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. ABSTRACT ) -

- - &
-

In secondary ion mass spectrometry (SIMS) the detected

ion count rate must be corrected for differences in matrix

when depth profiling semiconductor samples with layered

structures of differgnt compositiar}_. Few published studies

4

of the matyix effect exist and those that have studied the

matrices give widely differing factors. The situation is

—— - -

further complicated by secondary ion molecular-lnterferences

which can completely ‘mask the ‘ion signal of 1nterestﬁ These,

problems are ekXamined in this thesis. L e

- o~ - -
N r

'I‘he depth distribution of ion - 1mplante¢ samplcs o& Sl
and.. SZCr _in Al !51 X

0.40 for Qhergles of 25, 50, 100 and 125 keV and doses Qf

3x1013, lxlolf and 1x10ls atoms cm -2 have been’ measured..»

-

As with X squal.to.0, 0.068, 0. 21 and }

- - =~

Primary ion beams of 160; with a net energy of 8.0 keV and
Cs’ with a net energy of 14.5 keV were Gsed in this stﬁd&

and -both positive and negdtive setondary ioh intensitiéds -

were measured. - : .

This study found that while the SZC} implant prof?le

in Aleal xAs could be obtained by u51ng the 51mp1e tech-
A

nique of voltage offset to discriminate against low energy

molecular interferernces, the ggmq_technique was ineffective

28g; species. In order to obtain’"

'dgpth distrjbutidns.of 2851, new computer software for the

.
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Cameca IMS-3f SIMS was deteloped with several innovations -

for High mass resolution depth prbfiiing. Profiles with

28

good dynamic range for Si were then obtained.

The negative. and p051t1ve pract1ca1 ion yields and

sputter yields wére observed to vary 11nearly with aluminum

concentration. Negative practical ion yields with Cs' bom-

- " . bardmertt gave: the smalles{ overall matiif\&ifeét for the
i species studied. The measired sputter yield, for &602 bom- .

‘bardment is cdose éo predict®d values and tﬁése'df g pre-

vious study. The %051t1ve pract1ca1 ion y1e1ds measured in

‘ ) \(this study d1ffer from past sZudies whzch were performed
- e without experimental cond1tlons to limit mdlecular inter- ~
e « -
- . : . : ‘ 28

ferences. 'The measured -projected range for Si implants .
. . . _
agreed with theoretical ¢alculations while those of S2¢,

t’-,

.~

s will provide thé®*basis for compatrison  with theoretical
F ] . -—— - s - -‘,
2 v . . . TN . ' - -
-~ predictions. . SR R
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AHat L the heat of atoﬁization-
AHg the heat of formation ' ‘
8H the heat of sublimation -
Ab . .. ‘the number of atoms per molecule - -
¢ . the work function . _ S -
¢D‘. . éhe surface barrier be}ght» ‘
I thé.first ipnizafiq}'pgtential . ' ‘ -
FB . Dthzmanh:s‘constzht/i/ T o .
T "+ the absolyte gemﬁ?rqﬁure - - . )
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. Q@ _ the transjtion rate ‘
X . ‘the'dist:i:;iif thqratom,or ion from the surface
K the eqpilib;ium constant - : -
- h ?%ankfs éonstgpt ) |
) Z the internal partition'function
~R;; th;'positive ionization probﬁkility T
~ R; the negative ionizatipn probébility,
LN the effective Fermi energy ’
T, the effective temperature "
I 7 the ionization potential ) ‘
- An } . the electron affinity . . -
.‘ Ey ‘ - the kipetié engrgy\of ejectgdiparficles ’
ak the transfer integral '
Mg the Fermi level o ‘ T ‘ o
1 the ionizaiion energy of the sputtered atom
e, (X) * the valgﬁcé energy of the ;puftered atom ‘ \
.b(i) .. the width of the valence energy tevel
v, . a parameter characterizing thg spatial dépehdeﬁce;«//
- of ea(x). ‘ . . ‘ . <
P* the probability.of iomization -
"A/ i; . ’ thg'critical‘disténce for energy level crossings
A level-width-function o .
' -7 & : R
Vl the velocity of the sputtered ion perpenditplar f
L . to thersuéface ‘ N - ! f f
r the reference element : ;f i L
' , ég't/- the su:fage céncentratioﬁ of the primq&y.ion specieé
- . \ .
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the linear sputtéring rate in.R/sec :
" the steady-state surface number density of
primary ions
the primary ion aécommedation coefficient
~the secondary ion- yield of M* in alloy NM
the';elative4ionization coefficient
the non-linear ionization coefficient
the heat of formation - -
the isotopic abundance
the bond.energy
the bond energy:diatomic, Setween i and ox}gen
the standard deviation
the total number of colunts, measured secondary
ion count : -
-
actudl true secondary ion count
the baékground secondary ion count
digital output voltage

ion count at’VD

digital voltage corresponding to the centroid
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CHAPTER 1
A GENERAL. REVIEW

1.1 INTRODUCTION

>
>

The microanalysis of the solid surface and near surface

'rééion is‘Eey»to the explo‘ation and understanding of many'

phenomena; as well as the exploitation of a -multitude of

new technologies. Analyses are performed by‘scienfists and

engineers seeking to characterize the chemical, structural ..

and fupctional properties of materials and‘proce;ses. A
staggering number 6€ techniques have been used to investi-
gate surfaces Ql-S)* many of which aré'new and novel, -while
others were well /known in fhe lagt century. Tbgfanalysis of

a small volume of material is nécessary when the feature

under investigation is small. |, This is often the case in .

microelectronic,metallurgical, geological and biological

samples.

. -

Solid surfaces are frequently analyzed with techniques
which bombard with radiation in the form of particles or

- " R - . . .
waves and deteéct radiation which is emitted or scattered.

. -

Secondary ioh mass spectrométry (SIMS)'ié a mictoanalytical
technique in which the specimen is bombarded with ions

(typically 0;, 07, Cs* or Ar’) and ions which are ejected

" from the sample are detected. SIMS has been widely used

<«



~ ‘ . . Y
. i . A. \/\
(4;5), alone or in conjunction with complementary analy§is .

.techniques, for the characterization of solid surfaces be-
cause of its excellent séensitivity. 'Conceh?{!tions\of

impurifies in the part ﬁer million range (6,7) can quicklx_be

measured and all elements'and isotopes-cén'be detected. In-
deed, the count rate of a matrix element is typical}y in the
order of‘lo‘7 counts per secbnd {cps)'whiigAthe background
noise of the detection and counting system is abput‘O.l cps.
The lateral resolution in favo rable clrcumstances can be '
20 to 90 nm-(8) and is usually less than 0.5 um (9). QOOd

depth resolution, IU to 20 nm per decade (10)-of signal
-
during erosion of the sample surﬁgce provides information in

the third dimension when depth profiling to several microns.
.\’ . -’ ~ - //’ s ) .,
Less fortunate attributes also acZompany the SIMS tech-

niduel ' The sensitivity may vary by several orders of magni-
tude, depending on_the ion; being monitored {11).- Sensiti-

vity also varies with matrix composition, structure and ab-

sorbed surface species .(12-16). Along with the emission of
' 8

eléhent?i ions, molecular ions are ejécted. Their presence

'is one of the fa&tdrs which limits the sensitivity of the

teéhnique (17) The spatial resolhtlon of "SIMS is poorer

-

o\""‘"\
than most electron m1croscopy technlques and is -degraded by

mixjwg and segregation effects 1nduced by the bombarding -é

A}

prlmayy.lon beam (18-20). The amalysis is destructlve_gnd

ap—— o

’ I ' 1 :—s/ ) ‘0 :
interpretation -of the chemical state of the surface is diffi-

cult (2),22).. Due to the complexity of collision; ejection

.
- -~ I .-




. o ‘ - : - .

and ionization processes the goal of successful quantifida-

»

. ' tion from first principles has nglebesn attained.

The word a@#nalysis-is derived from the Greek root 'to

» loosen''--each of the. basic constituents. ‘This is an espe-
[ J

[ -

cially apt deScrrption in the case of SIMS analysds.. Projec-

-

» . .

'tt!kor primary ions strike a solid with a selectable energy,
'of‘the order of 100 eV to 30 keV. A primary ion may be

. . backscattered from the surface or undergo elastic and in-

elastic collisions, giving up energy until it eithe; escapes

* . from or becomes implanted in the solid. The atoms to which

.

-energy has been transferred‘may be ejected from the surface
if they~have.sufficient energy to overcome surface binding

forces. Ejected par;icies_include atoms, either single or

+

as clusters, tons,either mogatomic or molecular and elec- -
trons. As we11 electropagnetic radiation is emitted from

o3
= the reglon of bombardment. Most of the spu;tered material

'.'- ' is uncharged and has an energy of less than 10 eV but a small

fractlon is charged and may have much higher energy 23,24)., .

.This 'is discussed in moré' detail 1n-1§xer sections. N
» ' . ) . )
- 3

The aim of SIMS quantitative analysis is to relate the

L}

[ - ‘ ) b - - .
meashred secondary ion count rate IM’ to the concentration

’ o ‘tM of element M in ‘the’ sample. Actually C.» the average'

~

cbncentrat1on through the probed volume’/&s detenm1ned in’
. | - . s a

‘routine analysis £23). The performance of a quant1tat;ve
- e J

T & procedure 1s 1nf1uenced by the presence of measured "random
' ‘ . R '.‘ , . ’ . . . - - ‘ [}
| v , . ! " ¢ ' -
- - [ h ' L4
. | RS i ; .
) ' .c ‘ h 4‘ b . ‘ ‘. - ’
- - - hd . M . . - #. Iy - ¥ J’
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uncertainties" (i.e. systematic errors, gccuracy) (26). The

relationship between ion count.rate and concentration is de-

>
-,

fined (60) a's . .
) ’ .

ST Gy YA ‘ (1) - =

I M

M

where J 1is the pfimary ion bgam flux, Y is the spuxter yield,
A is *the sputtered area and’rM is the pract1ca1 ion yleld
i.e. the raflo of the detected ions of M to the number of .
atoms of M sputtered from the specimen. This equation applies
to a given iéotopic ion ée.g.‘M+ or M or MO" etc.). The
practicgl ion yield can also be defined a; the product of the
probabiiity of ionization and the instrument transmission
efficiency, BM-and e réspectively.. Equatiogtlipecomes

Iy = TGy Y A By ny . | -(2)

-‘! - - —‘ ’ .- N

o ' ’

The probability of'ionization is often called the éecondéry

~

ion yié1d4by many authors. Lack of knowledge-of the gactors

: Y and n,, hampers the atcurate determlnatxon of the con-
M M

-
[

- 3

centratlon, CM. -

Empir1cal approaches to SIMS’ analy51s have shown some
:success, as have efforts classified as being elther first
pr;nciple or semi-theoretical. Empirical methods include the
6??A{ion of a calﬁbration'curve‘and the relative_sensitiviiy_

factor, RSF. A.calibration'curve is developed by measuring

L ad

—

standards .of known composition oven\:: applicable concentrgtion

»



range which for SIMS is usually several orders of magnitude.
The element of interesf is usgglly dilute (<1%) and fmatrix
dependent- factors are assumed to be constant. Instrugeg;
faétorg must be constaﬁt_and»reprdaucible. In practice, both

1°Q§ term and short term instrumenf‘initabilitieS'limit the

usefulness of calibration curves. To overcome these limita-
tions, RSFs make use of an "internal standard", usﬁally the
ion count rate.of e matrix elemeht‘(Figure 1). Improved
precision is observed if RSFs are selected as an empirical

analysis methodology compared to caiiération curves.

- LY

Empirical methods are satisfactory when a large number

of samples of similar composition need to be analyzed on._a

routine basis. This justifies the meticulous care and dedi-

cation required to prepare and characterize standards.
Phormous expenses may be encountered in the task of confirming
‘the' composit?pn éf such standards by other, £ uently.time
consuming, techniques. These difficulties w;i?:\he overcome

by a quantification abprogch based on first principle calcu-

lations.

-9

Simple models of secondary ion emission have been pro-

posed by a number of authors (28-32). Some models, such as

.

-the local tﬁefmodynamic equilibrium model (28) can be applied -

to a broad range of complex matrices’), are based on much cri-

\

ticized aésumptions and‘yet have a surprisingly good accuracy

of between 25% and a factor of 2 (26). Other models, such

-
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]

as.those dealing with autoionization (29) or local bond

breaking (21,30) tend to give some in;ight into a particular

ionization_propess,-but can not be readily applied to'a broad

base of analysis situations which are of praéiical interest.

[} -

- The importance of SIMS analysis for semiconductor pro-

cess and device development was recognized by early workers

(33-38). "Indeed, the reliable measurement of ion implanted

semiconductor material was so successful, in agreement with
.
theoretically predicted and electricdlly measured concemtra-

L~

"tion profiles, “that it has been adopted as 'a method for pro-

viding anadlytical stanaards. To be classified as a SIMS

standard, a specimen must fulfill a number of criteria;
FEs , ~ A
a) it should be laterally homogeneous on a suhmicron scale,-

b) be cheﬁically stable over an extended time frame, c) have

had independeit assessment by other analysis techniques, and

3

d) should have the éapability of providing samples over a

large composition range (39).  In addition to these require-,

. ments, ion implantation has the advantage that it can be

applied to many elemént/matrix combinations. By using ion
' [

implanted stan&ards, the éIMS detection .limit for ‘many ele-
o 16 17

.

ments has been shown to lie in the range of 10 to 10

3 13 atoms/cm3 for some

with a value as low as 10
elements (40). The detectiofi limit depends not only on the
implant spécies but on the semiconductor matrix as yell. ‘

Many analytical situations are encountered where maﬁgices.



. of significantly different_composition afe sputtered 'in
'succession when characterizing th_fea;ure of interest. An
eiample of this-in the semiconductor industry is the-aluminum
gallium arsenide (AixGal_xAs) s;s;qm. A variety of semi- ) .

- Y]

conductor devices are'fabricated with four or more layers of

Alea As with X varying from 0.01 to 0.6. 'These layers in

1-X

turn are intenudonally doped or cbntain undesired impuritieé.__

a

SIMS quant*iat1»e .analysis of the maJor elements and dopants

A\ J

o~ these structur’s relies upon the exact unders{andlng of
and compensation for the matrix ect: The work described
in this thesis is an evaluation/of the SIMS matrix effect in

the Aleal_XAs systemy

1.2 EARLY CONTRIBUTIONS = — -

-

3

The emission of "seCcnddry rays'", a small £ract10n of

which carried a p051t1ve charge as a result of bombard1ng a .

<

metal with $+6ns, was reported by J.J. Thomson (41) 1n 1910.
.By the 1930s, secondary ion formation studies had gained

‘ . N .. -
wider interest. Sawyer (42) observed and Woodcock (43) and

Thompson (44) correctly identified negative secon&afy ions.

Arnot and Milligan (45), in the course of determining whether

Hg was stable--and if stable the value of its electron-
affinity--proposed the occurrence of electron exchange between
a tungsten surface and a beam of'Hg+‘producing'Hg'. Later

”~

studies by Arnot (46,47) and with Becket (48) led to the ob-

servation of the negative ions C°, 0" and COH  from absorbed

¢




gas species. During the same period, similar experiments

- " were carrded odi by Sloane and Press (49) who constructed an
apparatus to mass aﬁdlyze the primary ion sSpecies Hg+ before
it interacted with the metal sprface. Théy failed to,gbservg

Hg' but did observe CSH'.and CO~ . These early workers did
noj.mention whether they obsérved metal ions from the tungsten
- “ ' " surfaces which were bombarded. It may be that the available

~ apparatus did mot have the-sensitivity to detect these ions.
Sloane and Press did recognize that the interaction of a beam
.df particles with a sotid is a sputtering process.

» u
e °

The analysis of secondary ions'experienced a dormant

peribd during the Secohd‘ﬁorld War but attracted new intg%est

.?n the 1950s when Honig (soi adopted it to stddy'the sputter- -
ing Process. At that time hemstateq; ". . .theré has been

cbné derable speculation but;véry little ekpe;{mental evi-

dence concerning the charge ‘and staté of aggregafion of

‘ sputtered.pariicles".- Honig went on to cite Herzog and _ \
- ] Viehbock's (51) short letter to Physical Reviéy in'1949<;;:§_

cribing in general terms work that had begun inegenerating

positive secondary ions‘by a sputtering°process. Honig also
- outlined thé requirements for an ide;l sputtering experiment - -
qu many of these conditions are of cohcern.in SIMS experi-
ments'today. ‘They in¢lude: a) knowledge of the crystalli-
. nity of thé sfecimen and-its orientatﬁoﬁ b) provisions to

heat ‘or cool the spec1men, c) mass analysis of primary ions_

wzth arrangements  for knowing and varying ehexr energy and

N N



angle of incidence, d) a stable ien source capable of gene-
rating current’ densities of several-mA/cmz, e) determination

of the mass o%ithe spﬁttered ions as well as their kinetic
' .ene;gy distribution, angular distfibution and yield, and

f) determination of residual gases in the §pecimeniregion.

Despite the knowledge of these requirements, early researchers

were unable to satisfy them. Ions sputtered from the taréet
- - were observe& by Honig, who tried to relate the observed
seéBnda}y ion count rate from a Ge/11% Si crystal to its R
composition. The estimated Si content'varied‘by a factor of
2 with changes in the primary -ion energy (100 ta 400 eV).
His detailéd\examination ofAthis specimen qualifies this as
‘ the first reported attempt of SIMS quantitative analysis.

. Latér, Brad}ey (52)-f6unddthe éount'raie of_Ca+ secondary

ioﬁé from Ca-present as a trace impﬁritx in a Pt sample, to

. + . P
. be comparable to the.Pt count rate. This was attributed to

the differemee in ionization potentials of the two species.

Examinatioﬂ and pefinemenf of the SIMS technique con- =
_tinues today,‘yith applicatiﬁn to a Broaq range of” analyti- . ;
cal proélems. ~Major édhtgiéutions have been made by
~Andersen and Hinthorne (53) in an early model of sécondary
ion eﬁission which served as a cat#lyst forrlater models; py
- Castaing and Slodzian-(54) in their developiment of the ion .
'microscope dnd'by Liebl .(5%) an E;&orkers for advances in
- the design of ion microprobes.. .

-

.

