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A. Surface Acoustic Wave Studies

1. INTRODUCTION:

Studies of the effect: of energy deposition on piezoelectric

substrates (both uncoated and coated with silicon thin films) have been

per-formed using 5everal different techniques for the analyses of the

ohenomena occurring during energy deposition and the subsequent material

property changes. Ain outline of the details Of these studies now follows:

1) Forms of energy deposited:

a. Energetic ion beams (40 to 120 keV)

b. Visihie Ia-ser light (0 to 3 watts)

2) Substrates (piezoelectric):

a. Lithium niobatr (uncoated)

b. Quartz (uncoated)

* C. Lithium niobate (coated with a polycrystalline

silicon thin film)

* d. Quartz (coaed with a polycrystalline silicon

thin film)

e. siilicon on sapphire (riot piezoelectric) - -

3) Analytic techniques:/

1.'he r:ttenuat ion of surface acoustic

wave ii.~s -200 MHz) measured in situ

duru irg 2nergy depos it ion

h. Thei~ ttcriuation of S.A.W.s ari a function of

temperature

c. The analysis of implant damage using;



1. Rutherford Back Scattering

ii. Electron beam microprobe analysis

ill. X-ray diffraction studies.

To one degree or another, all of these meazurements 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

event more work remains to he done; further studies are being carried out.

I. EXPERIMENTAL OBSERVATION:

1. In Situ 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; m05t studies at 100 keV) on tne surface properties of

piezoelectric 5ubstr,3tes have been conducted using the attenuation of

s'.rfece icot stic waves as a probe of the changes to the surface of the

sample. Nearly all of the energy assnciated with the S.A.W. is confined to

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

rlrromefer", and hence these waves are well-suited to study ion

implantatiDo-induced surface changes. The substrates have been the

piezoelectr;n materials, pjartz and lithium niobate.1  (While these

mat-rial5 .-e interesting technical substance5 in their own right, their

* pie:elec tr-:c prupcrtie3 were important to the fabrication of

.S S.H.W. tr irsducer. ) In our studies the implanted regions of these

mteriol- were both uncoated and coated with a thin film of polycrystalline

iilu-on. Preliminary studies have been carried out with a number of

ci;fferent ion specie (argon, boron, chlorine, phosphorous, oxygen); the



majority of cases were done with argon ions becau.ie of the chemical

inertness of argon and its moderate penetration depth. Several runs were

done using phosphorous ions because of their chemical reactivity. Typical

ion current densities were estimated to be about 6.1(-6) F/cm^2

.lthoigh some runs were done with ion current densities on the order of

6* 10"( --7 ) A/cm^2

The acoustic attenuation apparatus we usc measures the change in

attenuation versus time. What is seen for uncoated samples is an increase

in attenuatinn (a decrease in the received acoustic signal) upon beginning

the ion implant, followed by a partial recovery of the acoustic signal upon

secising the ion implant. (See Figure 1.) This Is to be contrasted with

6 Ot t3 seen for samples ' ith silicon thin films. At the very beginning of

the ioi implant (e. g. no prio- implantation has taken place), a

phosphorous beam, of about S~i0'(-6) A/cm^2 at 100 keV produces a large

.atn.it 20 dB/cm:, rapid, permanent increase in the attenuation. (See

-i.jre 2.) The polycry7talline silicon film/piezoelectric substrate

,:,-mt;init t ,-r appo-ar5 tr be quite 5ensit ive to ion implantation. Upon

.eir._ ,q impiantatr, the-e is an irit-l, modest increase in the

a. -e , r on, foll.-,uw r i ly hy a partial recovery in the acoustic

'nn I . tion ':ei-' t~t _r implant, there is a prompt, sizable increase

i.,cct~r attenu.'t ir,, with the increased attenuation being

_ p- . ren 'See Pig r.! 3.

These p ena arc 1eperdent on the several variables in this

" ..- ; "It ir, .ritt c tnergj/, ion '(Arent d ,nrity, implant history, ion

"pctes, sample s.jb- ite It has not been possible to vary all of these

r , in a SyOe'ItIc mAriner *o obtain a definitive picture of what is

:'-" -. ..' .- ..- ." .." .-' -'-- - "'. "- " " . . " . -- .. . . . . . .. . . - :I :" -L ." - " ". . . "
* 2-k,. p., .. "! . , , ' " t' . --- :"' * . " "" - . ' - • ''. '. . .. .L. ''' ' ' ' ' 1' ''' ' ' m --..,, , ,"-- ,-,- ,,,w

,



happenin. However in sectionIII,several tentat:ve models are proposed

ba5ed on the above obser-vations and those presented in section 2 below.

2. In Situ Laser Ilumlination 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 th~s case are: substrate

Material (quartz or lithium niobate); the surface is uncoated or coated

.,ith silicon; the illuminated region was previously implanted or

ur;.mplanted; light intensity; light wavelength; light intensity constant

'DC) or chopped at 440 Hz (AC). As before, it has not been possible to

adjust all of the ..Ariables to a 5ufficient degree so that a concise

pirture emerges. HeLwever some remar15 about phenomena observed may be made

and gome +.entative con )usions 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 15 reflected

at the 5.rfac_, due to the Thange in refractive indexr (air to crystal) and

f rcrr tha aImi n;m 4mpe i,:cder beneath the qample. As might be expected,

little ch.rige in the 17ou!tlc attenuation is seen upon starting or ceasing

I I im rnatcr, f th, aroustic path. However, there is some evidence of a

inr ,"a-,e in the attenuation for lithium niobate upon starting

1 lh : nllumir. -,; o f the 5ample, which suggest s a:. opto-eIa-tic interaction

Per- 3o-, se Lhanje .n tne elastic constants of litijr niobate upon

-;;ure t' !ight. (See Figure 4.)

Treim rplan'ed r:'cgi-ns on the uncoated substrates are darkened by the

,or implant trid jb, --h : f- 3ction of the inrident light. The following

* - r lot i s t,, ,l of wt it is observed up'm exposing the implanted
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rej_,ion to laser light. At the instant the optical beamcitop is r-emoved,

there i5a rapid (time corutant of about 3-4 seconds) but moderate (a few

dE--cm increase) rise in the :ttertiation, fillowed by a very small, slow

Jrift 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 hb !Am there iF,.9 5 imilar, rapid (3 to 4 second time constant) recovery

of the acoustIC 5ignal. The recovery is ess)entially complete, aside from

the offset in~ attenuation (of a few tenths of a dB/cm) which matches the

5maller attenuation increase due to the heating drift. (See Figure S.)

It is possible that heating of the entire sample affects the

aittenuation by one or more mechanisms: 1) a dependence of the attenuation

cofiin of the implanted region and/or the bulk substrate on the

temperature of the sample. 2) a detuning of the resonant structure of the

... transducer>. due t,) the-mal expansion -if the sample. In any event,

ir a fairly i.-mall effe.t here. The more prominent effect 'the rapid

inc--e.-ise ir- r<.tenuat ion of sev erAl dB/cm ) may be due to a rapid tempernture

ri'3e due to heating of the darkened implanted thin layer and/or the

gerteratior. of mohile charge carriers in the implanted region by the light.

The temnper 1+ .- ri--r r~oijlri change the elastic constants of the implanted

DIr r chanige the electrical conductivity of the thin surface layer.

Te-;.--er,-tior of charge :irriers would also be expected to change the

v~wri-l:onIirtlvit, of the implanted region. A conducting layer cn the

5sjrface .- the riezcelcctric subst-afe might he expected to interact with

thp E:ieotromagletlr rnmponenl of the traveling acoustic wl~ve and damp that

'.-vv 'lue t - th- generot ion of Joule heat from the induiced currents. Our

n- cLrit n at-,lit. t.mu.)sure acou Ft 1c atteni-ation at se r a I acoust i c
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frequencies simultaneously ;r to measure the velocLty change of the

acoustic waves precludes resorving the question of which model is correct.

More detailed analyses of the rise-time of the acoustic attenuation

ch-nge a a functicn of lght intensity and light wavelength shows that the

r~setime (and falltime) of the attenuation is essentially independent of

light intensity and light wavelength. The height of the attenuation change

appears to be a linearly increasing function of the light intensity,

although there possibly is a threshold of a small fraction of a watt/cm^2;

the height appears to be independent of the light wavelength. (See Figure

6., Th qua-t7 and lithiuo-, niobate samples coated with a thin film of

.oLYcrtali'ne silicon are dark gray, hence a fraction of the laser

i lum~r.tio-.s absorbed. In situ acoustic attenuation measurements of the

e' ects nf -teid , intense light (of itensit, of the order of a few watts

per c h' how a 5imilar behavior. Intensities of one watt/cm^2 or greater

H. , -: pcs.ti /e rhanrie ii. at tenuat ion upon eAposure to light. The change

:n et ter,, atr)n i -:reases z th increasing intensity. However for

rF.nies o-c. > ne waatI/cm', there is a negative change in attenuation

cr' en.;sre tc. 1ight, It i, possible this latter effect is simply due to

3 the;'mai 1, ;iiOn fr,, h ating: the device is tuned through a peal in

the re-, e ,:,jrv . c t<. transducer and for a ,mall amount of heating the

imp -ovn . Hi;weve:, he effert i- moderately big and has a short

t~c_ Dnst,-int \o f,. , -. or-ATh , which would fe-.d to di.-ou,,t detuning fro,:

The'ma. e.p4 rn - Ke sole i5our-c- or th:- ,,tenuation change. Further

rv
r l  r~~e ~ ' n ' , d rn t. determine tho this is a significant effect.

if the 1,3 ar chopped (ot 440 1lz > ratther than held steady, ird

.ti . t (iete. t:,' s the AC (440 H. modulation that
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+hen 3ppear3 on an otherwise 5teady RF carrier, a small but measurable

change in the attenuation is seen upon exposure to the chopped light. (See

CLgure 7.) So far our otzervations are qualitative, but the exi3tence of

this AC effect WOUld seem o suggest an opto-electronic interaction rather

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

carried out.
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Ill. cISSIBLE MODELS:

There are a variet cf mechanisms which c:,u]d change the strength of

• received RF ..- 91 at the RF amplifier and thus affect the reading of

Ir<- relative attenustion that we measure. Some of the mechanisms could be

to sigrif:cant phy,ical phenomena which occur in the acoustic path and

.re the re,3l effe-ts we are looking for. Some of the mechanisms could be

due to changes ir the trqnsducer characteristics or shifts in the

,lectronics, hence +hey should be classified as spurious effects. Both

real and Qpurious effects are occurring to one degree or another, and we

-,a,1 73w attempt separate the two and discuss possible mechanisms

ea4n t t he real Iffe,'ts..

I tD1Jr"IOLI5 Effects.

Out: the I:mitations on the available electronics, what is measured

is a1 change in the attentietion of the acoustic signal rather than an

ab:lut,! :nserticn lo53. A- a result, change in the output voltage or

freuL:encv at the FF sigr.ai generator, change in the gain or tuning of the

F (--ver, .hange in the S.A.W. transducer characteristic, or change in

ftV-:ornec.ng -ables (e.g., a change in the impedance characteristic at an

-ttor i .il show rip -s change in the received signal strength through

. -Le channel ard hencTe a5 -n apparent change in the relative

a',ati in of the sampLt ietog studied. The acoustic properties of the

I'Fm , r< -miot not hHac- changed, aithough tne received~ PP: signal has

"' 0l. here tris atteniation change js described as spujrious.

.ai lab e I$,-troicc are noderatel y 5 table. Small shift' i n the

R .;tput of 'he -i n.il r,neratnr have hieen note,l, hut these should amount

- rj : : ! qr o-two. Phe RF frequency is usual

... ._ .... _ ..... . ... ..... .... ......
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, and while there are small shifts in RF frequency, these would

lead to o small drift in the relative attenus ior of a decibel or two. The

receiver cha-acteristics are more difficul+ to account for, but tuning and

gain appear to be reasonably stable. The interconnecting cables usually

cl en't di,-,tjrbed durirg a run, so the r' aintrq variables are the behavior

of the l.A.W. transducers and the sample. Change in the received RF signal

Tnat appears to be related to change in the transducers has been seen, but

it i:: diffizult to account for just what is causing this shift in signal

IF-'I1. Change ir the femperature of the sample changes the behavior of the

tra'i-ducers, bul rot ir a predictable manner. One measurement of the

itteruatior charc-e as c, %unctisn of temperature showed a negligible

:tfn,.a tion shift (anout t dB) over th, temperature range of -50 Celciuc to

+Q0 -n rIs. Usi-- a somewhat different technique to measure attenuation

Tharpe ir ;arming from 18 C to +SO C yielded an increase in attenuation of

a1, .t dR which remained )n coolirg to room temperature. Furthermore,

-r' r-,rg the PF ocillator ard receiver did not change the received signal

_nuc h c- we ,,er, le.t an, unaccounted for shift in the transducer

r''r',, oee r ,.i-e, 7 evidence which suggest that most of the

I.-m or. er. er tring ion implantation and eposure to light is

5p4~~itI5 the-r[al effect3. The first observ_-tion involves the

" .- [ .-*a'ge as a functior of the absorted vower in the

* ,,. L * * , hr h,,~. the tot ' inn -,i- ent ceact.:nc, the .ariple i3

., .- . '. . nlerated a rc . potential differen.t of 100

S .. -, ' r rcldent power Cf 0.1 watts reachrng the a:,'nle

.a ce e enAt ic.n chanqes ', e beer a q nrat .s 10 to

" - ..- : 7 : . _ i i> , . -l ; ' '" i t; " ilI il ... . i'l 2,1 ;. Z
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by the small energy deposition near the interface of a mixing beam.

The above is a very brief sumary of the results which are described

--i 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

S.- are in progress.

4-

- -
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ult-3-clear, vacuum envirorment during ion implantation is being con3tructed

a-d will be placeJ into service in a couple uf months. This cleaner

envirjnmeri+ -,l1 heip to reduce surface contamination during Icr,

implantatirn and 1.ence help us better characterize the changes induced in

our 5anple5. Firally, improvements in the acoustic attenuation measuring

5',3;ar:tu5 are planned; one addition will allow us to measure acoustic

attenuation change5 at two different frequencies simultaneously and hence

we s5,cll be better able to compare experimental results with theory.

