) it serves as a MeV beam Rutherford backscattering
system as described in Part II of this thesis and, 2) together
with a set of electrostatic beam defléction plates and collimators,
it is used to determine the spectra of both.neutral. and total

(charged + neutral) particles backscattered at medium energies from

.solid surfaces in order to calculate the ratios of ions to atoms. |
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These charged-to-neutral ratios, C/N, can then be used to correct
the corresponding spectra derived from ESA work.

The solid state detector was obtained commercially from
Oak Ridge Technical Enterprises Corporation in Tennessee, U.S.A.
It is a specially selected low noise partially depleted surface
barrier detector model number ORTEC CA-14-50-300-S with an active
area of 50 mmz,a depletion (sensitive) region of 300 um,and a
nominal resistivity of 4.5 KQ cm. Normally, a 40 ug/Cm2 gold
entrance window is supplied, however, by request, the thickness
was reduced to 20 ug/cmz. The thinner entrance window results
in less energy loss of the incident particle before it reaches
the sensitive semiconductor region which is particularly impor-
tant in the medium energy region. The back electrode is a 40.]
ug/cm2 deposit of Al. A reverse bias leakage current of 190 nA
is observed when the device is operated at the suggested + 80
V dc potential.

In order to further’improve the resolution of the device,
it is mounted within an Al cylinder of 8 cm diameter and 5 cm
height which is cooled via a Cambion model 3959 thermoelectric
dévice (TED). The TED is sandwiched between the Al detector
block and a stainless steel sink composed of a holow plate
(5 x 5 x 2 cm)-through which chilled water at }0° C is circulated.
The TED maintains the detector at 0° C when operat{ng at 3.5 volts
and 8 amperes. From a room.temperature start, the process requires
1 hour to reach the base temperature with no observed increase in

the chamber pressure of v § x 10'9 tor}. The detector exhibits a’
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14% improvement in the resolution figure over room temperéfﬂ?é
when cooled in this manner. For all the experimental work which
follows, the detector is maintained at 0% C when used. The
configuration is shown in figure 3.8 in the next section.

This entire detector ensemble is mounted so as to detect
particles backscattered through 150° and is located in the verti-
cal plane; that is, in the same configuration as the electrostatic
analyzer. In front of the detector is mounted a tantalum aperture
of slightly smaller area (7.5 mm in diameter) than the active area
of the detector to eliminate detector edge effects. It also serves
to define the acceptance solid angle of the detector which is re-
quired for absolute measurements in the Rutherford scattering
regime. Also included is an externally operated shutter which
shields the detector when not in use. This is particularly impor-
tant when using the ESA which requires such large backscattered
beam intensities (~ 1 uA/cmz) that, for the detector if left
unshielded, would result in a large increase in the radiation
damage accumulated.

Because the ESA is insensitive to neutral particles, a
determination of the charged fraction of the backscattered particles
is necessary in order to correct the ESA results and obtain quanti-
tative analysis. This is carried out by eléctrostatically deflecting
charged particles out of the detector bound backscattered beam leaving
only the neutrdlicomponent. The total backscattered beam (charged +
neutrals) is also méasured in the absenée of any deflecting potential.

As shown later, the charged yield can be ca]éu]ated from these
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measurements which re]i?é on the fact that the solid state detector
is energy sensitive anfl not charge sensitive.

24,25 that two stainless steel plates, 55

It was calculated
mm in length, separated by 6.35 mm, maintained at a 4 KV dc potential
difference and located 75 mm from the detector, would be able to de-
flect a 150 keV ion 8 mm at the detector front, that is off the
sensitive region. In order to reduce low angle scattering of the
Tower energy particles into the detector a set of grounded carbon
col1imatérs (6 mm thick) were placed immediately before and after
t;e deflection plates at ground potent&a]. A1l sharp corners were
rounded in order to eliminate electron field emission which

increases the solid state detector background in the very low

energy region.

3,6 Computer Control

The control of the entire spectrometer is accomplished
through a PDP11/05 minicomputer containing 28 kW of core memory
and operating fromiaf]oppydisk based software system, RT-11 from
Digital Equipment Corporation (DEC). The computer is assembly
language programmed to control the ESA in a single channel mode
of operation involving a dose driven multichannel. scaling process
as described in section 3.5.1,and to perform multichannel pulse
height analysis on the solid state detector pulses as explained
in section 3.5.2. It provides various data manipuiation opera-

tions involving simple arithmetic operations between groups
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(usually of 256 channel spectra) stored single precision in a 4 kW
channel buffer. The data may be also displayed on a Tektronix
model 602 display unit, stored in a DEC RXO1 floppy disk or printed
on a LA36 decwriter. A1l these operations may be done concurrently
with data acquisition as detailed in section 3.6.3.

Also in this last section are described the data handling
procedures used which are common to both MEIRS detection systems as
well,some characteristics of the software system are given at this
time. The MEIRS operating program is MES11 (Medium Energy Scat-
tering on the PDP11) ind is reproduced in the appendix, section Al,
along with a command explanation section inAII. A block diagram
of the MEIRS control system is shown in figure 3.8. For complete-
ness, figure 3.8 also contains a schematic of a commerically ob-
tained "windowless" S%(Li) X-ray detector from ORTEC Inc. This
device has not been used during the course of the thesis work and
he?ce will not be considered in any detail here. Figure 3.9 and
3.10 illustrate the computer interfaces constructed to operate
the MEIRS. Explanation of the various facits of the design and
operation of the computer systems are made where appropriate

throughout the remainder of this chapter.

3.6.1 Electrostatic Analyzer Operation

The hardvare system interfaced to the computer occupies the
lower.half of figure'3.8. The computer, through software control,
can pulse a stepping motor (Superior Electric HSS0 with 400 steps
per 360° revolution and pulser STM1800CV) which turn in either
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Figure 3.8. The Madium Energy Ion Reflection Spectrometer System
including scattering chamber components, associated electronics

and computer control configuration.
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direction through anti-backlash gears two sets of doubly ganged
Beckman 20 turn 1.5 MQ potentiometers (doubly ganged due to a maxi-
mum breakdown voltage of 1.5 kV for each). These potentiometers
control two Keithley Model 246 3 KV remote resistance programmed
power supplies which charge the two ESA plates and a precision
(0.5%) resistor chain. The chain allows 30 volts to be tapped
from the 6 KV developed across the plates for a feedback circuit
from which the computer sets the ESA potential. This feedback
signal is summed by a gain adjustable operational amplifier whose
0 - 10 volt output is digitized on software command by a 12 bit
Analog Devices Model ADC-12Q, A/D converter,

The operation of the ESA system is analogous to a multi-
channel scaling technique where, until a preset value is reached,
the computer counts all events into a single channel (or energy).
In this case, the analyzed particle count is tabulated in a binary
up/down c9unter whose contents are transferred to memory at the
address of the active channel when counting is complete. Upon
reaching this preset, which may be determined by time or dose,
etc. the computer stops accepting events, moves the plate poten-
tials either up or down (depending on the current scanning direc-
tion) one step until the feedback signal change equals the step
width change and then fesumes counting in the new channel. This
new counting channel may be adjacent to the previous one, or may
be a variable number of channelsbeyond; that is, the computer
allows up to 7 regions of interest to be selected from the display,

each to be sequentially scanned. This reduces acquisition time for
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spectral generation from kthe ESA and also minimizes target exposure
to the ion beam.