. . - - . . . b e e ek .. . . e DL R .,
I A T I T S TR T T T 2 e A T L N T WV S SN TP SIR



“the liquid metal ion source (58) and the surface ionization

1.3 THE SIMS TECHNIQUE | . o

A <

A secondary ion mass spectrometer is an instrument for d
génprating primary ions, directing them at a specihen and
analyzing the sputtered secondary ions (Figure 2).” Commonly

used prfﬁh<y-ion souncés include the duoplasmatron (56,57),

source (59). The primary ion beam-is mass analyzed to remove f
source impurities and undesired charge states (60). Ion

optics focus and-direct the primary ion beam. Neutral -com- ‘
~»

'paonengs in the primary beam ﬁay be ‘removed by deflecting fhe_f/

-beam with an electric or magnetic field prior to impact with

the specimen. The primary beam hits the sample at an ,angle,.

es, with'resﬁect to the surfacg ndrmal.. Secondary ions
sputtered ffom the specimen are accelerated by'an electric
fié;d and collectedaby ;gcondaf} ion optics which are at an
éngle, bg> to the surface nofmal. The secondary ions are

energy and mass analyzed before detection.

~

Secondhr& ions are sputtered from the specimen with a".
kinetic energy Ek,'aﬁd a diréction defiggd by,the-émergeﬁce
angle ws,yith‘respect to the specjimen norma; and Wg s the
azimuth angle with respect to the plane containing the inci-
dent beam Qiréction and sﬁegimen normal (Figﬁre 3). The: -
anguférfzistributions of secondary ions for ;arious ;argeté

(61) are.shown in Figure 4. The function cosine ¥ is piofigd

for comparison. Typical kinetic energy distributions are
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FIGURE 2 Schematic repfesentatiGn of a secondary ion -
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FIGURE 4 -

b) 8

Angular distribu@%ons of various secondary ionms.
The .ordinate-axis is count rate (61). -
a) normal primary beam incidence, eS = 0°

- L] I‘/
g = 60° |
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plotted in Figure 5. The kinetic energy distribution increases

rapidly from low ‘energies to peakdat a few electron volts.

r'

The d1str1but10n then decreases The rate of this degrease

"is much greater'for molecular ions than for monatomic ions.

- ’ - .

The d1str1butlons are uncorrected for ener§y f11ter1ng by the

collection optics. A typ1cal STMS,Anstrument allows only a frac-l

tion of the ions, with a_given energy band pass AE, to be trans-

mitted through the gnerg analyzer. Ions crea?ed ig}the',

region between the.speci en and the acceleratjing ion optics' '
—

account for the ions shown as having energies less than'zefro.
-~

-
—

Y

- - - -

Instrument design is diverse aﬁd the technique has

<

evolved in a number of dlstinct directions. The terminology
- - statid SIMS denotes the SIMS technique utillzing low -primary
Wioel ion currént densities (Yress than IOVnA/cmz). This results
in a specimen erosion rate of less than-lo'2 atomic layers per
second. Molécular ions characteristic'of absorbed gases on
metals.have been investigated and other studies havé dealt

with the emission of organic molecules from polymer systems.

-

y Static SIMS provides information about fundamental processes

of secondary ion formatlon and radlatlon +damage, espec1a11y

-

for organlcamolecules. In addition, there are app11cat1ons

‘

such'as surface reaction studies of catalysts (62).. Ultra

: high vacuum conditions (10'7 fo 10710 Pa) are necessary to

reduce residual gas adsorpt1oirand a large area (about 0.1

~

cm ) is bombarded in order to obtaln greater sens1t1V1ty

In contrast, dynamic SIMS employs hlgh primary ion currenf

. -
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densities (larger ‘than 10 nA cm‘e) whféh results in ‘erosion
]

rates of greatef~?han 10'2 atomic dayers per secand. As i

regult, vacuum;requiremeqts are less st*ingent and the analy-

- sis arda is $mallér (250 to 25,000 umzj. ’
. - ) - o

In classifying SIMS inStrumentafion a distinotion is

miFe Be::een an don miﬁroscope and ah ion microprobe. A

, dlrect hmaglng ion mlcroscope is analogous to the light micro-
v L I
scope ‘and has 1on-opt1cs which ensure (if correctly designed

[

and maintained) that secondary 1ons,em4;ted_from the specimen

- " maintain ﬁinr‘spatiad relationships when projected on an
tmage plane. The spatial resolution® of such a secondary ion

. - -

image is dependent on the seconh;(& ion optics and is inde=~

’jﬂfpendent of the primary

image by way of an ion to electrdh con-

€am. Selondaty ions are con-
- verted to a

most often a microchannel plate. Thls array of 10

-x , .

to 10 mlnlature electren multipliers is composed of small

- . glass channels, about 50 um in d1ameter. Ions striké’the

-
walls of these channels g;ylﬂp rise to secondary electrons

which produce additional electrons on c011151on w1th the walls

[
bf-thp microchannel before 3trxk1ng 4 fluorescent screen or._

resistive anode encoder'(63).
. ) . .£ ‘ | . -... ‘ . .
An ion miTroproWe is analogous to a scanning electron
. (]
m1croscope._ “The 1mag1ng system is composed of a cathode Tay

r * -

{ ._"' .. tube EERT) whieh is rastered 'in unison with the primary ion
SEER becm. ‘The intensity of t1~xe CRT is comtrolled by the intensity
i .. .~ " s ) Tt A :
| i ;. e
o e : e &

-

-
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af the secondary'ion signal. The spatial resolution of an
ion microprobe depends criticall&.upon the size of the pri-
mary ion beam striking the sample. -

Ion m%?toscopes have a magnétic sector mass g;:;frometcf
(MSS in the secopdary ion detection section® while ion micro-
probes may have either a magnetic sector MS or-a -quadrupole
MS. The peiforﬁante of a MS can be characterizeJ by its

a) mass resolution, R,,, b) energy bandpass, AE and c)- trans-

M
mtssion efficiency, Ny ® The mass resolution is defined as_

the ratio of the mass,M,analyzed to the width of that mass,
AM,measufed at a percentage of the peak count rate (typically
50% or IO%JZas'illustrated in Figure 6, where ion count is

plotted versus mass to charge razié, M/e so that - -
/ ' B ] :
Rm = oW ’ (3)
b

The véyiables RM’ AE and~nM are all interdependent. To ob-

'tain high mass resolution both the energy bandpass and trans-

mission are reduced. ;ﬂ

]

./ Magﬁetic'sector MSs are frequently double fgduasiné and

utilize ,the fact that ions in a uniférm magnetic Field follow

— .

o

a circular path. Ions with a given mass to charge ratio pass

. between slits to the detection system. Magnetie sector in-

R -

struments have a mass range which {s typicall} 1%to 250
A '.\' -

atomic mass units (amu). Ad@antages of this type of MS

cludé a)’pxcellent mass resolutiqn,-adjust?ble from 200

9

L]
-




10E 41

\

0g3t #

prew’
-

S
O
(&
-

O
—y

et 1
1598 - 1600 .  -1602
- m/e (amu)

FIG&6 Mass resolution .




~ L. - (20
10,000 bJ_ the capabllxty of fllterlng hlgh energy ions and
c) a !ﬁrst order cortespondence between ob;ect and xmage '
., -1'
planes (644! Dlsadvantages inciude a) ‘slow scanning speed

i |

over a-given mass range, ) the presence of a magnetic field

and c¢) their large sizev

Quadrupole MSs are composed- of four conducting rof? to

which diyect/¢urrent and radio frequency signals are applied.

‘- * N .
Ions with a rrow range of mass to charge ratios ame trans-

r .

mitted/whille\Qthers are forced into unstable frgjectpries of
increasing. afplitude and are not detécted.. Advgﬁtages_of

L ". -~
include a) the absence of a magnetic’figﬁd,*

b) rap1d mass sw1toh1ng,-c).a large mass range (1 to 10, 000

amu) and d)

quadrupole Ms

ompéétness Disadvantages are a) poor mass re-
- ‘solut1on (20 to 500} espe51a11y gt low hasses{ and b) the

1nab111ty_to filter high energy fons or electrons. \

) L]
Aside from the limitations imposed by the MS on the ion
. _;__,(microsca or ion microprobe, the primary ion optics of ion
" microprobes with small diametér ion sources make them superior

for analyses requirimg high spatial resoldtion.

1.4 ANALYTICAL CONSIDERATIONS i

.. + 0

‘In planning SIMS analysis'and in the interpretation of

SIMS 1nformat1dn, a number of factors must be‘carefully con-

szdered to evaluate if they will or are 1nf1uencing "the

analysis. These factors may be related predo-1nate1y to the




instrument conditions under which the analysis will be -per-

formed or may result from some interaction between the bom-

barding species and the spec%men. Instrument operating con-

ditions cen be optimized to reduce or eli‘.nate_a) massg

interferences, b) the crater wall effect or t) memory effects.

Lrher factors sucﬂ as d) specimen charging, e) diffusion,

i f) segregatioh, g) preferential sputtering, h) recoil implan-
. " tation and .i) cascade mixing; result in the transport Q{_\

material in thekepecimen during the sputtering process. -

ngh%mass resolutlon 1s requ1red to distinguish between

. . ‘monatomic ﬁﬁpg an&'ﬁipster igMs. For example, 28
' * 27

S1 has an

atomic welght‘9£ 27.97693 amu and AlH" has a'molecular

weight of 27.98936 amu (65). The true mass di{fers from the
. . , |

integer mass by the mass defect. 1A separation}of these
"masses in order to provide a 10% vhlley betwee% peaks of
equal count rate.requ1res a mass resolution of 2251. In

some 1nstances, energy 315cr1m1nat1on is an alternative to
‘u51ng hlgh mass resolution condltlons Monatomic spec1es-of
hlgher kinetic energy may be detected if low energy cluster

ions are e11m1nated Unfortunately, this tactic is unsuccess-

a4
ful with a Cluster ion such as 27

28

AlH which. has an energy dis-

tribution very similar to

81,_/Furthermore, the cluster

ion may be the signal of 1nterest‘rather than the monatomic

species, in which case the use.of high mass resolution condi-

S . : -
tions is mandatory. :

e
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Crater edge effects degrade depth resolution during
depth profiling and result from sampling the secondary ion
signal over a fangé'of depthé durihg a measurement, i.e.

when the field of view of the spectrometer includges a portion
®
of the crater wall. Surface roughness may also lead to con-

tfibu;ions of secondary ions from a range of depths. .The

primary ion beam is rastered in SIMS instruments in order to
obtain uniform sample erosion. Ion microprobes attempt to
eliminate the crater wall effect by electronically gating
the detector so that the secdndafy ion.signal is acquired
onlyfwhen thp.primary ion_beam in the centrai portion of
the crater. _Ag ion microscope accomplishes the same effect
‘by limiting th; field of view.of the mass spectrometer by
means of a mechanical apérture positioned on an image plane.
Magee et al. have Ehown.that the'dynamic range'of‘implént
profiles is dramatically incrgased by rastering the primary
.- ion beam, electronically gating the secoﬁdafy ion signaf and
>

by reddcing the fieliﬂéf view of the specCtrometer t66). A

high velocity neutral component accompanies all ion beams

as a consequence 0f the ion generation and transportation
process. The neutral component is not. rastered witﬂ the v
primary ion beam-so it strikes.the crater wall if no pre-
cautions are. taken and generates secondary ions.from a fange “p
of deptﬁs when the electronic window is opén.' The neutral
flﬁk_is-pot generally a concern with an ion méfrbscope if

- the fIux is uniform over the'field of vieWw of the spectrometer.

v

Al




Care must be taken however, in posit;oning the specimen -and
primary ion beam to ensure éhat the axis of_thé field of
viey of the secdhdary ion optics lies in the centre of the
crater " (67). Material fyom the crater wall may also be-
transported to the zone in which information is gathered by
sputtering or surface diffusion. This is combatted by in- '
creasing the ras;éred a}ea or by decreasing the field of

view.

Materia}l which has been sputtered from the specimen will

be déposited on sample holdets, lens and apertufes. This
coating maf be respu;£ered_during subsequent analyses and
~.reach the detector. This is called the memory effeq} (661
and is great]y influenced by instrument design; speéifically,
the nature and locatién of any lens near the target. The
hemory effect is controlled by c}eaning and replacing lens‘
. and components or by coatipgﬁiﬁpse componehés.with another -
species -of sputtered haterial~-immediate1y before a crucial
analysis. It ha; been shown thg; this coating procedure

improves the detection limit for a 11

15 t6 sx1013

B implant in Si. from

10 atom_s/cm3 (40).

Specimen charging may seriously limit the éiMS analysis - .
of low conductivity specimens. Sincg ihere is a net electric
charge inherent in bombarding a specimen with a prim;ry ionﬂ
behm, the region undgr bombardment may build up a'local

charge which may deflect the primary ion beam and limit thg‘
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secondary ion signal: Specimen charging can be reduced by
a2) coating the specimen with a conductive layer priof to or.
during analysis .so that excess charge is dissipated, b) the

use of an.electron flood gun to balance the charge of a

positive primary ion beam or c¢) neutralizing the primary ion

beam in a high' pressure gas chamber before it bombards the
- -

" specimen. In addition, a novel solution has been reported
which allows the specimen te charge to an equilib‘ium level

. w1th1n an apertured regxon (68) Althougk secondary ion

signals from such a reglon are less 1ntense, the, 51gnals

from most constituents are 5t111 large gnd free from ‘cluster

ion_ig&s:fi:iggg. | . ]

-

The transport of atoms w1th1n the spec1mea may occur by

a number of diffusion 3551sted mechanlsms dur‘hg ion _hom-
bardment including: a) thermal diffusion, b) radlatxon en- -
hanced d1ffus1on and c) space charge enhanced d1ffu51on.
'Thermal diffusion €an bring about comp051t1onal changes over-
regions much greater in size than the d@étances covered by

L'~-tho;-, range of primary ions. This is normally .a~concern for
sputteriné at elevated temperatures and was observed by Rehn
et al. (69) investigating Cu-Ni alloys with Augef electron a
‘speetroscopy (AES). Aboue the same degree of Ni enrichment
(Cu depletion) of fthe surface was found.during Ai+ bombarq;

" ment for specimen.tempefatures up to 300°C. At highe; tem--
' peratures, Cu depletzon extended many atomic layers below
g%e surface providing a lo’g range driving ferce for Cu

‘1\‘

.

3

RN

. 8
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diffusion. Shikata and Shimizu (70) observed Cu diffusion

at 300°C for a CuSO;NiS0 alloy and estimated the diffusion

14

coefficient of Cu to be ~10 cmz/sec. This value is much

~-20

larger than expected (-~10 cmzlsec) for Cu-Ni alloxs,(?l)

at this temperature. However, the alloy used in this study

was polycrystdlline and contained a number of defects which

can-aid diffusion. Defects are also introduced by ion bgm-

. bardment.

N e

Radiation enhanced diffpfion may occur during sputtering

since many, of the lattice atoms are displaced_&uring a colli-

sion cascade. This creates ‘vacancies, interstitials and
.

other lattice defects which enhance diffusion. The diffusion

“~

coeffiéfént\;x ZSfC'for Cu in a Cu-Ni alloy was found to vary
almost linearly frof 1.8 to 8.0x10 ¥ cm®/sec with Ar’ . ion

energy thch was increased from O.S'to 2-keV (20).

L) -~ .

Space charge enhatfted diffusion'causes a dramatic

effect, egpecially when depth profiling iﬁsulators. Gossink
et al. examined sodium implanted at an energy-of 80 keV .in

silicon dioxide to a do3e of l_Ols‘atoms/.cm2 (7;).' The sodium

® , - .
profile obtained by SIMS analysis using O bombardment is

shown ?n Figure 7 and indicates a projeéied raﬁge of about
100.nm. "This 15.21058 to ;hé calculated raﬁf@\?f.llo nm. -
The measured sodium profile with O; bombardment on the same

-

sample is shown ianigure 8. The profile is completely dis-

L - .
torted and indiqg:fs,the sodium is driven to the §i0,/8i .,
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interface by the change in polari{y of the primary ion. A
silver film sandwiched between layers of-ZnO-has been studied
by Johnston er-al. (73j: 1Progressively better results were
obtained in us{;gl0+, 0',—Af+ and Xe' primary'ion beams. A

5 keV Xe' primary beam gabe results which agreed within

?

+10% of'Rutherford~backscatter analysis (RBS) 'results--an
' independent analysis technique. Space charge enhanced dif-

fusion and mixing were both suspected to play a role in ex-
(2

- {

plaining these observations. . -~

Surface segregation has occurred if the surface compo-
sition of an alloy is different from the bulk. Segregation

may enhance or reduce: the' Sputtering of an arloy‘component.
) e
Comparisons of 'surface segregation to radiation enhanced

segregation show opposite behaviour for many binary

-

metal alloy sttems."That is, if alloy M-N shows enrichment

of M because of surface segregation’, then under ion bombard-

ment a depletion of M is observed. The surface composition

of ‘binary ailoys is expeéted to be enriched by the aL&ﬁ}‘eié-
2
ment with the lower heat of vaporization according to a

:fhermodynamic model (741,»‘However, within four atomic layers

.
*

the composition becomes ;he same as the bulk alloy. _Calcu-
1ati§ns for Cu-Ni glloys predict enrichmept in Cu in the; B
surface region in agreement with Auger Electroq,Spectroscopy'
(AES) analysié;by Quinto et al. (75)."During Ar' bombardqeﬁt,ﬂ

these workers found Ni enrichment in accordance with.the

above observations. Radiation enhaficed segreg@tion may occur




if a driving -force exists between the ngbarded surface and

ti® surroupding defect-free zone.

Liau (76) has observed that as a rule of thumb the

heavier component of an alloy is generally found to be en-

riched in a surface layer following sputtering. Au enrich-

mentgéreatpr than the bulk cemposition for CuSAu was ob-

served within 4 nm of the surface for noble gas sputtering

-

(77). Arsenic enrichment has been found for bombardment of

GaAs by He, Ne and Ar (78}; however, conflicting reports

"exist showing a Ga surface enrichment using ions of rare

gases with 0.5 to 2 keV energiés (79-81). No enrichment was
observed in a study of the AlyGa; yAs system (82). The sur-

face enrichment of the high vapour pressure component above

\

¢its equilibrium concentration can lead to spontaneous de-
AN
sorption (83). This mechanism of desorption would limit
. - \ -
surface segregation. In a similar vein, Wittmaack (84) has

proposed that for bombardment of a-Si-with Ar and Xe, a

steady-state condition is reached where each inért gas ion

oy Ao . . o .
striking the specimen causes the ejection of one previously
' ., -

. implantéd gas atom.