B. Ion Beam Mixing, Profiling and High Dose Implantation into Silicon

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

aluminum which were deposited upon several orientations of single crystal

silicon substrates. Intermixing La 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 the SIMS depth profiles. Studies of high dose implants of

- both Cr and Si into silicon were also carried out. These results indicate

4 5a strong dependence upon implantation conditions4 I and, in the case of Al,

upon the silicon target orientation,5 leading to specific conclusions about

near surface distributions4 '5 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

*[-.



niobate, which would tend to 5upport the idea cf electromagnetic damping of

acoustic wa.,s here. Still, there are other difference-, between quartz and

* - litiu' r!Ctlte, 5s.Ch 715 the thermal expansion coefficients, which might

account for the relative size of the attenuation change.

Measurenents of the risetime arid falltime of the attenuation, as well

* as the size of the attenuation change, up~on exposing the sample to the

laser light or removing the light, indicate that the risetime/failtime

.Aonst3nt5 and size of attenuation change are independent of the wavelength

of the laier light. The r setime/failtime time constants appear to be

independent -f the at corbed power, Lut the size of the attenuation change

:JLpends On the lxtcht intensity, with a possible small threshold of a

traction of a uwatt/cm 2. (See Figure 6.)

3') Corcl1us ion-, ; % -erva t 1On5.

We have demonstrated that it is possible to perform in situ

meclsurement:_ of the effects of energy deposition by ion beam and laser

light iming surface wcutcraves as a probe. This measurement technique

s~rmits Io detect. I3ng.!5 in the implant region during energy deposition

Jowr' to a time 7adle cf the order of one second. In addition, phenomena

in *ing D,. a 0rh,rter time. -:3e may be studied by chopping the energy

*be'r. nd iK3 1.c1-,n Jetp'.tion methods.

flTFR' SIJRLNENT- 3

_-Dn-a: J:5.IC "e3s 'erne-'ts 5u.,ch a,- Ructherford Bad: Scattering

-'',1ns, ltron) Micrc-jrote Pnalvsi5, ind X-Ray Diff'sction Atnalysis,

* I ~-~. e i~ieelent in -mation about the damagedoetth ufe

of c:;r Timples. 'Se.eral of these Meam-ements are now being carried out.

V i1:~rca oamp 1 ' bumping 3tation rapable of placing the sample in an

:e_ :FA



the densit of the material. In addition, some of these defect centers in

dielectric materials may be electronically active and interact with liaht

* and the alectcomagnetic ccoponent of the acoustic wave propagating in a

piezoelectric mateorial. Ion beams produce sizable attenuation changes in

* our 3amples whi~ch are more or less permanent, hence we believe we are

observing the production of both mechanical and electrically active defect

centers during in -itu ion implantation. It might be possible to separate

these defect centers if we had access to S.A.W. devices on

~'n i e::oe Itctric 5ubctrates, but the difficulty in fabricating such

* dvZes prec lude- t hi s at present.

The 6eneration of Charge Carriers. By contrast, laser light

crould p' cduce no pema~nent change in the implanted samples, other than the

g-7 tsible bleaching :,f color centers from the exposure to light or a slight

- warritr-g. In 5ny e.ent, the attenuation changes due to CXPosure to light

*ar,7Fear- to) be ful 11 reversible and reproducible. One tentative explanation

f,-r this res'er-sible altenuation increase on exposure to light is the

* ~e- .t-3i cf mot-1 l' harg~e carriers or electronically active centers which

in fft hange the ronductivity of the surface layer of the substrate.

*, -e~ctromagrz-ti. co,',onent of the acoustic 'dave on a piezoelectric

5, - atc 15 damped I)% this conducting layer. Independent confirmation of

tis effect by measuring the electrical conductivity directly has not been

r -Of! jnd wo. 51d be iDef-il . As mentioned above, studies with

nl- -,LeZoel5Ct' is; suhatrafe5 would also be useful Howev.er, as seen in

i, Ir e --- 3a and 8b, thc ~i . of the attenuat ion change is 5 malIler in quart z

* t~~~n in !.tijri *vht 1he degree of electromagnetic coupling to

r'chancoV ''5 ir 1,3r-tZ is 5ub! tantiallv smaller tha-q it is in lithium
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attenation rise t.hin the tc seam, it is beli.ved that this effect is

fairly small.

ii. Temperature Dependence of Intrinsic httenuation.

In this model, the temperoture dependence of the microscopic

scattering center- (defect centers, charge carriers on a piezoelectric

-sLbstrate) produces an attenuation change with rising temperature. For ion

beams, most of the 1,inetic energy of the ion beam is deposited in a layer

abDut 100 rim deep; similarly, the silicon film and the implant damaged

(darlhened) layer are of this order of thickness, hence the laser" light is

absorbed in a [aver of this thickness as well. The conventional acoustic

atteriation process is he interaction of the acoustic waves with the

thermal Phonons uhich scatter from microscopic defects and mobile charge

c irrters. Preizminar y measurements of the intrinsic temperature dependence

of the attenation of the several samples we have studied (made by cooling

and heating the sainples cver 3 temperature range of -50 C to +50 C),

suJ. e:.t that the dependence of the attenuation on temperature is fairly

-:.rl l though this may not be true in all cases. However, because of the

d- ff.-e,-:e in the "i.:7e of the attenuatinn change for ion beams and laser

I gtl - .:cmnarah'e intensities (disCLisJhd 3:ove) and the differences

net,,e- the sire of tk.' a'teruation charge for quartz and lithium niohAte

* i Fi2rL."el 8a and 8b), this appears not to be the sole machanism at

M i Ntrocopi ,%catier-i ng Centers.

-efc-t CentrL. Tn microscooic changes induced by an energetic

:,' nrginq or; r lur far ilrzude microscopic mechanical damage, which

..0 ter thermal ih)r.c'. r:. 'hence acoustic waves due to inhomogeneities In

ii
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20 o8,'.m. This power is tn be compared io an absorbed incident light power

of about 0.' to 0.4 watt.3 here the corresponving attenuation change is

typically two to three dR/,-.;'. 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 invol',ef a run

where the laser light was shone directly onto a S.A.W. transducer; no

change in the acoustic siqnal was observed, evo~n though the black wax

acoijstic absorbing pad directly behind the transducer appeared to have been

slightly melted in the prn-ess. Thus the incident intensities being used

are rot suffo-ient to detune nr otherwi.=e affert the transducer

chi-racteristics grossly . s a result of these observation9, we believe

that a major portion of the attenuation changes seen during in 5itu energy

.deposition are significant effects which can be used to better understand

phenomena occurrintu during energy deposition.

2) Some Possible Scattering Mechanisms.

a. Thermal effects

Ai consequeri,-e of erergy deposition to the surface of the sample is the

-.,er, eration -)f a fairly comple temperatire distribution, with the exposed

,rface b,-inq hottf- .t ind the bulk oF t.e -amp'e slowly warming. Several

rmechanisms which tJffect the attenuation of S.A.W.s exist and may be active

i. Ther mal c,,,.nm]r.. The rectangular region exposed to the laser

* ; ,t o- Ion beam will he .jr-med and a strain field will be produced due to

th , - I e ,4 insIon. fit r ,gr t we do not have i model for attenuation

orouii-ed hin mechriice.l d'sfcrtion. However, since absorbed light of

tr't 5it, y .'er thar, the iritensity of the ion beam produces a smaller



-27-

ACOUSTIC A TTENUA TION
VERSUS TIME

-0.4 quartz

unlcoated
implanted region

m laser irradiation
ij-0.5

60.

0 ~h

4J

-0.7

1 iqht on

-0. 8 4

*0 20 40 60

time, seconds

Figure ea



-28-

ACOUS1TIC A TTENUA TION
VERSUS TIME

4

*.....*-~-1ihtoff

3-
M

00

o 2lithium ~i obatQ

O uncoated
1 implanted regionCu

* -P laser irrad~ct ion

0

0 10 20 30 40 50 60

time. seconds

Figure 8b



-29-

C. References

1. Lipschultz, F. P., J. I. Budnick, F. A. Otter and T. W. Grudkowski.
1982. In situ study of the effects of energetic ion and laser beams

on quartz and lithium niobate using surface acoustic waves. Proc.

IEEE 1982 Ultrasonics Symposium:10 40.

2. Namavar, F., J. I. Budnick and F. A. Otter. 1983. Chemical profiling

and structural studies of ion-beam mixed aluminum on silicon. Thin
Solid Films 104:31.

3. Namavar, F., J. I. Budnick, F. H. Sanchez and F. A. Otter. 1985.

Nuclear resonance profiling of high dose implants of Al in Si.
Nuclear Instrum. and Methods B7/8:357.

4. Namavar, F., J. I. Budnick, 11. C. Hayden, F. A. Otter and V. Patarini.
1964. Study of near surface structure and composition for high dose
implantation of Cr+ into Si. Mat. Res. Soc. Symp. Proc. 27:341.

5. Namavar, F., J. I. Budnick, A. Fasihuddin, H. C. Hayden, D. M. Pease,
F. A. Otter and V. Patarini. 1984. The influence of implantation

conditions and target orientation in high dose implantation of Al+
into Si. Mat. Res. Soc. Symp. Proc. 27:347.

6. Pease, D. M., F. Namavar, J. Budnick, M. Choi, J. Groeger, F. A. Otter,

Y. Bruynseraede and M. Clapp. 1984. Modifications in the unit cell
geometry of sputtered niobium films caused by high energy ion
bombardment. Thin Solid Films 120:239.

• • ,.1 - -- . - . -. .- - : '-. '. '. -' -"- . - -" i''-' ..- i . - -- . -; i.- ? .. ."



-30-

D. Publications

1. Lipschultz, F. P., J. I. Budnick, F. A. Otter and T. W. Grudkowski.

1982. In situ study of the effects of energetic ion and laser beams
on quartz and lithium niobate using surface acoustic waves. Proc.
IEEE 1962 Ultrasonics Symposium:1040.

2. Namavar, F., J. I. Budnick and F. A. Otter. 1983. Chemical profiling
and structural studies of ion-beam mixed aluminum on silicon. Thin
Solid Films 104:31.

3. Pease, D. M., F. Namavar, J. Budnick, M. Choi, J. Groeger, F. A. Otter,
Y. Bruynseraede and M. Clapp. 1984. Modifications in the unit cell

geometry of sputtered niobium films caused by high energy ion

bombardment. Thin Solid Films 120:239.

4. Namavar, F., J. 1. Budnick, H. C. Hayden, F. A. Otter and V. Patarini.

1984. Study of near surface structure and composition for high dose

implantation of Cr+ into Si. Mat. Res. Soc. Symp. Proc. 27:341.

5. Namavar, F., J. 1. Budnick, A. Fasihuddin, H. C. Hayden, D. M. Pease,

F. A. Otter and V. Patarini. 1984. The influence of implantation
conditions and target orientation in high dose implantation of AI+
into Si. Hat. Re3. Soc. Symp. Proc. 27:347.

6. Namavar, F., J. 1. Budnick, F. H. Sanchez and F. A. Otter. 1985.

Nuclear resonance profiling of high dose implants of Al in Si.
Nuclear Instrum. and Methods B7/8:357.

S,.

S2"

S'" "

oS .



-31-

s 44 S. Bayles Avenue
Port Washington, New York 11050-3709
(516) 944-5120

James S Fu//eylo
Director-Evaluation

E. Invention Disclosure January 22, 1985

Ms. Alexandra van Gelder
Assistant Vice President
The University of Connecticut
Office of the Vice President for Graduate Education and Research
Box U-133, Room 117
438 Whitney Road Extension
Storrs, CT 06268

RE: Surface Acoustic Wave Attenuation Measuring System
Lipschultz, F.
RC Disclosure No. 084-D301-84

Dear Ms. Van Gelder:

This will confirm my remarks in a telephone conversation with
Dr. Frederick Lipschultz on January 11th with regard to his invention
disclosure as noted above. I pointed out that in view of the
apparent publication of the essential features of this invention in
the proceedings following his presentation at the Ultrasonics
Symposium in 1982, patenting of the invention in this country or in
any of the major industrial countries would no longer be possible.

We much appreciate your giving us the opportunity to consider Dr.
Lipschultz' interesting invention and hope that you or he will let us
know if you should have any further questions respecting our evaluation
of it.

Sincerely,

St

James S. Fulleylove

JSF:Il
cc: F.Lipschultz

A Foundaon for . Ad cem.ent of.Scief cnd rokl. ......... .



"..--,- . . . . . . . . .

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. 1. Budnick

Physics Department and Institute of Materials Sciences
University of Connecticut*

Storrs, CT. 06268

and

F. A. Otter and T. W. Grudkowski

United Technologies Research Center
East Hartford, CT. 06108

Abstract acoustic waves (SAW) during ion implantation.