In detail, the feedback loop provides a digital result from
a second A/D converter (ADC2) whose conversion gain is set, in soft-
ware, to coincide with the selected display channel width. This
allows a direct correlation between the active channel on the display
and the output of ADCZ which is proportional to the potential devel-
oped across the ESA plates. This simplifies software operation since,
during scanning, the current counting channel number is the value to
which the digitized feedback output is set by'adjusting the ESA plate
potential through appropriate pulses sent to the stepping motor. The
counting procedure is to scan each channel of the regions in ascending
order until finished all the reg}ons or spectrum and then reverse the
procedure by scaling in descending order. The number of complete
scans (once up, once down) is user specified. The preset value to
which each channel is left active is a dose measurement number that
is calculated knowing the number of channels involved jn the region§
of interest, the number of scans requested and the total dose required
to generate the spectrum. For the work carried out in this thesis,
the first channel stores the incoming pulses from an ORTEC Model 439 -
beam current integrator/digitizer and it is this\runhing total that

signals a channel advance when the preset is reached.

3.6.2 Surface Barrier Detector Operation

As mentioned. in section 3.4, the surface barrier detector

can be operated in two modes. The normal mode involves the use

B e S L LN



- 44 -

Figure 3.9. Computer interface to the spectrometer providing
voltage control and multichannel scaling capability for the

electrostatic analyzer.
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of the detector in Rutherford backscattering operation, (Mev
region), where-a spectrum is obtained either as a function of
dose as determined from the Faraday cup or as a function of time
as derived from a nuclear instrumentation module, NIM, standard
timer/scaler. The second mode is the specialized charged frac-
tion operation where the electrostatic deflection plates are
energized or de-energized and appropriate spectral routing occurs.

fn the normal mode of operation, the detected events are
pulse height analyzed by a coﬁmercial]y oBtained A/D converter
from Northern Scientific, NS621, which is a 50.MHz, 13 bit ADC.
Usually, the completion of spectral accumulation is signalled
' by régching a preset dose. 'fhe running dose total originates
from the commercial current digitizer wﬁosé output. pulse produces
an interrupt signal whenever the set particle charge .amount is
reached. »This digitizer signal is se% by software to enter the ‘
top priority interrupt level 7 so that no ﬁime delay is involved
while waiting for highér level interrupt requests to be serviced.
It is in the digitizer interrupt service routing, once the preset
'is reached, that the ADC1 and digitizer. systéms are di sabled. The
service routine forADC1opefatés on 1éve1 6 and togethér with the
NS621 yield,a deéd t}me‘of 70 useconds.' More details on these
aspects are given- in "section 3. 6.3. ' '

The spec1a1 mode of operat1on of the surface barrier
dEtecf?r 1nv01ves the co11ecting of two spectra one,when voltage
is'applied to the etectrostatic deflection plates,and one when

nat. The pasic combonehts involved in this operation are shown
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in figure 3.8. Here, a computer controlled digital-to-analogue

converter (DAC3) signals either a 0 or 8 volt dc level to two

optoisolators and operational amplifiers which present two small
dc control levels, one negative and one positive to two high
speed KEPCO OPS-2000 power supplies with a slew rate of

1 volt/ us in order to switch the plate potentials to either 0

or 2000 V. The computer interfaces are shown in block diagram

form in figures 3.9 and 3.10.

" Software operation during this special mode initially
utilizes the system time clock and an external pulse generator.
The computer follows the prescription given below:

1) an‘approximate dwell timé for each spectral collection period
is keyboard entered (typically 2 seconds)

2) using intensified points (markers) on the display which are
movement controlledby setting rotary switches, a display
window is designated about a pulser generated peak in the
pulse height analyzed spectrum. (Thi§ artiﬁjcié]ly generated
peak is kept upstream in the display from any particle detected
regions of interest by adjusting the linear amplifier gainSo
as to allow for this.) ‘

3) thesg set of pulses are counted by ai]owing ADC1 active for tﬁe
time specified in step 1. Upon time completion, the events
contained between the markers are inteqrated and it is this.
value which becomes the preset,whiéh,whenreached,signals a
'switch of thé p]até potential and ﬁérouting of spectral events

i

e

|

1
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Figure 3.10. Computer interface to the spectrometer providing

spectral display and multichannel pulse height analysis capability.
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4) begin actual data collection run by pfoceeding.as follows:

a) turn on the OPS supplies and wait 1.5 seconds (It was
‘determined that the switching from 0 to 4 keV affected
the surface barrier detector severely by inducing a long
pulse, ~ 1 second,.within the device. This baseline
shift as measured by ADC1 degraded the detector resolu-
tion unless the ADC enable is delayed.)

b) enable ADC1 and route events to group 1 in memory until
the pulser peak window events integrate to the preset
value of step 3.

c) disable ADC1, zero the OPS supplies, erase the pulser
peak window contents and wait 1.5 seconds.

d) énab]e ADC1 and route all acquired events to group 2
(another portion of memory) until preset is again
reached.

e) repeat step c).

f) -go to step b).

5) Tloop through steps b) to f) until by so?tware command the

run is terminated.

In this manner the two spectra, one representing neutral back-
scattéred particles (H.V. on).and-thg other charged + neutral
backscattered particles (H.V. off), are generated. Because the
pqlée generator evenfs are 0011éétéd‘é1ong with detected events
and these counts are used as switching criterion, the spectra
are collected in "live time"so that they are already "dead time

corrected". Hence they can be subtracted and divided "as is" in



order to obtain the charged fraction as outlined in section 4.4.5.

3.6.3 Data Handling Operations

This section outlines various facits of the computer hard-
ware and software systems that are common to both ESA and solid
state detector operations.

Figure 3.8 shows the various devices attached to the PDP-
11/05 unibus. The clock, teletype (TTY) and tranceiver to the
PDP 15/20 are commercial units obtained from DEC. The remaining
devices Qere deve]opéﬁ for use on'the spectrometer system.

Figure 3.10 depicts the pulse height analysis units as
interfaced to the unibus. The design, with very few modifications

26 and uses DEC series M

_is taken from the wérk of R.A. McNaught
1o§§c boards to intérface directly into the unibus structure. It
provides two command and status registers, one for the two A/D
converters (ADCSR), and one for the display scope (SCR). Various
bit assignments for these registers are given in the appendix. An
external timer/scaler operating with NIM logic can also provide
timing confirmation through the scope command teg%ster inputs of
START, STOP, RESET and T}S GATEIH. Three'other registérs are used
for display burposes,'two'for controlling the X and Y coordinates
of the analogue displa& unit DAC's én¢ one:for the marker which
contains the cﬁannel address of an intensified display poiqt as
set by four 1ndependent_rotary marker switches. Both ADC's can
interrupt the cbmpgter when a djgitizéd result is available. In

" the PDP11 system all interrupts are vectored so that a time

o
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consuming polling procedure is avoided when servicing the requests.
Figure 3.9 illustrates the interfacing required to provide
for the operation of MEIRS devices not directly involved in the
pulse height analysis system. The ON/OFF control af the C/N de-
flection plate potentials is accomplished by wrifing ONES or ZEROES
into the meter register (MTR) which drives a D/A converter (DAC3)
whose output signals the control lines of the OPS supplies. Beam
current intégration is accomplished by allowing the pulse output
from the commercial unit (carrying the charge or dose information)
to interfupt the computer. The ESA single channel scanning procedure,
as outlin&d in the preceeding section, involves stepping a motor either
up or down to vary the voltage developed across the ESA electrodes un-.
ti1 ADC2 in the feedback loop indicates the desired potential. Both
ADC2 and the stepping motor pulser are controlled by the MEIRS com-
mand and status register, MRCSR. It also controls the scaler used
to count events from the ESA. This 16 bit scaler can be read from
or written into the compdter aﬁd also generates an interrupt signal
when an overflow condition is reached. In both figures 3.9 and 3.10,
the addresses of a]] registers and various.devices are unique and
selected by changing the jumper configurations on the device selector
boards (DECM105). The;e are given in the‘appendjx, section AII.
The last topic of this chapter invo]ves.software considera~
tions.- The real timg requirements of “the MEIRS has necegsitéted an
assemb]y language approach to control software (the code MES1T is

listed in section AI of the appendix). The DEC RT-11 operating

PP,
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system provides an environment aptly suited to these stringent time
requirements. The software system operation allows a single user
monitor or a foreground/background option (F/B) where two programs
are shared during execution. The single job (SJ) system was
selected since the interrupt-request-to-interrupt-service time is
minimal, that is, 5 - 20 usec for SJ versus 50 - 200 usec for F/B%’.
The purchased software also allows the use of various pre-programmgg
MACROS (assembly language subroutines) for teletype output and floppy
disk I/0 with directory update for all spectrum files.