Preferential sputtering takes place when dtomic species
of a multicomponent solid are not sputtered in proportion’ to

their surface concentration. This interpretation of preferen-

*

tial'sputtering f; equivalent/io postulating ''different ejec-

tion probgbilities of the different sputtered species' (85).




It may occur due to al the nature in which energy from

collisions is shared between different atoms in the solid,

b) the different binding energies and c) chemical interactions

between the primary ions and atoms of the solid, leading to

the formation of compo::d surface léyers. Preferential
sputtering of one component from thé surface resglts in the
formation of an altered layer in the near surface région.
_This altered layer is stoichiometrically ﬁifferent from the
bulk composition and is generally thiéker'than theJdepth from
which material”’ is sputtered. At high fluences of primary

ions a dynamic equilibrium may be obtained if mechanisms

P4

s%ghfﬁg,diffusion,,segregation, knock-on and cascade mixing
4 N . L

e - .. . . .
result ip the transportation of material "to and from the -

altered layer. Extensive reviews of preferential sputtering
and near surface composition changes have been carried out °

by Kelly (86), Carter and Cdlligon (87) and Betz and Wehner

(88) . L

Recoil implantation and cascade mixing should be mini-
. . S
mized during SIMS analysis if at all possjble. Failing this,

it is important to recognize these phenomena and ihclude them

I'd

in any interpretation of results. The simplest case of re-
A- - ’ 3 4 .. ) > : “ "
coil implantation occurs if a primary ion undergoes a close

to "head-on" collision with an atom of the specimen and-

~

momentum is transferrad to thettfah, caysing it to regoil
Q 4 - >

hnd be driven into- the spec/ignen.\2 The energy transferrqd,Ez,
“in an elastic cOfligion between primary ion of _.mass n, and.

b}
[
- ! v S~ .




"n‘( [ |

~N

Ming to the laws of conservation of energy and momentum is

brium condition.: These subsequent collisions are dalled a

- ", . .; . - 31

eﬁsrgy Elfand”étom of mass m, with zero initial energy accord-

3 ]

-imlmz o Ze . -
E, = ——— E; sin’ (—_7___) (4)
(my+m,) " - _ .

where 65 is the angle between the vector descrlblng the velo-

city of the tentre of mass of the two partlcﬂes and.the velo-

city of tRe recoil. For a head-on collision, ez = 0 and then
¢ .
- E_ i 4m1m2t"E . . - . (5)
;o 2_ {ml+m2') I \— ’
J ' ' _ ; ,
and the naximun energy is transferred. The probability dis-

S

-

tribution of energy transfer is determined by the cross-

-section of the atemic collision which varies as a function

of initi%’ energ}, El' Of .course in the conditions employed -

for SIMS souttering;:;}pezt number of collisions occur, both

'betwéen.qrimérf ions and atoms and between atoms to which -

-

energy has been transferred and other atoms 1n the1r equ111- ==

cascade. . ¢
|’.

' . - * . -
Cascade or recoil mixing refers tordisplacements as a

. * . .

. resglt of:é collision cascade and has been modeied by com-

puter: 51mu1at1on (89) and ut11121ng transport theory- (19,

g90- 92). thtmark and Hofer (90) predlct that depth

-

2

i



O
w
T

:; 02k :
Q& r-
r - = 01F
. L .
& x Q0 —— .
D e 20 - 40 . 60 .
c N -01F . -2/3
o = X[AI=xE[keV]
£ > -02 7 . .
) o o
=2 X

FIGURE ¢ Predicted depth distrjbution of momentum (90)
: v
- -

j .

< £,



¢ < the specimen) at the surface, peaks at §hallow,dep£hs then

» \ -

- passes through zero to become positive at lafger depths. A
‘thin tracer layer (2 nm) in Si sputtered with 5 keV Ar at
normal incidence would become mixed accordin‘/to its posi-

s 2
tion relativeito\phg surface (Figure .10). Their model pre-

-

dicts that the normalized sputter yi€ld of the tracer
. : oA | . - ,
) breadens and the maxdmum in the distribution shifts towards

the surface.as the tracer's origin is shifted to greater

.-

depths.

¢

Mixing is readily observed ddring the depth profiling
of.thin filmg on a subst}ate. The Pt-Si (76) system has
been examined iofgtudy mixInglﬁsing high energy Xé*, while -
Williams (93) reported exponential taiis in the profiles of

f, SiSN4; NiSi, PdSi,.PtSi ané Au on Si sputtered by 20 keV
Cs’. Wack ‘and Wittmaack (94) investigated Li, B, N,.0; F, -
- Na, Mg and Al implanpts in Si sputtered with either Oz,or : .

>

,Af+. They tharactl;iZed the,exponential tails of these low

t _—

energy (3 fd S keV) implants with a decay length, A. The
. . \ 1

tail of the éxperimentally determined Profiles is described

by the equation -

1.(2) = I exp(-(z2-2)/2) ' 61

K . N

where the iﬂtensity Im(z) is_the observed count rate of mass
] ‘ ’ -

m at-depth’z, I is the éoqnt rat® at a reférence plane lo-
- cated.at Z from the surface.” The observed decay lengths are

shown éﬁ,Figure 11: They interpreted the high A-values for: «

- -

. . « ‘

- - ’
- .o X . . -
s . L. . . - .
Eﬁ:‘ fagmy Rt 2 e T, - N I N S
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N, 0, and Mg as the result of radiation enhanced diffusion.
When they gompéred their results to ;hoge of Littma{k and
Hofer (90) they found satisfactory agreement. The decay
Yength predicted by Littmark and Hofer's model of mixing for
Si iﬁ Si sput;éred by S keV Ar’ Qas S nm. Lidzbarski and i
Brown (9§) examiﬁed a variety of thiﬁ films éﬁ Si- with Cs+,

0~ and O; primary ion beams at.a number of energies. A “was
found to increase lineanly with primary ion.energy but the
rate at which A ghanges with energy, dA/dE, véries with the
'pr;mary ion. Au and Pt films éxhibited very long decay

lengths with practidelly no energy dep¥ndence under Cs® bom-

bardment.

1.5 SPUTTERING

The total sputter yield,Y, resulting from the ion bom-
bardment of the spgcimen is defined as the average number of

atoms of the specimen removed per incident particle,

number of atoms of the specimen removed (7)-
~- number of incident particles

or .
€ \ .
(number ,of neutral atoms + number of monatomic
atoms + number of molecules x number of atoms
per molecule + number of molecular ions x num-
ber of atoms per molecular ion) leaving the

Yy = specimen (8)
. total number of incident particles SR

" The sputter yield may be determined for incident particies

other than ions, it can be defined for ppojectiles such as '




—

AN

atoms, neutrons, e}ectrons or photons. Sputtering by pri-
mary molecular ions may be calculated per incident molecule.
In determining sputter fields only atoms of the specimen °
which have been removed are counted; the incident particles
which a}e implanted and subsequently sputtered are not in-

cluded. . -

-

-

Fhe partial sputtering yield of an element in a multi-
component system méy be defined as
number .of atoms of element i of \“tb

2 Y. = the specimen removed (9)
i number of incident particles :

~so that the total sputter yield is

Y=Z Y. .- - B , . (10)

i ! N
- ' . The component sputter yield is defined as .
Y . :
C M ’ B
Yo = \ an
<~
- ' ’\‘J

" where C; is the atomic concentration of element M on the sur-

face. : -

— -

Physical sputtering tﬁkes-place above a threshoid of
about 20 eV. The sputter yield 1ncreases with 1ncrea51ng ' ’I
prxmary ion energy and for a glven primary ion energy and
§pec1es,the yield increases as the average mass of }he speci-
men inCreaégs'(QG). The Sputter“yigld reaches a broad

maximum in the energy region of 5 to 50 keV. Three regimes




2N

- - . -
-~

of physical sputtering have been proposéd (9?):3)'the singlé

38
knock-on, b) the linear cascade and _c) the spike regime. 1In
the single knock-on process, -energy is transferréd from the
primary ion to the specimen atoms. These atoms may-undergo
a smallqnumber.of further collisions befere being sputfered
from the specimen. This process is characteristic of inter-
astions in th; low energy region. In the ligear cascade

regime, recoil atoms are energetic enough to generate higher

order recoils, while in the spike regime the majority of

-

o

atoms within a given'valume shére the eﬁergy of the bombarding
ion (Figure 12)._ The linear cascade region is characteristic
for most keV and MeV ions excépt for the heaviest ions which
tend to generate gpikes. Shuttering in the !!ggar casgade
regime hag been de3dcribed by a fransport model bf Sigmund
(98). In addition to physical sputtering; chémical sputteriné
may occur "if compounds with low binding energies are formed,
on the surface (99). There is often no distinction drawn
between'physical and .chemical sputtering and at .an extrem-
ely high fl'ux of primary ¥ons where high temperatures grg'
generated in the speéimen, even evaporation mé; occur (Figure
13).

. . \
An extensive review of experimentally determined sputter ~ »

yields of single element solids has been carried out, by

- I .
Andersen and Bay (100). ‘The s tering of multicomponent
solids has been reviewed by Bftz and Wehner (88)." Thg'spgtterN

yield of é}uminum by various primary ions_as a function ‘of
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ion energy i's shown in Figure 14. Solid lines join se%s of
data from particular researchers. Dashed lines are pre-

dicted yields fir ions of inert gases according to Sigmund's

[

" equation (97)

.0.042 o (m,/m,)S.(E.,z,,2,) .
Yy = _ N2E 17°2V517 510 °2 _ (12)
D™s :

where E is the energy of the primary ion of atomic number Zy
and mass my sgyttering'é solid of atomic number 25, mass m,,
atomic demsity Np and surface binding energy Es. The «nuclear

stopping powér of the specimen is-Sz(El)zi,zz) and a is an

2 -

energy independent function of the mass ratio. This equa-
§ .

tion was derived for normal ion incidence and assumes that

—

inelastic' scattering, chemical sputtering and sample crystal-

LI

linity effects are insignificant. Details of these calcula-

tions are outlined in reference 100.

-
—

The scatter appiient in’ the reported Sputterﬂyieid of -

Al in Figure 14 has been attributed to insufficient charac~.
terization of e€xperimental conditions (100). The trend
nevertheless, of increased’gbuxter yield with primary ion
mass and enérgy is élear. The sputtefvyield of Cu with 45
keV ions (Figure 15) shows the general increase in yield for
—inéreasing Py, mass Witﬂ\Pronounced maxima for inert gases
at high fluences (99). The sputter yield de;rease to near
zero for ssome ions_;t high fluences is attributed.by ‘the

authors to the creation of an alloy layer.

- E ]
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The squter yield increases with the angle, , of the

%
primary ion. beam up to a maximum at an angle between 70° and

*.
80° (Figure I%). The sputter yleld decreases at larger

N .
angles as a consequence of the increased reflection of the

primary ion beam (100). The function (cose)"1 is plotted

-~

-

for comparison.

The sputtering of pure-metals has beeﬁ deeeribed‘by
elastie collisions and collisien cascades in the target,
however, tﬁe descripti?n of the spuiteting phepoména.in
alloys‘is mofe eomplex. Prima{y ions may react chemically
with one or more ef the alloy components resulting in the ..
formation of compound 1axgrs.’ These lgirrs have different
surface binding energles ‘and accordlngly, dlfferent sputter
yields. Eckstein et al._(101) has estlmated 'surface binding
energies,Es, from-er heat of atomlzatloq, AHat,us1ng the
equation

[ S . '
BH_ ., = 2 aH (MN) + 8H_(M) + AH_(N) (13)

at

-
where AHs is the heat of‘sdblimgfion~and AHf is the heat of

formation of thg molecule MN from the components M and N.
., - ° -
For a surface in equilibrium
T AH ) >
- - at
Eg(M) = E_(N) ny (143

with n, atoms per molecule. A .surface which has an enrich-

ment in component M is estimated as a linear function AHg(M)
‘

" and
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ponent such das oxides result ifi not only compositional.

s

- E.(M) = AHJ(M) + 8H (MN) | as)

. Tsunoyaha (102) has observed_a decrease in surface roughness

in sputtered surfaces for compounds with increasing binding

energy. Compounds formed with a high vapour pressure com-

-

changes but also in structural changes. The ion bombardment

of oxides and compounds can lead to amorphization (103) or

3

crystalllzatlon of a near surface layer (104). This depends

on ion energy and fluence as well but is generally observed
) ™ <

at energieé of less than.tens 6f keV and with fluences
- * . . 2
greater than 1013 ions im . Fluences below this value gene-

rally produce individu: oint defects.

Inelastic collisions in the cascade procdess lead to’
electronic ionization and excitation which also contribute
to sputtering. Furtbermore, the angular and-energy distri-

«’
bution of the dlfferent const1tuents may d1ffer especially

at non- normal primary ion 1nc1dence (104) .

-

N
1.6 IONIZATION )

For pure elements, the secondéfy'ion yield .has been ob-.
servéd,té vary by orders of magnitude dependjng on whether

the surface is clean or oxidized, Table 1. 1In consideration

. of this, Klaus (106) concluded, as others have in the pasf

that ; . . .



*

“TABLE 1. * SECONDARY ION YIELD (after Ref. 106)

\

-

Element : "Surface Condition
| Clean; Oxidized
- cr 1073 1.2
R x"10° 4.5 x 10°
. : ’
] " \
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"the wide variation in secondary ion yield
often makes quantitative interpretations
difficult, if not 'impossible. On the other
hand, careful comparisons of hundreds of
different spectra sgay lead to conclusions
applicable in very pure and thin-sandwiched
layer technology." ‘

This wide variation in ion eld also makes the formulation
of a comprehensive theory of ionization difficult, if not
impossible. Looked at in a positive light, this is a rich

~

and largely unexplored territary of chemistry and physics.
h J .

In a fundamental series of experiments, Higatsberger

artd Klaus observed a linear dependence of positive and nega-

o’

tive secondary ion count rate over a limited range of pri-

mary ion energy, primary ion mas

r inert gases and pri-
mary ion current density/ (107). Others (108) have failed to
confirm even these elementary obseryations. Little wonder
then that theories clash or that obs ions conflict wifh
theory (for exaqple 169-111). One can sge how observations
of secondary ion count rate can vary.fro one researcher to
another on the basis of sample preparationy alone, in some
~f_ase.;‘,vif the ion yield varies by as much as 103 for am oxi-
dized surface. Other sources of variation exist and ones’
which originate in the SIMS iﬁstruﬁent are discussed in

-

later sections.- - . .

—~

In more complex studies, where researchers bring in a

wealth of data and try to explain the basic ion formation

’mechanism through'intérpretatioq of new information (109)




a9,

[l

while ifnoring inherent assumptions produce more controversy _ .
(M0), sometim;s followed by a rétraq;ion (114). Wittmaack

(112) -observed in an investigation of the productian of

multiplely charged igﬁs of silicon that Si; and Sii ions have
similar kinetic energy distributions in the high énergy -

region. This suggests, accordiné to him, that the stability
pf'these iohs is not influénced by the charge state and
furthermore the results of the study supﬁort the conclusion

2* 4nd si’*t

thaf Si (agd SiLz’3 MM Auger electrons) are formed
by Auger de-excitation of excited atoms in vacuo. He argues
that multiplely charged ions had they not been ﬁrqﬁuced at
some distance from the éu;facq_gould show a strong angular '
dependency which he did not observe. In another study (113),
secondafy ion-emission from a Be surface was monitored in

the presence of oxyéen which should change the.worg.function'
of vhe surface by a considerable amountvand-hydrogen which «
should produce little change. The authors .conc'lgde& t'hat'~ K
the results were inconsistent with eﬁisSion ﬁn-which iBniza-

tion obcurred.bx a: mechanism of Auger de-excitation but that

it was:possibie to express the secondary ion yiel& in terms

of a site exclugiop model where the’oxygeq "covered'" surface

azoms have a higher probability of being sputtgred as ions

than those that are not ''covered'".

3 ..

A number of mechanisms of ionization havé® been pr0p65ed

to Eg:;rh‘the observed secondary ion yield} The task of any

'

general theofy'of ionization is to account for these diverse

.



dhenomena. Williams (114) has outlined a number of exoeri-

mental '"facts" whicH a general theory ehould be capabie of

explaining: \?

1) positive secondary’ ion yields of different elements
. Sputtered from a domoop matrix show an inverse exponen-
tial dependence on the ionization potential of the
sputtered ion (115), . ‘

2) positive secoqdary ion ylelds are greatly enhanced bys
oxygen or other erectronegat1ve spec1es at the sputtered
surface (116),

3) negative secondary ien yields are enhanced by oxyéeh
(117), _ ‘ o~

4) negatlve secondary ion yields are greatly enhanced by -
Cs or other electrop051t1ve spec1es (118),

5) ion energy-distributions generally peak at low energies

_and exh1b1t tails to high energles

6) exc1ted neutral ylelds and ion y1e1ds may proceed by a

common mechanism but. excited neutral yields are much :

i lower than ion yields (119).and

.
‘i

7). excited.neutral yields are enhanced by oxygen (120)

but not by.ceasium (121).

Furthermore, he argues that "bulk crysfal band-structure con-

cepts are particularly inappfopriage:to the discussion of

electronic events at the aisord‘red surface sputtering site.".

- The first five points outlined above are generally

. - . .

“

50



for. pure Cu.and Ag substratesr.

_collisions affect the locdl electron configuration of the

‘( . . Bt

accepted as legitimate bbservations, although _ the measurement
of energy distributions “is fraught with pitfalls (63. Bulk
crystal band-structure models, aé shall be discussed, have
shown remarkable success even though they may not ?é appli-
cable to insulators. Some specimens with éood averall elec-
trical con@uctivity show locai~e1ectrical éharging and de-
flection of the primary ion beam due to the formation”of a
local altered surface layer during SIMS analyéis. Items 6

and 7 above havVe been criticized by Reuter (122)., who points

W

out the misconception maﬁ} people have in believing the
generalization that Ythe bulk of sbuttered particlés are ions.
More'tﬁan 95% gf all sputtered particles are, in fact,

atoms; at leastein the case _of argon bombardment of metallic

targets. Exceptions to this generalization exist, such as

-

<

During sputtering, ionization may.occur as"a result of:
elgcg:onic caupling (123)..'Tﬁe departing atom and substrate
share electrons’ in the conduction band due to normal bonding
(a£ least in ghq‘case of”h%tqls) and as thé result of elec-

trons excited into the conduction band from the sputtering-

.collision process. "High eneygy‘collisions‘bqtyeen ion cores

»

can produce a variety of “excited electronic states before

the atom can be considered to have left the substrate. These

“substrave as well as that of the departing atom or ion.

