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A. Surface Acoustic Wave Studies

- 1. INTRODUCTION:
Studies of the effectz of energy deposition on piezoelectric
substrates (both uncoated and coated with silicon thin films) have been
performed using several different techniques for the analyses of the
nhenomena occurring during energy deposition and the subsequent material
property changes. An ocuiline of the details of these studies now follows:
1) Forms of energy deposited:
a. Energetic i1on beams (40 to 120 keV)
b. Visihle laszer light (@ to 3 watts)
2) Substrates (piezoelectric):
a. Lithium niobate (uncoated)
b. Quartz (uncoated)
c. Lithium niobate (coated with a polycrystalline
silicon thin film)
d. Quartz (coa'ed with a polyecrystalline silicon
thin film)
e. SGilicon on sapphire (not piezoelectric)
3) Analytic techniques:
a. The =ttenuation of surface acoustic

waves (5.0 .UW.5 - 200 MHz) measured in situ

durirg =2nerqgy deposition

h. The 1ttenuation of S.A.W.s as a function of ‘ \
temperature 1

c. The aralysis of implant damage using:
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1. Rutherford Back Scattering
ii. FElectron beam microprobe analysis
ii1. X-ray diffraction studies.

To one degree or another, all of these measurements represent initial
studies of these systems. In some cases, tentative remarks about the
phenomena being observed may be advanced, but additional work must be
carried out to remove the speculative nature of these remarks. In any
evert more work remains to he dons; further studies are being carried out.
II. EXPERIMENTAL OBSERUVATION:

1. In S:1tu Ion Implantation Studies Using Surface Acoustic

Wave Attenuation.

The effects of energetic ion beams (ion kinetic energies in the range %
of 40 to 120 keV; most studies at 100 keV) on tne surface properties of
piezoelectric substrates have been conducted using the attenuation of l
s.rface .coustic weves as a probe of the changes to the surface of the #
sample. Nearly all af the energy assaciated with the S.A.W. is confined to

within one acoustic wavelength of the surface (typically, a distance of 10

micrometers ), and hence these waves are well-suited to study ion
implantation-induced surface changes. The substrates have been the
piezoelectr;nc materjials, guartz and lithium niobate.l (While these

materials =r~e 1nteresting technical substances in thair ocwn right, their

1 pre-celectr:c properties were important to the fabricat:on of ?
Eif S.A.W. transducers.) In our studies the implanted regions of these i
aa? materiel~ were both uncoated and coated with a ﬁhsn film of polycrystalline

Ei s51licon. Preliminary studies have been carried out with a numbher of

d; fferant ion spacies (argon, boron, chlorine, phosphorous, oxygen); the
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majority of cases were done with argon 19ns because of the chemical
inertness of argon and its moderate penetration depth. Several runs were
dene using phosphorous ions because of their chemical reactivity. Typical
ion current densities were estimated to be about 6#10°(-6) A/cm"2 ,
although some runs were done with ion current densities on the order of
BE+10"(-7) A/cm"2

The acoustic attenuation apparatus we usc measures the change in
attenuation versus time. What is sean for uncoated samples is an increase
in attenuatinn (a decrease in the received acoustic signal) upon beginning
the 1on 1mplant, followed by a partial reccvery of the acoustic signal upon
ceasing the 1on implant. (See Figure 1.) This is to be contrasted with
what 15 seen for samples with silicon thin films. At the very beginning of
the i10n implant (e. g. no prior~ implantation has taken place), a
phosphorous beam of about 6+i@°(-B6) A/cm"2 at 100 keV produces a large
tatout 2@ dB/emi, rapid, permanent increase 1n the attenuation. (See
Figure 2.) The polvecrystalline silicon film/piezoelectric substrate
combbinatioe appears te he quite sensitive to 1on implantation. Upon
~esurmt~] 1327 i1mplantaticn, the~e is an iri1t:3l, modest increase in the
attenuat o, followed juictly hy a partial recovery in the acoustic
crponal. llpon nessinyg tte ..n implant, there is a prompt, sizable 1increase

‘teoaccustic attenustion, with the increased attenuation being

perrarent,  ‘See Figure 3.

These phenarena are dependent on the several variahles in this

Fope iment 1o b oonetic energy, 1on ~urcent density, implant history, i1on

<pecies, sample subs'-ate [t has not been posstible to vary all of these

parasoters 1n 3 systematic manner ‘o obtain a definitive picture of what is
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happening. However in sectionlll,several tentat:ive models are proposed

based on the above observations and those presented in section 2 below.

2. In Situ Laser Illumination Studies Using Surface Acoustic

Wave Attenuation.

Most of the S.A.W. samples also have been exposed to intense
monochromatic laser light. The variables in this case are: substrate
material (quartz o~ lithium niobate); the surface is uncoated or coated
with silicon: the illuminated region was previously implanted or
uri.mplanted; light intensity; light wavelength: light intensity constant
{0C) or chopped at 1440 Hz (AC). As before, it has not been possible to
adjusi all of the variables to a sufficient degree so that a concize
pircture emerges. Haowever some remar)s about phenomena observed may be made
and some terntative conzlusions drawn (see below and section III).

In the case of uncoated samples, the unimplanted regions are clear and
absorb very little of the light: a small fraction of the light 1s reflected
at *the surface, due to the change i1n refractive 1ndex (air to crystal) and
from the aluminam  amp.oe holder beneath the sample. As might be expected,
little chunge 1n the asoustic attenuation is seen upon starting or ceasing
il ltmrnaticn oof the acoustic path. Houwever, there is some evidence of a
mapid, srall 1nc-eane in the attenuation for lrthium niobate upon starting
the tllumination of the sample, which suggests as opto-elastic i1nteraction
- pertass soe Lhange n ine elastic constants of lithkiurm niobhate upon
e-cssure to tight. (See Figure 4.)

Trne implanted rogicns on the urccated substrates ace darkened by the
tor tmplant and abe h 3 f-action of the incident light. The following

desoraption sty ol of wiat 1s observed upnn exposing the implanted
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regjion to laser light. At the instant the optical beamstop is removed,

there 1= a rapid {time con:tant of about 3-4 seconds) but moderate (a few
d8.zm increase) rise in the :tterusticn, followed by a very small, slow
Jr1ft upwards in attenuation (this latter effect appears to be due to a
heating of the entire sample). Upon putting the beamstop in front of the
light beam there 15 a ;lmllar, rapid (3 to 4 second time constant) recovery
of the acoustic signal. The recovery 13 essentially complete, aside from
the offset in attenuation (of a few tenths of a dB/cm) which matches the
smaller attenuatinn 1ncrease due to the heating drift. (See Figure 5.)

It s possible that heating of the entire sample affects the
attenuation by cne or more mechanisms: 1) a dependence of the attenuation
coefficient of the implanted region and/or the bulk substrate on the
temperature of the sampia: 2) a detuning of the resonant structure of the
“.A.W. transducer:. due to thermal expansion nf the sample. In any event,
1t iz a fairly small effest here. The more prominent effact {the rapid
inc~ease 1r ~ttenuation of several dB/cm) may bhe due tn a rapid temperature
ri15e due tc heating of the darkened implanted thin layer and/or the
gericratior. of mobtile charge carriers in the implarnted region by the light.
The tempernst ~e risr ronld change the elastic constants of the implanted
meglon or change the electrical conductivity of the thin surface layer.

The soreration of charge -urriers wculd also be expected to change the
elestrioal fonductivit, of the implanted regicn. A cerducting layer ¢cn the
surface -f the preicelectric subst-ate might be expected to interact with
the «iectromagnet:s componen! of the iraveling acoustic wave and damp that
wave due to the generction of Joule heat from fhe 1nduced currents. Dur

naceant natilit. to measure acoustic attencation at several acoustic

SO Y T TN Word BAP W NPULAP S G0 L WP . W S




g~ i o™ mr=n it “aunts - adut adi~adh = sl ~ b il el it~ bl ~ i) ...".. Pl i

frequencies simultaneously cr to measure the velocity change of the
aconustic waves precludes resolving the question of which model 1s correct.
More detailed analyses of the rise-time of the acoustic attenuation
ctange as a functicn of l:ght i1ntensity and light wavelength shows that the
risetime (and falltime) of the attenuation is essentially independent of
light 1ntencity and light wavelength. The height of the attenuation change
appears to be a linearly increasing furiction of the light intensity,
although there possibly \g a threshold of a small fraction of a watt/em™2;
the heighkt appears ‘c be independent of the light wavelength. (See Figure
. The gua-tz and lithium niobate samples coated with a thin film of
nolveryetaliine si1licon are dark gray, hence a fraction of the laser
Viluminetic~ 15 absorbed. In situ acoustic attenuation measurements of the
e’ “acts of =tead,, itnterse linht (of 1ntensit, of the order of a few watts
per =2m’2 shcw a similar behavior. Intensities of one watt/cm”2 or greater
5how - pesitive change i attenuation upon exposure to light. The change
:noatternuatyon 1nzreases with increasing intensity. However for

[e

irtensities belse one watt/am”2, there 1s a negative change in attenuation
ucnr exposare to lught, It 17 possible this 'atter effect 15 simply due ‘o
a thermal = parsion from keating:  the device is tuned through a peal in
the res:nince curve of the transducer and for a small amount of heating the
st ampraves. hkoweve: | the effect 13 moderately big and has a short
timea Zonstant (o foou selords ), which would tend to dig-ourt detuning from
thermal =.paas1-n 35 tre sole sourcs of this sttenuation change. Further
werk rernaren ta be o dore to determine that this 15 & significant effect.

If the la.ar tigtt 1 chopped (at 440 H:' rathoer than held steady, anvd

e oo st 0 gl that 1 detentodt s the AC (440 H. o modulation that




™ adua e, auane o ne frs s et Mo b Dok ghiicuinits S 2hs Sl s e o S T e P T v e

-10-

then appears on an otherwise steady RF carrier, a small but measurable
change 1n the attenuation is seen upon exposure to the chopped light. (See
Figure 7.) EC¢ far our observations are qualitative, but the exi3stence of
this AC effect would seem .o suggest an opto-electronic interaction rather

than a purely thermal effect. More quantatative measurements need to be

carried out.
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[1T. POSSIBLE MODELS:

Thera are & vartety c¢f mechanisms which cruld chenge the strangth of
“*a received RF =.5-a] at the RF amplifier and thus affect the reading of
tre relative attenuztion that we measure. Some of the mechanisms could be
dus o sigrif:i:cant physical phenomena which occur in the acousiic path and
are the real effezts we are locking for. Some of the mechanisms could be
due to changes 1n the transducer characteristics or shifts in the
lectronics, herce they should be classified as spurious effects. Both
r=al and uspurious effects are occurring to one degree or another, and we
mali now attempt o separate the two and discuss possible mechan:isms
=ating to the real effects,

' Sourious Fffects.

Du= ©5 the l:mitaticons on the available electronics, what is measured
15 a change 1n the attanuation of the acoustic signal rather than an
abstlute :nsertion loss. A5 a result, change itn the output voltage or
fregaency of the PF sigral generator, change i1n the gain or tuning of the
~f cncerver, vhange 1n the S.AW. transducer characteristic, or change in

the cornect.nqg zables (e.g., a change 1n the impedance characteristic at an

T
>

cnzctor) il show up us change in the received signal strength through
tte cample channel and hence as an apparent change in the relative
atterciation of the sample Being studied. The accustic properties of the
cempls o regotn o maght not ha.e changed, although tne received RF signal has
a2 ad, ber e tris attenuation change 1< described as spurious.

