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Summary. Moot moderi ~enuconductor device engineering
takes place in the top micron of the host waler and involves
the creation of regions w Lose compesition varies over lateral
dimensions which may be less than 0.3 um. Normudl to the
wafer surluce. large chanyes in matrix and impurity compost-
tion may occur in the space of a4 single atomic plane. In
Suture. the fabrication of guanium dots and wires will-result
in active device features a few nm tn extent. Such maierial
developments need to be supported by paradlel development
in surfuce analvucal technigues with high spatial resolution
There are. however. fundamentii imtations o what cun
be achieved directlv, For a destructive technique such as
secondary ion mass spectrometry (SIMS), the anabvtical
sensitivity and spatial resolution are determined by the
analyte volume which needs to be consumed 1o achieve the
necessury statistical precision. Moreover. the type of infor-
mation obtained depends on the details of the interaction
between the primary probe and the sample surface. In order
10 combine high spatial resolution with high sensitivity.
special sampte structures and modified tnstruments are re-
quired. Technigues need to be developed for accurately
compensating for the effects on the analvas of farge localized
changes in conductvity o the materiads. A multi-technigue
approach to semiconductor analysis s required both toin-
vestigate the limitations of the techmques themselves. and
to fully describe the material properiices.

1 Introduction

Surface analysis techniques may be divided intoe two broad
categories: those in which consumpuon and alteration of the
sample is intrinsic to the process (destructive techniques).
and those in which the sampie is not deliberately consumed
{non-destructive techniques). and those in which the sample
is not deliberately consumed {non-destructive techniques).
Mass spectrometric techniques (e.g. secondary ion neutral
mass spectrometry — SIMS or SNMS) fall into the former
category. whilst electron spectroscopies {AES. XPS) and
Rutheriord backscattering (RBS) fall into the latter. For
semiconductor analvsis. there is often little difference be-
tween the two. either because a sectioning technique {e.g.
sputtering) is a necessary adjunct Lo analysis in order to
measure a spatial distribution. or because the accumulated
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probe does is sufficient 1o disrupt the elecineal or structut.a
properites of the material anyvhow. In all cases itisimporidant
1o determine the effect that any disruption of the sumple L
on the guality of the duta and the limitations of the tech-
nigue. To this end it is necessary to use a runge of analy tiva!l

_ techniyues in 4 mutual characterization exercise with reapeci
——to-the-material systemr of interest. - :

In SIMS and related techniques [1]. a4 primuar beam ot
ons or neutraby v used o sputter matertal from @ soiid
surfuce. The sputtered products consist of atoms, clusters
and molecules a fraction of which are themselves onised in
the sputtering process. SIMS makes use of these secondury
ions onh. whilst other techniques. e.g. SNMS and resonant
jonisation mass spectrometry (RIMSH postionize some frac-
tion of the sputtered neutrals {2, 3]. In either case. the 1ons
produced are vollected and mass analysed using double
focussing magnetic sector (DFMS) [4]. ume-of-flight (TOE)
13]. or quadrupole (QMS) mass specirometers [6] depending
on the exact purpose of the instrument. Primany beams in
common use are oxvgen. caesium. gallium. and argen.
although muny others have been reported [7 9] The re-
active spevies are used o enhance the lontzation coetficent
for SIMS. with cacsium tor other electropositive apecios)
being uscd to enhance negative jon yields, and oxagen ror
other electronegative species) being used 1o enhance positive
jon vietds [10. 11, 31. 39]. However. this bland statement
misks an extremels compiex situation where bombardment
with either 10m (vpe can enhance the emission of hoth churge
states and also spectfic cluster ions [12]. The type of analysis
acquired {viz. micro-bulk. image. depth profile. surface)
depends on the parameters of the primary probe. the ion
optics of the mass spectrometry svstem. und the accumuliated
dose per data point.

2 Limitations of destructive techniques

For a destructive analvtical technigque such as SIMS, the
spatial resolution required in 4 measurement will determine
the size and shape of the analvte volume. This mav vary
between extremes of a few mm>x0.01 monolavers (static
SIMS [13]) to 20 nm diameters = nm’s deep (high lateral
resolution imaging [14]). Nevertheless. the amount of
material in the volume will directly determine the analy tical
precision und hence (in the ubsence ol an interfering
background} the ultimate useful sensitivity. The fractionul
atomic concentrition C olan gtomie species X a measuse-
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et whec consumes N osampic atomis s determned rom
GONINIS o s analyss from

o=y Ny (1)

where 11, 1~ the number of secondary particles (positinve or
negative wns or neutralst of Xodetected: 7 as the produci

ol the coliection, transmission. and detectuon efficiencies ot

the spectrometer for speaies X o x, s the emission or produc-
ton probability tor the charge state detected.