These spectra so stored are then transferred, off-line, to a
56 KW PDP-15/20 computer via a high speed asynchronous bidirectional
link. ‘This computer, running under ADSS/XVM fhen stores the spectra
on DECTAPE for later use in a fortran analysis program which
applies various corrections, fitting procedures, energy cali-
brations, etc. as outlined in the next chapter. The software
imp1emgntation of the Tink involved running two programs on each of
the Tinked processors, PIPT1 on the POP-15and PIPIS on the PDP-11
(cf. appendix section AIII). The programs transfer 7-bit ASCII data
with a parity ‘bit at 4800 baud. Since the information is stored as
signed integer ASCII digits, tﬁe 16 bit/18 bit word difference be-
tween the two CPU's is not a probiem. The receiver opens a file and
waits for data from the sender. The sender reads a block of data
(256 characters). from the disk and sends it a character at a time to
the receiver who stores it in a buffer. When the buffer of the
receiver is full, it isthoenwritten onto disk and another hlock is

read from the disk by the sender. On end-of-file at the receiver,
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the unit times out and closes the data set. Delay routines are
provided for the different disk access times on the two computers
since one uses a flexible disk (PDP-11)and the other (PDP-15) a
fixed head platter disk (DEC: RFO1). The mode of transfer works
successfully for files of varying size. A 256 channel spectrum is
stored in a 4 block-data file and requires about 1 second to trans-

fer one block of data.
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CHAPTER 4
System Calibration and Performance

4,1 Introduction

This chapter outlines the energy and geomstry calibrations

_and necessary spectral corrections applied to the two basic MEIRS

deteétion systems: the ESA and the solid state surface barrier
detector. Results are presented which indicate the MEIRS perform-
ance characteristics. Before any particle detection system can be
calibrated for €ither energy or ggometry, the incident beam energy
must be known. Hence the chapter begins with the procedure fol-
lowed to determine the output particle energies in both MeV and
keV ranges for the two accelerators used by the MEIRS. In section
4.3, the ESA energy calibration is given and the spectral manipula-
tions associated with the constant resolution factor and the charge-
to-neutral ratio (C/N) corrections are described. The surface
barrier detector system calibrations aregiven with respect to
scattering geonatry in sectjon‘4.4hand,its‘losses when applied to

the medium energy regime in section 4.5,

4.2 Accelerator Energy Calibrations

The determination of beam energies for the two accelerators
cannot be accomplished in the same manner. The 150 KV machine
accelerating potentials can be measured directly by electronic

means; for the 3 MV machine, one must résort te a nuclear reaction

- 55 -
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technique where a rather narrow band of energies striking a sample
excite a measurable gamma ray response.

For the 150 KV accelerator, a portion of the accelerating
potential is tapped from a precision resistor bleeder chain attached
betweenthehighvoftagetermina]andground. This signal is measured
via a gain adjustable digital voltmeter with a reading sensitivity
of 10'4. Using a well calibrated high voltage probe and a preci-
sion digital multimeter, the voltmeter can be set for direct voltage
.reading to within 2%. This figure is less than or comparable to
(depending on the voltage) the variation in beam energy maintained
by the beam energy stabilization system. ‘

For the 3 MV accelerator, the Al(p,y)Si nuclear reaction
can be used to provide known proton energies in the MeV range
from the 1.78 MeV gamma ray resonance of the Si nucleus. Using
a 500 X film of aluminum on a tantalum substrate target and an
auxillary 3 x 3 incﬁ NaI(T1) detector system, the gamma ray yield
is maximized as a function of the accelerator terminal voltage.
This corresponds to a proton beam resonance energy of 992 keV.

The higher proton resonance of 1120 keV is used to verify the
system linearity which ;hows no deviation outside the uncertainty
in beam eﬁergy‘stabiljty (< 1%). A generating voltmeter is used
to monitor terminal voltage and includes, for readout, a precision

digital voltmeter with a reading sensitivity'of 10‘“.

g3

This device
is then calibrated™ tobetter than 2%. The long term reproducibility

of the digital voltmetér readout, after performing a duplicate cali-

_ ‘ : ) o
- bration, is about 0.5%. The target thickness of 500 A of Al provides
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a signal that is reasonably intense and yet not thick enough to
extend the response peak width significantly; that is, no asymmetry
of the gaussian shape for the gamma ray peak is observed as a func-

tion of the terminal voltage.

4.3 The Electrostatic Analysis System

Before the ESA can be employed in any quantitative manner,
the system must be calibrated with respect to ion energy versus the
applied electric field, its energy resolution, scattering geometry,

etc. while the resultant spectra must be corrected for the ignored

neutral component of the backscattered beam and constant resolution.

The techniques used to perform these calibrations and the results
of such analyses are presented in sections 4.3.1 and 4.3.2 respec-

tively.

4.3.1 ESA Energy Calibrations

The assignment of an energy value to the applied p]afe
potential of the ESA and hence to the channel number of the current
counting interval can be made by means of a backscattering experi-
ment. The target is a thick (~ 2800 g) e-beant evaporated gold
layer onto a polished Si substrate. It is placed normal (to with-
in 1-2%)-to the incident beam of He' fons. The resulting, back-
scattered spectrum yields an edge whose energy at the inflection

point can be calculated by use of the scattering kinematic factor

. to within 1%. (General backscattering concepts are detailed in

section 6.3.1 -- espacially equation 6.27). MNote that at a 150°

backscattered angle a change of greater than 59 will affect the

oS
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.
Figure 4.1. MNon-linear least squares edge fitting of the ESA
response to 100 keV He' backscattered from a solid Al target.
The form of the fitting function is shown along with the final
parameter values wﬁich minimize XZ. The first guess at the
parameters is aécomplished by specifying seven chann21 numbers

(see text).
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kinematic factor by less than 0.5%. The inflection point of the
edge can be determined accurately (~ 0.1 of a channel) by a non-
linear least squares fitting procedurezgwhich minimizes XZ via
varigtion of the fitting parameters3q The form of the fitting
function is .

Y(C) = A

+ A2 IANH(A3(C + A4)) \ (4.1)
wheré Y(C) is the yield.in channel C and the A's are the fitting
parameters. .

Because the fit involves an iterative procedure, a first
guess at the shape of the edge must be made. As shown in figure

4.1, this is”accomplished by specifying seven points or channel

numbers on the spectrum. They are 1) the inflection point

channel number; 2) a pair delineating the region of fit; 3)
anothef pair“]pcéted so as to define the slope of yhe cu;ve at
the inflection point; and 4) the final pair used'jn conjuncptpn
with péiﬁ_#z to define the ordinate levels of the’gpectrum before

and after the occurrencé of the eédge. The computer program then

" proceeds to minimize xz to better than a 1%, convergence limit,

usﬁq}ly_withfn three to four parameter variations. A typical
final fit showing beth left and right hand edges is given in
fiéure 8.3(a). _The inflection point occurs at (C)Y) = (~A4,A1).