Tt moariabie wlecrronics are moderately stable. Small shifte 1n the
RE autput 2f ‘he <ignatl rererator have tieen rotet, but these should amount

t an L grgprto ot At ol or two.  The RF frequency is usually

LAY
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manttured, and while there are small shifts 1n RF frequency, these would
lead to o small draft 1n tha relative attenue ior of a decibel or two. The
receirver cha~acteristics are more difficult to account for, but tuning and
ga:1n appear to be reasonably stable. The interconnecting cables usually
aren’'t diaturbed during a run, s0 the remaining variables are the behaviar
of the S.A.W. transducers and the sample. Change 1n the received RF signal
that appears to be related to change in the transducers has been seen, but

1t s diffi-ult to account for just what 15 causing this shift in signal

i=vel. Change ir ihe temperature of the sample changes the hehavior of the
tranzducers, bu* nct 1n a predictable manner. 0One measurement of the
atteruation change as « function of temperature showed a negligible
ittenuation shift (aoout | dB) over the temperature range of -50 Celcius ‘o
+50 “el-~jus. Using a sumewhat different technique to measure attenuation
change 11 warming from +18 C to +50 C yielded an increase in attenuation of
abant 7 AR which remained on coocling to room temperature. Furthermore,
~etunirg the RF cscillator and receiver did not change the received signal
Much, hence we were left 1th an unaccounted for shift 1n the transducer

chargster oo,

Trere o ame saseral soeces of evidence which suggest that most of the

B

carge 17 sttecgation seer durang ion 1mplantation and e«posure to light

4.m - spurinas the~mal effects. "he first observation invalves the
ar e s s benget 1 an ~harge as a function of the sbscorted cower 1n the
e 7kt heae, Te *total 17n ~u-rent reachring the .ample i3
: cal ceomycmeamnr eoaselerated arress g potential differen.e of 100
P
Sl s anngn s b ar greident power of J.1 watts reaching the Lamnle
; 8]
G faze feow o the (ot v 2titenuaticon changes have beern as great as 10 to
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ACOUSTIC SIGNAL CHANGE
VERSUS TIME
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ACOUSTIC ATTENUATION CHANGE
VERSUS L IGHT POWER
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ACOUSTIC ATTENUATION
VERSUS TIME

.....

fﬂight of f

lithium niobate
uncoated
implanted region
laser irradiation

.............

light on

t LB v L4 L t

10 20 30 40 30 60

time, seconds

Figure )




=23~
ACOUSTIC ATTENUATION
VERSUS TIME
0. 20 lithium niobate

- uncoated
% 0. 154 unimplanted region

J laser irradiation
¢ TN
.S 0.10 T light of f
o ] '
5 0.05- ‘
C
a N
s
o 0 -

4. elight on

-0. 05 - S ——
O 10 20 30 40 S0 60
time, seconds
Figure 4
SR A N Ly S T O T




[ 3 &0 “gile il Wit tngh wan Sugl, il el SN pnd il Saal Sl Sadini A : «

-22-
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ACOUSTIC ATTENUATION
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o ACOUSTIC ATTENUATION
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by the small energy deposition near the interface of a mixing beam.

The above is a very brief summary of the results which are described
more fully in the resulting publications included in Section D. Further
studies of compound formation for the Cr-Si system and of the detailed

structural properties of the metallic aluminum located within the silicon

are in progress.
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ultra-clear vacuum envirorment during i1on 1mplantation 1s being constructed

angd will be placed

ntn service

in a couple of months. This cleaner

environment y1ll help to reduce surface contamination during icn

implantaticn and tence

ourr samples. Finally,
aprparatus are planned:

attenuation changes at

help us better characterize the changes induced 1in
improvements in the acoustic attenuation measuring
one addition will allow us to measure acoustic

two different frequencies simultaneously and hence

we shall be better able to compare experimental results with theory.

B, Ion Beam Mixing, Profiling and tiigh Dose Implantation into Silicon

Our initial studies focused ou ion beam mixing of thin films of

aluminum which were deposited upon several orientations of single crystal

silicon substrates. Intermixing is demonstrated which appears to largely

2 3

result from recoil mixing. Nuclear resonance profiling” was used to study

the Al depth distribution because of the effects of strong preferential

sputtering upon tne SIMS depth profiles. Studies of high dose implants of

botih Ur and S1 into silicon were also carried out.

4,5

These results indicate

a strong dependence upon implantation conditions
5

and, in the case of Al,

upon the silicon target orlentation,

near surface distributionsa’5

leading to specific conclusions about

for both Cr and Al in silicon.

Finally, our results upon the effect of low dose ion beam mixing upon
the unit cell geometry of Nb films deposited on silicon indicate a clear
dependence upon the location of the energy deposition with respect to the
niobium~silicon interface.

These initial studies suggest that some of the

registration mismatch at the metal-silicon interface can be greatly reduced
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niobate, which would tend to support the 1dea ¢f slectromagnetic damping of
acoustic waves here. Still, there are other differences between quartz and
lithium nichate, such as the thermal erpansion coefficients, which might
account for the relative si1ze of the attenuation change.

Measurements of the ri1setime and falltime of the attenuaticn, as well
as the size cof the attenuation change, upon exposing the sample to the
laser light or removing the light, indicate that the risetime/falltime
constants and size of attenuation change are independent of the wavelenqgth
of the laser light. The r setime/falltime time constants appear to be
independent of the atsorbed power, but ihe size of the attenuation change
dzpends on the light intensitv, with a possible small threshold of a
fraction of a watt/cm"2. (See Figure 6.)

3 Corclusions: 0Observations.

We have demonstrated that 1t 1s possible to perform in situ
measurementz of the effects of energy deposition by ion beam and laser
light using surface aszaustic waves as a probe. This measurement technique
permits us 'o detect changes 1n the implant region during energy deposition
Jowr to a time szale «f the order of one second. JIn addition, phenomena
wioumming 2noa shorter time ::3le may be studied by chopping the energy
bear and LU ing AL 1sck-in dJetection methnds.

o NTHER MESSUREMENTS:
ontal aotic meiasuremants, such as Kutherford Back Scattering

“ralvers, blectron Micrepgrobe Analvsis, and X-Ray Diffraction Analysis,

AL g i de andependent 1nformation about the damage dore to the surface
of cur samples. Se.eral of these measurements are now being carried out.
I dditics, a sample pumping station capable of placing the sample in an
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the density of the material. In addition, some of these defect centers in
’ dielectric materials may be electrornically active and interact with light
:. . and the =lectromagnetic conponent of the acoustic wave propagating in a
) piezoelectric material. Ton beams produce zizable attenuation changes in
s cur samples which are more or less permanent, hence we believe we are
- observing the production of both mechanical and electrically active defect
centers during in situ 10n 1mplantation. It might be possible to separate
these defect centers 1f we had access to S.A.W. devices on
“on-gtrezoelectric substrates, but the difficulty in fabricating such
-.‘ dev:ces precludes this at present.
' 1:. The Generation of Charge Carriers. By contrast, laser light
i trould prcduce no permanent change 1n the implanted samples, other than the
pcosible bleaching of colar centers from the exposure to light or a slight
. warring. In any e.ent, the attenuation changes due to exposure to light

'
.

appear to be fullyv reversible and reproducible. One tentative explanation
for this reversibie altenuation increase on exposure to light 1s the

- onerition of mob-le charge carriers or electronically active centers which
in offect (hange the conductivity of the surface layer of the substrate,
Tte e:ectromagnztic component of the acoustic wsave on a piezoelectric

sutizt~ate 15 damped by this conducting layer. Indepandent confirmation of

th:is effect by measuring the electrical conductivity directly has not been

riade and wenld be useful. As mentioned above,/studles with
-
N n.t niezoelect: 1 subatrates would also be useful However, as seen in
-
- Fi,ire- 3a and 8b, the =12 of the attenuation change is smaller in quartz
] thon an l.thium -irhate.  The degree of electromagnetic coupling to
E-' mechanical waves 1 guirts 1s substantially smaller thas 1t 15 in lithium
o

>
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attenuation rise than the 1¢ Yeam, it 1s belii:ved that this effect is
fairly small.
ii. Temperature Dependence of Intrinsic Attenuation.
In this mode!, the temperature deperdence of the microscopic i
scattering center~ (defect centers, charge carriers on a piezoelectric
substrate) produces an attenuation change with rising temperature. For 1cn
beams, most of the kinetic energy of the ion beam is deposited in a layer
about 100 nm deep: similarly, the silicon film and the implant damaged
(darlened) layer are of this order of thickness, hence the laser light is
absorbed 1n a laver of this thickness as well. The conventional acoustic
atteruation process 1s ‘he interaction of the acoustic waves with the
thermal phonons which scatter from microscopic defects and mobile charge :
cirriers, reliminary measurements of the intrinsic temperature dependence

of the attenuation of the several samples we have studied (made by cooling '

and reating the samples sver 3 temperature range of -50 C to +50 C),

‘ suy.rct that the dependence of the attenuation on temperature is fairly
. avatl, 2lthough this mayv not be true 1n all cases. However, because of the
‘x
” .
=~ g-fforerice 1n the cize of the attenuatinn change for ion beams and laser
“.‘ |
4 L. gt of zomnarahie 1ntensities (discussad above) and the differences
—
netuear the si1.e of tho attenuation charnge for quartz and lithium niohate
k
‘ e& Figu~es Ba and 8b), this appears not to be the sole machanism at
g o
E. b Mitroocoprs Svattaring Centers.
b
E Tefect Centersy. Tne microscopic changes induced by an energetic

-

Loorwmpingling onoa sur face 1nclude microscopic mechanical damage, which

. atter thermal nohorce. ard 'hence acoustic waves due to 1nhomogeneities 1in
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20 aB.'em. This power is to be compared io an absorbed incident light power
of about 0.2 to 2.4 watts here the corresponding attenuation change 1s
typically tuo to three dB/ci. Since the attenuation change is dependent on

more than the incident power, mechanisms other than pure heating are

- responsible for attenuation changes. The second observation involves a run
where the laser light was shone directly onto a S.A.W. transducer: no

change in the acoustic signal was observed, even though the black wax

acoustic ahsorhing pad directly behind the transducer appeared to have been

PRt Pl S e

slightly melted in the process. Thus the incident iniensities being used

are not sufficient to detune or otherwise affecrt the transducer
characteristics grossly. As a result of these cghservations, we helieve

that a major portion of the attenuation changes seen during in si1tu energy

deposition are significant effects which can be used to hetter understand
phenomena occurring during energy deposition.

2) Some Posuible Scaitering Mechanisms.

a. Thermal =ffects
A consequence of erergy deposition to the surface of ithe sample is the

dererat.on of a fairly comples temperature distribution, with the exposed

caurface boing hottest ind the bulk of the vampie slowly warming. Several
}if mechanisms which offect the attenuation of S.A.W.s exist and may be active
o here.,
®
. 1. Thermal ec«pansion.  The rectangular region exposed to tte laser
flz -ight or 1on beam will be yarmed and a strain field will be produced due to
S the:mal e-pansion. At gre Lent we do not have a model for attenuation
»
L nrodured by mechanical distortion. However, since absorted light of
f:: ntrisity reater thar the 1ntensity of the i1on beam produces a smaller
)
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Abstract

Phenomena which occur at solid surfaces
during ion implantation and the short term
property changes which result during this
exposure may be studied by sending surface
acoustic waves across the implant region.
Quartz and lithium niobate have been exposed
to 100 keV Art ions; later these implanted
regions have been studied while being exposed
to intense light from an argon laser. The
strength of the received surface acoustic
waves is attenuated (by over 20 dB in lithium
niobate) during an extended exposure to the
ion beam. Upon ceasing ion bombardment there
is a fast but incomplete recovery of the
received acoustic signal with a time constant
of the order of ten seconds. Laser light of
comparable or greater intensity produces a
rapid rise in attenuation of only a few dB,
with a rise time of about three seconds. [':'n
ceasing illumination, recovery is similarlvy
rapid but complete. From the different results
produced by ion and light beams of comparable
intensity, we conclude that the changes in
material properties which are being observed
are produced by mechanisms not entirely
thermal in origin.

1. TIntroduction

There is considerable interest in the phenom-
ena and material property changes associated with
ion implantation., A wide variety of probes aad
techniques have been applied to these investiga-
tions. Since the phenomena and material proverty
changes occur at or verv close to the surface,
surface acoustic waves are a useful tool for ex-
tracting information. 1-6

There have been a number of studies of the
effects of fon implantation using surface acousti.
waves, but only the references by Valatka, et al.,

the implantation process. In this paper we present
the initial results of measurements of the atten-
uation change of 200 MHz (nominal) surface

REPRINTED FROM
1040 — 1982 ULTRASONICS SYMPOSIUM

LI - . " - .« - .
e i S i B i B e Landd B A -

report on velocity change measurements made during

Db Sal Nl se ek h s i e 4 i R Y’ B e B 4aiivan At un S e B0 AVl b o R i dem

IN SITU STUDY OF THE EFFECTS OF ENERGETIC ION AND LASER BEAMS ON
QUARTZ AND LITHIUM NIOBATE USING SURFACE ACOUSTIC WAVES

F. P. Lipschultz and J. I. Budnick

Physics Department and Institute of Materials Sciences
University of Connecticut *
Storrs, CT. 06268

F. A, Otter and T. W. Grudkowski

United Technologies Research Center
East Hartford, CT. 06108

acoustic waves (SAW) during ion implantation.

2. Experiment

The quartz and lithium niobate samples were
exposed to 100 keV Art ions in the fon acceler-
ator of Prof. Howard Hayden at the University
of Connecicut. The attenuation change of the
SAWs (at a radio frequency of 195 MHz for quartz
and 215 MHz for LiNbO4) was determined by com-
paring the relative detected voltage height of
4 psecond=wide, 10 kHz repetition rate pulses
which were alternately switched between the im-
planted and unimplanted channels, both on the
same sample., A PIN diode switch transferred the
RF between the two channels at a 1 kHz rate,
controlled by the reference oscillator of the
lock-in amplifier; the voltage height of the
detected RF pulses was converted to DC by the
lock-in amplifier and measured by a digital volt-
meter. Either the difference in pulse height
voltage for the two channels or the pulse height
voltage of one channel could be measured during
the run. These measured voltages could be con-
verted to attenuation changes using an earlier
measurement of the pulse height voltage of the
unimplanted (reference) channel alone. Tantalum
masks were used to define the geometrv (2 mm
width by 8 mm length) and location of the im-~
planted region, measure the incident ion current
and surpress secondarv electron currents.