Phenomena which occur at solid surfaces 2. Experiment
during ion implantation and the short term
property changes which result during this
exposure may be studied by sending surface The quartz and lithium niobate samples were
acoustic waves across the implant region. exposed.to 100 keV Ar

+ 
ions in the ion acceler-

Quartz and lithium niobate have been exposed ator of Prof. Howard Hayden at the University
to 100 keV Ar+ ions; later these implanted of Connecicut. The attenuation change of the
regions have been studied while being exposed SAWs (at a radio frequency of 195 MHz for quartz
to intense light from an argon laser. The and 215 MHz for LiNbO 3 ) was determined by com-
strength of the received surface acoustic paring the relative detected voltage height of
waves is attenuated (by over 20 dB in lithium 4 psecond-wide, 10 kflz repetition rate pulses
niobate) during an extended exposure to the which were alternately switched between the im-
ion beam. Upon ceasing ion bombardment there planted and unimplanted channels, both on the
is a fast but incomplete recovery of the same sample. A PIN diode switch transferred the
received acoustic signal with a time constant RF between the two channels at a I kHz rate,
of the order of ten seconds. Laser light of controlled by the reference oscillator of the
comparable or greater intensity produces a lock-in amplifier; the voltage height of the
rapid rise in attenuation of only a few dB, detected RF pulses was converted to DC by the
with a rise time of about three seconds. U ,n lock-in amplifier and measured by a digital volt-
ceasing illumination, recovery iF similarly meter. Either the difference in pulse height
rapid but complete. From the different results voltage for the two channels or the pulse height
produced by ion and light beams of comparable voltage of one channel could be measured during
intensity, we conclude that the changes in the run. These measured voltages could be con-
material properties which are being observed verted to attenuation changes using an earlier
are produced by mechanisms not entirely measurement of the pulse height voltage of the
thermal in origin. unimplanted (reference) channel alone. Tantalum

masks were used to define the geometry (2 mm
width by 8 mm length) and location of the im-

1. Tntroduction planted region, measure the incident ion currentand surpress secondary electron currents.

The average Ar+ ion current to the lithium
There is considerable interest in the phenom- niobate sample was estimated to be 0.27+.05 uA;

ena and material property changes associated with the average Ar+ ion current to the quartz was
ion implantation. A wide variety of probes a~id estimated to be 0.75+.10 uA.
techniques have been applied to these investiga- Since a computer was not available to record
tions. Since the phenomena and material property the voltmeter readings continuously during ion
changes occur at or very close to the surface, implantation, it was necessary to stop the meas-
surface acoustic waves are a useful tool for ex- urements to record the voltage readings stored in
tracting information. 1-6 the voltmeter's memorv from time to time, hence

There have been a number of studies of the there are portions of the run not recorded. Be-
effects of Ion implantation using surface acousti, .ause of a short which developed early during the
waves, but only the references by Valatka, et al., quartz implantation, that measurement was termi-
report on velocity change measurements made during nated prematurely. Those portions of the lithium
the implantation process. In this paper we present niobate and quartz which had been exposed to the
the initial results of measurements of the atten- ion beam were darkened, indicating some form of
uation change of 200 MHz (nominal) surface damage. It was these darkened areas which were
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exposed to intense laser beams, as reported to

helw.V beam off
3. Experimental Results b

Z 18

L iNhO 
0

4C
Exposure of the LiNbO 3 to an Ar+ ion beam of

pairticle energy 100 key and current density I

1.7xlO
- 2 

A/m
2 

produced an increase of attenuation 10

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 ., a , . I . . * * I

, had been exposed to the ion beam for a period of 0 2000 2000 3000
* 3time and then allowed to partially recover in

.. the absence of an ion beam, turning on the ion TIME (SECONDS)
bee-i ;roduced a rapid increase in attenuation
(wiLh A time constant of a few seconds), followed Figure 2 - Attenuation change in LiNbO3 produced

.a mort gradual increase in attenuation. This when the Ar+ ion beam was turned off.
trend is shown in Figure 1. Times shown are not The sample has been exposed to about

lbsolute but are from the start of that partic- 21 + 2
ular period of the measurement. Due to experi- 1.2xlO1 Ar /m prior to t=0 s.

mental difficulties in establishing the beam on
Lthe sample at the beginning of the experiment,

the verv earliest time is not shown. 30

*4 beam off

m- 20

l0 -

oon

zz
I_ 20I

.oo.--

i-

0 0 * I ,
0 1000 2000 0 500 1000 1800

TIME (SECONDS) TIME (SECONDS)

F gure 1 - Attenuation change in LiNbO3 produced Figure 3 - Attenuation change in LiNbO 3 produced
+ when the Ar+ ion beam was turned off.

when the Ar ion beam was turned on. The sample had been exposed to about
Ihe sample had been exposed to about 21 + 2

20 2.6xl10 Ar/m
2 

prior to t=O s.

5.6xlO 2 0 
Ar+/m

2 
prior to t=0 s.

corresponding fluence and SA" frequecy.

Upon turning off the ion beam, there was a Note that for an intensity of the ion beam of
similar rapid but incomplete recovery in the sig- 3 2
nal amplitude in the implanted channel, as shown 1.7xlO W/m (comparable to the intensity of sun-

in Figs. 2 and 3. The time constant was on the light), abrupt attenuation changes of 4 dB and

order of ten seconds,. in detail, the value of the greater, and an overall attenuation change of a-
attenuation at beam turn-off, the degree of re- bout 25 dB were produced. By comparison, the im-
rovery and the limiting attenuation value were planted region of the lithium niobate was exposed

dependent on the history of the sample. Our over- to several different optical wavelengths (wave-

all attenuation change per unit length (the length of 515 nm, 477 and 458 nm) with absorbed

Ilength of the implanted acoustic channel was 8mm), intensities in the range of about 0.5 to 1.5x10
4

f about 30 dB/cm measured in situ, for an over- W/m
2
, depending on the maximum power available at

ill fluence of 1.6x10
2 1 Ar+/m 

2
, appears to be a given wavelength. A typical attenuation change

significantly greater than the attenuation change curve (X=515 nm, Iabs. about 104 W/m
2
) produced

reported bv Larson, et al., for Ne+ for a by turning the laser light on for about 40 seconds
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is siown in Fig. 4. Thc rise and fall time of the
attenuation change when the light was turned on
and turned off were approximately three seconds,
the attenuation change was about 4 dB, and the
recovery was nearly complete. The change in at- a
tenultion was found to be proportional to the
light intensity, hut showed no apparent dependence

,n the wavelength of the light. The rise and fall
2 beam onines of tile curve appeared to he independent of a

oth the intensity and wavelength of the light. k
ecovry of the signal after the light was re-, vwas virtual 1 complete.

I-

I. 4

IU I I
0 I000 2000 3000

TIME (SECONDS)

-3 0 1 iFigure 5 - Attenuation change in quartz produced

when the Ar
+ 

ion beam was turned on.
W The sample had been exposed to the ion

briefly prior to t=0 s.

0 20 40 60 60 10 ,10-0.40, , , ,

TIME (SECONDS)

Figure 4 - Attenuation change in IiNbO3 upon ex- -0.6

posure to lilht from laser. Z off

. I ight
/)uarz V on

0.

The phenomena we observed for quartz were W8 ~ __

qualitativly similar to those for liNbO3 , except

that the size of the attenuation chan$ges for ion 4 .0
beam exposure and laser light was smaller. Due to 0 40 so 120
a short in one of tile tantalum masks, the quartz
implantation ended prematurely, hence the overall TIME (SECONDS)
fluence was about 1021 Ar+/m2. However, the ion
beam current was larger, being about 0.75 uA; the Figure 6 - Attenuation change in quartz upon ex-
ion beam intensity was about 4.7x10 3 

W/m
2 .  

posure to light from laser.

The change in attenuation for quartz during
ion implantation is shown in Fig. 5. Note that the
sample already had been implanted briefly just carriers induced by the charged ion beam or the
prior to the time, t=O seconds, in Fig. 5. The laser light. However, while there is insufficient
reason for the one dB improvement in the signal information to adequately explain in full the ob-
at beam turn-on is not known at this time. served attenuation changes, we may draw some ten-

[tie response of the implanted region of the tative conclusions. Since the laser light produces
quartz to laser light of 515 nm wavelength and a smaller, reversible change in the attenuation,
an estimated absorbed intensity of about 8x1O3  

while the ion beam produces a larger, permanent
W/m2 is shown in Fig. 6. This change in attenuation change for similar intensities, we may rule out
for quartz was substantiallv less than that for the temperature rise as the sole cause of the
lithium niobate exposed Lo light of the same in- attenuation changes seen. Also, the attenuation
tensitv. changes are larger in lithium niohate than in

quartz, and since the piezoelectric coupling is
larger in lithium niobate, the damping of the

4. Conclusions acoustic wave through an interaction with induced
charge carriers is suggested. Further experiments
to sort out these various possibile mechanismsl there are, varillul mechanisms which we aire

tempted to propose to account for tile attenuation are in progress.

cilange upon ,xposure to the ion and l ight beams:
el~ting due to energy input; density and elastic

constant changes due to the damage done to tIlt'
lattice by the energetic ions; mobile charge
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The effect ,I inchl enerui, ion bombardment on the structure of sputtered
niobium films has, been! Studied. The 1000 A films were sputtered onto silicon
substrates. Tl- filins w. eie orilented wit h a[ I110] fiber textutre and were found to have
at monoclinicallk distorted cell characteristic of compressive stress, where the stress
direction is parallel to the film surface. Bombardment wkith 300 keV Xe 'ions, which
for the most part did not reach the silicon interface, merely expanded the volume of
the distorted as-sputtered niobiumn unit cell. Hov cxer, bombardment with 600 ke\'
Xe * ions. which have it mean range extending to the interface, relaxed the unit cell
toward the confi),turation of at cubic geometry.

1INTRODUCTION

Lindler proper conditions of pressure and other experimental parameters.
Tputtered films of mectallic celements are often deposited in a state of compressive
,,tress'~ Se~eral mechisms hav~e been suggested as contributing to such stresses
in particullar case,. rhecse Include argon entrapment during sputterin g2,. oxygen
enitrapmnent 5. a nk 'atomic peclnn" by high cncrg. metal or sputter gas atoms ._

I lotiman and ThOF"It'"n dil'\ e~treda sudden trainsition from tenlsile to comipressive
,! ress % hen the ainiieWtres a lowered pa~t a !hreshold value, this transition
pressure tends to inra'v.ith the atomic mass of* the sputtered metal and inay
correlate '.v'th the, 'flk.t of at critical energy for the atomic peening effect.
Stibseqluently. Hlfiiim Ti,. (Jacrttncr' simulated the effects of atomic peening by
ev,,aporatIng chrornm~m nuktl with ion bombardment. They found that the
c:ritical Ion dlose for at trivwsition It-rom tensile to ci mpreossive stress is dependent on
he momcntu in ,I the boinbarding -,pecies, as well ats on the substrate temrperature.

I inally, in a recent study oif stress modification in niobium b\, low energy ion
bombardment durin.! deposition. Cuiomo et al.' separated the stress nmodification
effects into "Impurity controlled" and "structure controlled" regimres. [or those
tii deposited at higher sub.,i rate temperatures. impurities were found to be less

IN)41)-(i4)( X4 S; 00% 1 I csici-S-,q utoia Prnted wn Thc Nelheir tind"
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im1por tant titan I'tructtn *iA ;]: )dihcatioa1S Of (!K' i1ti1)1i1ni Caused hIi0V loll Iilhrd -
nint I i tis strc c-oit~i lregime, hornihardnmen t dluring form ation %as
fkound to change im rese in the dirtection oforonlp!.esive St ress.

['rol th tcaI deei~i i it I111 hi e \ C ie I ted that Coil] prcssi \ c Ntle.c canl be
produtcd hN son' !h,-,e .2)oIi sp Vring pro css V h ich is, 110f r asSO ici ,w I w ithe
depo)sition ()f imj1puritic' hut ijih;:r v. oiiaichnia effect o)f the hovhardnirit
[b uI. thle termi at om ic pt:J N1' Li> 1 e1,ne'1he'tr o h d.rivttr

'k.h ich is assoc'atcd \i di thle at * mnik te peng p~roceSS Is n10t u nldCrSt ood at pre ~en t.
and it is iio, thle ptirpky.c of theC prsetaper to s Pecu kite alonLe these lines,. Rat her,
:X penimen tat vidcc o , piesecn tcd hcreIt. ich uidica tes IthatI it Is R )ssi bl. tinder

certain circunistanoc s, to relieve , elt cornpresi\ c strc~esse b% high encr\ 10on
bombardment.

In the present Ntttd.\. l1000 A film,, oA niim "ere spul~ttered onto ~IIc'n11
substrates and then subj1cte1d to born bardinent wth Xe ' ions hav in uw niruie, o! 300)
and W() keV. Samples \Ncue ehartiCd_/L b% N -ray d ilhietioni nieCasueiienllts, hot h
wi~th a di ffractonitter ind wit ii ;IgLaIcHI i-an te Read c:amera In addowi
RLutherfo. d backscaiticring measuremrents. nijeropr,)oeaa': i and flaUrrei:

of the resisti~ cSupreon()due.tinL! tralisitiOni teniperat ure1 I' V C!C _1C i 01.11 ou
Rutherford backscatieil'nc 2nlskws and rane cnrg. ~lua n d~r i

I3X0 kcV Xe i ons had a meanM range (401-101.t 47z A dnd tr the 1111 j'i ip

'.'.ithin the iobium~l Wirns. \\ h;crca, range e:ncrg.\ el.atn iikh:Ih
600 keV Xc' ions hiad aLt i rantc of roih;'. 1,'tJ \ ar164 .Wsel iie
m ixini '.A it h the siio '._ ; ,t rate The, ts -depo,;'r Uu.uUie
corre_, pondine Ii the qrl 1 irt.-control~ed reet, In O ('l W10o t 1.
X -r: i a n al I ,j t o heC L I ndecr onprei c',I , st r : I. I he c )I fe \e c
embedded in thle ~uh mi. ntemh C \Plded h11e \01lpe L!
ha~ina mUCh Cth'cr 111 lh& 0"11 t1\TflmlefA Ch It A I K\c

- I \ !1 R I \ I I 1 't '10 ) I I)( I

Thie fuis cArc ier ,\~~ ~ i~ t! tuII. imiijfe, ll
'. fill a liquid-nitrooen-,( (io iit, d Iiti~ ;itt fi I ' d ni , wu~ eso ~I ~

10i Torr in th chmx t,(,11c rmteiu the Sp'UttI(ltio arfii
foilows: 10mil pre-InLir o (1 filui OWAHI jt\r' hi lot f n\ V

pressuLre of 2 w.I) Tor eoVtn rate t thte epritu'dii
,sputteriii2 of' Am~, MeI 2 Ih 'i' t i'~ i I, as Al he . lappl. I

A t. I :t!tc rcl .A ~ 1'' ,I;, il~l 11111i1i'ilit I kr \cth pi: I lie I

HIM t hrdntenr J1 -S ii I kI C m~ . hattldieo bu

0 Cn Im fk I pl p rc Ia proIrnajtl C m il ill,7ni., The
fit \ o~hr 0 .11itj'i -.I eirre~it denl"tV of, I(XI nA cml . It 1

.1 toil bt. 0!.t' it- t I le ho idt area Vas apprcxjmrtia,!'.
-niro 4 '12 ..- . .1a a t a heat sinik, and w ih this

.irralernent ii' Ui >1 a' :u itrtdntcnt %ws iea,%ured. -ga I R
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detectr oi a th.' ii10..)p.', I) , i FiadMeilt po e crs tlitich greiter tilan those used

in the present ,.,xpc -ii it III ,addition, it should be mnltioncd that the thermal

expansion misiit a h ,t. 1d [CS c ,: I b'01'ut io1 1r n iobi .i deposited olt t heated siliCon

Substrates was found t) pitoducC tensile stresses by ('uomo ci .'. Thus, the

oIlprlPes,I\C stC -Scs obscrxed inI the as-deposited samples StudiCd are due to somie

feature of the spLitteirng proaes, rather than difTerential tlcurmal contraction of filml

and substratc.
-lectron mii:roprolbe alna sis \sas carried out for oxygen, carbon, argon,

niobium and xcnon. A 10 IkV electron beam potential was used with an incident

current of 1 ' 10 .,\ 1 he sample tilt was 20 with respect to the horizontal. with an

X-ray take-oltanglc ot 45 . [he electron optical column ran at a pressure of 4 x 10 8

Forr with a ditcrentially putmped specimen chamber pressure of 1 x 10 -' Torr.
X-ray peak data %kerc taken with a wavelength-dispersive spectrometer with the

electron bcan ra-ttering over a rectangular pattern measuring 150 pim x 100 pm. The

peak intensitics were referred to pure standards where possible. However, in the case
of oxygen, magzncsium oxide was used, and for xenon and argon peaks reference
'.alues were interpolated from measurements taken on adjacent elements. The
intensit of the Si K7 X-ray line was also measured, for these samples as well as for a

t(Hg) A niobium hilm on sihicon. in order to obtain information on the attenuation of
,he electron beam by the niobium films.