. no.of X produced in charge state o
2, = - — -

totat ne. ol X sputtered

It is important to npeic that x implicitiy contains factors
due 1o impurnity migratien occurring during anaivsis (e .
segregation effectsy und <muiar phenomena It also includes
the effects of post-icnisation processes, even n SIMS {131,
I and x, are difficult 1 measure independent!s (for SIMS)
Their product Y, = [ ,7,. known as the useful vield of X is
easily obtained. and v used as a measure of instrumental
quulity. Useful vields are u strong funcnon of the analvtica
conditions. especiaills  the primars probe  species  and
bombardment angle. und the field of view ol the on optival
svstem used to colivet the secondury products. By virtue of
the Helmholtz-Lagrange equation [16L o SIMS instrumen:
optimised for 4 small field of view teog 10230 pum for
DFMS or TOF and 100— 300 pm for QMS) will collect a
lurger fraction of the energy and ungular distribution
sputtered from that area thun one opumised for a targer freld
ot view, hence increasing 7' Similarly. the use of reactive
primary 10ns (e, g. oxygen. caesium) at normal (oxygen) and
near normal (cuesium} incidence leads to enhanced values
for 2 [10. 11]. Typical useful yields. and the conditions under
which they may be obtained are given in [17] and 18]

Equation ¥ gives u simple guide 10 whether o purtcular
analvtical task s possible. For example. tvmcul SEMS depth
profiling conditions involve a 1 um~ Nield of view. Ifn >
10 1s taken as the condition for acceptable measurement
preasion. and for a high usetul vield of 001, a4 detection
hmut of = 10" atoms em e € = 2x107 1Y) could be
achieved for the eroston of a 10 nin depth. In an image with
i lateral resolution of 30 nm. assuming the same useful vield
could be obtained. the detection limit would be = dx10"
atoms cm ~ 2 for 4 sampled depth of 30 nm.

A mass spectrum is discrete. and inherently background
free. whereas electron and other spectra are continua and the
analvucal information is contained in changes superimposed
thereon. There should be no problem in obtaiming an ad-
equate abundance senxitivity for & mass M in the presence
of mass M + 1 ina well set up instrument [19]. However,
detection lim:ts ure generally worse than the purely statistical
limits described above because of memory eflects. residual
gas adsorption. and mass interferences |20 — 23],

3 Effects of the primary probe
3.1 The altered laver

In order of increasing near surface damage per unit primary
dose. probes used in common surface chemtcal analysis tech-

' The ultimate useful yield in o SIMS instrument is obtained b
optimizing the extraction optics for un area a little karger than the
analyvtical probe. and then clectroststicalls scanning the arca in
syachromsm with the probe to achicve the desired tield of view The
provess has been wermed dynanie ennittanee matchimg by Lichl {549)

nigues oy beoisted e fedowe Ly N
eneres s LU ReM b aons fow enerey cre M g Ten e

R

encrgy theVaons Howevor mass spectrometrs. ook
usiny the tter two probe tvpes provige o v o0
anady Beal vield per umin Gose hocause of the Gieoro
of a muss spectrum When w sobd s hombardes r. c Beas
ef 1ons tor neutraisic the comnedent processes of spu
beam induved mining. «nd primury beam incorpenaisn N
rise to an altered faser in the surface of the matery’

26]. As sputtering progresses. it s frequently the ca

the altered lzyer comes into a steady state tor s prim o
density of = 10'" ¢m™° This phenomenen makes Gl .
SIMS and allied techniques feasible

The altered laver is not expected te be homogenyeus
and 1ts composition within gencrai be a disordered minviun
of the ongmnal mainy elements and probe atoms. AQ b
processes which give nise to distortrons in SIMS data take
place 1n this laver or at its boundarnies. 1t follows that o beties
understanding of the processes by which the laver tarms !
maintains 1ts equilibrium wiil iead 10 improved bt 4
deal empirically and theoretically with atom minny

¥With others. we huve carned out g detatied wtudy of the
altered laver produced by normal incidence ossgen bor-
burdmient on sihcon using SIMS. transmission coectron -
croscopsy (TEM Y Auger depth profihng tALSL Nras ot
clectron spectroscopy (XPS), Rutherford backscaltering
{RBS). and other techniques [27 — 30). Other studies o this
arca include those of Wittmaack et al [12. 31 = 34}, von-
Criegernand co-workers [ 33, 36]. and Kilner and co-workers
(37, 38]. The latter used '®Q isotope tracer technigues (o
observe the substitution und migration of oxygen in a buned
altered laver. und developed a model to explain the observa-
tions.