The average Ar' fon current to the lithium
niobate sample was estimated to be 0.27+.05 uA;
the average Art ion current to the quartz was
estimated to be 0.75+.10 uA.

Since a computer was not available to record
the voltmeter readings continuouslv duriny ion
implantation, it was necessarv to stop the meas-
urements to record the voltage readings stored in
the voltmeter's memorv from time to time, hence
there are portions of the run not recorded. Be-
cause of a short which developed carly during the
quartz implantation, that measurement was termi-
nated prematurely. Those portions of the lithium
niobate and quartz which had been exposed to the
ion beam were darkened, indicating some form of
damage. It was these darkened areas which were
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cexposed to intense laser beams, as reported
below,

3. Experimental Results

LiNbU4

Exposure of the LiNbO4 to an Art fon beam of
particle cnergy 100 keV and current density
1.7x1072 a/m? produced an increase of attenuation
with time. The response of the sample when the
beam was turned on was dependent on its previous
ion beam exposure. The very first exposure of the
sample to the ion beam produced a gradual in-
crease in attenuation; later after the sample
had been exposed to the ion beam for a period of
time and then allowed to partially recover in
the absence of an ion beam, turning on the ion
beam produced a rapid increase in attenuation
(withh a time constant of a few seconds), followed
b.oa more gradual increase in attenuation. This
trend is shown in Figure 1. Times shown are not
ahsolute but are from the start of that partic-
ular period of the measurement. Due to experi-
mental difficulties in establishing the beam on
the sample at the beginning of the experiment,
the verv carliest time is not shown.
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Fiyure | - Attenuation change in LiNbO, produced

3
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when the Ar  ion beam was turned on.
The sample had been exposed to about

N
5. 6x10°° Ar /m2 prior to t=0 s.

U'pon turning off the ion beam, there was a
similar rapid but incomplete recovery in the sig-
nal amplitude in the implanted channel, as shown
in Figs. 2 and 3. The time constant was on the
order of ten seconds. I[n detail, the value of the
attenuation at beam turn-off, the degree of re-
covery and the limiting attenuation value were
dependent on the history of the sample. Our over-
111 attenuation change per unit length (the
length of the implanted acoustic channel was 8mm),
of about 30 dB/cm measured in_situ, for an over-
all fluence of 1.6x1020 Ar¥/m®, appears to be
significantly greater than the attenuation change
reported by Larson, et al., for Net for a
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Figure 2 - Attenuatiom change in LiNbO., produced
when the Art ion beam was tarned off.
The sample has been exposed to about

1.2x1021 Ar+/m2 prior to t=0 s.
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Figure 3 - Attenuation change in LiNbO., produced
when the Art ion beam was tirned off.
The sample had been exposed to about

1.6x1021 Ar+/m2 prior to t=0 s.

corresponding fluence and SAVW [{requency.
Note that for an intensitv of the ion beam of

1.7x103 W/m2 (comparable to the intensity of sun-
light), abrupt attenuation changes of 4 dB and
greater, and an overall attenuation change of a-
bout 25 dB were produced. By comparison, the im-
planted region of the lithium niobate was exposed
to several different optical wavelengths (wave-
length of 515 nm, 477 and 458 nm) with absorbed
intensities in the range of about 0.5 to 1.5x10%
W/mz, depending on the maximum power available at
a piven wavelength., A typical attenuation change
curve (A=515 nm, Iabq about 104 W/mz) produced

- G

by turning the laser light on for about 40 seconds
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o is shown in Fig. 4. The rise and fall time of the
s attenuation change when the light was turned on
and turned off were approximately three seconds,

X the attenuation change was about 4 dB, and the

i recovery was nearly complete. The change in at-
: tenuation was found to be proportional to the
light intensitv, but showed no apparent dependence
on the wavelength of the light. The rise and fall
times of the curve appeared to be independent of
both the intensity and wavelength of the light.
Recovery of the signal after the light was re-
moved was virtuallv complete,

) . 4 T T T T
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. - ! Light ]
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L ¢ o o
o (o light —
. : E — on -
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o] 20 40 60 [-1+) 100
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Figure 4 - Attenuation change in LiNbO, upon ex-
posure te light from laser.

. vuartz

I The phenomena we observed for quartz were

' qualitatively similar to those for LiNbOg, except
that the size of the attenuation changes for ion
beam exposure and laser light was smaller, Due to
a short in one of the tantalum masks, the quartz
implantation ended prematurelyv, hence the overall
fluence was about 1021 Ar+/m2. However, the ion

l beam current was larger, being about 0.75 uA; the

fon beam intensity was about 4.7x103 W/m2,

The change in attenuation for quartz during
ion implantation is shown in Fig. 5. Note that the
sample already had been implanted briefly just
prior to the time, t=0 seconds, in Fig. 5. The
reason for the one dB improvement in the signal
at beam turn-on is not known at this time.

The response of the implanted region of the
quartz to laser lipht of 515 nm wavelength and
- an estimated absorbed intensitv of about 8x103
’ W/mZ is shown in Fig. 6. This change in attenuation
for quartz was substantially less than that for
. lithium niobate exposed to light of the same in-
- tensity,

-Vl

4. Conclusions

There are various mechanisms which we are
tempted to propose to account for the attenuation
changes upon exposure to the ion and light beams:
heating Jdue to enerpy input; densitv and elastic
' congtant changes due to the damage done to the

lattice by the energetic ions; mobile charge
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Figure 5 - Attenuation change in quartz produced
when the Ar" ion beam was turned on.
The sample had been exposed to the ion
briefly prior to t=0 s.
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Figure 6 - Attenuation change in quartz upon ex-
posure to light from laser.

carriers induced by the charged ion beam or the
laser light. However, while there is insufficient
information to adequately explain in full the ob-
served attenuation changes, we may draw some ten-
tative conclusions. Since the laser light produces
a smaller, reversible change in the attenuation,
while the ion beam produces a larger, permanent
change for similar intensities, we mav rule out
the temperature rise as the sole cause of the
attenuation changes seen. Also, the attenuation
changes are larger in lithium niobate than in
quartz, and since the piezoelectric coupling is
larger in lithium niobate, the damping of the
acoustic wave through an interaction with induced
charge carriers is suggested. Further experiments
to sort out these various possibile mechanisms
are in progress.,
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The effect of high energy ion bombardment on the structure of sputtered
niobium films has been studied. The 1000 A films were sputtered onto silicon
substrates. T films were oriented with a [110] fiber texture and were found to have
a monoclinically distorted cell characteristic of compressive stress, where the stress
directionis parallel 1o the film surface. Bombardment with 300 keV Xe ' 1ons, which
for the most part did not reach the silicon interface, merely expanded the volume of
the distorted as-sputtered niobium unit cell. However, bombardment with 600 keV
Xe * 1ons. which have a mean range extending to the interface, relaxed the unit cell
toward the configuration of a cubic geometry. ‘

| INTRODUCTION

Under proper conditions of pressure and other experimental parameters.
sputtered films of metallic clements are often deposited in a state of compressive
stress' * Several mechanisms have been suggested as contributing to such stresses
in particular cases. These include argon entrapment during sputtering®, oxygen
entrapment™® and “atomie peening” by high energy metal or sputter gas atoms’ 5~
Hoffman and Thoraten ™ discovered a sudden transition from tensile to compressive
stress when the ambient presstre was lowered past a threshold value: this transition
pressure tends to mncrease with the atomic mass of the sputtered metal and mav
correlate with the onset of a critical energy for the atomic pecning effect.
Subsequently. Hothuan and Gaerttner® simulated the effects of atomic peening by
cvaporating chronnum concuirently with 1on bombardment. They found that the
critical ron dose for a transitien from tensile to compressive stress 1s dependent on
the momentum 1 the bembarding species, as wel! as on the substrate temperature.
Finallv. in a recent study of stress modification in mobium by low encrgy ion
hombardment during deposition. Cuomo er al.” separated the stress modification
effects into “impurity controiled™ and “structure controlled”™ regimes. For thosc
hims deposited at higher substrate teiperatures, impurities were found to be less
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tmportant than strectusal modifications of the ntobium caused by 1on bombard-
ment. In this structure-controlied regime, bombardment during tormation was
found to change tilm stresses in the direction of compressive stress,

From the above discussion tmay be inferred that compressive stiesses can be
produced h_\‘ son - aspect ot the sputtertng process which is nor associated with the
deposition of impurities but rather woth o rmechanical etfect of the bombardment
[hus. the term atonue peening has boencoined’ ™ The nature of the deformation
which 1s assocrated with the atomie peening process is not understood at present,
and 1t s not the purposc of the present paper to speculate wlong these lines. Rather,
experimental evidence s presented here which imdicates that it s possible, under
certamn cireumstiances, to reheve cuch compressive stresses by high energy jon
bombardment.

In the present study. 1000 A films of niobium were sputtered onto siheon
substrates and then subjected to bombardment with Xe ™ 1ons having energies of 300
and 600 keV. Sumples were characterized by X-rav diffraction measucements, both
with a diffractometer and with a ghincing-angle Read camera In addition,
Rutherfo.d backscaticring measurements, micraprobe analvsis and measuremenis
of the resistive superconducting transition temperatures [0 owere carried out
Rutherford backscattering enalvais and range energy calculations mdicate “hat the
00 keV Xe ™ jons had a mean range of about 473 A wnd for the most part stenped
within the niobium nims. whercas range energy calenations imdie ste "hae the
600 keV Xe ™ 1ons had o mean range of roughiv Y00 A and cavsed  oisderande
mixing with the sthconsuintrate The as-deposited Sla sputizred cindor onaa 1,

corresponding t the strectare-controlled region of Cuomo e e w0

X-ray analysis to be under compressive stross, The 300 ke Neo g o 0
embedded 1 the mobram. micreiv expanded the volume of e o Vot
having much effect o the coll ssvmmerry The oo kel Neo oo

bowever relaxed the mobnen toward the configuration of coihey 5

FXPERIMENTAL PROCEDRUKRI

The films were deposited be o e spattermg o samiplie Chamise
with a iquid-nitrogen-cociod o dintosion pump Initial bhae prossire wa o pioaiin
S« 10 " Torrin the chamber prion 1 secttering FPhe sputienimyg paranscrersw e e
foillows: 30 min pre-<putter o the mobram souree: substrate bs ot TTON (4 NN
pressure of 2« 10 Torr depostiion rate on 3 A 0 wuhatrate temperature duning
sputtering of abent 120 00 The hugh cubar e temporatnae as well as the applicd
Presvoltage reduce the vick e Cocthiaient ot o een and imiprove tlm pur: The [

valre ofthe as-depearc w7 R whe oaschoae ro the bulk value o @ 0 RS
o bembardimeni ved 20 erford haot cattenme measurernents were cartied ot

using the beart o o hoen e Van de Graadl generator The 300 kel

Pombardment vas ot o casorbeenst of TprAem owaith a total dose of about
ST s om T b eioarded dred Was approvmately 6 mm - 7 mm. The
OO ked bombard vt e ra et anadler carrent density of 100 nA em L with
stotabdoscotarc s Tl Sansom S The bombarded arca was approeximiice’y
Tmm e dmen Th i were v Jontact with g heat sink. and with this

arrangement nedetootbio s atpe dneane Bombardment was measured., wangan {R
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detector or i thermocouple, lor bombardment powers much greater than those used
in the present cxpertment Inaddition, it should be mentioned that the thermal
expansion mistmatch stress contribution for niobium deposited onto heated sihicon
substrates was found to produce tensile stresses by Cuomo er al.® Thus, the
compressi ¢ stresses observed i the as-deposited samples studied are due to some
feature of the sputtering process ruther than differential thermal contraction of film
and substrate.

Flectron microprobe analysis was carried out for oxygen, carbon, argon,
mobium and xenen A 10KV electron beam potential was used with an incident
current of 1 < 10~ A The sample tilt was 20 with respect to the horizontal. with an
X-ray take-off angle of 45 . The electron optical column ran ata pressure of 4 x 10 8
Torr with a differentially pumped specimen chamber pressure of 1 x 10 ¢ Torr.
X-ray peak data were taken with a wavelength-dispersive spectrometer with the
electron beam rastering over a rectangular pattern measuring 150 pm x 100 pm. The
peak intensitics were referred to pure standards where possible. However, in the case
of oxygen. magnesium oxide was used. and for xenon and argon peaks reference
values were interpolated from measurements taken on adjacent elements. The
intensity of the Si K X-ray line was also measured, for these samples as well as for a
2000 A niobium tilm on siticon. in order to obtain information on the attenuation of
the electron beam by the niobium films.