T

Lattice atohs which are sharing the cascade.energy may be -

-
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‘in an excited, métastable state and any that attempt to leave
the solid do so as ions (autoionization t29)) if the escape
N '

probability is favourable and thé.ﬁurface barrier is, high

(Figure 17). For inert gas‘ion bombardment, the majority
. of ions are neutralizea by recombination with electrons from
the conduction band. Thg¥(ormation.of surface compounds with
glect;onegative species sﬁc as oxygen or nitrogen may raise
the surface work function and hence the barrier height which’ )
electrons must overgoﬁe to be available for positive ion
’neutraiization. Electropositivé elements reduce the work

function- and elements with high electron affinitias have an

optimum,gnvironment for a high negative ion yield.
De-excitation processes lower the energy of sputtered-
particles and in a single .stage or multi-stage process lead

to ionization. Such_S}Qgesses include .

. — _
1) a resonance-thn irig of an electron from one state to '
another of al énergy, one belonging to the sputtered

atom or ion and %he other the substrate; with the elec-

tron capable of moving in either, direction,

#)  an Auger transition in which one electron falls to a
deep‘vacant level while a second electron i§ emitted
simultaneously, _ )

3) a'radiative‘précess in which a core level is filled and”

. an X-ray or lower energy photon is emitted.

' -~ _ P

Vve
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) For.negat!De ion emission, Kaminsky (125) has‘optline& ¢
the following possible mechanisms:
1) ‘charge exchange with the surface layer,
2) capture of eleétfons with radiation emission,
3) 7 electron capture by an atom in the presence of another R
body, ‘ N
4) electron capture by a molecule follpwed by dissocia-
. ' tion, \ . | R )
] 5) dissociation of a.molecﬁlé by ion-molecule interactions
such-as : -
- \_ —
T A R R A (16)
6) résdnance ionization of excited itoms. .
>
s | "Electronic interactioms such as bonding and dissociatien
- between the. surface and sputtered material are possible due_
to the absehce of surface bonds which would ordinarily'con-
P ” nect exposed atoms with-those of the bulk. ' ' |
Clean metallic surfaceslare highly reactive and capable
of formlng strong bonds or even of break1ng molecules into .
- N
N atomic or molecular constituents. Molecular dissociation “_
requires much less energy (on the part of the molecule) than-
it does in a'liquidgor gas because of the:contribbtion of
,-energy from the surface if molecular fraémiﬁfs bind fo the o

surface with a.nét release of eﬁergy (126).- Fragments

readily éiffuse across the surface to encounter other adsorbéd
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mglecules. The incorporation of molecules or atoms into the

surface through the formation of c(:mical bonds is called

chemisorption. Weak aBSorptibn is alled physisorption.

Andersen (127) was the‘first to observe that the secon-
dary ion yie}d varied by over 104 (Figure 18) for pure ele: .
ments,‘yhile the total sputter yield only changed by a factor
of 5. He noted a correspondence between ion yields and the
filling of electrdn shells, and proposed that the probabi-

lity of ion neutralization, P; is governed by the work func-

tion ' P
P = exp (-65/KgT) an

or

P« exp(-(¢-1,)/kgT) & . . (18)

where ¢ is theywork function, .¢ﬁ is the sux"fac’e barrie{ ‘
height,_I1 is the first ionf#ation potenzial, ké is Boltzmann's
eonstant and T_is the absolute temperature. oﬁnder." .
ion bombardment with an,elettronegative éas, the surface
barrier ¢B is oftendiarée, case 1 of Figure 19. Howevef,'
some metals such as In have Jér{ low surface barriers when
bombarded‘with oxygen, case i: "Gold has a higb ionization
potential and a low surface»ba;rier; case 3; Andersen felt
that the brobability of positiye ion neutralization by

tunneling elegtrons would be yé;y small but that thermionic:

-eieqtron emission was likely, case 4. Others have argued

(11) that fhe probability of ion neutralization by thermionic
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emission is only of the order of 1078,

- The positive secondary ion yield, Andersen believes,
decreases due to sputtered ion neutralization by electron

1 .
transfer from the surface especidlly as the ionization
9

potential increases. The negative ion yieldrincreased with

electron affinity and with the adsorptipnhof Cs which de-

.creased'the work function and allowed electrons to tunnel

&

to sputeered particles. -

Both. tunneling and Auger processes have been deg%rlbed

—

by Hagstrumt (128) with 'a rate equation of the form

-

Q = C; exp(-Cyx) N (19)

where Q is the transition rate  x is the distance of the

atom or ion from the surfacehgr(other body and parameter
- . -16 -17

- RY )
C1 is about~10 to 10 SEC wh11e C2 is 0. 2 to 0.3 nm 1

wh1ch is. determlned by the rate of fall-off of the “electron

waveé function at the surface. e .-
S -

-

*Slodzian (24) has-proposed that fo on-metallic bonds’

the ionization process cth be‘sfastlcall changed because

of the suppression of the screening effect of anductxon

. electrons and the modifications of the e}ectronlc environ-

ment. An éxample would be thevionic compound NaCl which has

a voery high.yield of Na+ and C1  ions. Since Na and C1
s0s$ess an ionic state in ‘the lattige, a c011191on cascade

’would directly expel an ion: The 51tuat10n would be less

-

O



. - -

x - )
clear for covalent Gompounds r oxides in which the
H LY

) , »
.o " bdnds formed often have on tial ionic character.

- .QJ -
A a.

S - e Thls "bondabreaklng" model has received contlnued sup-

- - ——

. TTTTT——
. . pofrt since -was proposed. Local bond-breaking was found

‘more suitable description of the secondary

’ ¢ S . -

i bombérded with Ar *in the presence of either

. -“(13Q}<to be
"ion yiela o

. a) Qxygen in whlch case 5102 was -detected_by XP$ coinéi-

e . dentaiwnh' enhar}ced si’ emi%sion, or b) nltrogen absorpflon

on the surface which lead to SiSNf formation. TIn anopher

i . - " - -

. - reveallng study, Gnaser (131) found an exact 'I':1 corre®~
-pandence beeween M an& O count rates measured simul-

o T e - *

o taneously in a specidl quadrupole SIMS" for 12 _pure elements

durlng oxygen'bombardment.,~Thls lends credence to ;~m91e-

44'\_?; [ 3 . . .
-~ cular dlssoc1at10n/bond breakxng process. - . -
xR . - . e

LN
-

N
No model has been as hotly debaged 51nce 1ts introduc-

o ) tion as-the !oca} thermal equ111br1um (LTE) model (28).
= " The work1ag hypothe51s is that the ma;ority of sputtered

. L. xpns, atoms, mqlecules and electrOns are 1n ‘thermal equili-

‘ )

¢ . 41: biﬁuﬁ\wrth each-other .and that a low density "plasma", at

the surface, behavés accordlng to the Saha-Eggert ioniza- -

. . B . . ’ .o

TS txon e uat1on oo - : .
. ‘m q 1 b Q LI N . ‘ [of

b _.,"‘,T_‘ * 0 .. 2*1‘ me mM+ 3/2 ZM+ Z ’ : -
. ., ".h '- mM? ' ZMO, . R

-

- i - ’ - .

J. “ . R . e .". * - . : . »

ICRPER Y > S G 72 5% § I o " (20)




0

where K is the equilibrium constant, h is Plank's constint
T is the equilibrium temperature, m is the mass of the par:“
tictes, Z is the internal partition function and E is the

dissociation -energy for the reaction

M2 MO e > “(21)

9

. ‘ . - .

Both experimental and theoretical evidence disputing the >

existence of an equilibrium plasma<have been presented.

. - o * . ] -
A nonadiabatic, ngnequilibrium thermodynamical theory

ot positivq and negative charge formation has been proposed

by Sroubek (132). .Low energy collisions such as those typi-

car of cascades produce ions accordlng to the empirical

reﬁtlons .
,\ s . -
+ , + - Y
. ’ RM ?_' exp{{¢M- IM]/kBTM} - . . (22)
dh LY
‘ = exXpl{EA-dy] /K T\d - (23)
4 RM" ' M M 'B % ’ - A ———.

3

60

. ) ) , ‘\'.. -’

where RM and Rﬁ ar® the positive and negative ionization

probabilities, of the partlcle M respectively. ‘¢H is the ’

-

,effective Fermr energy, TM is the effective temperature,

IM‘is the ionization potential, and Ay is the glectron'

»

affinity , These'eQUations have the forms expected for a -

_.thermal surface ionization ﬁrocess but ¢M and TM do, not

necessarlly have a thermodynam1cal s1gn1fitance accordlng

Sroubek Indeed, 1n this model for the same¢substrate, Tqu.'



©

" and T&

as large as-T  for most sputtered atoms. ;

-

e + ‘ .
usually have very.different values. T is about twice .gp

L

- e

o . Thga validity of equatién fZéﬂ_is confirmed by observa,-
tions ‘organ and Werner (135). The relationship between’,

+

IM,and RM

the same matrix. The ionization coefficient of one sputtered

was determined for various species sputtered from
: - ]

species may be modified by a change in the electronic struc-

ture of the surface. Work function changes must influence

-~

—— the intensities of all ions sputtered from the surface by

,the same factor, exp(A¢/kT+) or'exp(-A¢/k¥L) for positive

-

and negative ions respectively. Sroubek notes that it is

”

often-obsgrved.that ions with larger IM or AM are influenced
less by changes in A¢. Additionallf, R is depenaéﬁt on the

kinetic enérgy of ejected particles, E; such that

Ly -

(24) o

B} ,J. . g ’

‘where 1.5 > n > 0. Sroubek's model, which accounts for the-

se, observations, is described mathematically by the tinfe \\‘\

dependent Anderson Hamiltonian *

- -

-

+. 0 . + o+
Ho= eg(B)CLC, ¢ I qlt)CECy + BV ()C)G] (25) \S‘

~ . -

where Subscript a refers to the sputtered atom which is

.

‘assumed to have one valence orbital, |a>, with energy ¢,- The

v - LY
subscript k refers to substrate, }k>‘orhiga1§'with energies

‘.ek. The transfer integral Vag 35 between orbitals |a> and
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lk>. C and ct denote the torresponding creation and annihi-
lation operatofs.' The- surface ionization process is schema;
tically represented in Figure 20. When there is no atémic
motion in the substrate (a '"frozen'" substrate), €x becomes
time indepéndent and the only possible}mechanisﬁ for ioni-
zaéion of sputtered atoms is a nonadiabatic (taking place )
without heat iransfer) transition from |a> to ]k> levels-
above Wg- The Hamilgonian can be modified for substrate
interaction and solved for a substrate of five atoms. By
introducing thermodynamical nongquilibrium,ii.e. T # TS
Ihe'temperature of the substrate and by omitting the non-'

"adiabatic transfer of electrons from |a> orbitals to empty

| k> orbitals, Sroubek obtained

R e (" ex (- ) A " (26)
h Ya® ' . - (27)
where n o= T . .
‘ YXg's \ .

»

y and § are assumed to be constants, Ya is a parameter

4

characterizing the spatial dependence of e (x).»

In general, equation (26) shows the expected dependence .

of R' on‘Ek and I. As well, the barameter; ¥ and Ya charac-

-

terize the ionization coefficient inh terms of microscopical-

parameters of the substrate and sputtered particle, respet-’

.fively; Jt plso‘pfedicts that ;he-idn is formed at the
F s P i . -

distance ko fram the surface. Sroubek concluded, however, .

'that;btﬁer models and the model proposed above '"tannot predict

PR
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quantitatively the ionisation probability because they are

..conceptually too simple.«.".

Krohn (133) has pointed out that surface ionization by
‘;hermgl desorption is accurately described as an equiiibrium
process whereas secondary ion emission is not. \The secon-.
dary*ion yield is perortional to fhé Boltzmann temperature
factor‘in equation (18) and the same factor tends to dominate
the behaviour of the Saha-Langmuir equation. Krohn suggests
. that this temperature factor might be.time dependsnt, i.e.
it may decrease with time following the impact of the pri-
mary ion. The time between primary ion impacts is, on ave-
rage, aboug 10'10 seconds for a primary idn current of 1 nA.
Harrison et al. (Psé) @ave eétimgfed that the duration of a

-10 seconds (a one eV electron

-16

-«

collision cascade is about 10

traverses one gtomic,diameté} in .about 10 seconds). Thus

collisiom cascades and ionization events would seém-to occur

: 'in the-.time interval between primary ion impacts. ' ' :

. <

o
.

The ionization process has been represented by Lang
) L] . .
(454) as a semi-infinite lattice of positive ions ‘smeared

out ini_o a homogenebus background--the so-called jellium .

[
-

A metal is trégted as a non-intéracting Fermi gas of qorf
- . b '
i function ¢. Solution of the modified Hamiltonian leads to

-

an _equation predicting the probability of i?ni;ation,

, . -2a(z) . Y S
- .. P.= exp(-——TP—-J . ' //7/ : (28)
. . , ., )
. L /
- ‘ ) ; 4 -5- ’ .
L] - - . * . /l » -

84
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with Zc the criticai distance for energy level crossingé of
level-width function 4, the velocity V, of the sputtefédﬁ

ion perpendicular to the surface and vy is a substrate con-

stant. Comﬁ;;isons between theoretical predictions and
. . experimental data 1nd1cate that this model with its simp-
lifying assumptions about the substrate prov1des\¥ome in-

sight into the ionization process.

Recent concéptual advances_in the-field of electron
desorpfion of gases has led Knotek (137) to propose tﬁat
mechanisms which explain ion desorption may also b¢ respon-
siblé for the ionization of sputtered particles; The

‘mechanism is a more sophisticated fe-stating of Andersen's
- . (127) 1970 proposal that electrons are stripped from the
sputtered atoms by an excitation-Auger decay process.
S , Knotek proposes the generation of core-holes in the;ﬂﬁmﬁlex .
consisting of the surface “and the atoms bopdea'to it. A
K core-hole is created by a collision cascade (Fiéutiizii
and decays through the emission of an Auger electron leaving
final states cdniaining multiple-valency-holes. These.
R states would be intrinsically localized, contain a large
'ambunt of tr;pped energy'and héve lifetimes much lbngef

-14

'(>10 seé)'than other surface states. Simple Auger events .

) : v .
remove a minimum of two electrons while more complex ‘ger
. L
~ processes can remove up to five electrons. 1In TiOz, the
: -,

- 0%" iﬂbn Ldsgs one electron by decay into’ the titanium

- .
‘cote hole, and in about 10% of the events two Auger electrons
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- +
2 to an O . The unscreened

are emitted transforming the O
positive titanium cores surrounding this O repel-it and

result in desorption from the surface.

1.7 MATRIX EFFECTS _—

S ]

Matrix effects are common to a number of analytiqala
techniqués, especially thosei;h'which a specimen is bom-
ﬁarded with electronse Convergent beam-electron diffraction,
'high resolution electron microscopy, energy dispersive (and
wavelength dispersive) X-ray analys%s and electron energy Jd .
loss spectroscopy, to name only a few technigues, exhibif
enhanced sensitivity to heavy elements when low atomic¢ number
atoms are also present (138). In SIMS analysis' the secondary
ioqryield does not show a simple correlation with atomic
number, ionization_pot?ntial or electron affinity as one
®ight immediately expect. As well, the variations resulting
from matrix effects may ge'as dramatic ‘as variations caused
by oiggen_éf Eesium (114). .Matrix effects occur not.oply A

in the analysis of metals, glasses and semiconductors b

‘also in the ﬁqaiiis of soft biological materials (139);

for which the exiStence.of a matrix effect is attributéd to

.lpcél cellular variations in both physical density'and“elec-

tron density. An extreme example of a matrix effect is
- ( . L J ) .
shown tn Figure 22a. The intensity distribution of Get is --

- ’ -

inversely related to the actual concentration, shown in.

“Figure 22b for 210 nm of PtGe, on pure Ge (140).

e .
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of impurities in low alloy steels (135), in glasses (141)

r

The only model of ionization discussed in the previous

section which has been specifically applied to the matrix

_effect is a modified version of’the_LTE model. The analysis

and GaAs (142) has been repofted. Equation 20 may be re- .

written and ratioed to a reference element, r, such that -

T T TTo(TI7T ST TeRp (T, | 7RgTY:

(29)

L4

» .
To a first approximation, T is the only ‘matrix dependent

parameter. Once T had been established, it was possible to

_run an essentially ,standardless analysis and de}ermine the

concentration of all elemepts‘in a hdmogeﬁeous sample, with
an accuracy of a factor of 2. Figure 23 shows a plot of
log(Ii+Mi/zzio/CiZi+) versus the first iqhization potential.
The differencés in the slope of the lines for glass Q33

{21% Si, 20% Li and 55% oxygen) and K1012 (18% Si, 8% Al,

4% Ca and 61% oxygen) reflect the matrix effect.’ Figure 24°

shows a plot wf the same variables for GaAs. Thbs technique

/

has not .yet been applied to more complex semiconductors such

as those of the AixGél_xAs system.

L3

ﬂeline;egﬁal. (;OQ)have proposed that the variations in

the observed ion yield can be classified as originating from

-01.

a) matrices of pure elements, b) different elements contained -

in a single matrix and . c) a given element sputtered from

LJ

different matrices. They'drgued’that the va:iations_oﬁserVed

A

- - -—
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ionization potential. for glasses (141)
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for a given element from different matrices could Béaéxéz
plained, entirely og the basis of sputter yield. Théy-p}o-

-

rd ) —
pese that under ion bombardment’ the surfece concentration

-

of the\primary"ion specie_s; Ciis inversely proportional ®o °

the spuiter yield
— -

N - .

~ at the gurféce are

-
»

-

cS = (1 + ¥ (30)

or for a fixed sputter ayea, A, and ﬁrimary ion current den-
sity, T» in the near surface.region
—

N ' .

. . - _ [ 4
where Yl is the so called ljpear sputteringsrate in K/sec.