Figure Ta shows an olf-focus TEM cross section of an
altered baver tormed on silicon by 3.4 keV Q5 bomburdment
at normuad incidence. The back interface and the surtice are
flut 1o abeut T nm which has important consegucnces for
the ultimute depth resofution of the technigue. A Frosne
fringe i conaistently observed towards the back of the fuver
This fringe is not observed on similar Lavers made well awan
from normal incidence. or in lavers made with inert gas
bomburdment. This cun be seen in Fig. 1b where the altered
fuver due to the Ar " 1ons used in the TEM specimen prepara-
tron intersects with that due to 5 . Figure 2 shows a TEM
luttice tmage of u similar aftered laver. The Sy 111) planes
arecleariy visible. und ulthough the aliered laver is obviousls
not crystalline. there 1s @ clear change 1n contrast in the
region corresponding to that between the Fresnel fringe and
the back intertace in Fig. | a. Close examination of the region
corresponding to the fringe ~hows the existence of an
interdigitated boundary or region of paichy contrast suy-
gesung chemical inhomogeneity.

Figure 3u shows XPS data taken in-situ as the primary
dose was increased from zero. and the aliered laver evolved
towards steady state. Initially. the elemental Si 2p peak at
102.1 eV. and a peak at 106.4 eV due 1o the native oxide are
observed. As bombardment progresses. & complex structure
devclops between the two peaks. corresponding to random
bonding of new oxyvgen. The centroid of the system shifts
progressively to 106 ¢V, unud at steady state the spectrum
closely resembles that Irom thermally grown Si0.. (Thin
chain dotted Line for comparison.) The 1on beam grown
material however, exhibits aosomewhat wider peak, possthly
beciuse of ruduation inducee bond strnns,

e
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Fig. 1. & Transmission electron micrograph (TEM) ol the altered
laver aroduced on 8 0100 by bombardment 1o steady state with
34 hed "0 jons. Both the surfuce and the miertage between the
altered laver and the Stare flac o beter than 1 nm ralthough the
TEM will exageerate the atness because 11 s ~amphng through
werverdi supenmposed planes m the sechemy The Fresnel frmge 1
comsistently observed at about 3 3 the ot altered Liser depth moa
through Tocus sequence. and is behieved io delimeate the houndan
between stoichiometne $i0; and o sub-onde in the viamts ol the
imterface. b Intersection (ortuitoust o the oxygen aliered laser with
and Ar~ altered taser formed during sectioning for TEM. Note the
natine oxide on the surface of the At laver (farmed on removal
irom the thinming Sitrand the behaviour of the Fresnel tiinge. which
1s mol seen o the Ar” altered layer

PR the steasdy state alered Lver consists of s uniiers
surface hever with the stochiometry of SI0: evtending
about 2.3 R, totowed By faver with stoachiometny grag
smoathhy Irom 10 e Staboat o Rothick and a reias e
sharp back intertace with the sthieon The TEM data shoew
the houndaries between these regions clearly and indicats
that the transion zene s not iaterally homogencous Tie
overall thickness of the kiver scales with energs and for €
ions amounts to 4.5 nm keh. The thickness as a function o
primary ion energy. and comparisons with other work are
shownin Fig. 4.

s

2.2 Mechunism of formabion

1t is interesting to note that to grow  thermal oxide at the
rate observed in the altered laver reguires a temperature
around 950 C. The real temperature of the surface 1
nowhere near this level (probubly oniv a few degrees ubose
ambient). It 1s therefore certain that the oxygen migration
and reaction are radiation and or clectric Neld enhanced. It
1s also clear that a substantial fraction of the input primar:
oxagen atoms merely escape from the surfuce. probahlhy b