Our quantitative analysis computer program for analyzing microprobe data is
intended for use with bulk samples and leads to errors in the present application.
T'he attenuation of the O Ko and C K« lines is sufficiently large in niobium that a
1000 A niobium nim is cffectively a bulk sample as far as these elements are
concerned. Since the Nb Ladine is much less attenuated than the O Kx or C K« lines,
1000 A of niobium dves yield a weaker niobium signal than would a bulk sample for
the ele ;tron bombardment conditions used. Thus. the bulk analysis routine tends to
overestimate the concentration of carbon and oxygen relative to niobium for a
1000 A niobium film. In addition. as pointed out by Cuoma et al.®, oxvgen and
carbon concentrations may be largely surface oxides and surface carbon so that. for
this reason as well, the values given should be regarded as upper limits on the
concentration within the body of the films. The oxygen and carbon concentrations
determined by microprobe analyses of the bombarded specimens. using the bulk
sample analysis routine. were approximately equivalent to atomic fractions of 0.1 for
oxvgen and 0.17 for carbon. The oxygen value is comparable with or less than that
vbtained by Cuomo ¢f al.”, although the measured carbon concentration is higher:
as argued above. these microprobe values tend to overestimate the concentration of
these impurihies within the tlm. Although quantitative analysis was not carried out
tor the as-deposited specimen. a comparison of X-ray intensities indicates that the
oxygen and carbonaimpurities in the as-deposited specimen were somewhat lower in
concentration then in the bombarded samples. Additional evidence that the bulk
volume of the filies contains dess oxygen than indicated by the microprobe results
mat be found from the measured T, value of the as-deposited sample, since T, is
depressed by bout 0.9 K oper atomic per cent of oxygen”. The measured T, value of
ST KOowhich s fover than the bulk T, value by 0.6 K, is thus consistent with an
oxygen concentration of only .7 at.” | in the as-deposited film. For bulk niobium,
addition o 1.0 ar O expands the lattice constant by 0.005 A V. a result which is not
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mconsistent wicth Neray ditficron cesults obtaimed i the present work. Fally,
analysis of noble was mclustons yeveals that argon was entrapped in the samplesat a
conécnlr;nion ol a tew ienths of an atomie per cent. The xenon distribution in the
300 keV bombarded saraple s essentially uniform and corresponds to about twice
the average aenon concentnation m the 600 keV o sample. in agreement with the
caleulated total venon dose. e yenon distribution in the 600 keV sample varies by
about a factor of 2 acioes the fonger sample dimension. Since the X-ray diffraction
Jata Jdiscussed Tier represent an average samphing of the bombarded region, the
detatls of the xenon distribution do not affect the conclusions which follow.

X-ray measurements were obtained using a diffractometer and a Read thin film
camera '’ The dilractometar was outfitted with o copper anode X-ray tube and a
graphite monechromator. The angular accuracy of the diffractometer was checked
using the (331 reflection of asilicon standard. The angubar error is quite neghigible
compared with the observed peak shifts between the as-deposited. the 300 keV
bombarded and the 600 keV bombarded samples. Most of the error in focating the
positions of the rather Broad niobrum peaks resides in uncertamties in determiming the
precise angulay position of peak intensity; the observed peak shifts due to stress
clects. however e lavger than all errors encountered in the dithactometer
measurement. All Read caera exposures were carried out using a 0.25 mm beam
cothmator, giancing ang'es o0 10 or 20 and either a copper. cobait or iron target
X-ray tube. Reud camiera photographs of niobium thin films were measured using an
optical comparator. Whercas most previous mnvestigators of stresses in sputtered
tilms have measured stiesses by imeans of the deformation of thin substrates™ " in the
present study the defornition of the umt cell is measured. For this purpose the
combination of Read camera and diffractometer results was used to vield
mformation ahout the mierplanar spacig ot diffraction plianes both parallel and not
parallel to the tim surface

AORISUT IS

Read camiera phoiocriaphs of all samples were consistent with o [ 110] fiber
tenture for the niobiis thuss with the fiber axis almost exactly normal to the film
surtace. Al ares weromdened and related to interplanar angles using established
solutions of the Read camera o badrical diffraction geometry!' There s a faint arce
i the (T rine v eh dieates ashight admixture of seme ortentation other than
CHLO Diftractonrerer « e ot all three samples were taken to a value for twice the
Brage angle of %5 oo soans revealed niobium (110) and (2207 reflections.
consistent with the o ie fiber toxture revealed by the Read camera. It wiil be

convemient tor part - disccssion to follow. to define the doaxas of the mobium
rteell to he voe ot e i sarface, as is idicared i Figs 1 Thus, the set of
fowestandes plaics paeeiob o e film surface will from now on be designated (101)
tather than (i

Inaddions oo sy o moboa (10 and (202 reflections, one relatively weak
wddionai peak voes e b the difractometer scans of all the samples. This peak

hasthe appearonee oo ehoangic sarcliite to the mobiem (202) reflection and oceurs
At value tor twics e Hoaee anple of 8350 The area under the satelhite peak is
enhanced in the bombaraed samples and the peak might have escaped detection for
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the case of the av-deposited Bilm if the bombarded samples were not available for
comparnison. The source of the seteltite peak has not as vet been identitied. Since the
emphasis of the present paper is on the effect of bombardment on the majority
nobium phase the rest of the discussion will concentrate on the mai niobium
peaks in the X-1ayv patiern.

Diffractometer scans of the main (202) reflection corresponding o as-deposited
mobium. 360 ke bombarded niokium and 600 keV bombarded niobium are shown
m Fig 2. In the tigure, the peaks are all normalized to the same maximum intensity.
The value for twice the Brage angle which would correspond to unstressed pure
mobium is ¥2.7  This value corresponds more closely to the position of the
bombarded 60 keV peak than to the (202) peaks in the other samples. In addition.
the width of the 600 ke'V(202) peak s less than the width of the (202) peak for the as-
deposited film. The maximuny intensity of the 300 keV peak is significantly less than
that of the othor peaks i the non-normalized data.

Figure 3 chows o Rutheriord backscattering spectrum of the 300 keV
hombarded ~pociner compared with an unimplanted sample. The xenon profife
mdicates tha the penet ien Jepth of xenon is about 400 A which agrees well with
theoretical rance cnergy caleulations of the mean xenon penetiation depth. For the
600 kel bomirded samplel ranee energy caleulations indictte that the mean
range of the xenort ne v dhont 260 AL A clear xenon profileis notexpected in this
cise, partialh fecar e the el from xenon ons at depths beyond 550 A will
superimpuese oo tbe oo enal An inereased soread of the senon distribution

for the e oL o e ol o

amportance s this regard. The Rutherford
E
backscattering wrectan of tne (00 kel sample s shown in Fig. 4. Further analysis
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Since the production of an oxygen-free Ai~-5i intertace is normally
veryw ditficnlt, we proceeded to prepare Al-5i nixtures by Jdirect high dose
implantation of Al into silicon. Our interest in this wor< was enhanced
hiocause of recent stimulating work on metal-sermiconductor eutectic systems
{3-t]. For some of the metal-semiconductor eutectinc svstems such as Au=-Si
and Au=-Ge, metastable phases have heen produced by splat cooling, laser and
ion beam experiments {3, 7].

Therefore, it seemed very interesting to study bv high dose
implantation techniques the possible existence of metastable phases in the
Al-Si svsten and te determine the depcndency of formation of such a rhase
upon contaminating elements such as oxypen. Here, we report prelimirary
results of the first part of this study, namelv, the influence of
implantation conditions and tareet orientation for hish dos» implantation
of Al dnte Sioand the resnlts of studies hy KBS, x=rav diffractometry, and
AFS. W are aiso in the prn‘sss of applying nuclear resonance profiling
(he) wwine the “73]1 (F,-) “7Si reaction in order to obtiin additional
inforisation on the depth of profile for Al.

PRI TAT PR R

Polichied dincle ecrvstals of Si with (1il) o (100Y arientations were
. P . N 4+, ~ .
pmelanted with 10 kel Al dfons hy means of the iieh cnrreat implanter of
The piversity ot Cannecticut. During iaplantation three parameters were

varied:

: . . (17 18 . I
(i) doaey, rarvine from 1 x 10O to 2 = 10 iongiem
fii) tose rote, vrancine from 3 x 10 to 3ox 10 fans/c sec

(1iiY vacaus coprditions, diffusion puﬂ{wd vacomm svsten with and withouot
Sienid o nitroyen trap (2-4) x 1077 Torr and an o ultra hivh vacuun
(FHY) cvntem (P=4) x 1077 Torr
Varie o o Taar otien and RBS, samples were tilted to 107 from the normal
icoidones v the don beam and were fasterned to the heat sink with
tyetin = tarials (silver paint). The temperature of <ome high dose
Pt implantarions was monitored and no rice in taryet tembderature wes

e

o b dianetrates the RBS resules tor AL Q- boatet sy (11, samples

oo nrrapee A Jiffuséﬁn pumped svatem (PDYVY ot 10 kvVlynvr?v dng
for e [ A R B lPl fons/eme and o dose o rate ot oL ox Tot® 1qrq/vw‘
. v i osbowe for the cample dmplanted with v dee s 8 0w 1D !
i o e, there iaoa sohatantial reductien i tre ka0 rterod sienal o tor
Poorhe g e A Hegevery ST oconstit o Pt S ot the curtice
Vll
Mo oot ot catterioy steaat wan e ear doaes <l an 5w
P compare bwith ones wirb o e o b Sl fasemt. It
o v gt v packacattered sivnal otr [T A LI B TEER R rvdur\g as
[ R EDRNELE LA Voo o insreased. Fyeate ol e Lo IS R A
' “ roeoocrodominance of AL o oyt ' I A LRI A
e oo it i les by Anper cdeo e e : ry oo v ot wamples
T Lo it Fiv. D bave beer o carade b cab e onone et et
Lot rbe Aty the formatfon of o BT #2 rot 1<:n Q 1 surface
1 LWl wr cnvveste by RBS at oa e r ST e fent e
it St h et we cannot accurately et e bre o f
ot et o the ARG dat oy, the U ae AT it e
Lo et I s .n'v[\lw‘; were studlicd by e b o ettty
CUr e Lo et By Uhie meane, g pronornce borEl S e boctian peak b
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W orepasrt the pr imiaary resuits of a study <o
detoormiie the dependence of the near surtface conpocition and
gracture oo total dose, dose rate, vacunm ceaditien and
sub trate orientation for Al implantation into Si (1115 aro
S {1y with Jdoses ur ot 2 x 10 ions/om~.  Our ccudies
1o lnde the receles oY Rutherford Back Scattoring (RES),
Aucer Ulectron Spoctvescopy {(AES) and x-rav diffraction
Measnre cents or sarples implanted with a JUD kel ernerpy in a2
ditfusion penped vacuos (DPV) svstem (l()_h Torr) with and
rithoar 5 {50, tran and In an ultra high vacuum (UHV) system {2-
Gy » 1077 Tarr.

Results of hich dose rate (301'A/cm2) implantation into
“p o fUIY) din oan watrapred DPV system indicate that Al
ce revates with a preferred (111) orientntion. Yor a dose
TR S ions/em® the surface is Al-rich to a deoth of
25000 while fFor lower deses the surface is silicon-rich. A
carbon huild-yp ccrurred for samples prepiired by low dose
rate (5 uvA/cm“) irplantation. However, to Al secrerayion
conld he obgserved for doses of less than 10° 7 jons/cm~. A
sirilar behavior has bheen observed for €1 {(1907) excert thau
Al e uregation occurs with a polverystallise structure.
Moreorso 7, the enreaated Al is present at aepths preater
th o the progeeted Tanae.

wa Lo dmpiattaticn wen cnrried out inoa DPV o gvst

o trap, uo o carhas peska cenld he ohserved by iBS

Pe rdiecm of 2l de totee For these cooditions, as o well
viotoer e prolantaticon of AU dnoan UPV o sveten, wo frad Al
e recden owith oo Pveroveroiline srructuers Indepoidient ot
oo o ate s ard taaae toerieatations we e le AT de
o bt et ot by g Yactor o vyt e
coosee e v Frer the ““ caleulations. e R deprh
Sttt e Jncre e with o the dogse of 1T crotde
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implantation causes Cr atoms to move toward the interface (as well as
deeper) and/or the C-Si/Si interface alsc moves ton the Cr-rich region
because the surface Si is consumed by the Si-C reaction as well as by
sputtering.

At _certain doses which obviously should be less than ! x 10lR
ions/cm®, a large number of Cr atoms will reach the intersace and come in
contact with the carbon present in the C and Si region. One would expect
that further implantation should initiate a reactiun hetween Cr and carbon.
Very recently it was reported that chromium carbidr was formed by
implantation of Cr 1into the CrFe system [9]. In addition, so-called
vacuum carbonization [4] is cited to occur for pure Fe, Ni and Ta by a
variety of ions such as Ti", Tat and Crt. Our RBS and AES indicate that
carbon occurs more readily at a surface rich in silicon than for one rich
in Cr.