Our quantitative analysis computer program for analyzing microprobe data is
intended for ue with bulk samples and leads to errors in the present application.
[he attenuation of the 0 K. and C Ko lines is sufficiently large in niobium that a
1000 A niobium ilh is efTcctively a bulk sample as far as these elements are
concerned. Since the Nb Li line is much less attenuated than the 0 KY or C Ko lines,
100,A of niobium does yield a weaker niobium signal than would a bulk sample for
the elc :tron bombardment conditions used. Thus. the bulk analysis routine tends to
oerestimate the concentration of carbon and oxygen relative to niobium for a

1000 A niobium film. In addition, as pointed out by Cuomo et al.5 , oxygen and
carbon concentrations may be largely surface oxides and surface carbon so that, for
thi,, rcaon as wcll, the values gi,,en should be regarded as upper limits on the
concentration %% ithin the bodv of the films. The oxygen and carbon concentrations
determined b', microprobe analyses of the bombarded specimens, using the bulk
,,ample anaivsk routine, were approximately equivalent to atomic fractions of 0.1 for
o0%gen and 0.17 for carbon. The oxygen value is comparable with or less than that
obtained by ('uoo Ct al., although the measured carbon concentration is higher:
;&, argued above, ihee microprobe values tend to overestimate the concentration of
these impurities w\ ithin the film. Although quantitative analysis was not carried out
tor the as-deposited specimen. a comparison of X-ray intensities indicates that the
oxygen and carb, ,t) impu1rities in the as-deposited specimen were somewhat lower in
concentration t.un in the bombarded samples. Additional evidence that the bulk
-luome of the i!n- ontins., less oxygen than indicated by the microprobe results
ma% be found t,,n-i Ow tcaured T value of the as-deposited sample, since T" is
dCpre,,sed b\. 11-,,It 0.9 K per ati,,rnic per cent of oxygen". [he measured I value of

7 K. % hi.h i-. ,'v. c- than the bulk 7' value by 0.6 K, is thus consistent with an
o\,,gen conccntr,!t,,n of only 0.7 at." in the as-deposited film. For bulk niobium.
additin 1' 1 0 0t C) epands the lattice constant b 0.005 4 ', a result which is not



iinconslIteiit \ ti\!\itiibIisilSohtiiiid 'i the presenit \%oi k. l ,iull,,

concentration ol I Itc k\ it mhs ol m atomic: per cent. [he xenon d ist ri htiinon in thle

3Wt keV bhardd Ii; s c,,scially uniform and corresponds to AhOu-t twICe
the aeriwe xe'non cwcta'uin the 600 kcV Sample. in agtreemnent w\ith the
C.IlCu~ltd total .cii lwll I~:s distributionl inI tc 000 keV Sample varies h
about1 1 dct~oi ' l,:I' lh. ,i anipieci dmw ii 'a i. S ice tilhe V ra \ di firact ion
d1atIa *J iscussed I Iicr ul pieia a\cralge Sam lp1ll '' oJ i lie bomba1Krded ree i n, the
details of, the xejl(I ioi dsttIit'oll do nlot aledt thle ckuncluISIons wh11ch followm.

S- raN ineawa ei cicni, %\ -rc I),t a ied us,,ing at di1)FraCt0Imeter 1a"Id a Read t hi n filmn
CAMe. r1 ". Tie diffdract metI. c[A'S otfitted w ith i copper a node V-rat ttin he and at
gtraph ite monoc h roinat or. hLe an lLu ir ace iiracy ol' ine dltiract oreter wast, che1cked
uLingt tie ( -311 ecti oa of a Ahicon Standard. The aninilarf error IS dl ute nee11lil
cornpa red w It h t i c h' c d ioca k ,hifts betwel tlie a 1-dcpoSI ted. htile kc\V
bomnjbarded ind hle 61HO ke\ bombarded samples. MIost of thle error in localingz the
POsit ions of, hct I thC~ I- iiik 10HUilur peaks resides Inl uncertain tics Inl dICI cnn 1i ig the
precise ang ul' ii I' f .4 pe a Intensity, the observed peak shift, dhic to stress

lekleer. howe , i; 1 liie Ilhan all errors encomitered inl thedi aortr
measurement. All Pe d '. nr xp)osures were carried Out uISI ii i a 0.25 i in bam
ol 1hinator, giai.c Ing a1 H) o r 20 and either at co. pper, cobalt or iron ta rget

.\rav tube. Read'L camra JphOlographis of niobium thin filrns were me~asured uIsHii an
optical com"lparattor. \Vhcea> mos0t previous Investigators of stresses in Sputtered
films have 'neamured sti-c-. c,, h ileans of the deformnation of thin substrates; 1 in the
present stud% the c. let,,)! 1!:"oll *f the unit Cell P is measured. For this purpose thle
combination of' Rcaeimer and diffractonieter results was used to vield
uf'ormation a hot ile erp! aii ar Spacm rg of diITract ion plianes hothI parallel anrd niot

j21aallel to thle anu'1c

RlISltIrs

Read cine i owrath of' all siimrples \Acre consistent w\ith t I 1 10] fiber
'Ctextur for thle nAm,: .fmitli the fiber axis almos;t exactly normial to thle film
surface. All arc~ , ~ :d -~e id related to interplanar angles using es1tablish1ed

Slut linN, of the Read6 -- vne r i k. I ird rica I ditfraction ueoct ry' '. There is at [a in t arc
inl the 1101I rin!u o, IC-1 i It> a <1it admixture of somec orientation other than

1 10], lDitlraiC!oa'c. , 4 ;il thre-e samnPles ver ken ito a %tLuC f'or m~ice thle
13r~zcanee 1 1 'c .- ,xis re~caled nio)blim ( 1 M and (21reflections.,

NI " Isicn fi v. ih ! I i t Ibe te re re alIcd 1) thec Rca d caitmera i. I t w I Il he
onvrmni 'r i snitofollow, to define- the h aIs of, thle niobiumil

wit cell to !)h ~'11urfa, is Iniicd Ill Fig. I. 1 MIS. the set of,
!ovestindx pt h 1:illn surface will1 Crom no i he de,,igna tod (101

* ttlie than I!
V~ ad0 1 tH) and (20(1 rJ-Octions, one reaitiv c!v weak

id d It ionji I c v.'tei~atm'r'asoa h ap& i~ 5 pa
.111- the atppear ,ii:;' 01 : 11iCl 'ocite_ to the niohwi'tni 2(12 reflection aiid occurs

Xa 'vaLue to: tk' . Ii:~c uH o( 815 - [lie anea tinder the satcllt peak is
en a icd]n the h!a vil'ui ie' d the peak in i ebt ha 'c ecaped detection for
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Fy 2. nieixuir.- of !hit i2 II 'lib rI1!,-ctioe for sampics. denotd 000) keV bombharded. "(X) kCV'
l-orabar dt-d aiAdp - ;t'~ iA' o normilized to the same hiwht.

the case of the _ WTIPo~te t)1If 'Ihe bombarded samples were not available for
1 npar 11 he s o' Ic t he satellite peak has not as yet been identified. Since the

emiph&,sis of the prescnt pa per is onl the ctTect of bombardment on thle majoritv
niobium phase: thke rect of th. discussion will1 concentrate on the rna', nioburn
peaks in the XVi\ att-n

Ditiraclonietcr -,can~s of thle miain (202) reflection corresponding to as-deposited
niobium. 300 Lc\ hombirded nihimand 600 keV bombarded iobium are shown
in Fig. 2. hi th-, figure, tLhe nca)k:; are all normalized to the same maximum intensityv.
The value for m~ice the: iiazu arivle which would correspond to unstressed pure
niobiumn is 1,2.7 Pis value corrcsponds more closely to the position of the
bombharded 00i LV pedk than to the (202) peaks in thle other samples. In addition.
the ~4dth of thc 600)kV -(202? )petk is less than thle width of the (202) peak for thle as-
deposited film. Yhie rnin\1un intensity of the 300 keVi peak is significantly less than

hlat of the thpeaiks i thle nlon-rnormalized data.
1-igutei h;caRO ie backscattering spectrum of the 300 keV

hombarded '~'Uir.CP :orvip~ircd with an unimplanted sample. The xenon profie
indiic-meN tlHi( kht \Y~Aw 'pthL of xeznon is about 400 A, which agzrees wel with

heort. ia Ia 'i . cr: a-.u! it i( jis of the mean xe rion penettation depth. F-or thle
600) kek hov W b '~V d m '. rimoor energy :alculat ionls indicate that the mean
rangec oift Ie I I n, 'V i i)A A clca,,wenon profile, is not expected in tIs
ca;:,e, partil\ *Ii, is a .! I., fromn xenon iort'; at depths> heyond 550 A will
superimp.~c ;vo 'ina! )iin itinca,.ed sprecad of the xenion distribution

br te 01~' , I' ~ ~ ~ '~imptortao !Illths regard. 'Ih Rtefr
hacKk It '111W teri * :' T -I 1!k.'N i kcVN "anllp!c I:, I Io'.% 11 i F g. 4. Further aayi
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Sine the product ion of an oxygen-free A i-Si intcentice is normal lv
very dlit f icir te proceeded to prepare Al-S-'i aluure b Iii reet high dose
implintaitioti of A] into silicon. Our Interest in thin4 wore- was enhanced

brieof recent stimulating wcrk on metal-sei cnductor euitectic systemt,
3-].For some of the metal -semiconuLctor core;'" It i r K'',stI ems such as At:-Si

.imd A-emetastobihl phases have been produced by~ splat cooling,, laer and
ion beo exper-imients 13, 7].

Twrefore,, it seemed very interesting to study hv high dose
i-p lantat ion techniques- the possible exlsteice of mtastahie phases in the
Al-Si systemr aind to- determine the depcodency of formaitioni of such a -.hnse
upon ca)ntaminaitin;; elements such as oxygenl. Here, we report preliminairy
resim]ts of the fi rst part of this study, name.ily, the inf luence o~f
imp] aintat ion condi tion:; and tarnot orientaition for hiit, dose implaintation
,,f Al in-tl)" i ITd the resuilts of stuidies by PBS, x-ray diffrnc tonetrv, inod
Ai%'S. 1- ire a '. o till prnsqss of apply inrn mu l(ir resona-nce pro filIin?,

(52> a i10 i'' I I,) i r ea ct ion i n oriar to oht iin additionail
l fr; i t i On al thll deplth of profile for Al.

i Ioe. .ini, ('V t i of Sti with (lil) int! (1CI Ii nr ieri t -i)t i were
jul int' Iwi t'- I e, Al 4t\ +1- ions by meains it the 'mb orm'a Im-planter of

3i'o\e't''t (P-nnrrticiit. During implautat i-a tiri'e pviarmeters Were,

(i} t t' in inc from 3 x to)' -)r" n-a/clm SeIC
-ri ii tn" riil', d if fuiIon pumpod! Vow':lr svst -I wi th and witholut

T'itroe,(n rap (2-4) x 10 Tort i.- r; -:, iiIt r.i ii %lo naciio

itA V *'i: w RRS, samples we~re tiltecd t riron h nra
n iio eam and were fastecal i t t. 1),' It in k W it h

* n''" a.ri ill; (si!lver paint). Thelt-':i'iir ft m highi do-se

I. i i 1 t .0 n i m nitored and rio r ;i in ii* t r , t Iry IN r i s

I ,i tr it's; the RRiS res;ults t r Ni 1" I it I S I lll, samples
* ' 't i'' d fii )n pu p~ s,'-t ,i ( i:1 ), 11 'K t & V 'ner''' iiig

Ii lon/cm Xi 1s 11 it 4. xq

i~''iiii' -r the e x.iple iripliot. I ,;i t. i I

i, : r ' i I b , ti r i I ri .,Ii t' i ''. i- t r, d IiII t )

-. t !1ciiiri itr ! t.

t h ('!I"n It

ti i i i'1 f iri it tt, i t r ttt I c e

I ~ ! a-IT r I~' ti vt' o- t5 itt~
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iI -io thle teil I Rutherford 'lack qoottc~r~sti. (KS ),

Al. t rcon s jt,. tc: lon (AES ) and x-aydif friotion
4,a -ansa tple; ir~itced with a J I' keV' t77,rji.,x' 11-

iiir,:p-e ai.(IPV ) system ( 100 hiorr) wit :- 1

!t*t i' cr: -<i . In an, ultra high vamiuum W(U' Yv,tem (2-
~1 >. IF Trr.

I uts (If t:tn.,h ost rate ( 50 11 A/ cm 2 ) imp] 'iota? ' i ; Auto

i 1 i in in iiiL raippe d IF'V system, ind!icate t hat A!'
v-r'o.ttes wVA to a p re fer red (111 I) or icontnt i on . For i dose

on8 2 thc surface is Al-ric', to ai dteuth of

2'\I while for l ower doses the surface is' siIi coni-ritof . A
cairbon huild1.-p cc_urred for samples prepared byv low dc

rate _5cA/cm' 'i rplantat ion. However, uno A~ se're- il

hi e abhsereed for (loses of less than 10 to'/--"*A

s~n fa hn~v : hi becn observed! for tl t e' rTia
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implantation causes Cr atoms to move towar2! Lh trfac(c (as well as
deeper) and/or the C-Si/Si interface also move-; to ti-e Cr-rich region

because the surface Si is consumed by the Si-C oet In s Well as by
sputtering.

At 1)certain doses which obviously should be lesu-,.; 10~

ions/cm-, a large number of Cr atoms will rc~a-h th-e iTt(e-rutro and come in
contact with the carbon present in the C and Si regi.-:-. One would expect
that further implantation should initiate a reaction. I-ltwee.; Cr and carbion.