-

The integrated ion count can be plotted Y¥ersus the recipro-
cal of the matrix sputtering rate fof® oxygen, Figur.e 25.
They concluded that "the subétr;%g matrix effect is merely

an artifact which arises because the sputtering yield deter -

mines the mear-surface concentraticn of the enhancing

-

species". .
‘{ . — . B 3
Wittmaack (110) has criticized the dbove work on the

grounds that the distinction between the above clasgifica-

tions .b) and ¢) is arbitrary and points out that equation

(30) is 'a zero-order approximation of ion retention Quting"

sputtering. The steady-stdté surface number density of,

L 4 R * -
primary ions-n; and concefitration C; of implanted projectiles
: ' . .

e v

. N R - ’

. ) ]

s

/
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where £ is the pypimary ion acEBﬁmodation coefficient (g =

1-the backscatter coefficient of primary ions.) and § <
S ) ~
n .
s:___Eh_z E ) -
Cp <, Ny TE+YY. - (33?
P

In the Deline et al. treatment, § is assumed to be
unity,whereas in practicer £ ranges from 0.5 to @38 for SIMS

N \j — . .
analysis conditions. Furthermore, assuming-£ = 1 for ion

" bombardment, of Si where Y = 0.3 would predict n;/ND = 3,i.e.

*that SiQ0., would form and not SiO2 which has been observed

3
experimentally (143). Wittmaack replotted the Deline et al.

R - L]
data as in Figure 26c and observed afbetten-straight line

fit.when the substrate density is included; In addition,
he note% thaf Yz is not a¢tually a sputter yield’but an

erogion rate. Wittmaack concluded that under the experi-
méntal conditions employed in the aéove measurements,‘the
steagy-sfate oxygen concentration in the outérmost layers

.

- é
was low and that the data (Figure 26) '"'masks variations in

the physical and/or chemical processes inQolved, an& thus
prevents an undérstanding of the ionization mechanigm";
Similar aréuments applied in the case of the Cs dhélysis.
Later studies (144, 145, 154, 155) have failed.tg:§ubp9rt )
Deline et al. and'Wiiljggg_(114j concluded that the corre-
lations were "...;omewhat mystifyi;g..." and resulted "

"...from a fortuitous cancellation of terms..." or were due’
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" to preferential sputtering.

s
L] -

Researchers at Université de Paris Sud g Orsay, France

have-proposed that emission of monatomic ions, .

such as Fef, Ni* and ér+3\from binary'hnd ternary alloys

and their oxides is a lihear function of the’Atomic coucen-

tration (146, 147). The Orsay group, as the€y choose to call ,

themselves (148), have demonstrated that for a binary allof-

MN, the secondary ion yield of M* in the alloy MN is a func-

L]

Lo . - . + .
tion of the concentration CM"and the ion yield of M in the

a

pure element M, plus the ion yield of N* in pure § times °

.it$ concentration.” That is T AR

- -]

M _ M N .
Y VI T (34)

L4 - o

A matrix ' effect is sald to exist if the'relative ioni-

» 3

. zation cbefficient'pnﬁ'differs from unity (123)
M -..- . N BM : . . . . ~
- M PMnT . - S
- DMN _—H T, Y i o ( 3 5) .
. BM y o -~ ,

-

)

or 'the non-linear ionization coefficient, kg is different

td

for different alloys :

BM o " :
Mt :
ky _%E . : (36)
BMN . . . . " )
‘so that . - : .
o g £,
M /M g
I (o . . '
_@ - _E.N_ k: - * - (37)
Tvn-
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Matrix effects obsérve%_for metal alloyé.of transitiofl ele--

ments diluted (<1%) in Fe, Co, Ni and Cu are shown in Table

2. No matrix effect is‘observed‘?;r the major elemént. -
" -t—'

The matrix effect increases when the solute element is on
! the left-hand side of the transition series and the matrix

on the right. $Small effects are observed with neighbouring

elements. The matrix effect for concentrated (>1%) alloys
may be significant for some, as is the case of Fe in. FeNi

alloys but not for others, for example Ni in FeNi (%igure-

e,

27). A number of facts tenmd_to support the céﬁcept_;hat the

~matrix effect is due to the local environment of the émitted
~ - . [4 .
ion and not the overall composition of the solid. The

"ionization yield becomes,- ) ‘

-

s Bhn = I -P(e)gh
s, all environ- . Lo _
. - o ' ments i .. . )

- 8 .
-

(38)

> where P is the probabilit} of .finding'a éiVen,pnviropment e

where the setpndary ion yield is‘eg..'firexaﬁple, a strong

. . -efihancement of the ion yield of transifion elements with

partially filled d-shells is obser?t& when these are diluted

- in a transition metal host with a cobmplete or-almost com-

-

plete d-shell.

.

2 .. VAP

’ Slddzian has ‘attempted to incorporate the above findings:

. f*ihto.;he-"bond-breaking" model by considering an M atom

®- ' surrqunded by oxygen atoms and 4n collision with an N atonm.

. "+ The brobabiiity of ionization by a "bond-breaking' process
- :.. . . . N . :

-
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TAﬁLE 2. RELATIVE IONIZATION COEFFCIENTS, pi (Reference 123)
Ar* bombardment: . ‘ ’

Solute . Matrix

. (<1%) . -
Fe | Co ~ Ni Cu

10 27 T =

1
1

Ti
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FIGURE: 27 'Relatlve ionization coe‘Ef:.cient for Fe
and “Ni (123) with Ar’ bombardment
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" between atomé N and N wotld go "through some averaging proce-.

dure to atcount for different ionization processes, energy

80

and angular distributions” léading,to the linear approxi- <®

) matlon of equatlons (34) - (38) This account has been des-
crlbed by Pivin and Roques Carmes (149) as Slod21an s "fully

developed" model accountlng for the matrix effect.

-

'In fact, it is possible to start with "equation (2),
' apply it to alloy MN and t?tio the intensity of the compo-
‘nents which gives: ' o .,
= J A n - R T
My Sﬂ MN BMV Mo - (39)
'_IMN = J Cy Yyy A By Ny |

- -

Assuming that the.primary ion current, sputter'y;eld and

area terms cancel and that Ny = Ny equation (39) becomes
. ’ B T

M

Tun-_ Sm Bmn - (30)
EN* C; N- . : . : .
MN Bun

.o

Comparing equation (37) with équaiion.(loj we <See .

Y
that <
M | "
M MN -~ . ] .
B . ‘ (41)
“ MN * - ) . _/_ -

: It may also be recognized as the empirical quantita-

N tive analysis discussed earlier, the relative sen§1t1v1ty

. . SN
factor approach. -

W 7 Independent evaluation of the Orsay modey/nf secandary

.
A
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ion em}gsionﬂbf,Yu and Reuter (150) has shown that the model

is net universal. Agreement was shown for the Cr-Ni, Cr-Fe

and Fe-Ni systems but not for Cu-Ni, Pd-Ni and Ag-Pd alloys.

' . .

Yu and Reuter'have proposed two general rules for matrix

effects (i44)~oﬁ the basis of,their,invqstigations. These

rules 3fe applicable to binary alloys with oxygen bombard-

ment,
. -
Rule I:  "When M forms a stronger oxide than N, the pre-
sence of M enhances the emission of N*, while
N ., the presence of N suppresses, the emission of
. M+ " ) . s e
‘Rule II: "When M forms Q stronger oxide than N, the pre-

serice of M sharpens the energy distribution of
. . _ N*, while the presence of N broadens the energy
' distribution of M*."

- -

' /
By. stronger oxide, Yu and Reuter presumably mean a larger

he™ of formatien, AHS ... since theylbegin by discussing
. . f,298 . P

these'values. -XPS analysis was peTformed simultaneously

with SIMS analysis and large changes in ion yield were alcom-

-~ .

panled by significant changes 1nJ}ES/Spectra but an exact' )

quantltatxve correlation between the two couid not be made

-

due to photoelectrons orlglnatlng from much larger escape

N

depths._ The formatlon of ﬂ1xed oxides was -observed and a

-

shift to higher'blndlng energies of the Ni 2p electrons .. :

-with increasing Cr conteht (Figure 28):indicated 'an increas-

ing-positive charge on the Ni atom, ieadipg.t& the- ion yield

enhancement (Figure 29). .This is direct evidence of the

- ‘ . )
. interaction betweeh the primary ion species and the alloy
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- served by Yu and Reuter.

”

/ L
96mponents. A change in electronic structure is taking
’/ . -

1

place during oxygen ion bomﬁardment and coincides with en-
hanced ion emission. Yet close examination of Figure 29

indicates that it violates: Rule I! In fact, only two of the -

L

five sysiems obéy the proposed rule (Fe-Ni and Ag-Pd) while
the others do not (Cr-Ni, Cu-N} and Pd-Ni). Inspection of
the values discussed by Yu and Reuter in their paper of

AH® show that they differ from published'values'ETable 3}

f
and are not the values given in Yu and Reuter's reference

“1151). The values cited by Yu and Reute}_for FeZO3 and

2CuZO are a factor of two smaller, for ns acEBuntJble reasi;/ ;
.Ahother'measﬁre of the strength of the oxide bohd is the
bong'energy bet%een a metal atom and- an oxygen atom. These
valﬁesJ-as may be geen from Tagle 3, do notﬁbrobe to be an

.
acceptable alternative for the exﬁ&anation of the matrix
efcht,' There 'is no advantage in using the bond ;nergy over

’

the heat of formation in explaining the matrix effect QQ:

~

L)

The universal validity of Rule II has been placed in
question as well since Taga (152) has observed no changes
in the energy dis;ributiqn of secondary ions for the TiAl

and CuAl system&. Furtﬁérmore, the ion yield for these ‘

systems was coﬁ%rary to what would be expected under Rule I.

1]
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_ TABLE 3 - .
. ", HEAT OF FORMATION AND BOND ENERGY (151, 156)
! - i Q';.T
Oxide S Oxide " .y~
*1 Pair -Bond Energy
, - kealmol iJ mo1™t.
Cro, T =140, Cr-0 427
Fe,0; 195 408" .
NiO 58 ° . 392
) P40 — 21 234
. Cu,0 B a0 * 342
, > -
Ag,0 7 213
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SIMS was used by Koval et, al. (153) to determine Al and

Ga coﬁcentrat1on profiles in Al Gal xAé hetero-stru!kures.

v The secondary 1on_current of AlGa' was correlated to the

Al éongentration (Figure 30), and the secondary ion current

- L

of Al was found to be linearly related to the Al concentra-

‘tion (Fjgure 31). Thessecandary ion currents of Al and Ga

——

« were the only ‘ion specia{ reported. An erosion rate of

0.05 pm h;°1 w?ﬁ obtained for a pringey ion beam of 7.0 keV

+ . . . ) - , ] . )
Ar- w1th a current density‘®of 5.0 uA cm 2. No- variation in
. ] .

<
.

/

spuxter y1eyd w1th Al concentratlon was measured.

[ ] [
e

. T A gtg@y of the ionization probability of Be, Ge and Sn

dopants and the matrix elements Ga and As in the AliGal_XAs

-

'system was published by Meyer, Maier and Bimberg (154).

Dopants were EEh implanted in AltGal-XAS layers grown by

liquid phase epitaxy (LPE) on (100) oriented semi-insulating

GaAs substrates. Analyses were performed with an Atomika

-

1.8 MATRIX EFFECTS IN JHE.Al,Ga, (As SYSTEM !

SIMS which had a Physical Electronics scanning Auger electron~

spectrometer agtachment. A 10 kcv 0; pr!mary ion beam was
used. The angle between the incident 16n beam and the sur--

- face normal was 10°, and the angle between the incident '
’ -~
eleictron beam and surface normal was 60°. The detected

. Auger electrons had an average emission angle of 10° with

respect to the sirface normal. The pressure in the sample

‘ ébaﬁbér was lb'? Pa,:dominated by gas leakage from the ion_
o . g - : -

L -




" FIGURE 30

FIGURE 31
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source. The number of counted secondary ions was corrected
-. for 100% tr;nsmission of the quadrupole MS. Low mass reso- )
lution (<200) conditions were used and no dead time count
. rate correction of the detection and countiné systems appears
to hdve been carried out. ;These factors may help explain Yhy
aluminum ions were not monitored'énd why many ion yield
valuéiggré missing in the tabulated results. Meyer et al.

- omitted "unrealistically high-yield values™, and claimed

- that these values arose from '"changes of the composition of -
the epitaxial layer due to oxidation of Al.," No supporting
data was provided as evidence of this conclusion,and their

statement tends to be in conflict with their other claim of
either incomplete éGaAs) or complete EAlAs) oxidation of-

the surface (again in the case of AlAs no data is presented).
A 15% mean de&iation‘between repeaied.analysés was reported.

No individual analysisg, i.e. depth profile,was presented.

» The secondary ion yield was defined by Meyer et al.
as. the number\of detected positive secondary ions of element
M per» sputtered atom of element M (this Ts actually the

p;attical‘ion yield, see equation (1)). In the case of.

-

dopants. . . ] ‘
, Nt (integrated count)
(Bn)y (impTanted dose §?hrea of analysis) (42)

M 4

o .. . . i . q s .
with 8 and n being the .ionization probability and instrument

- - »

transmission, fespectively. The secondary ion yield of the

-

.matrix constituents was determined from
» . ) ) : R

T P . ; .
P




Ek-q

. Iy
(Bn)M = W . (43)

- LY

where I; i$ the count rate (ions per second) of an isotope

. . . . S
(isotopic abundance fM) of element M with atomic concentra-
tion'CM. J-is the primary ion flux density (number of ions

cm'zsec'l). ‘The factor 2 accounts for molecular 0: used as

a primarr/;:;:

-
Bt . -

The secondary ion yield for the elements monitored in

-

this study 1is shown in Figure 32; The ion yield varies as
a function of Al concentration and is normalized to GaAs.
Meyer et al. claim that the matrix dependence of the ioni-

zation yield 'is strongly inflﬁenced'by the element in dis- .
* . .

~agreement with Deline et al. (109). Furthermore, the results

were in agreement with Yu and Reuter (144).inasmuch as the

" variation-of the ionization,probabiiify was ''connected with

. -
the variation of the degree of oxidation'". However, no

specific correlation with bond energy was shown in support

ay

of this statement.
.

In order to'clarify the‘point,.the dat; of Meyer et al.
has been pldtied iﬁ Figure 33, This shows the sputter yield
as a function of the surfa&¢/ébnceﬁtra);on of oxygen and
indeed ther; appears to be 4 good correlation. ‘1f the re-
lative. ion yield is plottéd as a'funcfipn of the inverse
of the sputter yieid (Figure 34), in the manner of Deline

et al. (109),1§’b1inear peﬁgyiour is evident.'

. ——— ]
"‘ - -
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Secondary ion kinetic ehergy d;strlbutlons showed no -

“w

dependence on the composxtlon of the éample, in conflict

-

with Rule II of Yu and Reuter (144). The AES results (Flgure
39) showed'incomplete oxidation.of-the surface". Surface
eegregAtion during ion bombardment resulting;in As depletion

is clearly shown in Figure 35.

.
- .

Secondary ion yiélds and sputter yields were also found

to be lingar fuhctions of matrixvfdnbo§ition in thedl,Ga; yAs

1-X
system in a st;dy by Galuska and Mérrisdn (155). The dqpants '

9,. 11, 28 31

Be, "B, “°Si and “'P were i&n 1mplanted in Al Ga, ,As

layers grown by molecular beam epltaxy on semi- 1nsu1at1ng
GaAs substrates A Cameca IMS- 3f ;on m1Croscope usxng an
O; 5.5 KeV primary ion beam was use8 for SIMS analys1s.

Positive secondary ions were monitored under low mass reso-

lution (~250) condifions. The.residual gas pressure was

_3x10'6 Pa. - No depd_time correction for the detectiom and ~

cpunting}iiifem WasAcarried out. (A depth;profile of'llé},
ﬁgich-ig shown fd var;Aby two arders of magnitude,-wds the
'enly depth. proflle presented in ;he reporg’ (Flgure 36},
s 11B suffers fréh very little nass 1nté¥ference.) Secondary
"y

) . . ' * Py o . - R
ion count ‘rates of Al and Gu 'ion3 were not monltored The
Secondary ion srgnals were- integrated and the backgrbund

51gnals subtratted, RS U

- . - . 4 -
- . . .

Samples were depth profiled_in ‘groups of four by uéing

a mu;tiple_sanpleiholderl 'Thg‘group of samples always
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included a GaAs standard. The primary ion beam was focused
. N ) -
and instrument parameters were set for this group of samples.

Instrument parameters were not manipulated until the sample

group was analyzed. The sample stage wds manipulated to

allow for analysis of each sgpecimen in turn. .

- o .
Analysis of the data indicated to Galuska and Morrison

that operator adjustment and indeterminate instrumental

-

-

fluctuations influenced the secondary ion collection and

1 ' 3

instrument transmission causing the ion yield to change

drastically between analyses. The practical ion yield of

+

the dopant in Al,Ga; yAs was ratioed. to the pfacticgl ion
yield in_GaAs and the result was termed the:relative ion
yield. This was.found to provide the best bre;ision. (The
yelative'ion yiéld is eqﬁiéalent';e'the Meyer et al. (154)

treatment of their data, so called seEondaryxion"&ields are
e .
normallzed to the same spec1es in GaAs ) Galuskﬂ and

Morrlsdh found that the poorest precision of ana1y51s re-

! *

‘sulted from compar1ng ratios 6F relative sensitivity factors

using 75As as the-reference species from different groups

of dnalxses.

: Galuska and Morrisomr concluded'that the ﬁoorer preci-

sion of the ion yield information can be attributed to the

L
»

. ~ - .
poor reproducibility of individual ion yield measuremgntsa -

The precision of ieon ylelds was estimated to be 60%,,re1af1ve

—— ‘ I

.sensitivity factors to be 24% and ion yields (nd/hallzed to .

.
O i
* ‘e
L]
]

1y -, ) )
’
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.~ GaAs of sample group) to be 9%. ”fhe\§putter yield was not

determined since the primary beam current could not_be T

v

accurately measured. A sputter yield relative to GaAs was

‘measured.

<

Individual dg&éﬂ?oints for .the calibration qf relative
ion yields are omjtted from Galuska and Morrison's work, but
;orreiation sgefficients were provided. . Figure 37 shows a
comparison of GaIGSRa‘and Morrison's equations with those
determineq’by Meyer et al. (154). Overall, the secondary
ion yields and relative sputterlng yield was found to be a
linear functlon of matrix comp051t10n However, little -
agreement can be seen between the two groupé of researchers.
The slopé of the lines for As® are the only ones which are
somewhat similar. The normaliied ion yield of Be' was found
bf Meyer et al. to be slightly less than As’ while Galuska ?‘;
and Morrison fgund that the .ion yield for Be increased very

drastically with Al content.