It is this channel.nufber that can he assigned an energy value.

The results of the ESA.energy calibration are shown in figd}e

4:2. The ;a1cu]ated relationship determined by 1inédr regression

L™

.
. .
- is . ‘ ‘ <
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/”Ez;;§3'= (0.559 + 0.009) € + (1.56 + 0.03) (4.2)

Using the geometry design equation of the previous chapter,
approximate éonfirmation of this result can be made. By software
command, the computer can.hold the potential across the ESA plates
at a requested channel number so that the exact ESA plate voltage
differential can be measured. Be means of this technique and
equation 3.1, the calibration is found to be

E(keV) = 0.566 C + 1.20 ' (4.3)
which is in excellent agreement. with equation 4.2. The energy
calibration as expressed by equation 4.2, is used throughout this
work and has remained with%n 1% of this relationship when periodic

checks on the calibration have been made.

4.3.2 ESA Spectrum Corrections

" As shown in Chapter 3, the ESA possesses a resolution

.characteristic witich depends on the geometrjcal configuration

of the device since the effective energy window is proportional
to the energy of the ions accepted. Hence the resolution figure

(v 1.4%) is a constant fraction of the energy béing analyzed

" rather than fixed at 3 - 10 keV as in a-solid state detector.

Also the ESA, being an energy upon charge (E/q) filter, only

collects the charged ions, ignoring the neutral fraction of the

-
Apmmncenas

backscattered yie]d‘wﬁiph may be substantial. How both correc-
tions are appligd is outlined next. Figure 4.3 illustrates the

two corrections as app1ieduto an ESA generated spectrum.
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Figure 4.2. Energy calibration for the ESA relating .detected
parfic]e energy and plafe voltage (channel number). Two -
mqthods'are used: 1) a direct plate potential measurement using
the geometry design equations of Chapter 3 and, 2) the energy
of thé backscattered particles as derived from the accelerator

energy calibration and the scattering kinematic factor.
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To account for the variation in the analyzer ehergy resolu-

tion, each channel yield is corrected3]by the following factor,

counts | . G(keV/channel) (4.4)
Yeorr channel (:AE:] E(keV) )

where Y is the measured counts/channel,
G is the energy calibration slope in keV/channel

and %; is the fractional resolution (typically from 1.3 to 1.5%)

and E is the energy corresponding to the channel number of the
yield function.
The resolution can be simply obtained by differentiation of equation
4.1 using the best fit parameters. The result {g\q gaussian-1ike
curve based on the Eecﬁz function. The resolution is given.by the
FWHM of this curve. This procedure and the subsequent system reso-
Tution calculation is given in greater‘detail in chapter 8, section
8.3.2. \

The second correction involves knowing the charged fraction,
which for the MEIRS systém described is obtained using the solid
state detector s&stem. If fc(C%) represént;'the charged fraction
backscattered from ?he sample at channel Ci and provfded the energy
calibration for the spectfum is known, say Ekci), then the yield of
the 'ESA spectrum at CJ? Y(Cj) becomes

ey - | ‘ '
Y(C,). = - oL ' (4.5)

where E(C;) = E(C;). _ (4.6)
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f Equation 4.6 expresses the condition that the correction must be
applied at the same particle exit energy, that is, the channel C1

; energy E(Ci) for the charge-to-neutral ratio spectrum must corre-
spond to the energy E(Cj) at channel Cj of the ESA spectrum. If
Ci‘is found to be nén—integer (eq. Ci = Ci + 0.5) then a linear
interpolation between Y(Ci) and Y(Ci + 1) for both the charged
and charged + neutral spgctra is used to determine fc(Ci + 0.5).
Thus it is requfred that the solid state detector absolute energy
calibration be determined and this necessitates corrections due
to the dead layer losses within the detector itself. This topic
forms the main dichssion of section 4.5. The C/N ratio correc-
tion is shown in figure 4.3 as app]ied_toﬁthe ESA spectrum which
is already resolution corrected. The final ESA spectrum is now
comparable in shape to that obtained via the solid state detector
as illustrated in figure 7.4. Note that the final ESA corrected
curve does not proceed below 25 keV. This is due to the high
tﬁerma] noise level which rapidly increases below the 25 keV

) : value in solid state detector derived spectra-so' that spectral

% : suptractions in this area become meaningless. The 25 keV energy
‘i ' represents a practical lower iimit in 511 solid state chaqged ‘

particle detectors although the use of sophisticated electronics

can compensate for the low sianal-to-noise ra}io extending this

Tower limit down Eo'lolkev3? It is for this reason that these
" detectors are rarely employe& in the low energy reqime and are

. 1
. replaced by either ESA's, someétimes with charge’ exchange cells,

33,3¢ | -

or time-of-flight (TOF) systems .- Note also in figure 4.3,

L

P A -
ST T,
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. 0
Figure 4.3. The backscattered spectrum from 135 keV H' on 2800 A
Au as obtained by the ESA is subjected to the two major spectral

corrections to account for the constant resolution factor and the

neutral fraction (C/N correction).
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that the gold edge response of 135 keV Hf backscattered particles
is much sharper than that of figure 7.2 indicating the great
improvement (from 4.8 keV or 4% to 1.4 keV or 1.1%4) in resolution
when the ESA is employed. More comparisons of this nature are

provided in the next section.

4.4 The Surface Barrier Detector System

The solid state detector is employed, not only in the medium
energy range but also in the higher energy regime where MeV Tight
ion particle backscatterering is called Rutherford backscattering,
RBSY The latter can be used for quantitative de%erminations of
target film thickness (cf. chapter 8) or impurity concentrations
(cf. chapter 7) when the system geometry is known (i.e. calibrated).
Thjs determination is outlined next. Becduse RBS is a very reliable
technique, as detailed in chapter 6 (éee sectiqn 6.3.1) the primary

energy calibration is also carried out in this region, By means of

a precisjon pulse generator (PPG) it is then extended electronically

into the hedium enargy regime35 withsuitable correctichs as consi-

deredlin‘sectﬁon 4.4.2.

4.4.1 Detector Géometny Calibrations :

Thé,dgtermination of the solid angle subtended by the detec-
tor caﬁmbe accomplishad by RBS analysis of a -known fhickness of a

heavy atom film evaporated on a 1ighter*mass substrate or a knows

conicentration of a heavy atom, %mplanted 1nto a low Z host substrate

Both targets of "this k1nd have been used and yield a successful cross-

qheck. chm of ~ 10 A of gold e-beam evaporated onto 2 <111>

\
~.
0\‘ . hd
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silicon substrate was RBS analyzed in the adjacent calibrated system36

using a 1 MeV He' beam to determine the thickness, NAt(cm'z) tQ with-

in 2% accuracy that is,37

-13

Nat = 1.602 x 10 YLD/( 9 40.Q) (4.7)

where YLD is the background corrected area under the-gold peak

Q is the total charge in uC received by the target during the

" measurement

AQ is the solid angle in steradians
and %% is the Rutherford cross section for He/Au in cm2 per stera-

dian and is corrected for screening effects (cf. section 6.3.1).
The procedure is reversedwhen the gold standard sample is RBS analyzed
in the MEIRS chamber. .’ Hence 42 is measured, knowing NAt. The detec-
tion effeciency of the detector is assumed to be 100% for the. He par-
ticles (The 4 mm diameter aperture positioned immediately in front
of tha device ensures the absence of edge effects and so 100% effi-
ciency for all cha}ged particles.). Table 4.1 shows the results of
the solid angie determihations for the three possible beam aperture
dianaters. Carefu1 erass-chacking of the soI1d angles using a Bi
jmplanted Si standard also calibrated at the Chalk Rjver Nuclear
Laboratories {CRNL) 8 shows agreemant to better thah 2%.