However, we believe that, if in both high and low dose rate
implantation a uniform C-Si layer is created, then there should be no
difference in Cr concceatration or in retention for a relatively high dose
implantation because sputtering is a surface phenomenon. On the other
hand, if islands of C-Si are formed, we believe that a reduction of
sputtering or an increase in retention of implanted atoms will depend on
the surface concentration of these islands. More islands are probably
created during low dose rate implantation because of a longer implantation
time. The low dose rate implantation time was about 50 times that of the
high dose rate implantation (Fig. 6).

Because of the lack of required resolution RBS and AES techniques
cannot be applied in order to verify the lateral uniformity of implanted
qurfaci§. Therefore, we have studied samples implaonted with doses of 3 and
5 x 10 fons/ecm by scanning electron microscopy. SEM micropraphs
indicate the presence of light spots which could be associated with exposed
Si surfaces.

7Suppnrtod by the 0 ffice of Naval Research.
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with 100 keV

S = 1.06. This
spattoring factor, if
int fuences the range

Assuming the validitv of this model, tuice tiwe
slope of the fitte! liae pives the sputtering fdtlu;- We
that spattering factor for a n?gwdl incident Or
energy and a do:=e of 6.2 x icas/em”
value can be concidered as the lowest limit for :ho
ranee shortenin; [8] due to previously implanted
dictribution of implanted fons.
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I'n Plg 1 the profile ~f Cr for implantation with a dose of 3 x 10"
1onq/tm is relativelv flat. Fig. 3 indicates that, 1lthough no change in
Rh can be observed, the value of straggling increasces. Considering Fig. 2,
ane can realize that the (r concentration i: comparable with CrSi,.

Fiu. 2 shows rhit by increasing the svster pressure by two orders of
maenitude, coneentriation and retention of implanted atoms increases by a
factor of 2 sne 3 rewnectively. The RBES recults shown in Fig. 4
demorstrate that an increase in the concentration and retention of Cr atoms
t: alwavs accomponicd hy the presence of a cuarbon or an oxigen peak. These
preiks indicate this anrface of these =2mples possesses lavee amounts of

arbon ar auvoen Jerendiog on the surface cormpositicon which in turn is
contralled by the total dose.  Fig. 4 demonstrates in addition that the
near surface repion of samples implanted with doses of 3 and 5. x 10 ions
congists predeminantly of SI atoms. Maveover, about 1.1 ¥ 1017 and 1.4 x
1/ carbons/en® are present jn the supface renion as a result of
lantation of 3 and 5 x 10 ions/cn” rn%pvgtively. _On the other hand,

ions/em®, the carbon peak
which corresponds to about

for implantation witlhi a torsl doee ot 1 x ot
has disappeared and avsmall nxvgen peak cmerges

.ok 107 oxygens/en”.,

Twn mechanisme can be rvesponsible for the intvoduction of oxygen or
carbon into the surtface sample: (1) receil implantation of elements of
adsorbed  esidual pas and/or (ii) enhancerent of the chemical reaction of
surface atoms with the element, of adsorbed residual gas 1< a result of ion

implantation. It is well known that duriny irmplanration the surface
impurity is recoil-implanted into the tavg~t [3). However, as can be seen
from the result (Fie. 4), if recotil {mplantation is responcible for the
introduction of cxv,.n aw carbon in nur <imnles) one should expect both

oxvien and carbor to he present in larpe q@uantities at the cams time.
an the nthter hand, Fig. 4 suggests that when surtace tareets are
credominant iy oot ated of S oatoms, a carbon hwildTSp acevvs,  However,
when the dose of fmp Latation was incere-od too 0 2 107 jons/er®) mostlv Cr
Gt cesched the sortace and the carbon neak o disgcared shile an oxygen
v e erreds  AFS veaults ot the above sample at dovth o S0X clearly
ot t the canc oo qertved from Bt
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FIG. 4: RBS spectra of Cr implanted
with 100 keV_energy and a dose rate
of 6.2 x 10 ions/cm® into Si

in a DPV system (2-4) x 107" Torr.
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of an implanted atom does not change by subequont
enhanced diffusion does not occur. During

fonl-ntation, and (iv)
fmplantation, as o yresult of

surface sputtering, the Jdepth profile of the irplanted atore roves toward

the instantaneous surface where the amount of the <hygr
the thickness of sputtered layers for symmetric:
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- ('R,) determined from the data of ¥ic. | Iy,
- the surface (Fig. 1), and the concentration {< less than 277 (Fig. 2). The 3
Cr-Si phase dlagram [6] does not suggest the cxistence of anv compounds
y with Cr concentration of €27%. It therefore ccems possible-that the zero ;
\ order approximation model [7] can be applied to the first four data points. ﬂ
In zero order approximation one assumes that: ({) ranpe distribution of ]
. fmplanted lons fs not {nfluenced by atoms previounsly introduced, ({1) }
s surface sputtering {5 defined by a constant tact.r, (iif) the rest position 1
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f2) a beneficial effect, 1.,0., the prodﬁctinn uf a protective layer from
spurtering. lIndeed, becausc of thils protective layer, we tave been able to
achieve a verv high concentration (86%) of Cr for the Cr-3i svstem.

EXPERIMENTAL FROCEDURES

Polished single crystals of Si with (111) and (i00) orientations were
tmptanted with energetic crt 1ons ranging from 40 to 160 keV bv means of
tne hih current implanter of The University of Connecticut. During
{vulartation three narameters wefg varied: 18 R

(i1 dose, vanging from 1 x 10 to x 10 iogy/cm®
"i1) dosce rate, rarmging from 5 x 10°° to 3 x 10° ions/cmz sec
(iii) vawm conditions, DPV systew with and without }iquid nitrogen trap
(2-49) % 107% Tarr and an UHV syscen (2-4) x 107% Torr
“wriny dmplactaricn ind RBS, samples were tilted to 109 from the normal
it iderce of 1on beum and were fastened te the bheat sink with conducting
witetials (gilver paint). The temperature »f some high Jdose vate

taplantations was novitorcd and no rise ia tarpet temperature was observed.

ES e [MEXNTAY, RESPLTS

Fi5. 1 demoastrates the RBS spectra of implanted Cr into Si(100) with
PN Wy encrgy and a dose rate of €.2 x 10°7 fons/cm® sec and doses ranging
trom 2.0 v 10 tn 10'% jons/cm® in a UHV system operating at a pressure of
abhont (2-4) <« IH_“ lorr. Cr concentration at the maximum for each
individuil jmploantod  anple was calculated [5] and is shown versus dose of
fwplantation in Fig. Y. Tt is clear that a stgady statg concentration
(427) was achirved for a dese of about 3 « 10 ions/ecm“. Implantations
with higher doses Jdo vot vesult in higher Cr concentrations.

Fig. 3 demonstrates the projected range (R_) and stragple ('R))
deteo-mined {rom the R¥S dara of Fige 1 alony with o-timates ol stopping
Crose sections for de’ an Cresi.

Fig. 4 shows RBS gnectra of Cr implanted with 100 keV energy and a
deve rate of A2 x 10T ioms/em® sec into 2 Si(l00) target, in a DPV system
opetating it s pressure of (-4} x 107% Torr. Cr concentvalion as well as
TUoretention tor imnleatation in a chamber with a pressure in the order of

t

. Cortoare ploatted o Vw2,
oo shows AFS it gt the surface ant oot g depth of 500 for those

ceo e whaae RS e Shown in Flg, 4.0 BBE and AES rosults are in very

3 ' venent .

e aoand b oot Fieo o demonstrate the O concentration curves
g amptont ctioe ter soapies prepared o DUV svatem ?pwrutinﬂ at\3
1al% a1 x 10

-k

Presnreen ab ot 77 Tarr and g dose rate o1 0,2 0w

P G Eoape ttivels. Curve ¢ dn Fip. 6 in pletted for purposes of
:" Coegdn o andd demonatiates the Cr concentaatiar JTor fiplartarion in a VRV
* Lt Fpem the e rosaste ftois obvians thot when feplantaticn is carrfed
" Gt a4 pressure of ahonr 1077 Torr a pivhes concintvaticn of implanted
;f - Coame an ke achieved for g tew dose rate e bintation,
P ot TaN AND CONCTESTON
:' ) A evamination ot the tirast four dats oivte ol Fle. 0 curseata that
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AESTRACT

The dependence »f the fnplanted lavcor compoaio g
total dose, dase rate and target charher cnvirooament tor
Cr' oimplanted Si hive becn studied by meos or Ruthert ol
Book Scattering (®ES) and Auger Flectron Spevtroneany (ANN),

;

Tmplantation of Cr° for doses up to 2w 1077 fansaewt and g
fired dose rate and eoeviy were carried oo iaoan oitr
nigh vacuum (UNHV) systenr as well as in o dittrusion !
vacuum (DPV) svstem. For the former, the maxiv.om Cr
cancentrat ion was ahout 42/, On the other hand,
mmplantation of Cr in a DPV system resulted {7 o i
- hivher peak concentration (867) and retoation.
Both the RBS and AFS results positivelr dewonstrate
o the oxistence of extensive surface carbon for a Si-rich
- surtace and a chromium oxide laver for the Cr-rich sirface,
- This result suggests that the interaction of oxyecer or
;- carbon occurs preferentially and depends o the sarfoce
campesition.

Yo surface compositional variation conld be obaerced
by the RBS experiments for Cr implanted in o UHV sveatem for
Jifferent dose rates. TIn contrast, for farlantaticon in
PV svstem, higher concentrations can be achieved for lower
dose rares.

.
3

INTRODUCTION

in this work we arc interested {r: (i) investipgatineg <ili-ide
format lon by means of the Ligh dose implantation technigae {or the Cr-Si
svsten, (1i) obtainlvg information concerninge the sitaration concentratiosn
of implanted Cr inte Si in ap ulira hivh vacam as well < oa g PPV svstem,
and (1) determining the nature of the fina! produacts fo0 ditterent vacoam
conditions as well as understanding the effeer of oxvgen i carbon
impurities on compound formation or precipitation.

- M maximam achicvabie concentritione in fon implante” vt ms s
ft‘ poverned by the sputtering of the near surface region ot toe target Rv<re?
;" {1]. Implantation in a Jacnum systern with o preasure o (e ovder of 1677
‘ Tarr mav, §n some caces, reault o the prodluction of an o0t ar carbilde
layer where generally such a layer can redure the speti. o v Tate.
[ Armenian et al. [2] veported the productiog of a very Loh occentration of

Cre for Cu fmplantation {n A1 as a result ot rle creatfon ot an nefde layer
o thelr target.,

Introducrtfon of ciements of resftdual adsorled pates by roceofl
| ] frplantatfon (3} or ooy other means [A] boos twe focer o0 (1) 0 detrimental
cticet, ftoe., the tarpget becomes contaminate b with noweted peonelittes; and
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of the stress relief effect reported here: thus. other bombardment energies could be
mvestigated. With the present state of experimenial results. the generahty of the
cllect is not established : however, there is evidence that, whatever the nature of the
deformation produced by atomic peening, this detorintion may be largely removed
by bombardment with very high energy ions thai reach and istermin the interfacial
region of the sample.
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nmobiam Wit and V ook hove calculaged thooretical stram ratios < tora numben
of cubie films of varons onentaiions, where s the stram perpendicular to the
surface and cis the stan m any direciion parallel to the ilm surface ™ The theory of
Wittand Vook s vadid tor the case mowhich all stresses acting on the timeare apphed
At the interface betwe cnhie bl and the substrate Withouta better knowledge than
now cvsts with regard 1o the mechonisme by winch sputtered Bilms tend to be
compressively stressed. 1ts not clear to what extent the assumption ofinterfaci
stresses s vahid in the presentease Dospite this caveato it may be of somenterest to
compare the presentiesults on thie as-deposited tilm with predictions based on the
Witt and Vook calcubaon, Forthe [ 110] ontentation of mobrum, ey« is calculated
by Witt and Vook re have avaluc ot 1306 Itwe refec to Fige Tatisevident that an
cxnansion of the niobum lattice such as to increase the distance between (10H
planes will result o monochinie distortion of the unit cell. Using the above
theoretical value of oy o assunung dy,,, to correspond to the diffractometer result
and assuming the unstressed film to be pure ntobium. we may deduce the
corresponding values of band coas well as angle fin Fig, Iiby (Clearhy o -2 cinthe
monoclinically distorted celb) The relation between the interplanar distance d,,, and
the values of a. b and / for such a monochnic cell is given by the expression

. , (1)
a- v h-

! 1 (h: Jhlcos 41 k:sinz/f')

(l'hk"u \ln-/';

AN

where hioh and Lare Miller imdices ™. Using the above expression, we mayv determine
avalue ofd gy and theretore wy, where. in the presentease. a g isdefined interms of
the expression for a cubie celt as follows:

dpey = dygth™ 2k ) (2)

It the above procedure is carried out and the lattice constant of pure unstressed
ntobium when rounded off to an accuracy of three decimal places 1s assumed to be
given by a = 3301 A 77 the Tpredicted” value of ay . as defined by egn. (2). is also
2201 AL This value is near the lower limit of the error bar for the ay,, value of as-
deposited niobium as shown in Fig S There is therefore an indication of some
degree of expansion of the unit cell volume for the as-deposited niobium relative to
the case in which absolutely pure niobium was stressed at the interface alone.