On the basis of the information gathered in this study,
. Galuska and Morrison (145) have proposed -that Slodzian's
(148) assertion tha%/ion yields could ‘be expressed as linear
functions of mgtrix ;omposition, i.e. equation (38)
By = I Ple)8y
all e C

could apply fB the bond energy &. That is
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al¥ matrix , oo
elements o
matrix . j < -tini (44)

atomic fraction '

whefe C

" bond energy - diatom%& between i and oxygen

-
"

Galuska and Morrison (145) found a 11near reihrlonshlp between
the averége maz?ix bond energy to oxygen and the relatlve ion

L -xAS, InP, InSb, GaP and, GaSb.

They found as well “that this linearity coudd be 1mproved by

yield of dopands 1n-A1 Ga

using slightly modified bond energy values" Table 4 shows
the values obtalned‘ln the lih:rgture (156) by Galuska and

Morrison and the modified values The uncertainty in the

literatu;e bondlvalues\can be as large as + .20 kcal mol-l:

-

The normalized iom yield for Be versus ghe modified values

of the matrix bond energy for Galuska and Morrison's data

. 7 - ’
‘flinear correlation coefficient of Ow998) is shown in Figure _

’
»

38. The correlafion is much‘poorer‘(correlation coefficient
of 0.604) if the literature values of bond energy are used
as plottea in Figure 39. §urprisingly, the Aleal_xAs data '
of,yey%f et al. in cqmbination wifh'the InP, InSb, GeP end - gx-.q“
GaSb data of Galuska and Morrlson provides a better correla- ;
tion (correlatlon coefficient of 0.826, F1gure 40), if the”

literature values of bond eﬁergy are  used. Another inte- o

reéting point raised py’!ﬁ*? analysis is that only the matriz

to oxygen values of bond energy are 1nc1uded in the calS@la-

~tion. The sputtered dopant ion has been ignored. ’ s
’ - .r" -
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" TABLE 4. ELEMENT-OXYGEN DIATOMIC BOND ENERGIES

. 7"<

*

Elem&nt ¥ Bo'nd-fn—ergy Modified Bond * Difference
(156) : Energy ' :

(kcal mot 1)

® 0 116 | 116 0 .1
Ga - 68 68 0
As' 115 115 _ 0
- P . 120 : 115 - 5
In | : ~72 . 67 10
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As well, if the surface of the sputtering site is not .

-

Y

ifully oxidized then some sputtered ions may originate from

sites where oxygen is n®t incorporated. In these cases, the

bond energy betwegen all matrix components' may be important

and not just the bond energy between the major components

+
- - .

and oxygen.

: ‘s .

\
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CHAPTER 2
' ‘ THE ION MICROSCOPE

2.1 INTRODUCTION .

Castaing and Slod:zian (54) wege the ﬁajor coritributors

™

to the basic design of the Cameca IMS-3f ion micrqscope.

This complex, instrument ha&s may cqmponentg\and controls to_

focus and deflect the ion beams by either magnetic or elec-
. T - ¢ .
tsic fields. Whe many ntrols are necessary to enhance the .

-
]

instrumént's flexibility,\allowing it tolﬁe ;pplied Yo a .
Brcad range of samples, but the interac;}é%s which_exist
.between the controls make the operation of thé ion hicroséope
complicated. The wide latitude of control aiso permits com- -
pensation for long ferm instrﬁment drift. Instrument para-. '

~

mete}s may show a systematic vdriatioh ovér\a period-of time .
due to sputtering and coatkng of the @nternalﬂinstrument
components by the primary and secondary'ion‘beams. The care--
fui seleE(ion and cbnfrol of instrument parameters is neces-
sary iq.order to obtain an accurate and repeatable measure

of secondary ion intensities:; The optimum parameters pro-.
duce highly-sen§itive ﬁeé;urements which are reproducible :
ﬁnd free from any instrumqnt artifacts. The correct aligp-
ment of the ion beams "and choice of instrument conditions are
based on an ungefstanding of each component of the instru- ~* - \

ment, a knowledge of how these components interact and even,

in some cases, a perception of how the specimen interacts

Tra

10% N
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" with the instrument! Specimen outgassing, charging and the

‘memory effect are a few of the ways in which the specimen

itself may influence the measurement conditions. »

A scheﬁéti& of the Cameca IMS-3f ion microscope is
shown in Figure 41. . . e

Two different ion sourcg¢s were uséd in this investiga-
tion. A cold cathode duoplasmatron generates a positive
0; or negagive O ion beam from a high purity (99.999%)
oxygen feed_gas whiéh is.the moét_commonly used gas for the

IMS-3f. Experience.has shown that the use of argon results-

. ~

.in the }apid erosion of the cathode and a fo&ling of insula- -
tors leading to powér_supply failure. The polarity of the
primary ion beaﬁuextracted from the duoplasmatron is deter-
mined by the polarity of -the accelerating voltage (ué to

.t 20 KV). The optimum bositioﬁ of extraction of ions from
the plasma depen&s on the polarity 6f the extracted ions;
generally the centre of the plasma yields highest positive

ion intensities while best negative intensities are extracted -

from the shoulders of the plésma. ——

[ ] -]
N .

The second source generates a Cs primary ion beam.
Caesium.is vapourized in a héated reservoir and passes -
through & heated tungsten frit., The caesium atoms are almost

. -

100% ionized as they leave the surface and are accelerated

“ . -
to as much as 15 keV energy in a positive electric potential.

y
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The specimen itself is maintained at a potential of + 4.5 kV
so that the bombarding ion energy is the result of the sum
of the potential of both ‘the ion source and the specimen,

The term ''net energy' will be used here to designate the

.energy of the primary ion incident on the specimen.

The primary ion magnet selects .the primary ion species

and aligns the ion beam from the ion source with the axis

-
-

of the first. downstream lens in the primary ion column .

Only one ion source is functional, at any given tlme, since

the sources share the same primary magnet. The neutral and’

‘undesired components of the ion beam are eliminated by Colll-

sions with apertures, lenses and structural components.’ .Ions

with the selected mass to charge ratio are then focussed on

-~ .
a molybdenum aperture by a un1potent1a1 lens. The aperture

is anltlally 400 m in diameter (butltis rap1d1y eroded by

the ion beam) and results in-a 10% peak height mass resolu--

< - -
tion of about 200. Next, the primary ions are aligned by a

deflector before entering another unipotential lens. The
function of this lens is to regulate the intensity of the
ion beam by controling the fractlion of the ion beam which

. . A
passes through § second aperture. The-Keam. then passes.

through a set of stigmators followed by a palr of deflectors.

These deflectors control

a) the position of the beam on the specimen ' -~

b) rastering of the beam and -

e .
MRSV, .
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c) deflection of the beam from the specimen to the so-

‘called '"Faraday cup'.

e -

¢ ' ’
(The '"Faraday cup' is a container igto which the primary ion:

beam can be deflected so that no’particles escape except the
electfon; which flow to or from the container py way of a
sensitive current meter.) A fipal lens element focuses the
primary ion beam to a minimum diameter of about 1 um. The
axis of the primary ion column is 30° frop the normal to the
plane of the specimen surface. The primar? ion cglumn up-
stream of the second primary aperture is maintained at a

3 5 1

pressure of 10 ° to 10 Pé by'a“flo 2s ~ turbomolecular

pump. The pressure in the sample chamber is normally 6:(10}6

Pa.

The specimen is inserted into the analysis .chamber by

way of an introduction chamber pumped by a second 110 ls-l

turbomoleculiar pump. -In the analysis chamber the specimen

sits above a 1000 gs™ 1

-

liquid helium Eryopump. The speci-

-

men may be t’hnslated,in the plane which is perpendicular
to the secondary ion column (denoted the X-Y plane) to select

the analysis area on the Specimen. ‘A~ crude microscope allows

-

- . . I 4
visual positioning of the specimen. The secondary ion column

1 7

has two 500 s ~ ion pumps‘maintaining a pressure af 10°

to 107° Ppa. o
Secondary ions emitted from the sample are accelerdted

- .

to 4.5 keV eﬁergf by the potential applied to the specimen
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i .
holder and/tﬁg;ground potential at the immersioq lens located.
5 mm in front of the sample. Secondary ion polarity is
détermined by the polarity of the sample voltage. Ions
paés th?bugh-a hole in the immersion lens into the transfer
optics—ﬁhich serves to maximize the collection efficiency
for seéondary ions and focuses the image crossavef on the
entrance siit and contrast apérture of the mass specfrometer.
The mass resolution of the mass spectrometer can be varied
by ex;erﬁa1.§dﬁpstment of the widths of the entrance slit,
the exit slit aﬁd\the energy slit. .This mass resolution is
variable from 250 to over 10,000. The contrast aperture
limigs the enérgy and angular dispersion of the secondary
ionS.‘ The field aperture is tocated between the contrast

aperture and the electrostatjc analyzer (ESA). The field

aperture limits the-analysis area. The'ESA disperses the

secondary ions _according to their energy and allows the

correct geometry to be maintained for entrance to the mag-
netic sector of the mass spectrometer. The secondary ions

pass through an adjustable energy slit and spectrom@igr lens

before the-secondary magnet. Secondary ions must be focussed

onto the correct plane of the magnet for minimum distortion

of the ion image. The combined .use of electric and magnetic

sectors gives a double focussing mass spectrometer since the

ion beam is focussed firit for kinetic energy by the ESA and

——

then for mass-to-charge ratio by the magnet. This layout is

known as a Nier-Johnson'geomet}y, . FThe secondary ions may be

’

]
3

y
/
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‘s detected by a-sensitive multi;tage.;TEt:;on multiplier, a
second Faraday chp devoted to seconéary iops or a micro-
channelplate electron multiplier. The multistage electron
multiplier is used in the pulée counging mode while high.~
count rate signals are deflected and measured—in the-Faraday
cup. To create an ion image, theisecondﬁry ions are
focussed on an image plane at the frqht surface of the micro-
channel plate. Ions striking the microchannels generate
electrons which are acceigrated.down the microchannels
-creating additional electrons as a consequence of collisions
with the walls. These electron cascades which emerge from '
the ﬁicrochannels strike a fluorescent screen thus giving-

the visible ion ih;ge. Tﬁe screen éan Be vieweé by a light

m\croscope or the image may be recorded with a 35 mm camera

system.

The IMS-3f is controlled Ry a Hewlett Packard 9845B
computer which is also uéed'to acquire, display, storé andf
analyze the ég;ondary ion signals. Foyrteeﬁ;sepazgﬁe pro-
grams, stored on a'magnetic t;pe cassette, control-the analy-
si's sequence. Each program performs a d}fferewt function

. such as depth profiling, me#suring isotope ratios or.acquiring

a mass'spectrum. -The software Waé issued by derard Favier
"0f Cameca on December 13, 1979 and was supplied to Surface
. Science Western for use with their instrument which was re-

ceived in March 1981, - ' L

W
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" The computer is inteffaceg‘to’the SIMS instrahizi‘fo .
automatically perform the following functions:
v . -7 - <
1) deflect the primary beam from the specimen tb the
anadéy cup, g
2) read the primary beam current,
- 3) read strategic voltages, P
4) control primary beam SQQnﬁ;ng,
5) con{rol the mo&e of‘sezondary ion detection,
6) control the specimen X and Y pogition, '
7)'control the imaged field, .
8) read the secondary ion signal either in a Faraday.
¢up or an electron muliiélier, o, ] ST
- 9) céntrol the secondary ion-magnet,

-10) read the secondary ion intenstties,

11) control the specimen offset voltage.

Shbrtly after the Surfacé Scienée Western. IMS-3f was
commissioned, areas of deficiency were identified.--As'a
consequence, the instrument was modified'to improve 1its - .
operation as solutions came to light and funding permitted.

' Inefficient and erroneous‘compute;;programs were revised,
as discussed in section 2.2Z. Equipment modifications were

-

carried out by the staff of Surface Science Western and
this author. Major or significant modificationé includé
the replacement of the elertron multxpller pre amplifier to

reduce the dead time and i'prov& the sens1t1v1ty of the
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countini?;ystem. A residual g;s,analyéef was instailed )
which facilitated the detection’ and t%pair ©of numeroUs. minor
vacuum leaks. As a result,-the analysis chamber pressure
w;s.reduced by ;bout.a ¥actor of ten to 5;10'7 Pa. N'pre-
cision gas control valve was installed to flood the analysis
ehém%er with high purity gases. A scanning ion imaging
display of the. detected secondary ion signal was installed.
Using thig systgpi the field of analysis can be quickly
centred in”the\?ggie{ed area ang cratér wall efﬁfCts are
eliminated. Sample trahslation in the X and Y plane fre-
quenffy shifts the analysis region close to'Ehe crater wall
(67) and without this innngtion thbre is no-provision for
detecting and correcting tﬁis situation prior to eich

analysis. -

2.2 COMPUTER SOFTWARE

The Cameca IMS+<3f-is controlled by a Hewfett-?éckard:
9845SB miﬁizomputer with 187,146 bytes of meﬁoryl Data gene-
rated duriﬁg a SIMS analysis may be stored on tape on one
of the two 217 K Byte magnetic tapg_cassettés.é Computer
programmes which control the IMS-3f are Eqaﬂ from the seconé

P} * - .
cassette, however the instrument is not fully automated.
. k]

An operator of the SIMS instrument must

a) in Stage I, establish the correct conditions prior to each

analysis,

—

« Y
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b) in Stage II, monitor the instruméent status during an

analysis agd, ) S .

» =
-

*C) dec1de whether the data obtalned from the .analysis 1is

! Pcceptable before continuing with the next analysis. The

cOmputer software is key to any SIMS analysis, since it

gitermines the methodology of the analysis.*
Each of the- fourteen, originally. supplied, computer pro-
v -
-grams interacts with tBé 'SIMS user in the manner described

above. The programs a) request condltlons, b) display data

‘during the ana1y51s and c) enqulre if the data should be

printed and Stored. This seems to be a reasonable‘proceduref',
. .

- ~

yet several Problems were en§9untered.in the manner in which
. -\

this, strategy was i entéd. a major flaw in the supplied

was tha incons#stency between the' way 1n which the
_SIMS was controlled to establish the operating’ conditions
(Stage I abdve) and ‘the way in which the ‘SIMS was co%trollgd-

+ during actual &nalyéis (Stage II). Intonsistencies were

alsa apparent 1n4the computer control of the instrument by

od Qo
d1fferent p;ograms. As a.xesult the " SIMS 1nstrumént could

_ ot perform acceptable analyses with the supplled progTamming,

espec1ally in the high mass resolut1on mode. The. software -
* ‘was revi§ed 50 overcome tHese deficiencies and enhanced to -
- > » - s

1Mprove data hand11ng and analyszs.

P H

.
. .
: . : _ \ @

"_; The orlg}nal computer programs were stored on magnet1c:

.

-

", tape casSettes and fead off the cassette by pushlng an

s ) a -




appropriate functien key on the HP 9845,

Each program useéd in routine SIMS analysis is a'varia;
. tion of a simple series of steps in which the secdndarx\ion .
> magnet is‘'set té align tﬁg m/e*of interest with“the detector,
followed by thg measurement of the ion tount over an inter-

val of time. In the computer programs named "Bar Craph"

and “Mass Spectrum' the magnet is incremented through the

m/e rangé specified by the SIMS operator. The "High Resolu-
*tion"” program increments the magnetic field from slightly
below the m/e of interest to slightly above thle reco}ding
and diéplaying the secondary‘'ion count. '"Isotope'" changes
the maénetic field in a cycle of selected m/e's, wh}}e re-
cofding the ion couﬁi and determining the ratios of ion

\ -
counts. ‘The 'Depth Profile" program shifts the magnetic

! field in‘a“E}cle of selected m/e's; at eth'value it records
the fon count. .This information was’ then plotted as count
versus cycle number. Later measurement of the crater depth
allows the conversion from a cygfb number to a depth scale.
”Step Scan'' shifts the sample in the X-Y plane after a cycle
of m/e count rate measurements. The\"Energy" program is an
exception to tﬁe,above'strategy; ;he magnetic field i; held

) c;nstant and’ the pbteqtial of the specimen is Fhéhged while
recording ;he secondary ion count. 3 The remaining seven
programs were either simple variations of‘the‘above moni-

—tered the stability of the instrument or provided instrument

CQQ1brat10n routlnes for .the use of the above progr

-

-




.The revised computer softwar;, designated MAGO (for mag-
net operations), ;:s restructured into one large computer
program which was resident in the WP 9845 memory. This had
the dbenefit of imﬁ%oved effiéiedcy of operation of the SIMS

while making the fullest use of the available coﬁputér_capa-

city. No longer were several minutes of time wasted in

waiting for programs to be read from the cassette tap® (this
e ' L ]

delay could occur as frequently as every ten or fifteen

minutes). Each analysis'function (function referring to the
N . 14
above original program functions) now responds virtually
. ' .
instantaneously. The functions are interfaced in a manner

that-allows rapid switching by depressing the appropriate

&

" function key from, for example, the high tesolution fur.ction

which helps align the instrument in the high masi resolution

mode to the depth profilé fuﬁction, and back, as is routinely
rquired. This r;peated iteration between program functions
‘could not have been performed‘under-ghe"previ?us'software
system with the existing constraints on SIMS analysis iime
This-tactic saved more than time, 1t enhanced,jgﬁformance
. Upder the or1g1nal software structure SIMS users often
strugglgd in vain, in pursuit of a s1ng1e acceptable hjgh
resolution depth profile. '
The incorporation of analysis func¢tions into one com-
.
puter prbgram also.allowed the functxons ‘to share subxout1ne;,

resulting in an overall 37% reduction in program steps but

more iqportently making the operation of the SIMS consistent

\
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'magne; is cycled through the m/e series to overcome any

#
- A

i

for each functiom. For example, .the high mass resolution

Lt X . - . -
function now cycles the secondary magnetic field in the same
~ : -

series z; step?¥ as the_d:pth p;dtale function. In fattl in

a_preliminary stage of the high resolution function the

g
magnetic'ﬁmemory" and to reach a steady-state hysteresis

loop prior to high resolution alignment. ©

The Sriginal computer 'program had provisions for deter-
mining the precise magnetic field for the~m/e of interest¥

by two methods First by a computer algorlthm whxch changes
5;
the magnetlc field and stores the ion coun;-ﬁ'Ihe sum of . the
S~
D controllxng the magngt and

;he}ion‘caunt ID can be divided by the total sum of the ion

produgt of the d1g1ta1 output V

count measured over the range to determine Vc’ peak centroid,

L vyl
Ve =TT | - [(45)

L ]

A situation can be antitipated under high mass resolution

conditions where 'several nearby n/e signals have similar ion

caunts. That situation would lead to the incorrect magnetic

field béing chosen. A situépion such/as this has occurred

>

in practice, Figure 42.