As a sl fgﬁt'di'gressiqn from the médhﬁh enhergy region, figure

4.4 111ustrates the use of RBS to determine impur1ty concentrations.

‘Here an aluminim sample, previously contaminated with trace amounts
" of Ar, Fe, ho and Ta, has been RBS’ anaTyzed in the MEIRS system .

ising a 1. laV He beam ~The impurity concentratiuns given 1n the

~

'.\x"
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. Figure 4.4. An RBS spectrum (using 1 Mev.He+) from a contaminated

Al disc showing the cooled surféce barrier detector response to -

heavy impurities embedded in the 1ighter mass hostQ. The high energy

_resolytion is 2% ar 11 ke¥ at 600 keV.
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TABLE 4.1

Surface Barrier Detector Solid Angle Determinations

Size of the Beam

Solid Angle

Collimeters

Mo+ 2%

[first, second] -4

( x107 sr)
(diameter in mn)

fo.s, 0.5] 2.16

0,1 4.53

[2,2] ' , 6.80
geometrical 5.2 +0.5

measurement

G
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figure are based on the known solid angle, beam energy and cross
sections. The detector resolution values in the MeV range are for
He at 600 keV, 11 keV or 2% and at 1 MeV (not shown), 13 keV or ‘
1.3%. Al1 previous resolution determinations are taken with the
surface barrier detector cooled to Oduc via the thermoelectric

device.

4.4.2 Detector Energy Calibrations

A beam of 1.0 MeV He+ particles is backscattered from a
previously Bi implanted Si sample. The scattered events are col-
Tected in the cooled surface barrier detector. From the RBS spec-
trum so generated the centroid from a gaussian fitted Bi peak
(such as shown in figure 4.6) and a TANH fitted Si edge (see section
4.3.1) serve as calibration gnd check points ¥or setting the nprma]iza-
tion potentiometer on the frecision pulse generator (PPG). Thus the
pulse height control {a ten turn potentiometer with vernier scales)
on the PPG becomes direct reading in MeV to better than 0.5 keV.

’ The value to which the pulse generator is set is calculated
below. The Bi peak energy occurs at the incident beam energy (as
determined from the accelerator energy calibration) reduced by the

scattering kinematic factor, There are however, some correc-

Kpe/gi -
tions which must be made to the energy assigned to the backsca&;ered

e

peak. The Bi dopant is implanted at an energy of 30 keV so that the
0
projected range (onto the z-axis) in Si is ~ 200 A using LSS theory

from reference 158. Thus the energy loss of the He+ beam in traversing

this distance in Si twice is
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kHe/Bi{EEo - AEin(EOi} < 8oyt kyespifo) (4.8)

Kie/BiE0 ~ (e/pi 2Fin(E0) * 2oyt *resaito)
= kHe/BiEO - AE(Bi depth)

which, as determined from Zieg]er13] is & 7 keV (a 1% correction).
The backscattered beam must also penetrate the front gold contact
region of the detector. This entrance window is an insensitive
area for the deteqtor and hence is called the dead layer. In the
MEIRS detector, the manufacturers have quote& its thickness to be
20 ug/cm2 or ~ 100 X. The energy loss for 931 keV He+'particles

in transit of the layer is ~ 16 keV]3]

(~ 2% correction). Thus
the value to which the PPG normalization is set (for Ey = 1 MeV
He+ beam backscattering from the Bi/Si target when pulsing the
same channel {at the same pulse height) in which the Bi response
peak centroid occurs) is

E(PPG) = - AE(Bi depth) - AE (dead layer) (4.9)

kye/Bi Eo
0.931 x 1000 - 7 - 16

908 keV

0
As a cross-check, a 10 A gold layer {e-beam evaporated onto a Si
<111~ sample) was.also exposed to the same beam. Here only the

dead layer loss need to be applied so that

E(PPG) = kHe/Au EO - AE (dead layer) (4.]%3

0.927 x 1000 - 16

n

911 keV
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The energy of the go1d peak is predicted by the pulser to within 1%
of the calculated value of equation 4.10. Thus the energy deposited
inside the particle detector can be determined from the PPG for He

in the 1 MeV range. Note, however, that the energy of the scattered
jons, incident/on the detector, if different from the 1 MeV region is
still unknown fue to the af&rementioned dead layer and pulse height
losses within(fhe device. Hence the absolute energy calibration in
the medium energy region must involve these corrections for the

detector, measured not only as a function of particle energy but

also species.

4.4.3 Detector Charge-to-Neutral Ratio Determinations

The importance and use of charge-to-neutral ratios, C/N,
has been mentioned throughout this thesis, and so will not be
reproduced here. The charged fractions can be obtained by using
the solid state detector and an electrostatic beam deflectiop tech-
nique. Two separate but dose identical spectra are obtained, as

shown in figure 4.5(a), one with field zero (Y

)

Con " neutrals + ions)

and the other with voltage applied (YN = peutrals onlty). The charge
yield can be found by subtraction and division by the total number

of events to give the charged fraction fc(C) at channel C as
C =
f (C) - (YC+N(C) - YN(C))/YC+N(C) (4011)

Another actual result ts illustrated in fiqure 7.3.
In contrast to most f¢ determinations which collect one spec-
trum, YC+N’ and then the other, YN’ to dose equivalence, the MEIRS

system uses a -rapid alternating collection of these two spectra.



Figure 4.5 (a)
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The charged fraction measurements for 130 keV He+
backscattered from 2600 X Au on a Si substrate.
The charged + neutral and neu?;gl.spectrh are
directly determined while the third spectrum
(charged) is generated by a point by point sub-
traction of the first two.

The calculated charged fraction as derived from
the data in figure (a). The occasional vertical
lines represent the statistical uncertainty of

the point after the performed calculations out-

lined in the text.
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Foé all measurements made during the course of this thesis, the
dwell time in each mode is ~ 2 seconds. Since the beam fluctua-
tions are random and small during this short counting time in each
spectrum, the two spectra over the long total exposure time are
dose equivalent. As detailed in Chapter 3, the use of the pulser
provides the preset mechanism for switching while at the same time
correcting for any dead time losses incurred in the pulse height
analyzer. This latter effect is very pronounced for large charged
fractions, such as found with H and Li projectiles (compare Fig,
4.5(a) with Fig. 7.2) where the low neutrals count rate is con-
trasted with the high charged + neutral yield for the same beam
currents. This "simultaneous" C/N collection method is used in
order to maintain the same sample conditions between the two
spectra to be manipulated. This reduces the possibility of sur-
face condition changes occurring only in one spectrum and not in '
the other during the course of the experiment which would yield

misleading results.

4.5 Theé Medium Energy Detector Pulse Height Defect Determination

Both the gold surface electrode thickness of the solid
state detector, the elastic stopping in silicon, and the depth
below the gold-silicon interface of the active depletion region
represent’insensitive §reés far any deposited energy from incoming
particles. That is, any elecfron-ho1e pairs created by the particle-
detector interaction in these regions do no; contribute to the outéut

pulse from the detector, resulting in a pulse height defect (PHD).
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As shown in section 4.4.3, these detector losses can lead to a small
Forrection in the MeV energy calibration. However, in the MEIRS
range, these energy absorbing dead layers may subtract a large per-
centage of the total detector incident energy. In the case of neon
this amounts to more than 70% at 100 keV. In order to energy cali-
brate the solid state detector in this region then, these losses
must be determined.