4. DISCUSSION

Sputtered metal filmis are often tound to be under compressive stress, and work
by other nvestigators indicates that this stress may be due to some structural
deformation assoctated with mechanical bombardment by the sputiering gas. On
the basis of the present sork alone it would have been tempting to speculate that
this deformation arises. 1o peit, fron a registration mismatch at the interface with
the substrate which is iinlocked™ by ions sufliciently energetic to reach and intermix
the interface region. Howeser. the fact that the compressive stress phenomenon is
observed for many different types of substrates such as glass wafers®, Si,N,-coated
stiicon wafers® and osidy e dlicon' is strong evidence against a lattice mismatch
cffect.

It wonld be ot mrerest te extend the present study to investigate the systematics
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raditton. Measurcments of the (A1) reflection were made ustg o 100 glancmg
angle, Co Ky tadiction and o Biage angle of Sy o and also usimg a 200 glancing
angle, Fe Ky radiaton and o Bivger angle of 67 Siee the (310) and (202) plianes
bave an anterplanas ancie Gose o A8 the above conditons placed the (310)
retlection on the il ave

The quantities o, apna o aie now dahimcd o those values ol the fatace
constant which wounld resuty it one apphicd the usaal raation between tattia
constant and mnterplatr separation for a cubie radterid to the measured vatues o
themterpianardistances d o andd s Therewas no detectable difference. to within
anerror bar determined by the haitwidth of the tlm himes, between the mobiumoa
vabues obtained uony o cobaltsonree and a S5 Brage angle and those obtaimed
tsing aniron source and 4 67 Bragy angle. This last resuitindicates that systematic
crrors 1 the experinental fattice constant were not important tor the region of
Brazg angle near that of the rooboim (310) reflection. Additional evidence for the
ecutacy of there Read camer v ottiee constants was obtamed by comparing Read
camera and dflrecto e resatt tor the interplanar distances of the (202) surface-
parallel planes By onenting the sammple at 56 anadentangle and observing the 1202,
retlection wita a Read camern ana b Ky radiation Caas fors  that Read camera
vluesford, cagreed with ¢l ctometer values, S1nee good . recing . v a sl
Mo itwas interred that the 3105 seflection. which can be measured at o sull larger
Bragg angle (67 1. von also be mcasured with suthcient accuracy for the present

clgned diffractomcter was tierchy attained uning aoreflection at a Bragy angle ol

purpases.

Figure 3 shows a plot of w.., tersus dqy, for the as-dencited. the 300 keV
bombuarded und the 00 key bombarded samples. a,, was determined using a 20
glancing angle and Fe K radiation, as desceribed above. Figure S shows that the as-
deposited sample 15 distorted from a cubice cell. The 300 keV sample maintains this
distortion but with an expunded cell volume. The 600 keV sample has a nearly cubic
cell but with a shghtly expanded lattice constant relative to that of pure bulk
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Toreturn to the aiscusston of the X-ray results it shoukd be pointed out that the
diffractometer resulis turnish mformation about the wirerplanar distance only for
planes parallei to the sample curfece. Tt was desirable to obtain lattice spacing
information from other seis o planes as well by means of a Read camera. Althougha
Read camera is not designed to be particularly suited for precision lattice constant
measurements, the cccuraey o the results was shown to be sufticient for present
parposes, pravided only that the mobium reflecnions furthest into the back
reflection region were used The targest and therefore most accurate Bragg angie
obtainable for mobium was that corresponding to the (310 reflection and Fe K x
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Fiy. 5: RBS spectra of Al implanted into
Si (111) and S1 (100) (UHV).

and_a dose rgte of 2.4 x ]01& ions/cm2 and doses ranging from 3 to 10 x
16'7 inns/cm” resulted in Al segregation where Al is preferentially
ariented in a (111) plane parallel to the (111) plane of the Si substrate.
On the basis of RBS Fi . 1, AFES Fig. 2 and x-rav risultq, we may conclude
that for implantation o. Al with a dose of 3 x 101 ions/cm® Al islands are
formed where they occupy about 30% of the surface sample. However, as Ege
supplv gf Al increases by increasing the dosc of implantation to 1 x 10
inns/em®, the surface density of these islands increases and eventually an
Al-rich layer with a thickness of approximately 2°7f 4¢ created. It is
cvpected that the near surface region of Si tarpets beccmes hieghly
disnrdered (amorphized) because of high dose implantation. However, it is
intripuing that Al precipitates possess a preferred (111) orfentation.

Very recentlv Kaufmann et al. [8} reported that as a result of
implantation at room temperature of silver into a single crystal of
bervllium, silver precipitates at room temperature such that the (111) axis
in silver is paralle] to the (0001) axis of the bervllium target.
Farthermore, Tsaur et al. [9] reported the formation of (111) preferred

A . cricntation In fon beam mirved Au-Ni, Ag-Cu and Au-Co «ystems.
»‘t-

~ O the other hand, oanr x-ray diffraction measurements, of implanted Al
e inte i (111) {n an nitra clean vacuum system, suppests that, although Al

) corerates, it possesar s a pelyerystalline structure.  Since implantation
F{ coprditions for samples prevared in UHV and 1TDHPY avatese were the same
L creept for the pressure, we helieve that the formation of highly oriented
& Sotftms i probabhly solated to dmpuritiea, pos-itly cxocenand carhen,
:' wileoh were introduced Jduring implantation in the Voby crarems At hivh
3 doen, tor dmplantation {u o clean system, Al {a preweat At a ereater Jepth
'. than that expected from the projected rance eatenlation (Tica759). For pon:
, vaenns conditions, thoneh, the segregated ~1 remofae at the near sutface
[, rocion,
[: Peeudte ohown In Figa. 5 oand 5 quepect that foa ohe imaplantation of A4
.
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in o1 1 o oultra clean v moderately clean vicuun system, implanted Al
redrotribnres duriae deplantation or duric, post-implantaticen room
temperature antsealing,  Implanted atoms have 1 tendency to penetrate deeper
as the e ot fmnlant otien increases (see Fig.o &), There is a similarity

between the resalts ot this work and those report-d by Rushridee [4] for
Coplanted AL inte AlGe e Lerc,

At the present ti-., irterpretatinn .m tie rodistribution of Al in our
work in comparison to the int rpretation of Alte resulte [10] is hirndered
boecause of the lack o1 detailed information on depth profiles for implanted
Al in Si.

N Al segregation was observed for 3! implungod Si (UDPV) with a low
dnse rate and for doses of up to 5 x 10 ions/em®. In contrast,
implant.ition under similar conditions, e¢ven in an oil trapped DPV svstem
resulted in Al seprepation. From these results, it seems that during high
dose rate implantation in the UDPV svstem, fcwer contaminated elements were
available because of the sputtering effects and the short times required
for implantation. Secondly, precipitated nuclcation for implanted Al
accurred as soon as the Al concentration at the damage peak surpassed the
solubility limit and before any contaminant has a chance to diffuse to the
damage peak. On the other hand, for low dose rate implantation in UDPV
systems, contaminant atoms such as carhon may reach damage peaks faster
than implanted Al reached its solubility limit. Probably the presence of
verv chemically active small impurities such as carbon and oxygen could act
as a sink for defects which as a result delav cr prohibit Al precipitation.

4
’Supported by the Office of Naval Research.
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NUCLEAR RESONANCE PROFILING OF HIGH DOSE IMPEANTS OF AVIN Si *

F.NAMAVAR L sUDNICK and BHSANCHEZ v

The Uniersity of Connecticwi, Stores, T oo0x, USH

A OTTER
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We have apphied nuder resenarce proftheg (NRP) iechmgues to deteriane the depth distribution of implanted Al onco S0 1
implantation of Al at 100 keV s ar doses of up to 10 AL ¢, our resutis indicate that ine depth distnbution of Al impianted moan
ultra-high vacuum (LHV) ssstem ¢ = {u
angle Al distribution was observed with an Al concentration of about 65% at peak while 83% of the implanted Al was retned o

* Tore s independent of dewe rate and target orientation For a dose of 1000 AL oo

Sy target

On the other hand. the depth distnbution of implanted Alin a diffusion pumped vacoum (DPV) system « = 13 Tore was oo
nfluenced by dose rates and targct onentation For high dose rate implantation (40 56 5 A (m?) the depth distnbution of AP pj cas
0 be bimodat or broadened and about 95% of the iplanted Al retaned i the Setarget. A peak Al concentration ol up to #°

could be obtained

1. Introduction

It has been known for some time [1.2] that implanta-
tion in a poor vacuum system (= 10 ® Torr) results, in
some cases, in the formatioe of a surface oxide or a
carbon laver. A surface oxide or carbon layer may
reduce surface sputiering, thus making 1t possible to
achieve a higher concentration of implanted atoms. The
effects and significance of o contaminant surface laver
formed dunng implantation on  the implantation
processes have been recognized [23] However, the
number of reported papers which deal with the problem
i very limited [3]. Furthermore, to date, no detaited
studies have been reported for high dose implantation
of metals into a St system.

Recently, we initiated o study to understand the
effect of vacuum conditiens on the composition and
structure of implanted layers for high dose implantation
of Al and Cr into Si [4.5]. Samples were prepared by
implanting both metals in UHV( = 10 * Torry and DPV
(= 10 ¢ Torr) svstems inte Si (111 and St (100) with
doses of up to 108" jons em’

We have applicd RBS, AES and X ray analyvsis tech
niques to these studies. For the Al implanted samples,
except those prepared in a DPV system (= L0 * Torr)
At a bew Jdose rate (S ;LA,,"«'m'), Nerany analvsisy indicates
Al segregation Por the umplantation of Al in o DPV

¢ Supported in part by the Office of Naval Rescarch and o
by The Vinpversty o Connechoat Research Foundation
O teltosship from CONTCETD Argenting

DTESANIXKS 30330 T isevier Soence Publisheis #%
(SNorth-Holland Phyvacs Poblisiig Diveaon)

system, the structure of segregated Al is gencrally i
fluenced by dose rote and target orientation in contrasi
to implantation in a UHV svstem (=10 ° Torr)
which the structure of segregated Al is independent o F
target orientation as well as dose rate. For anpios
picpared in a DPV system (=10 " Torr) with a heei-
dose rate implantation in Si (100), segregated Al pos
axswes a polverystaliine structure while for Sioobity
segregated Al possesses a (111) preferred onentaton
RBS wdicates the presence of an appreciable wurfece
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carbon layer only for those samples implanted at a low
dose rate (= S pA/cm’) in a DPV system For sampic.
mmplanted with a high dose rate (=40 pA/cm’) in a
DPV system, RBS does not indicate the presence of any
carbon or oxygen. However, AES suggests the presence
of distributed carboan and oxygen [4).

Because the backscattered signals for Al into Si are
superimposed on each other, a precise knowiedge about
the depth profile of Al in Si canaot be obtained by RBS
experiments. Therefore, we have apphied nuclear reso-
nance profiling (NRP) usirg the *'Al (p. ¥)*Si reaction
in order to determine the depth profile of unplanted Al
inte Si.

2. Experimental procedures

Polished single crystals of Si with (111) and (100)
orientations werc uniformly implanted with 100 keV
Al' ions by means of the high current implanter of The
University of Connecticut. During implantation three
parameters were varied:

1) dose, ranging from 1 > 10" to 1 x 10** ions/cm’:
2) dose rate, ranging from 3 x 10! to 3 x 10'* jons /cm’

s
vacuum conditions, diffusion pumped vacuum sys-
tem (2-4)x 10 ¢ Torr and an ultra-high vacuum
(UHV) system (2-4) x 10 * Torr.

During smplantation, R3S and NRP samples were
fastened to the heat sink with conducting matenals
{silver paint). The temperatare >f the high dose rate
mmplanted samples wos meniioied with the help of
therruocouples and an infraved pvrometer which was
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Fig. 2 NRP results for low and high dose rate implantation
o SE (T and S 100y 10 a UHY sywtem ¢ =10 * TJorn
Fhese resubts clearly dementrate the reproducihiity of our
implaatation amd detection <sstems

senoative o terapesatures above S0°C. No measurabic
rin target emperature could be observed.

Implantetion and RBS were carned out while sar:
!~ were ulted 10107 from the normal incidence of ¢
w1 beam On the ~ther hand, for NRP expeniments,
wamples were tlted to 30° and 60° with respect to e
pioton bean, 174 MoV oy rays, produced in a 992 ke
narrov resonan.e lime i the TAlp, y)¥*Si react oo,
wore otserved P2 75 em thack MNaliT1) sanuliates
detector that was piuced perpendicular to the bear: In
carh rur an Al target was used to mornuior the acceler.s
tor caibration as weil as to obtain the ratio of y-radia
ten from Al unplanted samples to bulk Al In the
course of the NRP experiments, different regions of the
wame sample were studied 1n order to munimize the
offect of 1on beam mixing, sputtering and possitle
carbon bulld-up on >ample surface.