Very recently it was reported that chromium carbide was formed by
implantation of Cr+ into 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 , Ta+ and Cr+. Our RBS and AFS 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 i-nd low dose rate
implantation a iiniforn C-Si layer is created, then there shouild be no
difference in Cr concentration or in retent11 on-or a relatively high dose

implantation because sputtterinfg Is a surface phenomenone. 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 duiring low dose rate implantation 'because of a loniger implantation
time. The low dose rate implantation time was about 50 tim-,es that of the

high dose rate implantation (Fig. 6).

Becaus;e of 'he lack of required resolution RBS and AF.S techniques

cannot he applied In- order to verify the later;il uni formity (if implanted
-itrfaCT5. There~ore, w4- have studied samples implranted with dloses of 3 and
5 x 10 ions/cm' b -y scanning electron microscopy. SEM mlcropraphs

indicate the presence oif light spots which could be associated with exposed

it r faces.

tSupported by the Office of N'aval Research.
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Asstimi ng the v ilidi tv of this minl , i I( c t jAk 1rh . iievlue of the
slope of the fi ttcl Il n, rives the sput torit' f~ic it can then conclude
that the Spitter i n f nct or for a n Inct ni -l i- Tt with 100 keV
energy and a do,-, raite of 6.2 x 10? i :r s/crn- L: ec ;t! S = 1.06. Thi s
vrii ir c-in be c)n, io tred -is the l owest limit frr r 1: spir t- ing fact or, if

ra ;ha ter ~ f S diie to prey bus ly m 1-nte tto: in, Juences the range
li-trihiition of imiplanted ions.

I n) F ig. 1 t he pro f i Ie -f Cr for imp Urn [Pt. i on iii thI a dose of 3 x 10 17

i ons 1 cm- i s relant ive 1y f at. FigV. 3 i nd i rate t hat , -iIt hough no change in
RcAn he oh-; .-rv,-ii, the vai ne of etr~ gincreaises. Cona;iderlng Fig. 2,
oocan realiIze tlha *,te Cr conceontrat inn .'; comparrablio with CrS12.

Si :. sFrir. i it by Increasing the 'rvatcm- press-rc by two orders of
r~on t d~ ,c,)nr nt riti on and retention of -!inarrtd aitoms inrcreases by a

f i.t ~r 4~ 2 :int, 3 rf -'ecti'iely- The RYh> rerelti. shown in Fig. 4
,1( 11-r-t rir I lan t:1 increase in thre coriccrrttration a-ndi ret,-nt ion of Cr atoms

I v vs I r I ;I ,1 .'ll I , hv the7 proeence oIf :1 cihon or atn g-,pn peak. These
p- iks; i ml hit ! ; r; -o 1 4 these -nir orsoalarvo amounts Of

!r1'!, O rvi!I I -t~*W n on the snirfi,-. cn:osti(-ri whichi in turn is
-rr l.. . - :ti dose. Fig.- 4 demnaatr tits in, addit ion that ~e

i,-Ir , .rf~icv re i ori .Uf samples Implant-d wit1-.doe of 3 and ', x 10~ inns
ro r (re om' pnt ly of I at oms. * Hirouivpr , an~ii't I.' - 1017 and 1.4 x

i / crr oll'; /Cm are present ~nthe Sr~tire r-enion as it r-cit of

rn-;, 1,1t a t on oat 3 1.n ( 5 X 10 1- cii /cr,;pkc .ixFeIV. -(Il the other hand,
t(r imnpi.intat inn with n tot-il doqo ot 11X 101 ir:/'- the carbon peak
ha s Ai 1 sppeired aind a 1)' I;al rxvgen peaik cmerges hihc,.rresnionds to about

Two) mechainisms, I-n b rvspon-ihli! lor thre in~oxc of oxygen or

carbon into) the surf;o( ;.,ample: (I) rcccol 1implantaition of elements of
aidoorhbad esidual pa ind/or (ii) enharre -ott of th-, chemi cal reaction of
sorrf.ace atoms witiii tire -leenof adsorbed res iduil gas, ac a result of ion

;!:plrtrntation. It is well known that dirrinap i',plianrition th srfc
impir ity Vi s recoi I- imp linted I nto the t~r~ ) However, as can be seen

I ron tir re;ulIt (F i>,- . 4), i f recol I ipaI ;nf i f ,n 1,,, respronri ble for the
joiit r rfirct I (n r, cx v. * n a id ca rbon J nrillrr inn.'; onoc shouldn expect both
ox~vIorr -.id crirbor hI, - pre'a(-it in larpe, q:nli-;It th e '-;"' time.

,r The otter hlnd , F-1g. -1stigpe- t '; t 11 it. rlie" -. irl ,i'n F arn~ots art.

- t ~it ,v -i i ri.d Ii fi to-, a 1~br 1, -~p c~ However,
-Ap t ),,va of 1,I -irit ion was met. rd t (pq i oi,; /-I-, mostly Cr

ci to lprait e and the carhni Ai. iii.. -re! dh:i) le an oxygen

-ri-l AF', i- it of the abv- ' -i t -;t ir p 0.\ clearly
, . I,,I I , I, r r veil 1'rr (, -

hi -. v I 'eve thaqt i 1-i- 1viir''u- I t his rce;

T c ill/i t Ilie i'I v - carbohn 0nnr-I

I r~r 2 a 4.-en I '- n tI

I i ill-t t~.

)h " ni I I - p T "Tv- arpn

itV 1 io. Iat I i' 1

I I T fi Pr I,,, tr I t i r - '

3SN~dXJ V.LW1
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FIG. 4: RBS spectra of Cr implanted FIG. : AES dita for the surface
with 100 keV energy and a dose rate and for a depth of 50 A for those
of 6.2 x 1013 ions/cm 2 into Si samplc,; whot-e RB; data are shown
in *I) 

, ' system (2-4) x 1) - 6  Torr. in Fi,'. 4.

-- -,'

*( keV

* 2
10SE ('

FIG. 6: Cr concentra -j I'. I"
linpliit- -t ion dose.

of in Implanted atom doe,; not change by !ii,',- 't 1' t it i-f , and (Iv)
enhanced diffusion does n'1t occur. IDurn nip I ,it'-ti n,- ; t'--yult of
surface sputtering, the d-ptlh profile of tht, ii-T )t,d tto-. r-Avos toward
tho Instantaneous surface whore the amouint ,0 ti- -; -11lii to half
thl. thirknesq of spiutrr.ot layers for svrrmetr 'c,* -. , . A-' , tnh tIon [71.

I
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FIG. 1: RBS spectra of 1.5 MeV FIG. 2: Concentration and retention

1 + + 4 
o ' '  

/4 " '

fiefor implanted Cr+ into Si. with curves for implanted Cr into Si
100 keV energy. Implanted In IJHV system

I.>. - e Implanted in IWV system

l4

2 .- 4 X/

-r

92_j , __

0

FT(; . 3: Projected range (R ) on-d :.t rapg11v op
p

R determined from the darn of I (U1% .
p

the sIrface (Fig. 1), and the concentration i e taan (Fig. 2). The
Cr-Si phase diagram 161 (Ines not suggeF~t tlI. cxfstence of -Irnlv compounds
with Cr concentration of !27%. It therveforc ponihe that the zero

Ir0r approximation mod 1 171 can be :ppli p - aned firqt tsr data points.

In 7?vro order apprnx tm-illon one assumes thnt: MI ropew di-St ribhut inn of
implanted tons 1% 0') influenced hy atom: Prp-v lont;ed intr -dood, (it)

airface spittrering i! dit mnd by a cons;tant fncr -r, (Mi) the rest position

35NidXi INJ&4 -4WA UQ (*diU

- ~ . --

" 8"r 
- 
S t'5

. . . . . . . . . . . . .. . . . . . . . . . . . . . '-



f2) a beneficial effect, i,',the production of a proitactive layer from
-puter ing, .Indeed, heausc, of this protective layer, we <-.ave been able to

aithieve a very high crceortration (86%) of Cr for TeCr-Si vyste.

EXPER1MFNTAT, PROCEDURES

Polished single crystals of Si. with (1l1) and (,100) orientations were
L,i'nted with enorgetic Cr+ ions ranging from 40 to 160 ko-V by means of
rw i ! curren t ljnp~intcer of The University of Connectic!At During
-,lnotat ton three -airarnoter', we R varied: 1
(ii U',, , , r iinan ~p, ri 1 x 10 to 1;x if)1  ion%/cr
it) do-. - rate, rangiJng f ram 5 x 10 - to 3 x 101 ioa1s/cM2 qcc

(ii) 'oi. condi t4 ons, PV system wich iand without l.iqaid nitrogen trap
10 -' C Trr arid in UFHV syst- (24 x1 Torr

w-i i iny!a ' ta~it vaid Rill., samples were til ted to 100 from the normal
J' ion beaco nd] were fastened to the hea-t sink iwich conducting

(ci Iver paint ). -i~c teiperature of so:-e hi 'Pl dose -are
i o1,s was, fl.ol'!toi ind no rise i i -. rget tvmpvrirure was; observod.

ti .d)ist raft:s tie Rili* spectra Of impolanted Cr into Si( 100) witlt.

13 2

k n, .r_- - and a~i rita V6.2 x 1 0 ions/cm sec and doses ranging

t r)Tq I O tr 111A o-l1o;cnV- in a H1V system operating a rsueo

-U--

0hwmt (2-4) -( I()- lorr. Cr concentration at the maximum for each
rid i v i di I I ip Ia p A Ll p1 t. was calculated [51 Pnd is shown versus dose of

- icp'antatirn in Figp. it is clear that a ' tcadv statc concentration
'42Z)wsah.7jd$o a lo1c, of about 5 0 I ;Is/cM2 .Irplantations

w,4 s"v d l t n 1T

With) Ii]girr doFes, A-) rot zo-s, Iin higher Cr concent rations.

F". 3 lemo -e;tl, projected rnn (g,) and stragple ( Rr)
sputeingl fr'i ine, R'e case of Fig. 1roective l tyer, Se stopping
athl e ris for do* ,ii Cr-Ai.

Fi '4 shw Psia crstra of Cr implantcd with 100 keV enrgy and a
0 .- rted ot ene I i i ,I, 'Ionm se into I ;i (l'0) target, in a DPV system

it'- at o' t r.,'iv-4) x '()- Tirr. Cr coricentc ation as well as
L i ' rnt p 'rnr I Mt :t ir il A ofher -Ihe pressure in the order of

.rc n~M''l >is' .2.

i the iiarfare -n I ;ept Cetf 5 rA for those
I. F, ,- 4. nd AFS reai Itfro, '! x to. very

in'! h i iem'o'st rat' th' I ' C rrrr,'nr it I i curves
* n t i , r . 'il.l- pre ir(i ir V.~ . tr ?porit in' at
) f I "Ira nd dosra. ;, rrt.m 5 , 2' 0 1 x 1I x 10

r,', t % ,i' o n iirv y ntie i and to edt i i i irpog:en of

l-- Tn lie artCr .n- ' r.;t , me s n r 1. Iw r t ilir i th i n al

', ' i.n he-, i an wer fast iie to the ne , in tin is carried

,, i,~~I r's~ier pait . 10i lotr a so' ii tt; 4 o implanted

be, t a it, w v-! for I !ow dose rite *'* jlr1- it t ii.

i'' A NT I I , I Uh I

i 2 nilliti ' twl )oft roncintrion ah 'ai. 1. ' i-e fu dh t
i.rip.an t ,a Se! I Iii'r . It is , r V W1 1't 1a F, I heon th

<............................................................................

wih1ihr oe,,. tn ,q tinhge rcocnrtos
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1'..~ .1 ;IyT "' EAR S.,'RFAC-V -JOTP RE AND CO"' C i' : .FIWI I.C MPLA.TArION'

I .+INV) Si

F. NAMAVAR ,* B1 W, Il 'CICK I]. C. IA!N,~v
PATA RIN i**
*Th e C IIv e rsi t. o t CoTMr t ictit , '4ti1 I '
**fI ltpd Technolo.;ie ; Ppesearch (,enter, 1. ;t ii ''0-c.

11 dose, 4c-se r.ite rind tairpvL rhar;'wr -nvi r :oO~
Cr i7!plitutd Si h ive io n studied by nt ,7Ctflf

Bk catterfng ill",) ;- s Auger Fleccroon -p~t e'' M
I'plt'-iitat',)n Of Cr* for do-es tip to 2 xi 1W nsi I'd ;

i:.e; dose rate and t.,: were carried o.; :;.I~ iit:
higih vacuum (I'YIV) svytelcT :i; well as ini - !.n:p,

Vectm(DPV ) svst em. For the former, t he !nix0,. :rn Cr
rclieit rat ion. win- ab:oit '42;' . On the ot her han0.,
IT!.itlt !On Of Cr iyt a 0Pv system resiilt--'! i:

Iiii-her pcnk conceit rat ion ( 86; ) and ret-,,t i-l.

iir~h th? PBS -iiiz AF' t-sults positlvel% .oon t
rt

* thf oxistence of extensi o surface carbon. fo!- -, S-ic
n!or I .ace and a chrmiiumn oxide laver for thf (r-ric4 h ofa
Thj s r-sult su0ot-;tir the interact i:j .f oxye-)
carbon occuirs pret roit .I] 1v and depenids 1(2 th-. ;kirf Ic

NO sulrface composit jonal variation (oi-li bwo
hy thfe RBS experimnenits for Cr implanted 4n 1) C\ t " ii or

fteetdose rates. T-" contrast, for !m ilaint iticli inI
PV sy/stem, higher concentratilong Canrl :i~lhievcd fur 1,wer

i~~ r des.

in this work wu ;ir-e intorested In. ir netittIo iL
rma ion by means of tie' Liph dlose irp] !pt it ion tein~i(i-io C r the C'r-.Si

,f implantod Cr ito i, it, tili.ra hivj, v ce ti *11v .;; O1 ' svytem,
ind. (Mi) tietormlnfrio' Uh natre of the 1,in ,!IiIo t,.! litffrent ''accor.

conii ons as, well as utrlerstanid ing the i'f'r f oivg; ii: cairhon
impur itic s onl compound firn;itinn or pi-iIpit it Ion.