e —offuston. This <un -be voncluded {rom equibbrium wrgu

ments originally presented by Williams [39] In the presens
case. ot the measured sputter rate for the 4.4 kel bomburd-
ment. oxide must have been created at a rate of 173010
¢ s The dose rate was L2Ex10 ' g s Thus the unreacted
fraction = 0.2% An oxvgen atom implanted 18Lo a pre-
vioush formed altered laver can therefore effectively migrote
frecly untl it either escapes. or finds some silicon o reas
with. Collins [40] has recentiy deveioped & theoretical model
of the altered laver formation based on this observation.
The breukdown strength of thermally grown SiO; 13
about 13 MV em ™' and an $10; laver 10°s nm thick van
suppori a large electnie field. However. the XPS measure-
ments made in situ showed no sign of charging. Ex-situ
measurements of 1 =V characteristics of the altered lavers
£41] showed that they were extremely leaky. and paswed
current at Jow voitages. Howeser. the slopes of the 1V
curves would permut the sustaining of a few volts aeross the
altered laver at current levels used in SIMS and the
possibility that u surface electric field contributes to the
altered luver formation mechanism cunnot currently be ruled
out

Altered layer

Interface
region

Fig. 2. TEM latuee wage of the 14
keV altered laver. The abrupt
termination of the Sict 10y pluncs at the
incrface can be seen clearly. The
interface appears very flat (aboul 1 nm
waviness. The patchy contrast in the
interface region may indicate cherml
or structural mhomogeneny — ¢.g
silicon rich regions. This changes 10 o
unilerm grams effect at depths
shallower than the Fresnel tringe in
Fig Ta
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accumulstion 4 kel (37 dowe on the near surface chermistry.
Spectrum ¢ shows the mtial state of the Sutoor surface with
metallic Si peak at 1021 eV and o peak duc (o native oxide .t
106.4 eV Spectra if to vr were tahen alter accumulated in-situ doses
of 1.3x10'". 2.7x10' . 410", 10" Land Wit OF em ? respec-
tively. The final state of the surfuce is vers similar to thermal Si0»
(thin chain dotted lincy with some broadening possibly due to
radiation-induced bonrd stram. b AES depth profile 11.5 kel Ar-
1ons. defocussed ¢ 7 beam) of the 4.4 keV alicred laver. Profite 71s
through a dose corresponding o the mimimum of the Si 7 secondan
1on emission. profile o s from o crater dosed o steads state. By
companson with similiur profiles through thin thermal osides. the
plateau region of ins found to correspond 1o S0 The surlace peak
s due o aimosphene contamimanis and ovade reduction m the At
pre-equtlibrium repion
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JE Amplicarions for SIMS anaiy s

The formation of the 5104 altered laver is intimate’s inked
to the ebservations ot chemicd segregation for dopants such
as copper 420 and the anomalous redisiribution of arsern .
and germanium S0 340 durme analssis, There are -
ditional beneficil smplcations Tor wlomie miviny . Th
altered laver censists of mutrix atoms which are on averase
farther apart than in the original material. interspersed with
primary beam atoms. A layer of matrix siicon i re
distrihuted in the altered Javer into an expanded und difuiog
bund approximartels twice as thick. If cascade atom:e mixing
only takes place towards the top of the altered laver where
the encrgy deposiion 1s greatest, and if the expansion effect
takes place "genth ™. then because mixing 1s occurning in a
feature thut has already been stretched. 1t will have i refa-
tively iesser eftect on adepth protite. More generallv. it migh:
be the case that mang effects due 1o the presence ol
chemical boundary (kg Gibbsian segregation) might he
spatially decoupled from cascade mixing effects.

Secondary ion vields will be determined by the compo-
sition of the top 1 nm or so of the altered laver. The
stoichiometry of the bulk of the altered laver cannot
therefore be determined directly from ion vields. In addition
this surface layer exists only in equilibrium with the primars
heum. und cannot therefore be exumined ex situ.