He' and I{ beams were provided by means of &
MeV Van Jdo Graaff accelerator of The University of
Connect:eut. The cnergy resolution of the accelerater
was about 0.5 keV and was defined by beam aperture
and the deflecting angle of the proton beam, after
passing through the analyzing magnet.

In fig 1. we have compared a 1.5 MeV He ™ ba.i-
scattering spectrum with NRP data for deposited 30ix
A Al on grafoil (C). NRP data presented here is the
average value of 2 to 3 independent runs. RBS speciruin
of deposited Al on grafoil (not shown) positivelv ident: -
ficd the large amount of oxygen on the Al surface and
the AlL/C interface (4 and 3 X 101% O/cm?, respectineiv)
We belicve that the presence of aluminum oxides at b
surface and interface partially influenced our NRP -
sults. However, from fig. 1 it is clear that much beut s
depth resolution and accuracy can be achicved w.
NRP cxperiments as compared with standurd R
experiments for & 3000 A Al on grafoil (C)

3. Fxperimental resul*s
U7 Impiangation in o UCHV system ( = 10 " Torr;

Fig. 2 demonstrates the results of the NRP expe:
raents for iplanted Al with 100 keV into Si (111) apes
Si (100) in a UKV wstem to a dose of 1 x 10" Al
with low (11 pAzcm’) and high (50 pA /e’y cuarea
density implantaiion These results clearly indicat tha.
Al distnbotion for implantation in a UHV system ~
independent of doce rate or target onentation. Turther
maote. it s also proof of the reproducibiity of <.
detection systems and smplantation. Fig 2 suggesis tha
for a dose of 1x 0™ AlZem? a concentiation of €7
could be achived, while R5% of implanted Al wos e
tuned in the S target (N-rav diffractometer analve s of
all of these samples indicates the presence of iactail
polvavatadline Al
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The average values obtained from moment calcula-
tions [6] of experimental data (fig. 2) for Al distribution
are as follows: p=1570 A (mean), 0 =812 A (strag-
gling), B, =0.25 (skewness) and B, =2.86 (kurtosis).
The experimental values obtained for the mean and
stragghng are in good agreement with the theoretical
calculation {7]. Furthermore, 8, and B, values suggest
that the depth distribution of Al only slightly deviated
from a normal distribution where 8, =0 and 8, = 3.

3.2 Implantation in a DPV system (= 10~ ° Torr}

We have measured the depth distribution of
implanted Al with 100 keV into Si (111) and Si (100)
with a low dose rate (= 5 pA/cm?) and high dose rate
(=50 pA/cm?) in a2 DPV system (107 Torr) by the
NRP technique. Our results clearly indicate that depth
distribution of implanted Al is greatly influenced by
dose rate and target orientation and disagrees with
results obtained for those samples for which implanta-
tion was carried out in a UHV system. For high dose
rate (= 50 uA/cm’) implantation, the depth distribu-
tion of implanted Al generally appeared to be bimodal
or considerably broadened. For low dose rate (=5
pA/cm?) implantation, however, the Al depth profile
emerges at the greater depth because of the large amount
of carbon agglomeration on the Si surface (see fig. 3 of
ref. (4)).

Fig. 3 compares the NRP results for samples
implanted with a dose of 1 X 10" Al/cm? and a dose
rate of 40-50 pA/cm’ into a Si (111) target in a UHV
system (= 10 * Torr) and a DPV system ( = 10~ ¢ Torr).
NRP results for implantation in a DPV system indicate
that Al distribution is broadened; a large Al distribu-
tion appears in the near surface region along with a
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Fig. 3. NRP results compared for implantation of Al under
similar conditions except for vacuum conditon Higher Al
concentration and retention s another feature to himondal
distnbution for implantation 1a a DPV system ( =10 ¢ Torn

component of Al distribution which extends to a greater
depth.

4. Discussion and conclusion

The dependency of the depth distribution of room
temperature implantation in Si on vacuum coanditions
has been demonstrated by means of nuclear resonarnce
profiling. The results obtained for samples implanted ir
a UHV system (=10"* Torr) show that the depth
distribution of implanted Al is independent of dose rate
and target orientation in contrast to implantation in a
DPV system in which Al distribution is influenced by
dose rate and target orientation. The high concentration
(65%) and retention (85%) for Al implanted in 2 UHV
system with a dose of 1 X 10" Al/cm® suggests thai
very few atoms from the target systems are sputtcred
during implantation. Indeed, from the recent theoretical
work of Matsunami et al. {8], one can easily derive the
sputtering yicld for the implantation of Al with 100 keV
into Si to be about 0.75. For a sputtering yield of less
than one, an increase in the number of atoms in the
implanted region is expected simply because more atorms
are introduced on the near surface layer than leave the
target surface. Therefore, one should assume that sam-
ple swelling or change in density should occur. The
latter, combined with the NRP results, may clarify the
misunderstood RBS spectra for the Al implanted sam-
ple (see fig. S of ref. {4]). NRP results (fig. 2) suggest
that the mean penetration for Al is about 1570 A whick
is quite in agreement with the theoretical value [7].

Furthermore, considering the experimental value ob-
tained (fig. 2) for the mean, straggling, skewness and
kurtosis suggests that the depth distribution of Al a.
obtained by NRP experiment is only slightly differeni
from a normal distribution. Further, RBS spectra indi-
cate (fig. 5 of ref. [4]) about 70% of target surface is $1
Therefore, we conclude with a dose of 1 X 10'* Al /un’
and 100 keV energy, one cannot reach a steady state
concentration for Al

High dose rate implantation in Si (111) {in a DPV
system (10 ¢ Torr)} resulted in Al redistribution wherce
a large portion of Al moves to the sample surface and a
smaller portion penetrates to a greater depth. Such &
behavior was not observed for low dose rate implania
tion into Si (111) or high dose rate implantation nto St
(100)

First of all, we should emphasize that the above
results are real and are not artifacts of NRP or due to
encrgy straggling at a depth of a few thousand A,
because RBS and AES data (figs. 1 and 2 of ref [4)]) arc
in agreement with NRP results and because we have
demonstrated the ability of NRP in fig. 1 for 3000 A Al
on . We have shown that for our measurement the
effect of encrgy straggling is Jess important in compan
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‘ son to a standard RBS. Moreover, the Al shift toward
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the surface could by no means be due to straggling and
shift at greater depth is more than 1000 A.

Secondly, the nature of this redistribution is not due
1o sputtering because in a DPV system (=10~ Torr),
oxygen and carbon are incorporated in the target surface
and sputtering rate from surface is further reduced.
Indeed, higher Al concentrations ( = 75%) and retention
(95%) have been observed for implantation in a DVP
system compared with implantation in a UHV system.

Such a distribution cannot be due to the channeling
effect during Al implantation because similar behavior
was not observed for samples prepared in a UHV
system with identical implantation conditions (except
for vacuum pressure). Moreover, it is expected that
implantation with a dose of about 10'* ions/cm? totally
amorphizes the implanted region.

On the other hand, the only condition which these
two groups of samples do not share is the presence of
oxygen and carbon in the implanted region. Incorpo-
rated impurities may have influenced depth distribution
by two means: (1) facilitated Al or Si migration and (2)
creating a larger stress field due to higher Al and
impurity concentrations.

We are very grateful to Prof. Quentin Kessel and
Prof. Howard Hayden for their help with the Van de
Graaff accelerator and implantor, to Prof. D.I. Potter
for allowing us to use his UHV implantation chamber,
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and to Dr. Roger Kelly for providing us with literature
on sputtering. In addition, we would like 10 thank R.
Roser, P. Clapis, J. Gianopoulous and C.H. Koch for
their technical assistance.
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CHEMICAL PROFILING AND STRUCTURAL STUDIES OF ION-
BEAM-MIXED ALUMINUM ON SILICON*

Thin Solid Filmy 104 (1933 31 41
F. NAMAVAR AND J. 1. BUDNICK

Department of Physics. University of Connecticut, U-46. Storrs, CT 06268 U S. 4.
F. A. OTTER

United Technologies Research Center. East Hartford. CT 06108 U.S. 4.
{Received December 14, 1982; accepted December 20, 1982)

The ion beam mixing technique has been applied to the production of Al-Si
thin alloy layers as an alternative method to thermai annealing. Both unimplanted
deposited aluminum thin films on silicon substrates and films implanted with
energetic xenon ions were studied by Rutherford backscattering, channeling,
secondary ion mass spectroscopy, nuclear resonance profiling and scanning electron
microscopy techniques. The results of these experiments indicate that (i) intermixing
between aluminum and silicon became observable when the implantation dose of
energetic xenon through the interface surpassed 2 x 10 ions cm “?; (it} intermixing
1s dependent on the dose but not on the dose rate of implantation; (iii) damage to the
silicon substrate extended only to the region penetrated by implanted ions; (iv) the
Al-St alloy layer region is uniform in texture and no segregation can be observed.
Moreover. the integrity of the alloy layer is retained for a long period of room
temperature annealing.

l. INTRODUCTION

Thermal reactions between deposited aluminum thin films on silicon substrates
have been extensively studied because of their technical importance' ®. During
thermal annecaling at temperatures below the Al-St eutectic (577 C). silicon
migrates and dissolves into the aluminum overlayer®. However, the dissolution of
the Al Si interface occurs non-uniformly and forms pits* *. Morcover. because the
solubihity of silicon decreases with decreasing temperatures, aluminum becomes
supersaturated during the cooling process and precipitation® and epitaxial
growth® ¥ may occur. The latter problem has also been observed for codeposited
sthicon and aluminum! as well as for silicon post-evaporated onto the aluminum
laver'".

During the past few vears'' 12, the capability of the ion beum mixing techrique
to intermix deposited metal films with silicon substrates has been demonstrated.
However, no reported attempt has been made to explore the possibility of forming a

* Paper presented at the Symposium on Interfaces and Contacts, Boston, MACUS AL November 2 4.
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- uniform Al-Si alloy layer by the new technique. Al-Si and Au-Si both exhibit a
ample eutectic behavior. It has been shown, though, that the 1on-induced
amorphous Au-Si layer is unstable even on room temperature annealing and

: decomposes to an equilibrium mixture of gold and silicon via the metastable

o crystalline phase'®. From the onset of this work we believed that the integrity of the

- xenon-ion-induced alloy layer might be preserved (at least for room temperature ;

annealing) because (1) the cutectic temperature (577 C) of the Al-Si system 1s much

i higher than the eutectic ternerature (370 “C) of the Au--Si system and (ii) implanted |
oversize impurities in nicke! such as xenon, tellurium and silver trap vacancies'*.

Similar results were observed and have been reported for other host materials (see
for example ref. 15). If xenon atoms present in the surface region act as vacancy

.. trappers. the migration of aluminum and silicon which results in segregation would

I therefore be retarded.

- The ion beam mixing of aluminum thin film on silicon substrates as well as the
lateral uniformity and stability of the intermixed alloy layer is the subject of this
work. The Rutherford backscattering (R BS) technique was the major analyzing tool
used to observe the effect of xenon implantation in the Al/Si system. However,

> because signals from aluminum and silicon overlap, the precise determination of the
aluminum-to-silicon ratio in tiie intermixed region becomes ditficult. Therefore we
have studied some of the samples by secondary ion mass spectroscopy (SIMS) as
well as by nuclear resonance profiling (NRP) using the 27 Al(p,y)*®Si reaction.

Special attention has been given to the stability of the ion-induced Al-Si alloy
| layer. As we shall demonstrate, the integrity of the ion-induced Al-Si alloy was
retained for a long pertod of room temperature annealing.

- EXPLRIMENTAL PROCEFDURES

Aluminum films with thicknesses ranging from 300 to 1000 A were deposited
sunultaneously onto (111 -oriented silicon disks with a 2.5 cm diameter as weli as
onto carbon substrates by electron beam evaporation from a crucible made of
graphite. The substrates were located about 10 ¢cm from the crucible. The vacuum
) system was a diffusion-pumped system with a liquid nitrogen trap. Starting
pressures were typically 10~ Torr, and pressures rose to about 107 ° Torr during
vvaporation.

Sample surfaces wete tilted to §” from the normal incidence of the ion beam both
for RBS experiments and for implantauons. RBS data were analyzed by measuring
the energy spectra of He ™ 1ons with an initial energy of 1.5 MeV backscattered to an
angle of 170 - RBS experiments were carnied out for each individual Al Si and its
assoctate Al Csample i order to measure the thickness of aluminum thin flms and
‘ to determine whether impuritics were present. The results of RBS on Al C indicate
) only the presence of a small amount of oxygen hoth at the interface and on the
‘ aluminum surface. However, the total amount of oxygen present at the interfaces or
on the surfaces was less than 2 < 10" atoms cm .