The second alternative provided in the original program

was to'alfbw the operator to adjust the magnetic field by a

manual control to maximize the count-at spe peak position.

ngztal circuitry then would determxne and stoTe the final

-
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digital voltage value to reposition the magnet. ' Several

problems arise in this situation. The final magnet posi-
tion is dependent on magne£ ﬁistopy--because of hysteresis.
Thus the operatof would carefully adjust the maénét-control
while watching a bouncing linear and logarithmic secondary
ion count rate indicator for maximum intensity, Inevitably,
the magnet would be shifted beyond the peak and the control
would have to be reversed'and the process repeated.‘sThis
reversal of course proceeded in an arbitrary manner, and
hence the magnét history (and the control of the hysteresis)
became uncertain. As a conseqhence, when the computer re;
set the magngt in its contrgg*ed but different path to finél
setting, the actual magnetic field differed slightly from

the manually set, value and the optimum secohdary ion signals

were not measured.

- e .

An alternate method was devised for the cbmputer program

MAGO. The high resolution’program provides a graph of ion

A 4

count versus m/e on the computer screen. - The operator can
control a cursor which may be positioned on the screen to
request from the computer the exact digital value which was
output.to obtain the hagnetié field at that position in the
mass spectgum (Figure 43).~ Nﬁﬁbers written to the screen
correspond to the 19 bit digiial value sent té fhe digital

\

to énalog voltage converter which controls the magnet.
v a2

Sixteen bits corfespopd to the first number, three bits to

t

A ( .
S LAY
" ;-.\&:‘;,!-.r,—

» - .
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displayed
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the';econd nqmber. These values, designated "maénetic field
;krameters" could be stored and input as an option into
other irogram functions. This option is an alternative to
maﬁual magnet positioﬁing or the centroid calculation and
duplicates the cycf&ng of the magnetic fiéld auring an

analysis.

Anogher important feature incorporated into MAGO is
the correctjon of the measured ién intensities for counting
system dead time (dis;ussed ip section 2.5) w#ich was not .
'takgn into account in the.ofigiyal sojﬁwaré. MAG6 alsoapas
a number of new gréphics_fea;ur;s which Enhan;e fhe‘éresen—
. tation of SIMS data. Each m/e is dbsignated by its number
as fhe data is collected during a deptq profilqi as a refult
the-SIMS operator can easilf distinguish waich plotted point
corrésponds to a gi&en mye. The depth prqﬁé}é fgngfaon
plots the ion count versus ;ime as opposéd to the originak
c}ple number. A labeling routine allows for descriptive
a&notatibns to be added to the plotted data. Secondary ion
counts, times and other relevant information may be printed
at the operator's option to provide analysis dg;umentatipn.
The program revisian'described above have b;enzprovided to
a number of largé corporaiions i2 the ﬁnitgd States pf
America and‘MAGO is now used.there and at Surface Science '~
Western on a routine basis. The wide acceptance of these -~

revisions has proven that they were necessary and

] .
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utilitarian. The program and a users guide to the operation

of this software is available from Surface Science Western

(158). o

“ 2.3 SAMPLE PREPARATION

)

Wafers of” (100) GaAs from Cominco Limited were doped

to a level of 3.0x101? silicon -atoms cm's and layers of‘

Aleal_XAs were grown.by liquid phase épitaxy (LRE)* by
workers at Bell-Nor%Pe?n Research in Ottawa. The subscript .
- h ’

X was determined to bé 0,066 + 0.001, 0.210 + 0005 and 0.400
. +.0.005 byvphotolumineséqﬁce (PL) spectrbscopy and Auger
~ . »
electron spectroscopy (AES). Each of the above layers were

grown on a different GaAs substrate,.

-

-
L4

28

P .
The isotope Si was ion implanted into GaAs,

Gay ; ¢ 15
- Aly ,yGay ;,9As and Al, ,,Ga, JhAs to a dosage of 1x10

~atoms cm” 2 at energies of either 25 ke or 50 keV. The iso- .
- " ) /

tope SZCr was ion implanted into anopher set of GaAs,®
A10'21Ga0.79As and Alo.doGa0.60As“Samples to a dosageﬁof

1x101% atoms cm™? at an energy of 50 keV.or 25 keV and at

13 2 X

atoms cm

a dosage of 3x10 at 50 keV. 1Iom implantation

wa¥ carried out at the Research Chemistry Branch of Atomic
-

Puergy of Canada Limited "in Chalk River, Ontario. Additional

. . * . . . 1 ‘ . . I'd . )
ion implantations were carried out on semi-insulating samples

of GaAs at Hughes Research Laboratqries, Malibu, California,

28

where, ""Si was implanted to a dose of 101% atoms cm'z and '
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14

100 keV and >2Cr was implanted to a dose of 10 atoms cm” 2

at 125 keV. All of the above ion implantations were per-

formed at £oom temperéture with the ion beam at 7° from thé

surface normal (to limit ion chahneling).
- LY

2.4 ANALYSIS CONDITIONS AND.PROCEDURES
*

An oxygen primary ion beam (160;) with a net energy of 8.0
keV or a caesium ion Séam(1$3Cs+) with a net energy of 14.5
keV was rastered over a ZSOxZSO‘um area during analysis.
A field aperture restrigted the analysis area to a 60 um
diameter region within the rastered area. Positive or nega-
tive secondary ions were monitored for O; anq cs? primary
ions, respectively. Analysis was performed under low and high

mass resolution conditions as well as with voltage offset

for energy discrimination.

. -

Samples were depth profiled in groups of two to four

specimens using a specially constructed stainless steel

]

sample holder. For a high mass resolution gnalysi&, the’
following procedureée was adhered té. At the bgginning of. an
analysis period, the primary ion beam was aligned-wit;in

the primary ion c¢olumn, the secéndary jon beam was alss
aligned'wi;hin its column and the: conditions for high mass
resélution were obtained. Alignment was achieved using a
Aleai_xAs specimen and the.correct magnetic field_parameterf;
could then be determined by holding the primary beam .

<
A

e e o o R N O ST SR S Yo, T T IR oAl



oStationary in the centre of the arca viewed by the secondary

. L)
ion optics. As the primary ion beam eroded the specimen,

“the secondary ion signal wouldearise from a range of depths

and a constantﬁ}mplant signal could be attained. In this
manner, one can make use of the crater wall effect to help
in initial instrument glignment: Once the correct magnetic
field parameters were éhosen, the depth profile functién

Was selected in the computer’program. The m/e, count time
and magnetic field ﬁarametefs were input. Next came the
steps which were,repeated‘every time a new depth profile was
initiated. The sémple stage was. shifted to a fresh area o
on 'a specimen and the primary beam was switched on to the
specimen. The p{imary'i;h beam was aligned with the-secqn-
Qary ion optiés using the'oscilloscope-method mentioned in
section 2.1; The pPrimary ion beam was SWltChed off fhe
séécimen, into the Faraday cup. The sample was sh1fted
again to a fresh locatlon th only a short dlstance, of the
order Bf 500 um,—and the depth prof11e was begun. . During
the first-seconds of thé profile, the prlmapz béam position '
could be adjusted again if required. By fqllowihg this

procedure, the need to adjust other instrument controls was

- eliminated. Other samples could be loaded into the SIMS (—°

‘and analyses could be performed'without'dltering the original
instrument settings. To perform the ‘next depth profile, it

was necessary to repeat only the steps of shifting the sample

sigge,'aligning the beam, a smail shﬂft of stage and analysis.

' -

~ - -




: . . .
Using this method, the huge variations -in ion yield observed
by others performing repeated analyses were eliminated.: .The

source of such variation is indeed operator adjustment and

-

instrument fluctuation as predicted by Galuska and Morrison

(155). o

¢

2.5 STATISTICAL ERRORS

£

The standard deviation o, for the measurement of random

secondary ions is ‘

- . M . - -

c = vN ' (46).

where N }s the tota!'npmber of counts. The measured secon-
. ®

dary ion count is the 'sum of actual secondary ions NT’ plus

the baeckgrqund NBL Therefore,

o = N TN (47

-

The absolute errof in the measured concentration de-
cfeases as NT becomes smaller}’neveftheless, the p?rcentage
error becomes larger. Considering a typicalhégse, for a
count rate above background of 150 counts per second for a
-5 second counting Period, the standard deviation 1is
g = /{I50 + 1076075 = /750.83 = 27 counts

I

-~

since the background count is typically 10 counts ‘in 60

sécdnds{ This corresponds to 3.6% of/;he value of the mea-

-

sured count. In general, the value of the standard deviatiqﬁ

7




will vary® from about 0.3% near the peak concentration for
a silicon implant such as studied here to about 10% for

F . 15 -3
silicon concentrations of W atoms .cm .

Ion counts are corrected for dead time of the detection

and &ounting,system according to the equation (159)

I
_ “measured
lorrected © 1-= ) (48)

e

drmeasuredj
.

E

where T4 is the system dead time. No background subtraction

of ion count was performed; Noise in the detection and

. ¢ounting system is less than 10 counts per minute.
’ ’ - a

‘Crater depths were measured with a DektakTM surface
profilometer. Crater measurerfents were duplicated and mea--
sured in two mutually perpendicular directions. The accuracy

of measurement was determined to be + 8%.

~ . R
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. CHAPTER 3
EXPERIMENTAL RESULTS .

-

3.1 IMPLANT PROFILES

The measured values of secondary ion count versus time,

for samples of Al.Ga As implanted with 52Cr,‘obtained b
& X°21-X y

16

depth profiling using a O2 prlmary ion beam are shown in

Figures 44 to 52. The same samples analyzed with a 1-‘):’Cs“

primary ion beam.are shown in Figures 53 to 61. Implanted

samples of ZSSi which were depth profiﬁed with 160;«gave

5 .
results which are shown in Figures 62 to 67 while-those

depth profiled with 133047 gave Figures 68 to 73. The higher,

52 28

energy implants of Cr and Si into GaAs are shown in
F1gures 74 to 77. Each. figure has a legend showing the im-

plant speC1es, the energy (keV), dose. (atoms cmle, the

-
. substrate, primary ion species and the mass resolution or

p.‘ - . -
voltage offset. The depth profiles shown in these figures

were perﬁormed under a varlety of primary ion beam current

den51t1es as it reflects commonlpractxce to change the pri-
mary ion curre obtaiﬁ different erosxon rates. Since
the rate of data collectlon by the SIMS 1nstrument is mere
or, less corstant (or at least flxed by convention for a

group of analyses), changing the erosion rate wili change

the eroded depth for a given time period. In this study,

each sample was QEEE§ profiled at least three timeés with

I

-

T Se
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a low priméry ion current denSity in order to obtain a large
number of data points to establish the shape of the implant
profile. Other depth profiles were carried out only to the
pzpjgssig'range of the implant, in érder to accurately
deterpine this depth. Some depth profiles were performed
deep into the Aleal_xAs 1aye; to measure the\shape of the
profile and determine the sputter yield. Still other &epth
profiles continued through the interface into the base GaAs
substrate. Analysis occurred over a one year time frame |

énd some samples were profiléd repeatedly.

Before discussing the depth profiles in détail,,an

examination of molecular interferences is necessary.

. -

Figure 78 shows a depth profile with three ion species.

The matrix species 75As increases slightly from the surface

until it reaches a steady-st;te value. There are two ion
species shown which are labelled m)e 52.- That shown with

the solid line was ob;ained without voltage\off§et. This
distribution falls continuously from the sq;féce. The m/?

52 ion species shown with the dotted line was oﬁtained with =~
a'100 volt samble offset to discriminate against low energy

SZCr.signal.

molecular ions which are 1nterfer1ng w1th the
The d1str1but1on shown by the dotted 11ne increases from
" the surface, reaches a\pax1mum and then decreases. This is

the expecied shape of the implant d1str1but10n. By. making

“" 3

use of high mass resolut1on condlt1ons (Figure 79). both the
#82 v

Cr ,m’plant and the molecular interference, in this casel .

. ’

. o
- . .
’ L A

L



interférences such as due to

~.183

’

identified as 12C1H4,can be monitored.

P
e "

A compayison of low (~250) and high (22500) mass resolu-

tion depth profiles provides some perspective as to the need

for the latter. Figure 80 shows that the 285i implaht,in

Al 40Ga 60As can be ‘completely obscured by an interfering

signal under low mass resolution conditions. The depth

profile in Figure 81 indicates that if the concentration of

e.28

th Si implant is grea} enough it can be seen despite the

27y 11

ﬁolecular interference AlH. - In this figure, the péék of

the implant is just above the background. Increasing the

primary ion,current density and improving the “vaduum condi-
27

tions tend ®o lower the “’Al1H" signal, but these measures

néyer significantly Emproved the analysis. In Figure 81

the m/e sighal is recorded twice, in a low mass resolution

state; once under normal conditions and 'secdbnd with a -100

volt bias applied to the sample. .
- > . . .

An analysis under high mass resolution cpnditions is ¥

-

shown in Figure 82. The results are free from molecular
*27

-

AlH® which is identified in

" Figure 83. Inspection of the depth profile in Figure 80

showe¢ that the low mass resq}ution'm/e 28, signal begins at -

a higH‘&evel at the surface:,ﬁresumably due to )
1) - the presence of m les containing QJydrogen (e.g. .
* 4

sz and hydrocarbon cempounds) which are absorbed on

. . . -
. - ? 4 -
2

R
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the surfate;fthese decpmpose'under ion bombardment . and

_then comblne w1th Al to form AlH and ’ Yo

-

2) tE? surface’ tran51ent period in wh1ch the pr1mary ion

sﬂ§c1es bullds in concentration until it reaches a - .

- ~

- {evel sustained by dynamic equilibrium. - ®

\

’ -

-
The 28 s¥#gnal 1in Figure 80 then drops to a steadv-state

value in the bwelk. The high mass resolutzon signal (Fjgure .

82),on the other handy "increases from the value measured at

__the surface.unti]l it reaches a peak value at the projected

- fangé of the~im91ant. The signal then decreases by'about'

a factor of a t@gpsand ‘s The shape of the 51gnal is typxcal
IS
of many 1mplants in semicorfductor materlalss_,Thp sxgnals

of m/e 27 and:69 are almost identical in low mass resolution’ iy
. T 3 .
mode but.m/e 69 is lower than m/e 27 in high mass.resclu-

tion. The signal, m/e 75 maintains its

Pe under high *
.p Lphg

mass. resolution conditions bu

m/e 27 o:\69..

attenuated evén more than

» L]

4 , -
The group of figures 44 to 61 contains information <

obtained in depth profilingjimplan%s of'SZCr., Figure 44

-

.. . N . . . + . .
" - shows this implant in GaAs, examined with an Oz ion beam.

CSZCr+ signal changes By‘bver four decadéé.in this pro-

The
fife. Depth profiiés shown in' Figures 44 to 52, 55 and 56 - 'U’.
were_performed under high mass resolution eoﬁditionsiwhéie
figures 53, 54 and 57 to 61 show,depth profiles performed

in low mass resolution with only the SZCr' sigmal offset

- .
. ‘ L . - o
»
0 ) -
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by'+100 volts. Greater dynamic¢ range, the difference between

i 14 signal maximum and minimum obtained during a continuous

LN

depth profile of the implant spfcies, is.generally obtained

: 52

for the “°Cr implant’ with Q;,boﬁﬁardmentl

- P

Five m/e signals, lé, 27, Sf, 69 and 75, are dénitored N

a

in Figure 44. The m/e 27 signal arises from the trace amount
27 ) -

-of ""Al in the sample and fmsm the SIMS memory effect. The N

?7A1+ signal falls from .a high surface -level to a low back-

ground -revetrrftergabout’ 30 secondsy and, in this case,. a

16

fluence of about 2.25x10 0; ions cm” °. The m/e 16 and 75

signals quickly achieve steady-state value and show a

. - »
sm41ll variation with time. The m/e 69 signal rises. from the

»

surface level and reaches a'Steady—stéte value.

Figure 45 follows the same general trends as Figure 44.

[ ] -
As a consequerice of the higher aluminum concentration’\e

_ S
52Cr+ signal is more prominent. The ion count of 27Al+ is
69 75As+ .

now close to the level of the Ga+'ion count. _ The

signal shows a slight .upward trend in this profile. The “®

same trends are repeated in Figure 46 which is the sample

—

with the greatest concentration of aluminum. The ion count

3 . N .
2?Alﬂs.pec:ies is greater than that of 696a+

-

L]

of the

- -
-

. The trends shown in Figures 47 to 49 follow the pattern

established above as is the case in Figures SO to 52. The'.‘
qﬁarﬁlincrease shown for m/e 27 and 69 signals in F%gu;e 52

at about 900 seconds is thought to be caused by an increase

—



-

27, 28, 69 and 75. ° The °%si” signal falls from a high sur-

\ . »

'. C~— . "*
in the primaty ion current. Figure 54 shows an increase in
m/e 27 and 75-signals at~about 200 seconds. . .

The depth profile shown in Figure 62 is of a sample of

28

GaAs'implanted with Si. Four m/e signals are mogitored,

. face level then increases to the peak of thc profile,

following which it decreases to a 1qQw value.
. . \

The ‘features shown in Figure 63 follow the same general,

’

trend as in Figure 62; however, as a consequence of the

53

higher Al concentration the si® signal. is enhanced. .The

ion counts of all signals are increased. The‘g7A1+ signal

69

is now close to the level of the Ga” signal. The_same

trends are repeated in Figure 64 which ié;the sample with

the greatest concentratlon of Al. The depth profile in ™~

this analys1s ha% continued through the Alea1 xAs layer,
ﬂpast,tﬁe interface and well 1n‘o the GaAs substrate, at

about 650 seconds. Thus, it is possible to compare ion

intensities as the substrate changes--during a depth profile

When a GaAs implanted sample was depth profiled followiﬂ% an
=~

Al Ga As sample which had been profiled into the GaAs

X" 1-X
~ substrate, the same ion count rates (withjn measurement
69 nd 75

, + . t .
error) were observed for the As magrix signals.

tgﬁ;GIQBSi signal in the GaAs ‘substrate corresponded to the

doped substrate concentration i.e. the background levels

Ga+

showed -the same ion count, ° I . )

N
s e

1



- TN, - °
- - -
v w 2 * * \ ‘ ’
. .
.