The 510, altered [uyer may be removed together with the
damage it contans by simply etching with hvdrofueric acid.
This observation i the hasis for the technigue o beveleteh-
1maging (60}
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Fig. . a 2-D profiling cample: first stage — implantauen of dopant
stripes 1 =2 pm widen2 mm long. separated by 2—4 pum. over a
2 mm square pad. b Trenches are plasma elched at#h = 0.2-002
to the implanted stripes. ¢ STMS Binescans perpendwular to the
stripes produce one data set per compicte [rame. The slope of the
data conunns the 1-FY Lieral distihution, Repeated frames vicid
1-03 fateral profiles at a senes of depths

4 Two-dimensional profiling
47 Prahfen deseription

As semiconductor device dimensions are reduced below
1 pm. the control of dopunt diffusion duning processing
becomes progressively more important. Lateral diffusion
{i.e. in a direction parallel with the water surfuce) is a signifi-
cant factor in determimng device charactenstics and
achievable packing densities. The constraints discussed in
section 2 show clearly that adeguate sensitivity and spatial
resolution cannot be achieved directly with a destructive
technigue. {Detection limits better than 10'" atoms ¢m ™°
combined with a lateral resolution of ut Jeast 30 am and a
depth resolution of at least 10 nm are required.) From Eq.
1. the best possible detcction limits which could be achieved
for boron. arsenic. und phosphorous in silicon would be
= 10, 10°". and 107” atoms cm * respectively. A partial
solution is 1o sacrifice one lateral dimension, and construct
samples in the form of a stripe so that the analvte volume
may be made very long. However, the pracucat lateral resobu-
ton remains probe diameter limited to about | pm since
smalier probes contam imsufticwent current 1o pertorm the
cyperimenis i i reasonihle e

straggled/

diffused implanted
filled
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T ‘2;;85.‘
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Fig. 6. Detail ol apey ol mangular region wihere the strine snilened

_wih the trench. Fach bund corresponds 1ot snge inescan o thy

SINS nrobe InAune Loaoset ot apey Inangles cach vididing a s
A8 il be analvsed. This signalis generated by dopant winch hos
undergone the most kateral migrabon. Ba it Dcids sz ad s o
£ lrtanguiar element 08y and o rectungle Zon Oy on
which has lateralh I'ﬂl!.fd[(.d adistance v = dtan i than Goent
in S5, i tbe band width ibeam diametery

T

4.2 A sample geomerry

The ideal sample tor lateral diffusion studies would divorce
the achievable lateral resolution trom the beam diameier
and permut the integration of neEgn. Thover a large svojume
without sacrifiving resolution, Proceedimg by analogy with
anodic profiling technigues, Hill and co-worker have
devned and tested a range of such sampios 457 The SINVS
equiprient and anibysis technigoe hase been developed o
the author’s rescarch group [46]. The busic sample structere
is s follows (see Fig. 5a. by Parallel dopant stripes with
rourhly equal mark space ratio a few pm wide and = 2 mm
jong are implanted into a 2 mmx2 mm arca. These are then
provessed in the sume way as a prototype device to achiene
the same diffusion effects. After processing. channels of
approximately the same Width and with the sume repeat
pitch are plasma etched across the stripes at a smalil angic
(< 0.2 v1o them. The stripes now intersect with the channels
producing lung. narrow. triangular doped regions. A normul
SIMS depth profiling beam sayv 50 um in diameter will en-
velop many of the stipes. and it the beam s line-scanned
normally to the direction of the original stripes (Fig. o,
data corresponding 10 a 30 ym band at the same height
across 100°s of triangles may be collected. The sampling
depth ¢z will correspond to the depth sputtered per line. The
band containing the apices of the triangles is labelled band
1. a band onc beam diameter up the structure band 2. and
sucecessive parallel bands 3, 4., jete. For g bund contuining
the apex of the triangles (band 1), the maximum laterad
spread x of dopant sampled will be:

v =dtant. 2

where d s the beam diameter and (s the ape

s angie tFor
o= 12 =

and J = Sopm v owould be Zbnmy Figure 6
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43 Sensriviry

Thc elemental ared analy sew nthese experiments is a triangie
(d” tan #) 2. As the bean 1~ scunned laterally. data are
accumulated from m trianpies. where m s the number of
dopant stripes traversed. The analvie volume s therelore

V=mid*tantdz 2. 4

where 97 = the eroded depth per set of hnescians

Once the data have been-aeqinred. bunds may be in-
tegrated laterully 1o trade sensitnaty for lateral resolution.
or successice eroded planes may be ntegrated verucally 1o
trade sensmilivity for depth resoiution. It p bands and g planes
are integrated. the lateral resoiution becomes p d tan #. the
depth resotunon becomes 4 4z, and the total number of
sample atoms N comumed per data point is:

ave (5)
where D is the matrix density and M, _ is its average atomic
weight. From (1), the minimum detectable impurity concen-
tration becomes:

. 20MLL
crn o= (6}
Dmp d*mn!!qoﬂ x,

=Dmpditantqdz 2 M

For the following euwly achieved expermmental conditinns
—#H =02 d=33um. sz = I0nm. m = 204 Pn=yg-=
I — and for a usetul vield (£ 2 of 0,01, un effective lateral
resclution of = 200 nm combined with a4 detection limit of
= 10** atoms em ~? could be uchieved in principle.