1. . I x rII m ic I I .. Ih I'( concont r iri t i i 71 i1 1n nn! l t' s

o oried by the po t-i:of the ntear ir.; ro,r i - irget ;v,;tei
Ill Imp Littion I T, . :t(-Tol Svyntir, wl rit . '"t-iro 1-*ld(r .,f I(J

lorr ip. v , in ;omp i'', r :l it-. the pr-) hio t jol -C .'' - ir carfi le

1,iyer whure i',rnerol I Iv soii I , lyer cariu ron'tr t h, 1; : ri t v.

Arnerdin et il . (2j Irelic-t 1 rh' prodittI' i !I a vi v 1:0 'i'-1 itt rAt ion of
C, I ,r .:tu itnp 1. in t ,it io ii f i Al a s i res;] i i., ., i t oi,-f t o-'dr' layer

ih-im tar;'. t.

lnrtt irtitot of (liilt if re-siditil 'inr -1 ),an1 :1, v 1, nil
irnpi.iiitat fmu j ) .,r wv ,Iiher moma s [I, II' ; I '- -' K -!I' d itient.1l

I0 et e. I( , - o v; c n iio1 i ltt s n

...........................................I
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of the st ress relief effect reported here, 111W,'. other ihom a rdmni energies could be
n''estuizated. With thle present state of' exp~rimn alretat] the generality of the

ctlect I-, not establiIshed, hok e Cr. there Is e\ Idenc thLit, '% h .ie~r the nature of the
defoi in produced b% atonmic peen in g, th-ii Ii Is dlori nation niiv hc laigelv remioved
h% bomnbardment xm th \e ry high en erg ions t hai reaci .ind nIc rmix the :ntertac ial
region of the sample.
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',Lit facL and ( , IN l t I -ill In .1)1', (III Ctit( ill I).ll hICI 10 tile Id1i11 N5t -,ii C I lit: IlICtFi\ )I

le i lit '1nd Voo'k .111d , til l' 111L . N III \\ lieu III l t Al-CssC' 10 1iriV O)til e '111 Iii AI p -110.1ie

it I )ttth : ncrtI,'Ic'e I Itv 'l 1 111111it in thIeI I. I I .IiC W ithout a be t tcr k I t Iedi. I tan
it)\% C\itN S kItlI i ~t.!l id Ii; W C l~iI 11 h \ IlH sltCl-Cd hli I eh IIICIto bI e

c"'ll ',I~\ClI\ stri:'.e . It 1 11 [0 l.!Cl," to) \N hat C\ tcnII t IlIc pisi lt I I Af i I C Iicill!

NtlC'C I" Ad II 01C I'[ l~L'ClitC".I).pt thiI ClI\ Cat, It Illa\ he Of sotIC iriterest to

.omipare thc prc~entit. cslt, okit ile I'--JCpON tL-d film \ 111 1h predIei0on11 hasCd onl the
Witt and \'ook ca lo.I Or iI I 101] orjcntdtiof ofmoilblill L I" ealcuhitted

hb \\ lit Anld \'ook 101 fhaI% It \aLuC0ot 1_310 lt'\c rctcr to I ig. 1. it i~ e~ideit that in

es'xunsuon0T ofl thi btj 111)Llttic2 sn as ito incease thle distaticc HcIN~cn IlMll
plne ' tlc,\IlI rcstiit Ii a iilomiiitI1 icllStOrtilt oI the unit Cell. t ilte 10ho e
Ilhcorct Ical vaIlueIC asL Ai 3YA1.11 tI( to corres'pond to thle diffract mec r result
anld assuming,! theC un~streCssed film to be pure niobium~l. we nllaV deduIce the
corresponding \auL-t., of/ 11and t . as Well as angle /; in Fig. INb. (CIcarl\ . a -- in the
inonoclinilcallv distorted cecli The relaition bctmcen the interplanar distankc dWk and

*thle Values of a, h and J? for such a monioclinic cell Is givenl by the expressNion

I I 1' 2leo" /; I' k' sin 21VIi

Shere ii, k aind I aire \ erindLices . Li'sinu the above expression, wve mlay determine
a \ alueoL'Of1ll arid thcrcVreh ire a where. In th rsn cs. )Is de'/uu'd in terms o4

ti-ic pression for aI cuic cell :1s 1'Iklo\\

If thle abow procedure I, carried out and the lattice constant Of pUre unstressed
iobium wkhen rounedici01 to anl aCCUracN 4f three decimnal places is assumled to be

ei'%en by a = 3.30 1 A he *prediCtCd- Value of ahII as defined by eqn. (2). isalso
3.3(1 A. This valuLe ,, iel nea the lowe%-r limnit of t he error bar for ti-c le alue of as-

*deposited niobiumi as show)Nn Ii I-i 5. T-here is therefore an indlication of somec
degree of expansion of ti-e unit cell volumei for the as-deposited niobium -rltiveN to
(lhe case Ii wAhichi ab.olitelN pure iobUim Nkas stressed at the interface alone.

4. m~s( i ssio\

*Sputtered ri'etal il"IS are oftenl t*0111d to be under comipre!sive stress, and work
h,, other in vestig; ito r, indicaites that this stress ma\ h e due to somne structural
deformiation associated NN. tit cli a al bornibardi men t h thle Sputtering gas. On
'hie basis of, thc pic Cwe~ '.\ ork alnIt x\ onld have been tempting to speclate that
this deformation aris.es, Ii jvi., front a registration mismatch at the interface with
ti-ic substrate which I,-imunkcd- b\ *i ons sutbicientiy energetic to reach and intermix
the interface region., (liC. .te fact that thle compressive stress phenomenon is
observed for manx UIIi uit t\ pc' of' substrates Such as glass Aafers'. Si3N4-coated

icc in waters it and o) dK i,c t:I i1con' is stron g evidence against altiemsac

e ffectI.
It would be ki 11112 rcst !. \I ndthle presenrt Itidy to investigate the systematics
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fI it t II I M Ai Ci .'ic I I I III ctleetIti IM c I Ma~de t(iill- a Ii0 glan' Inge
anl-F (v K\ I ladiatnon xII! a1 It Oggu an~gle A) ",'s itd ;list)usn i () glanC-ingu

anll K-f radiatiow l d'11 angi~le otf () SIinc- thC (.11(j) anld (202 planck-

hark it. iner';~t 1" .- the ahii\c c;(io1 placed thre (110
ellect ion on tlk he i '

- Il he kLititIC- ' w,' (I li WV M 11W d Ii 1i l I hC li'ICC

uLontant and ine airspr! '01 ora cubic, 1ratell al to the mneabured %auCe 0!
th Itepina dxtnci aJ1.,. ['here WaN it, I dc tectablie d Itierctice. Io kkithIi it

i i or bar determnnd h h ii~.uho h hI lincs. betwen thfe niobim iin
~ l~~obtained u-uke a ,dl !!, ,urce and ait' Brargg anile and those ob-tained

uigan iron sourk-c in a U Brac11 aVCl. J hi lat resulit Inldica!CN that s,\steTIWlati
error1s in thle cx etl Atilk;1 eL11staflt flroTt Impo1rtant lof thle region oit,

rceanele ncau that 0f tile Proutnrri1 (31l0t relc nni. Additional CVIdeCeh: fol thle
Cci cot tecRe-ad C,111'e7 uuC costais %vO, obtained b\ oprriiRa

eit dn'l dlr :- iz& V ksii:r the interilanar di~tances Atthe QUO) Nuriac-
1p.trailel plaiie .. B\~ wi-i n the : ea 56 icid( rrt anle andj ohb er vIneth 2

* i Aek~etior -ia R. t~ Id ixmr K i radiation it x% a" te. i thiat Ned earner at

Agne ditractmete Wa-ie~ '. ttainedI LMIfl a rcccnon at a B~ragg~ angle oA
56.it "~as inkerrd that the 0115 etleeto i. which can he mecasu red at ii till a rge r

Bragg angle (67 i. om atm ho ria sured with ii i!licien t accu rae\ for the present
purposes,

Figure 5 sho\\, at p'ot oh a-,. 1*er,.uS a 1 for thle as-depi. 'ecd, the 300 keV
bombarded and the VOl! We bombharded samples. a,, \,,as determined using a 20
glanacng angle anid It Ky radiation, as described aho~e. [igure 5 shows that the as-
deposited sample is distorted from a cubic cell. The 300 keV sample maintains this
distortion but with an-, expt i ded c-ell volume. The 000 keV sample has a nearly cu~bic
ICll but \Aith a Slight11 v expanded lattice constanit relative to that of pure bulk

!4

IT /

ICU' drfM p'InCTcMpi 10 Ia n undmiorid LI Col.

A ~ ',. h.r ~ ~ U x hI~onharded~rnrr a..uc ~ rinpit-: e, di
0 I~ 1. 16c ' :is hi t h. 1c 'I 111 thlit \WeUld result [01 ar CubijC Cc

A ;. . Ic~erT:~u thuoug~h lr . I~ lrrr ir~tri rir'
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ENERGY (MeV)

3. R Ut )-ford ck .i it i ng spcc'rum 4.5 \teV' lie 'a iiaurl. iW.,) A niohorrnit fSi !11

IInpi.!ntcd \ 'h 30()ke\ %ko ~ i.'e ith an unimnr'atitcd 'Jpc'Arnell ( euiric' hcio~k
M CV'' r:Om Fev Iq i ck Ic. lnfl l' I I KIcon

0%
0

0.8 G)u8 .
E NEP p Mv

I 4 kL~vrf),t Kj-, .ilvmg ~tr ffl I V He i" 'unlor.SI I

m4~ 'I___ - , --.. ~=-- p pc-

th range' ofd(MISeV)1'tf

To return to th icus,,io of th X -ra \ results. it show t.: tc pointed out I hat tt he
* - d~~~(IftiraCttoner eC. uli- u-i ih I nt' 'r mat ionaho Ut thc 1 VI erp~iam ir dist anec onl ~'M!

pan-s parailci tO the SaM1niC u rf Cte. It was desirahhk: to obtain lattic-e spacing
iniformation from ''ihcr sets (" PIa71l i well by means of Read camer a, Al thoup!h a
Read camera Is not octIc1inwd to hc partictdarIk siuiitc. o rciinltic oma

nweasurements, thL OlCeUIrL\ 'I the reCsults; Wias Shown T,' bc suficicnt for Present
ii rposcs. p oIded o"' 01v 1 hi e i ohi um, rec co't s fvit lest in the ht(k

reflection regio er INed I hie larL'cst and therci'ore most tc~.cur ate Bratgg .ingle
* obta inable for n oh! . ni %va, th at co re-spond ing to the OW() reflect ion aind Fec K 7

.. . .. . . . . . . . . . . - -0 .
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Fig. 5: RBS spectra of Al Implanted into
Si (1ll) and .Si (100) (UIHV).

and a (lose rite of 2.4 x I 14 ions/cm 2 and doses ranging from 3 to I0 x
lP)i7 ions/cm resulted in Al segregation where Al is preferentially
oriented in a (ill) plane parallel to the (ill) plane of the Si substrate.
On the ba.sis of RBS Fi , 1, AES Fig. 2 and x-ray rsults, w may conclude
that for implantation o, Al with a dose of 3 x 10 ions/cm Al islands are
forred where they occupy about 30% of the surface sample. However, as Re
-clpplv f A] increases by increasing the dose of implantation to I x 10
,,ns /cm'-, the surface density of these islands increase. and eventually an

Al-rich layer with a thickness of approximately 2q") '; created. It is

expected that the near surface region of Si targets boermes highly
disordered (amorphized) because of high dose implantation. However, it Is
intri;'liing that Al precipitates possess a preferred (111) orientation.

Vory recently Kaufmann et al. 181 reported that as a result of
imp Iantation at roo- temperature of silver into a single crystal of
he.rvllium, silver precipitates at room temperature such that the (ll) axis
in ,lver is parallel to the (0001) axis of the beryllium target.
rurthermore, Tsaur ot al. [9] reported the formation of (111) preferred
-,ricnt, tIon In ion be-im mixed Au-Ni, Ag-Cu ilt Ax-Co ,systems.

li the other t-.)i, ,Cur x-ray diffractiOn measuremets, of Implanted Al
rt-- i (Ill) in an itr I clean vacuum v,;t'n, sugges',ts that, although Al
--'re,, t., It -et55,',,;, C ,; p livcrystalline ,tructitr'. Since implantation

,' it 1 ,,r nif r, le"; preired in 1EiV tnd I ci' :;'',t C ,-: w,,'f the sime

:f c frnr te p' i, a ,, we, he leve that r h,, f ( oit i:! ,t f i;,hlv or iented

j; i r .roh, I y I lited to impuritie, I!In'--, aid Icar b,,
'',,hwire' iiitredo-ed ,tunic;: implantitiee; in the, I:V ,'ec,. At h{eh

t r-pl;tritat te, in -t clean sVy tm, t I: -,.,.e, t i a creat-r ,!cptli

thi th'it expet.' c f'' the projected rin-'- ,' d,,P-c i -, ( i.")). F-,r pn;

" ce it rio, ti h, ' the segrg,,iated l', rt"- ,i' i- it !l. -'ear -ui fice

reI 5':' t ! .

1 -:elt; ee..'-/!, IcC 1 cd. t . S 2et'', ! ,i I-, '] . -uc.pet it u tt .J| IV

34'JJdA, \'JV),! ;NW * \&,r, .I9LJ,. :.jflQild )U:

. . . . .-'•-. •' - - ..- -•-.--- - -.. •, . . . . . . -ffl. . . . .



1- UIII ';It r 1 IAll r 7-' 01rAtel y c lemii 'I( i svstemn, implantnd Al
re It tr i~t, hIi r ;)Iii ttiin or dui:-.. I(,,;t -irpI in tat icr room
ter c 1 r,t ii r, a've Imp. lipanited -it omns ii.ra I.t t Ud(flev to penet rate iii pe-

is ti. W it imltlnt t i. incrtases (st iI'. 4). Vhr sasmlrt
t t.c rei f,-,IIt, ,t t vu- %.,rlk an-i thrt';t ri-i ort~d b Rishridee [41 for
Tint Al ir - .\IC-. . It f. C

Aithe"rsn t 1--.. , illterpretat ion ,!ti I r. -list rihiton of Al inT o ur

r~ irkicupa r i situ t oi L hte i tit rpre tat ionn afi A.(:i- rI it -[101] is hindered
I oaus f t he 1:1(-L 'I !-t Ii l ed infollmat io:n on dr-pth prof iles f or implanted
Al inT Si.