. In Figure 64, the 2 AJ 51gna1 is greater than fhe
o ~ ?gca signal unt11 the Al&Ga1 XAs/GaAs 1nterface where the
v 27A1¢ signal falls rapldly to a background level. The 27A1 .
.signal falls-from 90% of its highest value to 10% of that

value in about 35 nm, according to.later depth measuremé&hts.

69 27Al

The Ga+-sigha1 remains’ constant until the signal .

69

' . . + .
starts Yo decrease at the interface. Here, the Ga signal

.- - A S
starts to increase until it reaches a high value in the
_— +*

GaAs subStrate. The 7sAs

27

signal decreases at a slower rate

Al+ or 696a+ to reach a constant Qevel,in

R . ! : L. 9
Si signal increases from the surface until =«

=~ . than either

GaAs. The 28

.-y . . L, s . . . :
{ its peak*value.at the projected range, it ‘then decrease$ oL

-

until ‘it reaches ‘the interface region and the GaAs substrate.

’ - ‘ - ) - - i o. -
- The secondary ion signals shown in Figure 65 are simi-

%~  lar to those in Figure 62.. Figlre 66 is similar to Figure
: ] ’ he N ’ v )
. ‘63 inasmuch\as the trendNare-similar. .The trends in Figure !>'

67 are also similar to Figure 64. - Thé secondary ion signal

. | L
. of 1§0+ is included to see if its variation will yiéld a@di-"
16

tional 1n51ght 1nto the’ analys1s. The %0 signal follows -

75

the -s1gna1 very closely. “ _ .

« ' Flgures 68 "to 73are analyses of the same samples as v

. discussed ebave-(Flgures 62 to 67) exqept the anagy51s was:

g ‘performed .with a Cs” .primary 1gh'beam and negative secondafy " s

.> ions were monitored. " Examination of Figure 68 shows that

the most intense matrix signal is now 75As”. The peak‘af .



-
f ‘ > -

o _ . )
BN 28..- . . - P 75,.-
| ~ .the 51' signal is only an order of magnitude below '“As .
‘ Another Grderjﬁf\ﬁggnitude below that lé?bl‘i§ the'égca' .
- .- K s -y . :
signal. The g7A1 signal is lost after “the first few seconds.
The_75As and ®96a" signals rapidly ‘reach conmstant values.
The 10° signal_ falls quickly to a constant level. -‘The pro- o

file in E%gure 69 was begun within a minute of sample intro- -

-

duction; this explains the downward ;\riation in 160', which

decreases by a factor of abo Z0 until 1itr reaches a steady-
state vhlue. All_other secdndary -ions which were monitored
show aﬁlincrease from the surface to a steady-state {aIue‘by'

the tim&:at which -the projected mange of the implant is

. - , ) a . - - . . _
. -reached. - T
.0 . .

16

In Figure 70,- -0 declines fapidly from tﬁe value a2t

the surface until it reaches a steady‘state value. The down- .

\

ward trend of 16,0_,1n_the preyious Figure 1s‘gpt repeated. in
. ) T

v this depth pgofile.which was begun 35 minutes aftef the sample_
: wasﬂintroduced'intO) e SIMS instrument. ;The 75A3¢, 27A1i-and~ o
6968'»signals al} reach their‘ézeéd&-s£;Eb vai&es'a short fimé )
' into the.ghalysic The profiles in Figures 71, 7¢ and 73 .
- .show tgends';iminr t Fiéures 68, 69 and 70 respéctivély.'

2
. Figure 73 monitors

-

ly tdo h?e‘signals. Secondary ‘ion count s

.distribt{tions of and s,implanted into GaAs at high

energies are shgwn in Figures 74 to 77. - : -

[ ’ ) . L4 ' LA ' . ) ﬁ“ ) - s
l ) ) e -
- Monifdring the matrix signals resulted in idemtifying b

. “m . R N . )
_.some ﬁlxcal_xkg samples with a layer which ha§~iess;A1tthan.(



{4

-

-~
. » ' -
.

‘expected, such.as in Figure $54. In Figure 84, the Al con-
-~ - N h

centration in the outer layer was estimated as 0.18 ‘atomic

» », *

percent on the basis of the SIMS analysis and this was con-

firmed by Auger analysis. Ihe.chqngé in Al concentration

. : - i 133 + ’ * =
was most evident when analyzed with €s . . .
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CHAPTER 4 -

. - ’j . ; .
{ DISCUSSION O.F P:ESULTS <

e

‘4.1 DEPTH DISTRIBUTIONS ) ' - .

-
a

Ion count versus time ‘information for the implant

species can be converted to concentration versus depth since

the implant dose (concentration per unit area) F is known

and gﬁeAcratervdepth Zn can be obtained from.measurements.

Once a linear sputter rdte is determined for a given sub-

PR . . . e ‘. .
°‘r " strate, the depth becomes 3 straightfefward function of time.

‘The concentzation of the implant species as a function of

deﬁth, C(z), with n data po%pts and ion count I(z); 1is

- . » T

T U crey = HELER . - (49) -
e . : I zn~ZI(z) ; . :
The 52Cr conéentrat}on versus depth distributions that

were determined- by 'using the above equation are ;wan in

28

Figures 85 to 90. The “%Si toncentration versus depth for

implants into GaAs and AlyGa, yAs ate shown inh Figures 91

“to 96. As expected, the,peak'of the digtfibution for ‘the

~ -

lowAehergy implants is,giose'to the surface. The high
'énergy 1160 keV and 125 keV) implants have diqtribqtions
which extend much-deeper ipto‘tﬁéasubsttatg.: Since the

. - higher enetgy i@plants-areumoré,distributed‘over a range .

- ‘of deﬁths,-the ﬁéak‘cgnceit?ation is consequently lower,®
for. a given dosg'of impla | ‘

) t species. : - .
,o T . s
- r ’ -
= A 19% ‘ - g I
J .| ' . ° “' L] - ‘ ) . . '
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level . The

,cﬁ'% according to Huber et al. £160) but the IMS 3f in that

Co ,
GaAs aad_Afoal_xAs

By comparzng Flguaes 91 ‘and 94,.it can be seen that -

5111con imglants in' GaAs are best profiled ﬁlth 135¢s* 'in

order to obtaln “the greatest dynamic concentratlon range.

‘Figuwre S4 shows that the hlgh energy (100 keV) implant in

seml-lnsulatlng GaAs has a dlstrlbutlonowhlch extends down.

to a-concentration approaching lxlols'atoms cm'S. Thei
285i in GaAs is about 1¥NO!Y

L3

mioimum.detection limit for
atoms»cm—3 wﬁéﬁaélMS depth profiling is.pefformed wjtﬁ an
IMSJ?f accordiﬁg to Huber et al.‘(lﬁf). The low energy im-
plants shown in Figures 91 and 94 were performed into a
18

T . s
silicon / °

/

GaAs sample.whiph was doped to a level of 3x10

atoms C§33 (2 2'1018 2851 atpms cm ), accordlngly, the\

1mplant proflle*can not be dlstlngu;shed below this '""base"

52Cr 1mplants in GaAs were cobserved to approach

‘'a minimum detectable level of 1x10 atoms cm Sk Figudre 85,

[Snay

14

. The mlnxmum detection 1imit for Gr in GaAs is 3x10 : atoms

study had been modifie&;speciflcally in ogder to -improve
' » i . - .

the Cr detection limix_(iol). ﬁévortheless,‘the use of 0;

" gives the gféatest“ﬁ?namio range when depth profiling Cr in -
o .

* 4
. -
- » 13
'

rOJected ranges found in this study are shown in

.Tablé §._ These values represent the averages of three pro-

.- ‘

files co leted té the’ peak concentratxon. Close agreement

o

-

-

: -
. e e e L.

// i
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is similar fo!lhoth species. * There is a'tendency for the

range to increase with Ar concentratiéh for.a given ion im-

. plant. Th’-would be expected ‘theoretlcall'y on the basm*‘-

\

that the average atomic number and mass of the sqbstrate 15

.« detreasihg as the Al concentration increases. The stopplng

“~—~w~~ﬁ;m4mmmmiof Al is less than either Ga or As, No other syste-- -

matic study of range as a function of semlconductor matr!&

'composition exists. The projected ranges determlned in this?®

- va - '28

study are compared to theoret1ca1 predictions for Si in

GaAs calculated by G1bbons et a/)/(162) in Flgure 97 -The

values for Cr in GaAs (163) based on W1nterbon are also

-

shcwn'in_Flgure 97. ‘The projected range for low energy Cr
implants are expected to parallel those of Si.bgt RO pre-.
vioui studies have been performed in this enefgy region for

elther implant. Gibbons et ql (162) does not prov1de any

O

predlctlons for Cr and the value obtaxned frcm other calcu-

Q_-

: 1at10ns depends a great deal on the scatterlng troSs- %}
- sections and stopping power chosen (163), The' 25 and 50"
' keV silicon{;mplants in GaAs agree-well wifh”Gibbqne e} al.'s
§162) predictions. The'100 keV silicon implant has an
A - experimentally measured range which is ahout ;Oi.greaté}

52

than ‘predicted. The *“Cr range at 125 keV is about 60%

greateéer than predicted There' a»® no prev1ously publlshed

implant prof11es in Alea1 xAs to serve as a compar1son w1th

-

this stdéy;,
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4.2 SPUTTER YIELDS \

r
4

o . In order to determinethe sputter yield, the primary
ion current must be accurately known. Unfortunately, the

IMS-3f,fall§ well short of the mark in routinely measuring -

" the ion 'current.” This-fs due to the design of the IMS-3f's
Faraday cup which does not effectively trap the ion beam.
To dvercomé this, a specially constructed Faraday cup (based

on the design of Andersen and Bay (100)) was,.substituted in o

place of _the sample in the IMS-3f. Figure 98 shows the ion =~
current ﬁ¥qsured'with‘the substitute Faraday cup Qérsus

the ion current ipdicated by the IMS-3f. The IMS-3f indica- -

tion of the ion.. nt is not stable over an éxtended’

~ ¢

period of time. The interral clock used by'the IMS-3f's

computer was also in error. It indicated 111% of the actual
elapsed time. l

The éputter }ield was defermined as é.f&ﬂgt§3n of -

aluminum 3oncentration,foi both Cs” andhp;\ahd is shown in
Figure 99. Also plotted in this figure areﬁpredictions of
equation (12). The equafion was derived for normal ion
incidence with rare gas iom species bombarding a pure element
‘fgbstrate. In applyihg this equation, all substrate.para-

.  “meters were averaged according to the atomic concentration

. ’ of-the major matrix eiements; Winterbon'¥ (164, 165) nucléar

.stopping?power was used in thé calculation. in.spitqkff

these limitations, the measured‘sputter yields are close to . -

[

! . ~
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the calculated values. . - -
. ' - ) i P

.:,,-——zi

4.3 PRACTICAL ION YIELDS

.8 : - .

The positjve and negative practical‘'ion yields- for Si,
Cr, Ga and As were determined for each substqatef Figures

100 and 101 show the ratios of the practical ion yields in

———

Al,Ga As to those in GaAs. The slope of the line, in

X" °1-X°
these figures, indicates the degree of matrix tffect. The

L.
T greater- the slope,vtbexg{;ater the jon yield for increasing

s Al content. In the case of both 133cs? ang 10

O2 bombard-

. ment; the matrix 'effect appears to be a linear function of

Al concentration. The ratios determined in this study with

i . N

- . 1602 bombardment are compared to the ratios determined in

o prevons studies in Figure 102. A minor enhancement of

‘ﬁjﬁ Ga w1th 1ncre351ng Al content agrees with Meyer et al. .

, L ]
S (354) The degree of 7"C’As+ enfiancement observed is about

-. twiCe as large as seen'by Meyer et al. and 50 percent highew
( - -

than Galuska and Morrlson

-a .

.observatlons. The.measured

S value of the practzcal ion‘ lefh ratlo £or 28

PR .
. . .o FRESAN

a factof of twor lower than 1n'Galuska snd Morrison' S study

oA

51 was almost’

v P " It should be kept 1n m1na that the Heyer et al.. study was
’ carr1ed out on an Atomxca quadrupole’%}MS a; 10 keV 1602, ".
: / «“'_ Galuska and MOTTISOD s _study . used ah IMS”Sf magnet1quectorw“ -

- §IM3 thh a 1 energy of S 5 keV 02, and thls study used

'«.a ]

i
: L I . .

' "‘:b“ K an_ IMS-3f w1th i °net 8. o kev 0; g.n beam.,A," CLT

a . N "{ "' \ N > ° .- - e
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No previous studies of the SIMS matrix effect under-

h 133cs* bombardment exist. It is surprising that

69

" taken wit

the .matrix effect is minimal fot 28Si', 76As' and Ga
{

133 52

under Cs* bombardment, while Cr " has approxiﬁafelyL

133CS+~ 16,+

the same slope regardless of whether or Oz.primary

ions are employed.-

.

. As discussed in Chapter 1, the modified LTE mode}l of

secondary ion emission can be applied to complex matrices.

o : = . 3 ’ . : — .
In Figure 103, log{ii,gi%zéie/cizi+}-as plotted as a. function

° of the first ionization potential, as Morgan and Clegg (142)

i - have described for the case of GaAs. Table 6 éhows the
| first ionization potentiai and electron affinity for
these species. %hile there seems to be a relatibn;hip
.between ionization potential and slope in Figure 103, fhé
correlation is not perfect sin® As and Si should be switched
in order. The semilog plot shows that the slope of the line
fitting a given matrix decreases as the Al concentration
. " increases. These slgpes é;rrespond to a teﬁbgfatufe‘Bf
'4400 K for GaAs, 3900 K faIbAl_zlcé.7gAs and 3600 K for
A1.4OGa.60As. Cbmputqr iteration was necessary until the -
.tehperature derived from the slope c&rresponded to the value .
selected for the partition function ratio. Afrsenic was
égnored in de}iving the temperature in<keepfng with previous

* analysis (142). The accuracy of the one fitting paqgmetef"u

me thod for~qpan;itat{ve anafysis has been found to be

- .
-

-
4 [
- .
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TABLE 6. IONIZATION POTENTIAL AND ELECTRON AFFINETY

"Element - First Ionization Electron -
Ce . Potential (166) Affinity (166)
(eV) . (eV)
: "si 8.2 '- -2.10 -
cr . ; 6.8 . -0.66
Ga® 6.0 S -0.50
As . 9.8 -0.80 )
e
o
-~* . s '
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comparable to that obtainablg-when relative sensitivity

L

.factors are used (141) but this is the first application

" to the AfXGal xAs system. The LTE meihod is more versatile

since it is not restrlcted to certain elements but appears
to be‘zﬁpllcable to all, elements. )
e

- “ The fitting—of negative ion data with electron affinity

is more cBﬁplek and is shown in Figure 104. The statistical
distgibutions of negative ions and atoms are not known so

no partitioning weights have- been ingludéd. faccurate quan-
'titat_ive analysis would not be possible with Ehe r'e'tion-

ship shown in Figure 104.
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7 * - o
N : CONCLUS{ONS - . U
. L~ : '
A
The depth distributdion of ion implanted samples of ...
GaAs ‘and Al,Ga. XAE have been measured. Depth profiles of
2853 ana S%cr were measured with 160; and 133cs* while - ,

monitoring positive and negative secondary ions, réspec-
' N a N - o .
tively. The results of this study have extended the under-

standing of the matrix effect in SIMS quahti;ative analysis

of semiconducto:~paﬁpies This study can claim w'number of

important features. It is the only study to date to show

2851 and 52Cr

the depth distributions of ion implants of
in AleaL_iﬂs. The study was unique in its investigation

by using techniques which reduced or eliminated molecular

\

ion -inteérfdrences. This study has shown the variation of
-both the negative practical ion yield and the sputter yield

as a function of AY concentration in the AlyGa; yAs ‘semi-

133

conductor system under Cs* bombardment. The study has

<

—

%

-

also confirmed that the positive practical ion yield varies

-
.

%iﬂearly with Al concentration but the measured values
i X A

- N

differ from past studies. .

~

It _has been observed here, for the first time, that
I 4
boﬁbarding with 133¢s? primary ions and the méasurement of
negative, secondary ions results in less ma{;ix effect than

observed with 160; and positive secondary ions for the

&

species studied. The ﬁodified*LTE model of Morgan and Clegg ’

.~€an be used to accurately describe the positive secondary,

- -
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ion yield for quantitative analysis.  The negative sec0ndary .
jon‘yi;1d4does not shéw a simple linear relationghip with
electron affinity when analyzed in an LTE manner . The

sputter yield decreased as the Al concenprat;oﬂ increased

for the»Aleal_xAs system: The sputter yields and the rate

16

of decreése with Al concentration for 02 bombardment

agreed with Sigmund's model. This was not the case for

133Cs+ bombardment.* The simplified model underestimated

the sputter yield and the\iéte of deq%ease in sputter yield

with ‘Al concentration. - The projected ranges measuﬁgd for

2 .
~8Si implants in GaAs agreed with theoretical calculations.

7 .
The measured projected ranges for s“Cr implanted into GaAs
will pgpvide the basis for comparison of theoretical model
predictions as will the measured implant distributions in

Alea As.

1-X

-
3

This study points to the continued ﬁeed to determine
the factors governing-both the SIMS matrix effgct and iomi-

zation mechanis#s.>~ To-extend the work described in this .. -

.
13

thesis, further measurements could be made for other dopant

ion spec1es«1n Al Ga, x&s The dopant Be would be 1nteres;1ﬂg~

—'}ﬂ

to evaluate Fanté,Suﬁh W1de d1screpancy ex15ts between -
11te?zture values bf practical ion yleld Frcm the semi-

conductor industry's point of view,.Fe, Cu, Se-, S and Te .
< ~
are .important dopant spec1es and both the matr1x effect and .

the detect1on limit for these spec1es should ‘be determined.

/

Studies of-the matrix effec; should also be extended to othef
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T, : , .
matrix and ion ‘implant species. Implantation profi re

known for only a few ion species, matrix and implant energy

combinations. These distributions should be evaluated over

a broad. range and confirmed with other analysis techniques.
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