4.4 Results and discussion

Preliminary experiments on the structures described. re-
vedled the need to fill the trenches with a passive material
{e.g. undoped silicon) to avoid rapid erosion of the trench
sidewalls. Figure Sc¢ shows typical raw duta {rom one
compiete linescun set (i.e. each data puint 1» obtained from
a single gated linescan across the structure). Figure 7 shows
the first 2-D dopant proﬁle reconstructed from a beron
implanted silicon sample in comparison with a TITAN?
simulation. Selective epitaxy was used to fill the trenches
(Fig. 8). In this case. the lateral boron distribution is due to
latera] straggle occurring during implantation. In the ex-
perimental data. the concentration contours are somewhut
shallower than in the simulation. This is beciuse the selective
epilaxy requires o = 5 nm oxide coating on the trench walis,
Under the bombardment conditions used (4 keV Q ions.
normal incidence).. the narrow oxide stripes in the initial
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Fig. 8. SEM section of i 2-1D sample showing trenches infilled witk
selectine epi-silicon

surfuce. erode about twice as rapidly as the surrounding
siheon. Eventualiy. this leads 1o lateral and well as vertica)
erosion of the overall structure. causing underestimanon o1
the depth scule. A satisfactory infill technique has only been
developed recently. and will be reported elsewhere [4"]

£ Insulating and resistive lavers
S Surtace charging and soone sofutions

The clectrical conductivine of different regions in sem-
conducting muteriis and devices varies from o few w1 om
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Fig. 9. 1 actors influenaiag su potential dunng SIMS analysis
in a comples multislayer sem . cwgudlor struciure. Note partweaiarly
the possibility ot reverse biasie . p—n Junenons with charge flowing

through the mateniul 1o compenisale jor probe charge

(vers highly doped maitral 0r metal regionsT o= LA SR

om Umsulators). When positinve tons are used is the primarn
probe. 11s essential that electrons can flow from the system
common. through the mutenal to the region of impact (o
neutralize accumulated surface charge), Otherwise they must
be supplied by coincident bombardment at an appropridte
energy [48. 541, or by other means 1581, For negative 1ons,
electrons must be able 10 escape from the region of impact.
by flowing through the material. or escuping from the
surface. Under some circumstiances. it is possible to use
negative ion bombardment in a self compensuting way on
insulators [49]. For fast atoms, a small amount of charging
takes place through secondary clectron loss [30]. but this i~
not generally serious In all cases. the instantaneous surtace
of the material will arrve at a surtace potential. which 1
dictated by the nett charge bulance flowny into the surtage.
the conductinity of the escape path. and — mostimporiant
for a semiconductor and usually forgotten -~ the reverse or
forwurd bias potentiais of upy JUNCUONS GCTOSS which charge
flows in the neutralization process {51] (see Fig.9). The
surface potential will either stabilize when itcan driew sufli-
cieni compensating charge from all sources. or will change
uantil the material breaks down or the primary beamts)
cannot reach the surface,

Even with good charge compensation. of in quile well
conducting samples. the surface potential can chunge
unexpectedly by 10°'s V during analysis [31 — 33]. especially
when profiling across interfaces where large changes n
conductivity occur. In addition, using an clectron beam lor
charge compensation may be impossible where phenomena
such as electron stimulated desorption occur [53]. Figure
10a shows typical SIMS secondary ion encrgy spectra for
an atomic ion — ‘As”. and a molecular ion — **Si,O".
The difference between the surface potential und the poten-
tial of the entrance plane lo the mass spectrometer will
determine the encrpy with which ions emitled from the
surfice cnter the system. An incorrect or varyving surface
potential will have the elfect of shutung or sweeping the
energy spectrum across the instrumental energy window.
thus producing unstable transmission. The effect will be
mosd sertous 1n i OMS o a DEMS operating at high mass
resolution. & DEMS operating at nonunal resoiution van
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S22 Ruprd or localized surface chareine

Samples contuining sery thin msulating bavers cun exhibig
changes 1o surfuce potennal which are too rapid for an
stabilization technigue 10 d=af with )