No, Al sret-nwas observed for 9! i71ipIl;0d Si (IJPPV) With a loW
dose rate and for doiesu f tip to 5 x 10 inrni-,/rm. I n cont rast.
iJ'plnttition uinder -imilIar conditions , ev.-ni in an oil tr.apped DPV system
resulted in Al segre,-at ion. From these(- roiilIts , it seens that durinsg high

do~zv rate ImplAntat ion in the UDPV system, !wrcnaiteelmtswere
available because of the -puttering effects .-nd the short times required
for implantation. Secondly, precipitated ntichation for implanted Al
occurred as soon as the Al concentration at the damage peak surpassed the
solubility limit and befiore any contaminant has a chance to diffuse to the
ianape peak. On the other hand, for low dose rate implantation in UDPV
systems, contaminant ator.s such as carhon ciay reach damage peaks faster
than implanted Al reached its solubility limit. Prohably the presence of

very chemically active smiall impurities such ai- carbon and oxygen could act
as a sink for defects which as a result dela';, (r prohibit Al precipitation.

-I a cl
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I minec Ii', dis,ob , Rew,ca h i Iter,. I Iol IaI1 ... I I, S, I 1

lie have applied nutlt ir esia eprilh. (NRIIh wehiuc' d 1,, an th dcj'li d,tsrihutin of implanted At .,. I~

iinplaitation if Al at D91O keV ;nik AoI'Ws of Lip to 101" AI cii sliC 011 ,idls ind;,,ac that ihv sipIh d,tnhautiin of A! ;inp-iwicd ', a

kittra-hiplh vakiuni tL ItV) s\,irem i 'I lerr is indepe~ndent of 1,"C late Mid tr ,,.ienlation Foer it do c of It!' V iil

single Al disirihution %~as ohsers,l Ai t in AlJ oncentration ofI abt'o 6', at recal, hIrle NsS of the iniplanted Al v,,s retir,, I

Si iargI
On the other hand. the depth itistrihotion of iniplanicd Ml i a difil-ie1n piinped \ IriiL1iii l)I'VI systeM 1; I , Ir; "1 -. 1.

infl uenced bv dose taies and ta;reL~c oi 7 iit ai 1 For Ii ph dos~e i a~ icntplani.ilion (44) 50 i A , th(le depth distribution ot Ai p i)

i t, he hirnisal or broadenedL an~d ib)lt Q' ' If the itiilan~ted Al irctaon-td in Ili,, Si iarg, i A peak Ai enneetitiation id T olo

could he obtained

1. Introduction ssstACtn. the strUCtUre of segregated Al is generxh
flueitccd by dose r,.ite and target orientation in cortra~i

It has been known for soitie time 1, .2 that impianta- toI implantation in a UHV system (= 10t Tortj i

tion in a poor vacuuiisystemi ( 10 " Torr) results, in ;sInch thre struLIture (i segregated Al is indcpendcro

some1 Cases, in the forrnatioi'it, ulc xd or a tirget orientation its well as dose rate. Fo i-t.p:-

carbon laver. A surface oxide or carbor, la-er maN vp cra'ed in at lPV system (= 10 'Torr) with

reduce surface spulttering, thus niaking it possible to dose rate imiplantation in Si (100), segregzited AI rp

achieve a higher concentration of implanted atoms,. The .se a polscrvstaiiine structure while for Si II111

eff-cts and significance of a contaminant surface liver segieiatied Al po-ssesss a Il111) preferred one:nt.ttl IA

formted during implantatiiont onthei imtplantLation RB Itstid icates the presence of an appreciable

proces,;es have been reciignited [2,3j. Hiowever, the
nuinber of reported p p%%shit It deal Aith tho problem
s s-er% limi ted J31I. 1 urtttcrnic . to date, no detailed
studies have been repowrtd for high dose implantation

* o(f metals into a Si ss stem C'

Recently. we initiated a studs' to understand the i-

effect of vacuum conditions on the cotmposition antd
strctue f iplate laer fo hih oseImpanatin

(I. f Al and Cr into Si [4.5[. Sainples were prepared 1), 0 r

implanting both metals in U lIV( 10 1 l'irrl and l)PV -
11 I) ' Torrt s,,stetns Into Si (Ill ) and Si ( 1(X))tN it W

discs of up to 10" ions cii;

We have applied R IIS, AFS and X ia,, anai~ sis tehl

*niqueii to these studies. Fr the Al implanted sainples.

- es~Ccept those prepared Ii a I)PV ss'stetn It ' 0 Tormt4 '

.1 a t " d~(ose rat 1,, 5 A ,'cml.I ),A-a% ittalsi, indik .tw,

-Al c~gregattron I or the imipt)intatton of AI li I )l\ 0 100 200 300 400

DEPTH tnm).w*. Siipportcd Ii piart he I, f Naoih R es)ind .ii ,
k~ I lie It% it ilst (t mmii', it l Hescr, It Ioiid~itii 's it wd 'ii I t', speoiin f.' p i *

I()snS (1 '1),1 1 WA Iii I ..gotolul isn It III \ Ash\tli i.!

0l\1 )- )
It'L1j,



F Vamavar et at Vu.,r ,)r, 4

carbon layer only for those samples implantcd at a low m:0i iiv.' t tenipertures aliose 500(1' No measurabil'
dose rate (= - 5 &A/cm ) in a DPV sistem For sampic.. ri-c i11. arjgct tcmperature could be observed.
implanted with a high dose rate (-40) irA/cm2) in a inipl-inia.,io and RBS were earned out while sir;
DPV system, RBS does not indicate the- presence of any yi .ere tilted t,, 10' from the normal incidence of *,'
carbon or oxygen. However. AES suggests the presc-lce 71 heani Or !lie ther hand, for NRP exern'ent<.
of distributed carbon and oxygen [,41]. -ripic.. we-r tltL' i to 10" and 60' with respect to itflf

Because the backseattered signals for Al into Si are p. itit bean, I -: kic% y ravs, produced in a 9i,2 i
superimposed on each other, a precise knowiedge about 'larmy. rcsonaa'..e line in the "AIhp. yf t 'Si reav:_ i0.

the depth profile of Al in Si cannot be obtained by RBS .. , j-, iiwrs-Nd 11 a 7 5 cm thick NAl(T1) scintillat
experinierit~. 'Therefore, we have Applied nuclear reso- d, isd~tr that vwa. t'i-ed perpendicular to the heai': In
nanee profiling (NRP) using the 2 Al (p. Y)2114Si reaction ea-Ai ru i an A; tirger was used to monitor the a~celtr.
in order to determine the depth profile of implanted Al toti c,hration it, Aei.i &% to obtain the ratio of Y-raji;.

into' Si. ii ari ri~n .Al mplanted samples to hulk A] In th.
-.Uv'c oi the NRI4 expvrimient. different regions oif Ili,:
PUic samiple %erc :audied in order it- minii-nize 0'w

2. Expenuwsntal procedure cl'fcct of ion becam trixing. sputtering and possit' It-
y;irbon build- tip on ,aimple surface.

Polished single ciystals of Si with (111) and (100) lie' and 11 beams were provided by meanis of
orientations were uniformly implanted with 100 keV Me"' Van d,: (raaff accelerator of The Universitv of
Al' ions by mean.- of the high Liurrent implanter of T'he ('onncit!:ut. The cnergy resolution of the aeceleraf-i
Untiversity of Connecticut. D~uring implantation three was about 0.5 kcV and was defined by beam aperture

4parameters were varied: and thc deflecting angle of the proton beam, afiei
1) dose, ranging from 1 >- 10"~ to I x 10'~ ions/cm passing through the analyzing magn1et.
2) dose rate, ranging fromt 3 X 1011 to 3 x 10i4 *Ions/ cm2  In fig 1. we have compared a 1.5 Me~y lie'j - i

S; scattering spectrum with NRP data for deposited 3(Akli

1vacuum conditions, diffusion pumped vacuumi s~s- A Al on grafoil (C). NRP data presented here is Ow:
tem (2- 4) X 10 6' 1'orr and an ultra-highi vacuum ascrage value of 2 to 3 independent runs. RDS speciruin
(U HVt system (2 -4) X 10 8Torr. of deposited Al on grafoil (not shown) positively ident'
During implantation, R3S and NRP samples were ficd the large amount of oxygen on the Al surface d1114

fastened to the beat sink with conducting materials thc: Al/(' interface (4 and 3 X 10i" 0/cm2, respectrc!c'i
(silver paint). The temperaturt: sf the high dose rate We believe that the presence of aluminum oxides -vi'
implanted samples wi;s nioniiured with the help of surface and interface partially influenced our NRP
therrmocouples and an infrat-cd pyrometer which was sults. However, from fig. 1 it is clear that much bet.:

depth resolutior. and accuracy can be achicsed '.%,

NRP x..perimienits as c:nmpared with standard RiW
AI~J experiments for a 1000 A A] on grafoil (C)

18.~ 2 31. Experimental rcxul's

t't ~ ~oi ~ 2 Imiaiath1ion ini a LII I's.vsteni 1(0 1,,rri

o ~ ~ 1 1i II~A"'F 2 demjonstlrates the results of the NRP eiypc:

50 511 ,o.A/0, rniits for iinplant'd Al with 100 keV intoi Si 0 1!) an.,
Si (1i n. ~Y~ tmt a dose of I x 10k" Al

with lot' 0-1 p A,, im) and high (50 AA,/; I fI ( I'iT )
cnsit'; iiplanitis''i These retsultS clearlt' inrikl o.t

a ~ '- -- -'~" Al disiribton for Implantation in a L' flY systuiii
901 !0110 1')., 103010 ~40) 'i)dcpeIn11nt of do'e r..te or target orientation 1-urthvc-

P -,1 k-V tjot. it ~Also proof oif the reproducibilitv of .'..
F_ -('~ ~&tioni systeti *.'rl riplantation Fig 2 suggcsts 11hat

,,i~ (A) (>ir .i do.e of I v 10' Al/cm2 a coilcenti ation o f

Hg. 2NRP result% for lou ant; high dose rate imptan~wi.i'' could he atchi%, wdh' ile 95(f oif implanted Al i.

into Si (I 11 It i Si l 1bii HitIIa FV%N'er 55.ei 11 ,I 'TolryrI tir'c ii- the S, tarwt (X-ray diffractometer anids'

t hese result s cai I din on t r it. IlI, repri duti hillitv of ouir ;11 ,.f ijc .iIndii s iates the preset icc .11 i,,. 1,411

Imtplatartin and doteiii, sis\'tml '''i Pi ,dlinc Al
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The average values obtained from moment calcula- component of Al distribution which extends to a greilct
tions [6] of experimental data (fig. 2) for Al distribution depth.
are as follows: u = 1570 A (mean), a = 812 A (strag-
gling), ,8 = 0.25 (skewness) and 02 = 2.86 (kurtosis).
The experimental values obtained for the mean and 4. Discussion and conclusion
straggling are in good agreement with the theoretical
calculation [7]. Furthermore, Pl and P2 values suggest The dependency of the depth distribution of room
that the depth distribution of Al only slightly deviated temperature implantation in Si on vacuum conditionN
from a normal distribution where P, = 0 and I?2  3. has beeu demonstrated by means of nuclear resona:e

profiling. The results obtained for samples implanted ir
3.2 Implantation in a DPV svstem ( --- Torr) a UHV system (= 10 8 Torr) show that the depth

distribution of implanted A] is independent of dose rate
We have measured the depth distribution of and target orientation in contrast to implantation in a

implanted Al with 100 keV into Si (111) and Si (100) DPV system in which Al distribution is influenced by
with a low dose rate (= 5 uA/cm2) and high dose rate dose rate and target orientation. The high concentration
(= 50 pA/cm2) in a DPV system (10-6 Torr) by the (65%) and retention (85%) for A] implanted in a tIHV
NRP technique. Our results clearly indicate that depth system with a dose of 1 x 101" Al/cm2 suggests thai
distribution of implanted Al is greatly influenced by very few atoms from the target systems are sputtcrcd
dose rate and target orientation and disagrees with during implantation. Indeed, from the recent theoretical
results obtained for those samples for which implanta- work of Matsunami et al. [8), one can easily derive the
tion was carried out in a UHV system. For high dose sputtering yield for the implantation of Al with 100 keV
rate (-- 50 p A/cm2 ) implantation, the depth distribu- into Si to be about 0.75. For a sputtering yield of less
tion of implanted Al generally appeared to be bimodal than one, an increase in the number of atoms in the
or considerably broadened. For low dose rate (= 5 implanted region is expected simply because more atoms
pA/cm2) implantation, however, the Al depth profile are introduced on the near surface layer than leave the
emerges at the greater depth because of the large amount target surface. Therefore, one should assume that sam-
of carbon agglomeration on the Si surface (see fig. 3 of pie swelling or change in density should occur. The
ref. [4]). latter, combined with the NRP results, may clarify the

Fig. 3 compares the NRP results for samples misunderstood RBS spectra for the Al implanted sam-
- implanted with a dose of 1 x 1018 Al/cm2 and a dose pie (see fig. 5 of ref. [4]). NRP results (fig. 2) suggest

rate of 40- 50 pA/cm2 into a Si (11!) target in a UHV that the mean penetration for Al is about 1570 A, which
system (- 10 -8 Torr) and a DPV system (= 10-6 Torr). is quite in agreement with the theoretical value [7].
NRP results for implantation in a DPV system indicate Furthermore, considering the experimental value ob-
that Al distribution is broadened; a large Al distribu- tained (fig. 2) for the mean, straggling, skewness and
tion appears in the near surface region along with a kurtosis suggests that the depth distribution of Al a,

obtained by NRP experiment is only slightly differeril
from a normal distribution. Further, RBS spectra indi
cate (fig. 5 of ref. [4]) about 70% of target surface is Si

AIN I 11) Therefore, we conclude with a dose of 1 X 1018 Al/kt'
1 ,7. and 100 keV energy, one cannot reach a steady state
1t0 6eV

Sl,,10 *A/cm
2  concentration for Al.