Energetic Xe* 1ons were used in order to initiate intermixing of aluminum and

silicon During the cxperiment, samples were fastened to the heat sink (sample
) holder) with siiver paint. The energy of the Xe ™ 1ons was varnied (150-300 keV) and
- was In proportion to cach particular aluminum film thickness. Samples were
*
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implanted uniformly in an arca of 0.4 cm? while the area studied by RBS was
confined to 1 mmZ. RBS spectra of virgin and xenon-implanted Al/Si samples were
recorded just as implantation was terminated (without exposing the samples to air).
R BS spectra were also recorded after annealing of samples at room temperature for
several weeks. Dose and dose rate dependences of intermixing were studied with
doses ranging from 5x 10'* to 1.1 x 10'7 jons cm~ * and dose rates ranging from
10'210 10" *ionscm 25 ! respectively.

3. RESULTS AND DISCUSSION

Five sets of Al Si samples implanted with energetic Xe * were studied by the
RBS technigue. Of these, a few samples were also studied by channeling, SIMS, NRP :
and scanning electron microscopy (SEM) techniques. The results of these experi- ;
ments will be discussed. (

3.1. Intermixing

Comparison of RBS spectra of unimplanted samples and samples implanted
with a dose of less than 10'® jons cm ™2 definitely indicated that no intermixing
occurred. Figure 1(a) shows the RBS spectra of samples implanted with a dose of
2% 10'® ions cm 2 at 150, 200 and 300 keV ion energies. From the parts of the
spectra which represent Al;Si we cannot observe any evidence of intermixing. There
is, however, some channeling for the silicon substrate of the unimplanted sample.

The profile of xenon implanted with 200 keV energy (Fig. 1(b)) demonstrates
that xenon atoms reside in a relatively unmixed double-layer element because (i) the
xenon profile is not symmetric (compare Figs. 1(b) and 2(b)) and (ii) the Al-Si
interface is clearly demonstrated by a step at a depth of 900 A. It must be emphasized
that the transformation of xenon profile data from energy to depth coordination has
been performed using surface energy approximations and the depth—energy loss
relationship'®. For Al-Si systems the depth can be accurately calculated and a
knowledge of the aluminum-to-silicon ratio is not a prerequisite. For depths up to
2000 A, the difference in calculated depth for pure aluminum or silicon for a fixed
energy loss of the backscattered *He * beam is smaller than the depth resolution of
the standard detection system (approximately 250 A).

In contrast, when one of the samples which was implanted with a dose of

2x 10'%jons cm ? was re-implanted to a total dose of 6 x 10!®jons cm ~ 2 (Fig. 1(c)),
the aluminum peak disappeared. The disappearance of the aluminum peak may
have two causes: sputtering of aluminum or intermixing of aluminum and silicon.
Because the Al-Si edge did not shift completely to where the silicon edge was b
expected, we can conclude that intermixing has occurred. The small reduction in
scattering in the 750-800 keV energy region is due to the relatively high
concentration of xenon atoms.

Al 'Si samples with a film thickness of 850 A were also implanted with Xe * ions
with 250 keV energy to doses of 4.5x 10'® and 1.1 x 11'7 ions ¢cm “2. The RBS
spectra in Fig. 2(a) indicate that intermixing occurred. Moreover, the following
conclusions can be drawn: (1) the reduction in the scattering in the spectrum of Al Si
xenon implanted at 750-800 keV withadose of 1.1 x 10'” ionscm ~ % is due to a high
concentration of xenon atoms; (2) the profile (Fig. 2(b)) of implanted xenon with a
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dose of 4.5 x 10" ionscm  * follows a gaussian distribution +th 4 full width at half-
maximum (FWHNM) of about 900 A ; (3) deviation from the gaussian distribution of
the xenon profile (Fig. 2(b)) for a dose of 1.1 x 10" " ions¢m * may have two origins,
namely sputtering of target atoms and Xe-Xe collisions (the FWHM for this sample
is ubout 1450 A); (4) at the half-maximum, the profile of xenon with a dose of
11« 10 ionsem  shifted toward the surface by about 400 A relative to the profile
of xenon implanted with a dose of 3.5 x 10*® jons cm ~*. Disregarding the range
shortening due to the higher implantation dose, we may estimate that a layer 700 A
thick may have sputtered owing to the implantation of 1.1 x 10'™ Xe * ions cm " 2.
From these experiments 1t 1s not possible to determine the precise value of the
sputtering coetherient of aluminum due to encrgetic Xe  1ons because the
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Fig ! 1.5 keV *He ™ RBS spectra of 900 A aluminum thin films on silicon substrates: (a) samples xenon
implanted with a fixed dose {2 < 10'®10ons em ™ ?) and vanous energies (- - -, 150keV;0, 200 keV: - - -, 300
keV) compared with the unimplanted Al Si system (——); (b) depth profile of xenon implanted with 200
keV energy to a dose of 2 < 10'® 1ons cm ~?; (c) re-implanted sample, where complete intermixing

occurred when the dose of implantation was increased (first dose. 2 x 10'® ions cm ~ at 150 keV: second
dose. 4 x 10" jonscm 7 at 250 keV).
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composition of the surface target is subject to change when ion beam mixing is in
progress.

3.2, Intermixing and dose rate

Other experiments were performed in order to study the dose rate dependence
of Al-Si intermixing. Figure 3 demonstrates RBS spectra of 610 A of aluminum
deposited on silicon substrates implanted with a dose of 4 x 10'® ions ¢cm ™% and
200 keV energy and dose rates of 10'2and 10! 3 ionscm ~?s !, From these results we
can see that, for both samples, aluminum and silicon were equally intermixed.
Therefore we can conclude that heat generated during ion implantation is not
responsible for the intermixing. There is evidence of self-sputtering of xenon. As can
be secn from Fig. 3, the area under the xenon curve for the higher dose rate is
diminished by about 15”,, although the measured total dose of implantation for
both samples was the same.

3.3, Depth profiling by secondary ion mass spectroscopy

Direct observation of aluminum and silicon concentrations in an intermixed
layer by RBS is not possible. The sample which was implanted with a low dose rate
and described in Section 3.2 and whose RBS spectrum is given in Fig. 3 was studied
by SIMS. Figure 4 shows a sputter depth profile taken with SIMS using *°Ne for the
sputtering. The starting pressure was about 10°® Torr. The system was then
backfilled with 2°Ne to about 10~ * Torr for sputtering. The (mass 27)-to-(mass 28)
intensity ratio is plotted in this figure. If the system were ““clean”, this should be the
ratio of aluminum to silicon. However, there are several problems.

Organics, which are present on the surface, give lines between mass numbers 24

it MR kbt Mt Sents dhuie -4




and 30 and hence can contnibute to the signal corresponding to mass numbers 27
and 28. Furthermore. with hydrogen present, a part of the peak for mass number 28
could be from AIH. Because the (mass 27)-to-(mass 28} intensity ratio becomes so
large (80). we still believe that the data show essentially some residual aluminum as a
ilm und some mixing at the interface. However, the depth scale for aluminum may
not be accurate owing to the presence of oxvgen and preferential sputtering. It
should be emphusized that at a depth beyond the tirst tew hundred angstroms no
organic has been observed. Therefore we conclude that the (mass 27)-to-(mass 28)
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ratio 1s very close to the aluminum-to-silicon ratio (except for a sensitivity factor).
Moreover, there were clear peaks in the SIMS spectra at mass numbers 27 and 2% at
a depth of 1000 4000 A. Therefore. the long tail present in Fig. 4 cannot be due to
background; the (mass 27)-to-{mass 28) ratio should eliminate the effect of a very
smalil SIMS background signal

34 Nuclear resonunce profiling
The presence of aluminum. as suggested by SIMS, at a depth of 4000 A should
be examined by a techmique which would be independent of the sputtering effect. In
addition. a knowledge of aluminum depth profiles in surface regions is important in
this study. We have therefore examined a few samples by the NRP technique' .
The broadentng of the 992 keV narrow resonance line of the * Al(p.v)-®Si
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reaction'” has been observed by measuring the intensity of 1.75 MeV v rays as a \
function of proton energy. Samples were tilted to 30 with respect to the proton
beam and an Nal(T]) saintillator detector 7.5 cm thick was placed perpendicular to
the beam. Figure 5 shows the results for 850 A of aluminum on silicon both
unimplanted and implanted with 250 keV energy and a dose of 10'" ions cm ™.
Although the upper limit of depth resolution of the system was about 330 A for the
aluminum target, the result is sutficiently accurate to be compared with the SIMS
Jata and the presence of aluminum on the surface region can be posttively proven.

The thickness of the aluminum film for the unimplanted sample determined by
NRP is about 950 A which is in good agreement with 850 A measured by RBS.
Figure 5 indicates that about 80° of the aluminum film is sputtered during the xenon
implantation. This agrees with the estimate given for sputtered layers at the end of
Section 3.1. The presence of aluminum for the intermixed sample up to a depth of
1000 A is indicated. However, no aluminum can be seen at a depth of 4000 A. Wecan
therefore conclude that the long tail present in Fig. 4 may be due to preferential
silicon sputtering by the neon beam which was used in the SIMS experiment. The
channeling experiment discussed below will verify this argument. A very large
difference in sputtering rates is probably necessary to expiain the persistence of
aluminum to 4000 A in the data. It is probable that a very small amount of oxygen
present in the chamber is responsible for a reduction in the aluminum sputtering
rate.

3.3. Depthof surface damage

The depth of damage created in the process of ion beam muxing is another
important point which has also been explored. From backscattering spectra ofa
*Hec* beam aligned with one of the silicon crystal axes or planes of the xenon-
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implanted Al Si system, we can determine the surface damage thickness while the
depth profile of xenon can be observed by a simpic RBS cxperiment. We studied
unimplanted and xenon-implanted Al'Si(111) sampics by means of the channeling
technique. The results of these experiments indicate that the damage depth extends
almost exactly to the greatest depth at which xenen could be experimentally
observed. Beyond this the crystalline structure remains intact.

For example. the damage created by the implantation of xenon with a dose of
11 x 107 and 250 keV is limited to 2000 A from the surface. Therefore we can
conclude that only a few aluminum atoms may have bezn recoil implanted to a
depth beyond 2000 A simply because the integrity of the crystalline structure beyond
2000 A was retained. It is well known that implantation with a dose of about 10'4
ims cm © destroys the structure of crystalline silicon (see for example ref. 19).
Backscattered *He ™ 1ons from the damage area. from xenon as well as from the as-
deposited aluminum films, did not show any angular dependence.

36, Surtace study by scanning electron microscopy

Xenon-implanted Al Sisamples annealed at room temperature for a period of 6
months were studied by SEM. Scanning electron micrographs of xenon implanted in
X30 A of aluminum on silicon are given in Figs. 6(bi und 6(d). The surface of the

e 6 Scannmg electron micrographs of XS0 A of alummom on Si i D s unimplanted sample. b,
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sample is uniform in texture and no segregation of aluminum and silicon can be seen.
Figures 6(a) and 6(c) show SEM micrographs of 50 A of unimplanted aluminum on
sitlicon. The origin of the white spots is not well understood. However, we tentatively
attribute them to aluminum islands which, on xenon implantation. vanish in the
near surface region.

The RBS spectra (see Fig. 2(a}) and NRP results (see Fig. 5) indicate the
presence of stlicon and aluminum respectively on the sample surface. The SEM
micrographs in Figs. 6(b) and 6(d) show that the surface possesses a uniform texture.
Therefore we can conclude that the Al-Si alloy layer produced by the ion beam
technique retains its integrity after a long period of room temperature annealing.
This is in contrast with the Au-Si system which decomposed into an equilibrium

mixture of goid and silicon under similar conditions'?.

4. SUMMARIZING REMARKS

We have shown that the implantation of energetic xenon through the interface
of aluminum films on silicon substrates can induce intermixing. For our samples
whose interfaces were contaminated with oxygen, the dose of implantation had to
exceed 2 x 10" ionscm 2. The requirement of a relatively high dose and the absence
of dose rate dependence indicate that recoil implantation is the most likely cause of
this intermixing. Surface damage created during ion beam mixing is iimited to the
maximum penetration depth of xenon ions and possibly a few aluminum atoms were
recoil implanted bevond this region. Depth profiling by SIMS shows some mixing at
the interface. However, the depth scale is not absolute because of silicon preferential
sputtering. Scanning electron micrographs of the annealed sample at room
temperature, where the presence of aluminum and silicon on the surface was venfied
by NRP and RBS, showed no texture in the mixed region. i.e. no segregation of
alumir-n onsilicon.

We arc in the process of preparing aluminum films on silicon substrates with an
oxygen-free interface. We have started to study the stability of an Al-Si alioy at
clevated anncaling temperatures in order to understand the reason for the stability
of these lavers and the dependence of the stability on the presence of impurities. As
lateral uniformity and stability of the intermixed Al-Si are the most striking features
of this work, we believe that, in practice, the ion beam technique can be successfully
applied to the production of Al-Si alloy layers near the surface.
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