Figure 114 shows raw SIMS data trom g parually re-
crystallized highly arsen:. Joped polvalicon laver on 20 nm
of silicon dioxide on sil. . The behaviour of the arsemic
duning recrastallization. o0 o3 paiticular. the existence of
arsente piie-up at the mter e are 1o be determined from
the analysis. The data were obtained in EVA 2000 using a
300 nA. 4 keV ‘°0O; bearmn. normally incideni. with a4 % pA.
RO eV e” beam focussed mto the SIMS crater for charge
compensation. The As™ channe! wus run using a negative
taryet bias offset o suppress the *Y8i*SIO ™ interference ut
73 daltens 3% and Si.0 7 Channels at 73 and 76 dalions
with the same target bias were included as a diagnostic [32]
All channels exhibit sprihes 1= 2 orders of magnitude in
height 1o the viamity of the oaide Liver. The beliuviour of
the 51:07 chunnels shows immediately that o charging
phenomenoenis occurring [52) The oxide laver should exhibit
alower 51,07 yield than the surrounding silicon. A positive
sweep 1n surfuce potential s occurring as the oxide 15
traversed, and this is moving the maxima in the energy
spectra into the instrumental pass band. The behaviour of
the As " sienalis therefore spurious to some unknown extent.
Figure 11b shows As™ and 51,0 signals where the churge
compensation was better. The spike in the 512037 chunnel
has reduced o a factor of 2 change.

The sprkes in the 8120 channels thelieved at present to
be wholly ¢ue to charging) have o different structure and a
siightly different peuk posiion from the that in the As
channel The As spike muy well be composed of two merged
teatures: a charging response. aligned in depth with the
51,07 . and a true concentration peak supernimposed on this.
This 1s suggested by Fig. 11a where there 1s a sharp increase
due to charging at the point marked ). followed by a de-
crease n slope at (1). and then a doubiing of the slope at
(iii). This tvpe of behaviour was observed consistentls. From
other work [56]. involving the profiling of As implants
struddhng Si0; Si interfaces we know that the As response
at this interlace. for oxygen bombardment at normal inci-
dence. 15 a doubling of siope with no discontinuity in the
profile tunlike the case for boron [57]). Thus implics that any
change in the degree of iomzanon of arsemic due to the
change of matrix 1s balanced by the increase of sputter rate
in 510,. For the present. we tentatively associate the start of
the oxide with position (iii} in the profile. and calculate its
width on the basis of the mcasured SiO. sputter rate with
respect to sificon.

3.3 A rapid charging correction procedure

() It is assumed that all the variation 1n the Si,0 signals
(Fig. 11w bhiis due to a vanaoonan the local sample surface
potential s the oxide s approached.
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Fig. 11.a Raw S1MS protile capproximate depth calibration) for A
m polvsihcon on stheon drovide. The two 5107 channels w0 73
and 76 daltons show cicar evidence of charging at the pols $100
nterface. despite carctui charpee compensation with an ¢ beamn
However. the shapes of the 8120 peak s and the As peak are different.
with three civar changes ol slope vecurning on the latter fsec tesd ).
b The same sample prohled under best charge compensation
conditions. The swang i the 51,07 channe! has dimiinsshed trom o
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Fig. 12, P ui quantitied profiic rom the data m Fig. 116 The
correction provedure tEg. %) has reduced the ampliude of the Av
interfactal spike from a factor of 10 10 4 more reasonable Tactor
of 3

tir Energy spectra are taken tor S50 7 and AsTjons
under conditions s close as possible 10 those during the
profile. Figure 10b shows energy spectra from the poly
onide region with the electron gun en Note the contrast
with Fig 10u.

(i) The mtensity variation of the 51,0 chunnel s used
to deduce the magmitude of the surface potential change for
cach data point in the spike by compurison with the energy
spectrum. Provided the charge compensation is rood (e g
Fig. 11ty the variation remains in the exponential purt ot
the cnergy spectrum and is of the form:

V= =233 In(C¥,00V) S00) (N

where V is the surfuce voltage. and CY,0(V) is the cor-
responding Si,O intensity. The pomnt to point change in
arsenic channe! intensits s then deduced by measuning the
intensity at volluge V on the As ™ energy speetrum, relatine
to the intensity at the instrumental working point. Again.
for good churge compensation, the variation stays on the
exponential part of the As * energy spectrum. and a complete
digital correction function for the spike region can be found
as follows:

CMV) = CHV) expl061R I V) CHOIVLL (B

where V', is the working point of the instrument. C (V) is
the arsenie signal which would have been obtained it the
instrument had stayved on the working point. CY(V) s the
arsenic signad actually observed an the profile. and the
constants are found (rom the Jopes and intereepis of the
CHCTEY Spedina
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Fig. 13a—c¢. Boron modulation doped structure grown i MEBY
viewed with three dafferent echmques. The purameter is the growth
remperiture € Torvagh boron period . Bach penod was grown with
identieal buren flus and tme. a The OV profile shows the carrws
concentration decreases «nd broadens as the growth temmwrature
inercases. b The TEM shows the presence of the dopane clearh,
probably because of the enside strain. and the large concentration
gradicnts. TEM reveals the presence of very parrow bunds of pre-
cipitiles at high prowth lemperatures. © A comparnson batween the
SIMS und ¢CV profiles shows that the 450 and 600 Clayersare fully
clectrnically actne, whercas the mgher lemperaturs Lo ers appear s
surface segregation shoulders on vers narrow voncenirabien spihes
whaose fine structure agrees with the TEM data, Note that exvagr
correspondence between SIMS und eCV dats does notoceur hecaus.
the ¢CV depth scale varies non-lincarly with the curner comeentra-
tion because of varithions in the Debye kength

Equattion (7) has been used correct the processed profile
presented in Fig. 12, which has also been corrected for the
differentia] sputter rates in Stand $10,. Note that i there i
a significant Si;0) interference contnibution ot T8 dltons,
the ahove procedure will also correct for it imphris

[t 1» possible. that o modification of the above provedure
could be used 1o correet for charging effects i amages from
ateratly infiomogencous samples.

-G



6 Combinations of technigues

Complimentars e netion frem chomical, structural and

ciectrieas Charadtorisat

Gl ek seoreguired In maesd
semconductor rmvestigations Figure 50 shows an electro-
chemical capacitance-voltage eV protile through a boron
dopmy structure prown by SIAMBE The structure was pro-
duced o investizate the efiect of growth temperature on
boron incorperation at high doping devels {62) Each Taver
was grown usthg an tdentical boron tlux from an atomic

boron source. The carnier profile shows an apparent loss of

dopant and an anomaious ti.e net consistent with boron
diffusion) increase i the widith of the doped lavers with
increasing temperature. Figure 13 shows a SIMS profile
through the same structure At fow growth temperatures.
the boron is incorporated su~~ttutionalls into well defined.
sharply bounded lavers. Ax to. wemperature increases. how-
ever. the boron appears v increasinply complex sharp
structures tsee parnculurly oo 300 laver) which appear in
the correct growih positions. hut which exhibit skirts due to
surfave segregation during growth. 111s these broader regions
which are electrically actsve Figure 13b shows a cross-
sectionul TEM of the sume sample. Surprsinglyv. all the
“doping Tavérs are visible The TEM “und” SIMS  detad]
superimpose exactly Itoas evident that i the 700900
structures. most of the boron 1~ n the fenm of preapiiues
varound T nm scrossi very simelar behuviour hus been
ohserved for ligh dose implanted boron, where the pre-
cipitates were identified ws u boron sihaide phase (63]

7 Conclusions

The anaivsis of modern semconductor matertals requires
& sophisticated multi-techmgue approach. Moreover, such
techmigue may necd to be apphed inoa nove! way 1o meet
the sttingent demunds of ever smaldler devices. Nocurrently
commerentlly available SIMS inviruments are sullwienthy
flevinie in thetr use of sienple volume, thor field of view. or
their control over the primary probe to take advantage of
maost of the technigue vaniants described herein without sub-
stantiatl modification, For example. DEMS machines have
the highest usetul vields. und therefore. potentially the preat-
ast senstlivity. Since this pertormance v linked irrevocably
to a small eld of view (for a reasonable magnet radiusy it
15 an essential requirement to scan the sample to pertorm the
2-D analvses described in section 4. or 1o acquire data from
bevels which can be 10 mm long per pm of depth [60. 61].

Devices are now becoming so smal! that surface anaiyvu-
cal technigues (with the exception of electron microscopy )
cun no longer access them directly. 1t s therefore important
that communication between the unalbvst and the deviee
engineer is established so that appropriate test areas cun be
incorporated into device walers. Increasingly. special ana-
Istical structure will be required to obtain the necessary
information.
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