The approach adopted is by direct measurement of the pulse
height defect using both detection systems (the electrostatic
analyzer and the surface barrier detector). These values are com-
pared to calqu]ated values obtained through theoretical considera-
tions and also by using a Monte Carlo calculation based upon the
detector structure. These alternate methods of pulse height
defect determination are shown to be inadequate, even if certain
parameters within the Monte Carlo simulatioq’are altered. How-
ever a de;ai]ed discussion of the comparison of these results is
omitted since it is the purpose of this work only to provide the
best possible means to produce detector corrections needed for the

generation of the solid state detector energy calibration.

4.1 E}perimental Measurement of the Detector Pulse Height Dgfggg

There are several methods which can be employed to determine
the enerqy losses due to the detector dead layers. One method i; to
use a detector tilting technique whereby the thickness of the layer
can be measured40. This is accomplished by varying the angle of
incidence of the charged particle beam and measuring the changes



Figure 4.6 (a)

(b)
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,

A measure of the surface barrier detector pulse
height defect can be obtained by use of both MEIRS
particle detection systems and their corresponding
energy calibrations. The two detector responses

to a 10 Z Au film on Be substrate for an incident
beam of 100 keV H" is shown where the gain of the
solid state detector spectrum is %elected to match
that of the ESA.

The detector responses to another sample of 10 X of
Au on Si aftér use in the pulse height defect determi-
nation experiment. The surface barrier detector
response can still be fitted with a gaussian curve;
however, the ESA, with much improved resolution over
the sp]%d state detector, shows the Au/Si interface

deterioration after heavy ion bombardment.
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in the signal amplitude output. This indirect method is possible
only where the detector is accurately movable with respect to the
monoenergetic ion beam. A more direct method isvpossible with the
current MEIRS system. Since the energy calibrated ESA possesses
none of the window related disadvantages of the solid state deféc-
tor, a series of experiments can be performed to directly map the
detector dead layer energy losses and pulse height defect as a
function of projectile incident energy and species.

)
Several samples composed of 10 - 15 A of e-beam evaporated

(< 1x10°

torr) gold (99.999% pure) on <111> silicon were pre-
pared. Beams of varying energy and species at normal incidence
were backscattered at 150° from the gold sample producing results
such as shown in figure 4.6(a). Using [0.5,0.5] mm diameter aper-
tures,a solid state detector spectrum was obtained. Since the

thin gold layer is smaller than the detector depth resolution,

(~ 100 X) the resulting daﬁg can Be fitted with a gaussian func-
tion as shown by the larger curve of figure 4.6(b). Also generated at
this time is a pulser calibration spectrum containing as many as
five peaks of known energy (from the pulse height vernier reading).
These centroids are used to calculate via the method of linear
least squares a channel number - energy relation. Thus, the
above gaussian‘centroids in energy units represent the detected
energy of the backscattered begm after pulse height losses. Next,
without changing any beam energy parameters, the backscattered
beam is detected via the ESA system using the [1,1] mm diameter

apertures (employed simply in order to reduce the acquisition time).
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With the previously obtained energy calibration, the gold peak
_centroid can be converted into an energy unit which represents
the backscattered energy incident on the solid state detector.
In this way, the data of figure 4.7 have been obtained. The
estimated uncertainties, where larger than the representing

data point symbol are indicated by horizontal lines.

In figure 4.6(a) not only is the response of the surface
barrier detector to the 10 K gold film given but also the response
of the ESA taken at approximately the same gain (keV/channel).
The separation of the two centroids is due to the pulse height
defect within the solid state detector. The ESA, however pro-
vide§ a direct measurement of the energy of the backscattered
ions once the energy calibration is determined. In figure 4.6
note the asymmetry of this ESA spectrum. This is due to the
destruction of the Au/Si interface by recoil effects, that is,
for the heavier particles the many collisions (eqg. see table .
4.2) give rise to secondary and recoil gold atoms which, near
the interface, are driven into the silicon producing an intermixing
of species. Thus an ESA peak as shown in figure 4.6(b) cannot be used
to accurately determine the centroid by gaussian curve fitting.
[t is for this reason that over a dozen samples were eventually
‘created and used first for many light ion runs and then several
heavy ion runs. Between these latter exposures the light ion
backscattered LSA spectrum was monitored to determine the useful -

ness of the sample. For the heavy ions, the solid state detector

response covered more than 100 channels so that the centroid could
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//‘._v
Figure 4.7. The results of the experimental determination of the
pulse height defect for the MEIRS surface barrier detector. Where

the experimental uncertainties exceed the size of the symbol they

are shown by the short horizontal line through that symbol.
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not be localized to better than several channels. Hence, this
straggling effect is mainly responsible for the error bars given
in Figure 4.7 involving the Ne and F particles.

At this juncture, it is pertinent to mention that the same
effects observed in the target are occurring about the solid étate
detector gold entrance electrode and silicon substrate interface
from tﬁe heavy ion exposures, producing both Au recoil doping in Si

and radiation damage in the Si depletion layer itse]f41’42

which
degrades resolution. However, the damaging beam is doing so at a
much lesser rate 9ue to the reduced.backscattering energies and
intensities (currents). Thus, the spectra produced frow the heavy
ion work do not contain 1% -statistics as do the spectra from the
light ion work due to iﬁis~dose‘accummu1atiVe radiation»damgge
effect. No noticeable &egradation in the resolution figure has

become apparent by periodic checks based on the backscattering of

thin gold films. -

4.5,2 Dead Layer Theoretical Predictions

In order to calculate the energy losses within the solid
state detector, a brief outline of the-partic]é detection mechanism
is necessary. Unfortunately, in the medium energy regime, the gtape
of theoretical predicfions of the characteristics for the particle-
solid interaction do not approach the accuracy that is available in
the Mav ranges. The experitmental determination of fhese character-
istics is the‘ﬁasic premise underlying the direction of research
carried out in part two Sf éhﬁs thesis. The best estimate for

theory-experiment correlation is currently believed to be within
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20% and thus any theoretical loss corrections so generated are not
expected to be accurate to better than this figure. A detailed
examination of the particle-sotid énergy loss processes is delayed
to part II. A

Consider figure 4.8. When a particle enters a surface
barrier Si detector, it first encounters a surface gold electrode.
The MEIRS detector contains 20 ug/cm2 or ~ 100 X layer of gold as
quoted by the manufacturer which is usually within 10% of the A

independently measured thicknesszs.

High energy light mass parti-
cles are only slightly affected while heavier masses are greatly
reduced in energy due to many atomic collisions. The energy loss
suffered by tHese.gartjcles in traversing the gold layer can be
predi;ted by LSS theoryz’s. (Much more detail is given about
their work in part II of_this thesis.)

Once through the gold electrode, the projectiles then
interact with the bu]k‘silicon of the degector. Some of these
collisions involve the atoms (screened) while others involve the
Tighter mass electrons. If the energy lost to the former pro-
cess is called the elastic deposited enerqy, v(E), and the
latter is termed inelastic¢ionization enerqgy, n(E), then the
total energy lost can be expressed as

E; = v(E) + n(E) (4.12)
Figure 4.9(;) shows the fractional elastic deposited energy,
v(E)/ET. in silicon as a function of énergy for the eight of

the nine projectiles used for the experimental dead layer

determination. These results are based on an approach by "

RN
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‘s

Figure 4.8. A typical detector configuration with D the effective
diameter corresponding to the active area of the device; W is the
depth of the depletion (sensitive) region; L is the total thickness
of the Si wafer. The incident particle looses energy to poth e]ec—
tron collisions, n(E), (producing electron-hole pairs, e-h), and
nuclear collision, v(E), in both the Adfand Si but only the n(E)

component in W produces c-h pairs which contribute to the detector

output pulse height.