'I, 'I ,,40oo,.Alc,,,2 High dose rate implantation in Si (111) (in a I)PV
Go. system (10 " Torr)] resulted in Al redistribution where

mle pinnoot-r a large portion of Al moves to the sample surface and a
'0 .os,r_ smaller portion penetrates to a greater depth. Sit h c,

28. behavior was not observed for low dose rate implanta
tion into Si 0111 or high dose rate implantation into St

9"x (I0o)

IFtr q of all, we should emphasize that the ab-,e
results are real and are not artifacts of NRP or due to

2000" ,001) energy straggling at a depth of a few thousand A.
0e,,h (t4) because RIBS and AES data (figs. 1 and 2 of ref [4J) ar(

Fig 3. NRP results compared for implantation of Al tinder in agreement with NRP results and because we have

similar conditions except for vacuum condiion 1igtir \1 demonstrated the ability of NRP in fig I for 3000 A Al

concentration and retention t another featie to hiniotl on (C. We have shown that for our measurement the

distribution for implantation in a I)PV systen ( -10 1 orrI effect of energy straggling is less important in compar,

V SFMI( ()Nt)t'( ()RS
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son to a standard RBS. Moreover, the Al shift toward and to Dr. Roger Kelly for providing us with literature
the surface could by no means be due to straggling and on sputtering. In addition, we would like to thank R.
shift at greater depth is more than 1000 A. Roser, P. Clapis, J. Gianopoulous and C.H. Koch for

Secondly, the nature of this redistribution is not due their technical assistance.
to sputtering because in a DPV system (= 10-6 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 References
(95%) have been observed for implantation in a DVP
system compared with implantation in a UHV system. [1) F. Arminen, A. Fontell and V.K. Lindross, Phys. Sta Sol.

- Such a distribution cannot be due to the channeling (a) 4 (1971) 663.

- effect during A] implantation because similar behavior [21 Z.L. Liau and J.W. Mayer, J. Vac. Sci. Technol. 15(5)
was not observed for samples prepared in a UHV (1978) 1.st wasth observd a mplestaprepacoeditions ae131 Z.L. Liau and J.W. Mayer, in: Surface Modification and
system with identical implantation conditions (except Alloying, eds., J.M. Poate. G. Foti and D.C. Jacobson
for vacuum pressure). Moreover, it is expected that (Plenum, New York and London, 1983) p. 10.
implantation with a dose of about 1015 ions/cm 2 totally 141 F. Namavar, J.1. Budnick, A. Fasihuddin, H.C. Hayden.
amorphizes the implanted region. P.A. Pease, F.A. Otter and V. Patarini. Mat. Res. Soc

On the other hand, the only condition which these Symp. Proc. 27 (1984) 347.
two groups of samples do not share is the presence of 151 F. Namavar, J.1. Budnick, H.C. Hayden, F.A. Otter and V.
oxygen and carbon in the implanted region. Incorpo- Patarini, Mat. Res. Soc. Symp. Proc. 27 (1984) 341.

rated impurities may have influenced depth distribution 161 M. Kendall and A. Stuart, The Advance Theory of Statis-

by two means: (1) facilitated Al or Si migration and (2) tics, vol. I (Hafner., New York. 1969).

creating a larger stress field due to higher Al and [71 A.F. Burenkov, F.F. Komarov, M.A. Kumahov and MM.

im y concentrations. Temkin, Tables of Parameters for Spatial Distribution of
imputy oImplanted Ions (State University of White Russia. Minsk.

USSR, 1980) in Russian.
We are very grateful to Prof. Quentin Kessel and [81 N. Matsunami, Y. Yamamura, Y. ltikawa, N. Itoh. Y

Prof. Howard Hayden for their help with the Van de Kazumta, S. Miyagawa, K. Morita, R. Shimizu and H

Graaff accelerator and implantor, to Prof. D.I. Potter Tawar, Internal Report, Nagoya University, Nagoya. Japan
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CHEMICAL PROFILING AND STRUCTURAL STUDIES OF ION-
BEAM-MIXED ALUMINUM ON SILICON*
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The ion beam mixing technique has been applied to the production of Al-Si
thin alloy layers as an alternative method to thermal 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 101 ions cm -: (ii) intermixing
is 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-Si 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.

IN rRODUCTION

Thermal reactions between deposited aluminum thin films on silicon substrates
have been extensively studied because of their technical importance ''. During
thermal annealing at temperatures below the Al-Si eutectic (577 C. silicon
migrates and dissolves into the aluminum overlayer a. However, the dissolution of
the Al Si interface occurs non-uniformly and forms pits' '. Moreover. because the
,olubility of silicon decreases with decreasing temperatures. aluminum becomes

supersaturated during the cooling process and precipitation '  and epitaxial
gr-wth"" ma, occur, The latter problem has also been observed for codepoited
silLon and aluminum' as well as for silicon post-evaporated onto the aluminum

layer".
During the past few years' 12 the capability of die ion beam mixing technique

to intermix deposited metal films with silicon substrates has been demonstrated.

Howe er. no reported attempt has been made to explore the possibility of forming a

* Paper preentcd it the S rnp itum on Interfaces and ( onru;icts,. H Ioti, M A, 'I S A. Nokem er 2 4.
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uniform Al--Si alloy layer b, the new technique. Al-Si and Au-Si both exhibit a

,Imple eutectic behavior. It has been shown, though, that the ion-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

crystalline phase 3 . From the unset of this work we believed that the integrity of the

,enon-ion-induced alloy laver might be preserved (at least for room temperature
annealing) because (i) the cutectic temperature (577 C) of the Al-Si system is much
higher than the eutectic teir"erature (370 C) of the Au--Si system and (ii) implanted
oersize 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
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 (RBS) technique was the major analyzing tool
used to observe the effect of xenon implantation in the AISi system. Howexer,
because signals from aluminum and silicon overlap, the precise determination of the
aluminum-to-silicon ratio in the intermixed region becomes difficult. Therefore we
ha~e studied some of the samples by secondary ion mass spectroscopy (SIMS) as
well as by nuclear resonance profiling (NRP) using the 2 'Al(p,y) 2 5i 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 period of room temperature annealing.

. .XPLRIM TNI.AL PRO( 1)1I I-S

-Aluminum films %kith thicknesses ranging from 300 to !000 were deposited
• ,,itultaneouslv onto l, I.-oriented silicon disks with a 2.5 cm diameter as well as
onto carbon substrates by electron beam evaporation from a crucible made of
graphite. The substrates -,cre located about 10cm from the crucible. The vacuum
system was a diffusion-pumped system with a liquid nitrogen trap. Starting
pressures were typically 10 1 orr, and pressures rose to about 10 - Torr during
evaporation.

Sample surfaces wete tilted to 5 from the normal incidence of the ion beam both
for RBS experiments and for implantations. RBS data were analyzed by measuring
the energy spectra of Tic irn.; with an initial energy of 1.5 MeV backscattered to an
anlgle of 170 . R BS expci-irncnts were carried out for each individual Al Si and its
iosociate Al C' sample wi: tr.*r,- I- measure the thickness of aluminum thin films and

to determine whcther impuritics Aere present. The results ot RBS on AI C indicate
)nlv the presence of a ,niall amount of oxygen hoth at the interface and on the

at uminum surface. flo ,.er. the total amount of oxygen present at the interfaces or
on the surfaces was lc,, than 2 .x ito " atoms cm "

Energetic Xe* ions %ere ,ised in order to initiate intermixing of aluminum and
ilicor During the cperinwvnt, samples were fastened to the heat sink (sample

holdcri with silver paint. Fh energy of the Xe ions A-as ,,tried 1150-3(X) keVY and
was in proportion to each particular aluminum film thickness. Samples were

:"~ ~ ~ ~ ~~~~~~~7 " "" 7.-"-'""." """ "" ""'"
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implanted uniformly in a,1 ,rca of 0.4cm 2 while the area studied by RBS was

confined to I mm 2. 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

se,,eral weeks. Dose and dose rate dependences of intermixing were studied with

doses ranging from 5 x 10' 5 to 1.1 x 10" ions cm 2 and dose rates ranging from

1012to 10 " ionscm 2s 'respectively.

3. RESULTS AND DISCUSSION

Five sets of Al, Si samples implanted with energetic Xe were studied by the

RBS technique. 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"' ions cm -2 definitely indicated that no intermixing
occurred. Figure l(a) shows the RBS spectra of samples implanted with a dose of
2 x 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. l(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
2 x 1026 ions cm 2 was re-implanted to a total dose of 6 x 10"6 ions cm 2 (Fig. l(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
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 250keV energy to doses of 4.5x 10" and 1.1 x 11I 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 with a dose of 1. 1 x 107 ions cm -2 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 10k" Ions cm 2 follows a gaussian distribution .ith ,a full idth at half-
maximum FWHM)ofabout 9M) A3) deviation from the s.tu,.sian distribution of
the xenon profile (Fig. 2(b) for a dose of 1.1 x 101' ions cm - may have tWo origins,
namelk sputtering of target atoms and Xe-Xe collision' I the FW H M4 for this sample
is about 145 A), (4) at the ialf-maximum, the protile of xenon with a dose of

.L x 10' ions cm ,,hifted ,ard the surface by about 400 WA rcat. -,e to the profile
Of xenon implanted % ith a dose of 4.5 x 101 t ions cm -. )ir,egarding the range
short:nirg due to the higher inplantation dose. ,,e may estimate that a layer 700 A
thick rnv have sputtered owing to the implantation of 1. 1 x 10 Xe ions cm-2
-rom these experiments it is not possible to determine the precise value of the

sputtering coefficient of aluminum due to energetic Xe ions because the

-
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composition of the surface target is subject to change when ion beam mixing is in
progress.

3.2. Iniermi.xing and (lose 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 1016 ions cm -' and
200 keV energy and dose rates of 102 and 10"3 ions cm - s- I. 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 seen from Fig. 3, the area under the xenon curve for the higher dose rate is
diminished by about 15"o, although the measured total dose of implantation for
both samples was the same.

3 3. Depth profiling . 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-imass 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



36 F. NAMAVAR. j. . I DNICK, F. A. OTTER

and 30 and hence can contribute to the signal cor!espondin- to mass numbers -7

and 28. Furthermore, with hydrogen present, a part of the peak for mass number 28
could be from AIH. Because the imass 27)-to-tmass 28) intensity ratio becomes so
Ltrge (sO), "e still belicve that the data showA, essentially some residual aluminum as a
tilm and some mixing at the interface. However, the depth :,ale for aluminum may
not be accurate owing to the presence of oxygen anti preferential sputtering. It
Nhould be emphasized that at a depth beyond the tirst few hundred angstroms no
organic ha been observed. Therefore we con,-lllde that t.,e (mass 27)-to-lmass 28)
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ratio i-, .ery close to the aluminum-to-silicon ratio (except for a sensitivity factor).
Moreoer, there were clear peaks in the SIMS spectra at mass numbers 27 and 28 at
a depth of 1000 4W).. Therefore, the long tail present in Fig. 4 cannot be due to
background; the (mass 27)-to-(ma,-s 28) ratio should eliminate the effect of a very
5mail SIMS background signal

3 4 Vuclear res,,anlce Prtilinig

The presence of aluminum, as suggested by SIMS, at a depth of 4000 A should
b-- examined by a technique which would be independent of the sputtering effect. In
addition, a kno~k ledge of aluminum depth profiles in surface regions is important in
this study. We hae therefore examined a few samples by the NRP technique".

The broadening of the 992 keV narrow resonance line of the 2 "Al(p, y)-Si

20'

0 30(-;000u0 .. .

2dep\. A

F g 4 SIMS sputter g ?rtidc f a 6c 1n-implanted 10(.A almirinum laser on a :,,con ,ubstrate %Aih a
dos of 4 -101 ' .ns cm ind D ) kek .c:g',
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reaction"s has been observed b,. measuring the intensity of 1.76 MeV y rays as a
function of proton energy. Samples were tilted to 30 with respect to the proton
beam and an NaI(TI) scintillator 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 -2

Although the upper limit of depth resolution of the system was about 350 A for the
aluminum target, the result is sufficiently accurate to be cornpared -,ith the SIMS
data and the presence of aluminum on the surface region can be positiely proven.

The thickness of the aluminum film for the unimplanted sample determined by
NRP is about 950A 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

I(X) A is indicated. However, no aluminum can be seen at a depth of 4000 A. We can
therefore conclude that the long tail present in Fig. 4 may be due to preferential

.,iiicon 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 explain 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.

3.5. Dlepth o/s:ir/ace tamauic

The depth of damage created in the process of ion beam mixing is another

important point which has also been explored. From backscattering spectra of a

'tic" beam aligned with one of the silicon crystal axes or planes of the xenon-

Cl)
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- tg ,~ )cpth protihlc an ,1 SO A alumnom layer oll Si( Iil. Utnimprlnted , )1 aitld %enon implanted

ta dusc ti i - t-ionsn id I 41 keV energy I ), ohtained h !hc NRP tc- hnpiwe using the
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implanted Al Si system, we can determine the surfice darnige thickness while the
depth profile of xenon can be observed by a simple R IBS experiment. We studied
unimplanted and xenon-implanted AI'Sil 11) sample, b, means of the channeling
technique. The results of these experiments indicate thai the damage depth extends

* almost exactly to the greatest depth at which ':enn 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
1.1 x 101' and 250 keV is limited to 2000 A from the surface. Therefore we can
conclude that only a few aluminum atoms may have heen recoil implanted to a
depth beyond 2(XX) A simply because the integrity of the crystalline structure beyond
2000, A %as retained. It is well known that implantation ix ith a dose of about 104
)nS cm 2 destroys the structure of crystalline silicon tsee for example ref. 19).

Backscattered 'He ions from the damage area. from xenon as well as from the as-
deposited aluminum films, did not show any angular dcpendence.

3.0. .Sturilat tudv h s('tltpttv e( itron microscopy

Xenon-implanted Al Si samples annealed at room temperature for a period of 6
months wkere studied bv SENI. Sc:inning electron micrographs of xenon implanted in
8S() A of aluminum on silicon ire given in Figs. 6(b) and 6(d). The surface of the

II

Ii
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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 850 A of unimplanted aluminum on
silicon. 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 isee Fig. 5) indicate the
presence of silicon and aluminum respectively on the sample surface. The SEM
micrographs in Figs. 6(b) and 6d) show that the surface possesses a uniform texture.
Therefore we can conclude that the AI-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 gold and silicon under similar conditions 3

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 " ions cm - 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 limited to the

maximum penetration depth of xenon ions and possibly a few aluminum atoms were
recoil implanted beyond this region. Depth profiling by SIMS shows some mixing at
the interface. However, the depth scale is not absolute be,.ause 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 verified
by NRP and RBS, showed no texture in the mixed region. i.e. no segregation of

aluni,"':nI on silicon.
We are 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 alloy at
elevated annealing temperatures in order to understand the reason for the stability
of these layers 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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