-
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Figure 4.9. The fraction of energy being deposited in (a) silicon
and (b) gold due to elastic collisions with various particle species
as a function of their incident energy. These results are calculated

from reference 43.
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Figure 4.10. The theoretical predictions of the pulse height
defect due to entrance window dead layer effect and the elastic
energy within the silicon wafer. The former effect is calculated
from LSS theor‘yz"5 using a 100 X thick Au layer, while the latter
is interpolated from a tabulation of fractional deposited energies

due to Winterbon43.
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Winterbon, Sigmund and §§nders usually referred to as WSS.

Winterbon43 has tabulated range and energy deposition distributions
for several ion—garget combinations. These results are based upon
numerical ihtegrations of LSS theory involving uniform and infinite
targets with uncorrelated atom positions. The high energy cut off
for Li, He, D and the complete absence of a curve for H indicate
the limits of apglicability of the theory which is primarily
dedicated to the ion implantation area. Figure 4.9(b) shows for
comparison the behaviour of the nuclear deposited energy for
various projectiles in gold. The fraction of the particle energy
used in ionizing electrons in the silicon is the important quantity
to be studied since it is those created electron-hole pairs (e-h)
which are swept out of the depletion region to the end electrodes
and contribute to a charge pulse. A1l other losses, those in gold,
and non-ionizing ones in the silicon depletion region, do not con-
tribute to the output height of the pulse. Thus the detected
energy, ED’ can be related to the energy incident on the detector,
EI’ by

Ep = Ep - 8E g - Vyss(Eyp - 8E gq) (4.13)
where AELSS is the energy lost in transit of the gold electrode as
calculated from LSS theory and the 1ast term is the non-ionizing (elastic)
deposited energy as determined from WSS theory. The results of
these calculations (interpolated from reference 43) are illustrated
in figure 4.10. This predicted data is expected to be within 20%

0
of the actual situation for a gold layer thickness of 100 A and zero



- 95 -

.
\
.
—~
)

thicknfss for the silicon dead layer which may be present if the
depletion or sensitive layer starts some distance below the gold-
"silicon interface. The silicon dead layer condition is elaborated

on in later sections.

4.5.3 A Monte Carlo Simulation of the Detector Pulse Height Defect

Because of the approximate nature of the theoretical
model1ing of the previous section, the use of Monte Carlo simula-
tion c@n prove to be a better measure of the detector dead layer
responSe. For instance, the Monte Carlo technique approaches the
actual experimental conditions whereby a statistical ensemble is
involve&d in the production of the pulse height detector response
(eg. a distribution of particle energies exists after traversing
the inSensitive areas into the detector sensitive regions) and not
just the theoretical average.

84:45 \ONTY, was modified for

An existing Monte Carlo code
two layer opmration46 and to provide both non-ionizing and electron
ionization energy depth distributions. In this way the total detec-
tor deAd layer configuration as well as the pulse height defect
phenom&non can be studied and the effect of various parameter
change5, such as gold layer thickness, can be investigated. The
overlay structured code is run on a 56K PDP-15/20 computer oper-
ating under the advanced monitor system.‘ADSSXVM.

Figure 4.11 reproduces the results in a graph comparable

to the preceding figure 4.10. Although MONTY uses LSS and WSS

theory to calculate energy loss values, it is known that for
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Figure 4.11. The pulse height defect for the MEIRS surface barrier
detector as simulated by the Monte Carlo technique. The parameterc
used are given in the text. The statistical uncertainty if larger
than the representative symbol is given by a horizontal line through

that symbol.
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TABLE 4.2

Monte Carlo Predictions for the Number of Collisions and

Defects Produced Per Incident Particle at 100 keV

¥

Number of Collisions Defects Produced |
per . per i
Ton Particles Run Particle Particle

Neon 20 1600 1100
Fluorine 30 1480 1000
Nitrogen 40 1050 700
Carbon 50 900 620
Boron 60 880 580
Lithium 70 420 300
Helium 80 200 150
Deuterium 90 35 25

Hydrogen 100 10 5
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different ions the LSS stopping does underestimate47 the experi-
mentally observed values. In order to better simulate actual
observed conditions, the LSS inelastic (ionizing) stopping constant
is scaled as follows for each incident ion species: H(1.45), D(1.45),
He(1.45), Li(1.30), B(1.50), C(1.40), N(1.30), F(1.0), and Ne(1.0).
These scaling factors are perhaps the weakest parameters input as
they are based on a silicon rather than gold substrate simply because
no reliable experimental values on inelastic stopping are available
(as is shown in Chapter 8) on which to compare LSS theory. The
displacement energies used for the simulation are for gold 25 eV

and in silicon 14 eV. Table 4.2 gives the number of collisions and
the number of defects produced for each of the nine species incident
on the detector at 100 keV. It also indicates the number of incident
particles used for the simulation on which those results are based.
The average time for the simulation to run one species to completion
is 8 - 18 hours, ranging from several minutes per particle for H to

30 minutes per particle for Ne.

4.5.4 Discussion of the Results

Table 4.3 shows that neither the theoretical approach of
section 4.5.2 nor the Monte Carlo simulation of section 4.5.3 can
predict the measured pulse height defect detector response. fhese
results have been taken from figures 4.8, 4.10 and 4.11 for 100
keV incident energy oh the detector and are representative of -the
total range of energies covered. The percentages presented qjve

the pulse height defect (theory prediction/experimental) value
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Experiment at 100 keV

Discrepancy of Dead Layer Energy Loss (%)

LSS/USS

Theory
100
67

36

\

N
33,

26

17

Monte

Carlo

61

39

28

29

23

14

22

16
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discrepancy ratio at 100 keV. That is, for Neon with 100%, the
prediction/experiment ratio is 2.

The trend of the two calculational techniques is to deviate
from the observed experimental pulse height defect values in two
different aspects. First a general shift is noticed (similar to a
zero shift) where a constant energy loss must be subtracted from
the light ions to bring about correlation except in the case of
helium. Secondly, there is also a general trend away from the
heavy ions which varies as mass (a gain shift) in the sense that
the heavier the jon the larger the discrepancy. Thus there must
be other effects which contribute to the dead layer energy losses
than just gold. In fact, increasing the gold thickness in MONTY
to 120 X allows a direct correlation at 100 keV for H jons and
within statistics for both D and Li but as shown in figure 4.12,
when the ions increase in mass so does the discrepancy up to Ne
at 36%. The situation for He remains an unexplained feature of
the analysis.

Even assuming that both the theoretical approach and the
Monte Carlo simulation are valid to within 20%, they are still
not acceptable descriptions of the experimentally observed
results. In fact, other discrepancies derived from experimental
work alone invelving solid state detectors have been noticed,
although no experiments up to the present time have examined
the response of these detectors to heavy ions in the medium
energy regime. It is in the MeV range that many anomalies (see

" reference 48 for ekamp]e) have been noted for these solid state
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Figure 4.12. A comparison of a Monte Carlo simulation, represented

by the symbols and the experimental results of section 4.5.1, repro-
duced in the form of solid lines. Using an entrance window thickness
of 120 R of Au, the Tight ion simulations correlate with experiment.

The heavy ions do not.
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detectors since their invention during the late 1950's and early
1960's. The fact that heavy mass ions invoke a reduced energy
response in these detectors when compared to the lighter mass
species is simply the recognition that there is a loss of electron-
hole pairs which contribute to the output charge pulse. The pulse
height defect for these ions is compared to the light mass species,
usually the alpha particle or the proton sometimes after having
accounted for mass and entrance window effects (usually through
the use of LSS parameters). Initially it was studied using inci-
dent fission fragments of MeV energies49; but with the advent of
heavier mass accelerators, the major contributing factor to PHD
have been identified as the loss of free electrons by recombina-
t1‘on50 and through trapping sites such as lattice defects or
impuritiesSI

It was recognized early on that the depletion region in
the silicon for surface barrier detectors did not always extend
up to the Au/Si interface. Even some present day detectors still
retain this property where as much as 700 X of silicon is unde-
p]etedS]. Returning once again to the 100 X Au MONTY results,
table 4.4 gives the depth below the Au/Si interface that the
depletion region must begin in order to produce an exact correla-
tion between simulation and experiment. As is the case for
increasing the gold layer thickness, this effect cannot account
wholly for the heavier mass behaviour either. Note that the

same effect as the extended silicon dead layer can be produced

by impurities at the Au/Si interfacc such as oxygen which is
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TABLE 4.4

0
Predicted Silicon Dead Layer Thickness (A) from Simulation

Energy
Ton 40 keV 60 keV 80 keV 100 keV 120 keV 140 keV
Neon 1000 350 400 400 350 500
Fluorine 400 225 250 250 200 350
Nitrogen 450 200 | 250 250 250 250
Carbon 300 200 200 250 300 300
Boron 300 200 200 200 300 300
Lithium 250 300 300 300 300 300
Helium 350 400 350 350 400 400

Deuterium 550 500 400 450 400 450

Hydrogen 500 350 300 350 400 400
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known to act as an electron acceptorS]. But again no preferential
treatment can'be attributed to the' type of effect for the heavier
mass species.

The only other area that has not been examined is the pro-
duction and collection of e-h pairs within the depletion region
itself. There are perhaps two processes which may be put forth
where these electron numbers contributing to the pulse height
defect may not be proportional to the deposited energy as the mass
is varied. There are the aforementioned recombination effects and
the fact that the ionization energy for production of electrons may
vary with projectile species. The latter anomaly has been observed
experimentally for silicon solid state detectors but only with the

_54
52-5 . The results for surface barrier

lighter mass projectiles
detectors in the 0.5 to 2.5 MeV energy range show a discrepancy
of 1.1% for He+ and 3.3% for Li+ when compared to the e-h ioniza-

tion energy with proton528.

There is simply no data available at
these energies for the heavier mass projectiles so that the general
trend to larger differences with greater masses cannot be verified.
Hence it remains unknown whether this effect in the medium energy
range contributes substantially to the observed PHD.

The last consideration of this section is the possible
enhancement of electron recombinations due to the plasma effectss’sq
This effect increases as the mass of the projectile increases simply
because the defect production increases to the point where all along

the particle track a large number of atoms are in motion. This is

best shown in table 4.2 where the number of defects predicted by
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MONTY increases by a factor of 200 from hydrogen to neon projectiles
at 100 keV. Certainly this last model can provide the means to
explain such a large discrepancy which increases with mass as the
plasma effect does. However, the theory is just not advanced enough
to provide quantitative results so that it has been only qualitatively
successful in predicting the PHD experimentally observed for fission
fragment masses in the 50 MeV region57. More data is needed especially
in the lower energy regimes.

Therefore, of all the mentioned theories to account for the
observed PHD in the MEIRS region, the plasma-recombination defect
seems to be the most probable. It is apparent, in any case, that
the prediction of energy losses in solid state detectors is by no
means a simple problem. A detailed analysis of these effects is
beyond the scope of this thesis. However the foregoing work has
shown that in order to produce reliable pulse height defect correc-
tions in the medium energy regime, a simp]é theoretical approach is
not suitable. Even the more sophisticated Monte Carlo simulation
technique cannot account for the observed anomalies in the heavier
mass regions. Thus, for any given solid state detector to be
accurately energy calibrated in this energy regime an empirical

determination of the pulse height defect is mandatory.
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PART 11

APPLICATIONS
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CHAPTER 5
Introduction

Part 11 of this thesis reports on applications of the
MEIRS to study some of the fundamental parameters encountered
when an ion interacts with a solid. Specifically, 1) the scat-
tering cross section at largeangles and its comparision with
theory, 2) the charge state of backscattered particles, and
3) the energy dependence of the rate of energy loss as the
particle penetrates the matter, are discussed. To this end,
Chapter 6 provides details on the measurement of scattering
cross sections; Chapter 7 includes a study of the charge
exchange process for ion-gold interactions; and an investiga-}
tion of light ion stopping powers is reported on inChapter 8.

A knowledge of these basic processes of the ion-solid
interaction are required to determine whether medium energy ion
reflection spectroscopy can be employed as a reliable and
quantitative tgghnique for surface analysis. Since this energy
region, as indicated in Chapter 1, is accessible with many ion
implantation systems, it could allow both ion implantation and
in-situ evaluation of the implanted layer with the same acceler-
ator. The situation at higher energies (1 - 2 MeV) has already
demonstrated that ion scattering, termed Rutherford Backscattering
Analysis, RBS, is capable of non-destructively analyzing surfaces,

of determining surface contaminations, and of probing quantitatively
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Figure 5.1 Some ion beam analysis techniques (boxed) mentioned
in the text in relation to the basic ion (Z])-solid (ZZ)
interaction parameter of stopping cross section(s) and incident
beam enery parameter (/c). Both units are from the LSS theory
and are in terTs of Thomas-Fermi (T7.F.) reduced values: predic-
tions are for a universal stopping curve (sn) dus to nuclear
derived evens while for electronic derived events a family of
curves results whose proportionality constant (x) with different
ion-solid species is given in the accompanying table. The arrows
belows the technique boxes represent the reqgion of applicability
for each technique with respect to the epsilon of the interaction

pair,
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58 , 59

a region extending 1 -2 microns into a solid This is

essentially because ié this energy region the physics of the
scattering and energy'1oss mechanisms is well developed. Medium
energy scattering, therefore should provide similar information
with less set-up cost and potentially better depth resolution
than RBS, although depth information with MEIRS could only be
obtained over a much shallower region 60.

Figure 5.1 indicates several ion beam analysis tech-
niques and §hows the region of application in terms of the
probing projectile energy and the stopping cross section, i.e.
the energy loss per unit length inside the target solidas well as
the predominant energy loss mechanism. A more detailed consider-
ation of stopping powers is provided in Chapter 8. Thesé tech-
niques accomplish their analysis via measuring properties of the
ejected species. Where conditions permit, these methods may
analyze the scattered incident parficle, an induced X-ray, a
nuclear reag;ﬁﬁﬁ”;;aduct, a sputtered bartic]e or an emitted
optical photon depending on the best aspect of the technique

[ For instance, the dbject of analysis may

to be exploited®
inciude one or several of the following requirements: elemental
faentificatibn, imburity detection, quantitative doping concen-
tration measurements, dépth profile information, lattice location,
as well as destructive versus n6n-destructive analysis, surface
versus bulk(properties, etc. Tgb]e 5.1 summarizes tﬂe main fea-

tures of the techniques discussed. Where specific quantities
) \,

are provided (such as for depth resolution and sensitivity) there
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TABLE 5 1

Trotca, Features of Some Basic low Beax Anavvers Tecunigues

Tecnmiove

PEQUINEMENTS

NG SCANS IR SINS (3] 1iIx R3S MRA MELIRS

FEATURES rixie
Ton Bean
Srecies 0, & 0, & H, He L] He, N REACTION H, He
Exengy ~ 1 xeV ~ 1 eV ~ 1 v ~ 1 ey 1 Mev ~ 10 Me¥ ~ 100 eV
PARTICLE OrricaL SPUTTERED BACKSCATTERED X-mav BackscaTTERED Reactton BACKSCATIERED
ARALYSED Proton Tarcer Inc1Dent Proton inctoent low PropucT Inc 1DENT Tow
Srecies ParTICLE
UHY L. Yes Yes o W o PreFERRED
Destauctive(?) Yes Yes o 