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ABSTRACT

Measurements of x-ray profiles and diffuse scattering from (III), (100) single crystal Niobium

films implanted with Nitrogen to average levels of 5 and 0.5 atomic percent are discussed. The-

oretical anatysis of the asymmetric profiles are used to determine the strain profile in the im-

planted films. The measured strain profile results from two factors: (i) depth distribution of

implants and knock-on damage and (ii) elastic constraints. Residual elastic strains develop due

to the constraints imposed by a sapphire substrate. Comparison of the diffraction results with

theoretical predictions of TRIM indicates the presence of measurable knock-on damage in the

films. Huang and Stokes-Wilson scattering measurements made using synchrotron radiation at

the ORNL beamline, Brookhaven National Laboratory, were used to reveal the identity of defects

formed during the knock-on process.

INTRODUCTION

tkm^ontai:Primary solutions(are. under examinations-containing single foreign interstitials whkh re-

main nnclustered in octahedral sites [I] becauseoTtne choice of low implantation temperature*^

An energetic interstitial atom produces damage related self interstitixls, and vacancies. Self

interstitials and vacancies produced by damage become st^regated, due to enhanced diffusion, into

a distribution of small loops at liquid nitrogen temperature.

Four implantation energies were used to produce four overlapping Gaussian distributions

of N in a 2500A Nb single crystal film deposited onto a thick (001) sapphire crystal. This gives

a nonuniform concentration when superimposed giving an average of 5 at % N. Variations about

the average composition produce related variations in the interplanar spacing. Bragg peaks be-

come broadened into intensity bands with a characteristic fine structure which is used to obtain

the distribution of interplanar spacing below the free surface. Diffraction theory was developed

to allow for the rather large eiTect of static displacement fields about interstitial implants as well

*s damage related defects. Kinematic theory was used throughout these developments because

of the relatively large distortions encountered in high fluence ion-implantation problems.

We flntf that the distrihintion of interplanar spacing* is 15% larger than that predicted the-

oretically In TRIM. This has been shown (n he related to the excess expansion from residual
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knock-on damage. Both implanted N and knock-on defect arrangements can produce a lattice

expansion and related compressive stresses. Although some stress relaxation results from field

cancellation behveen interstitial and vacancy loops, complete cancellation does not occur for small

loops due to core effects.

ELASTIC-FREE EXPANSION STRAINS

Consider (he overall implanted zone to be contained within semi rigid walls and that it re-

sponds elastically without relaxations associated with plastic deformation. That is, the underlying

material does not allow a free expansion of the zone. The strains (and stresses) that develop

along the implanted zone can he calculated using the method of strain suppression [2].

In treating the purely elastic problem, the implanted zone is allowed to expand freely as

uncoupled slabs of constant concentration "C," and a thickness dxj. Each slab undergoes a free

expansion (or contraction) due to the pressure exerted by the implanted atoms and knock-on

defects. We know that a concentration "C," of one kind of point defect and orientation produces

a bulk expansion of the lattice given by (3).

where eM are the diagonal components of the strain tensor, expressed in terms of the cuhic coor-

dinate system. Cubic symmetry is maintained by allowing each of the axes of the principal strain

to he oriented along mutually perpendicular directions in equal numbers. Isotropy is normally

lost when the slabs are joined continuously [4] by the method of strain suppression. The elastic

strain profile, expressed in terms of the sample coordinate system, is directly proportional to the

variation of " C . Slabs are joined together continuously making the total strain along the 1' and

2' parallel to Hie free surface, essentially zero throughout the implanted zone.

The normal elastic strain, at an angle x to the x.t direction, is obtained from [4J.

e (x-i) = { e (x ) - e v,(x%)}sinZz + e ,.,(x-i) (2)

or

where

= ' ~ A

and il relates to the transformation to the sample coordinate system (4). The total strain in the

implanted /r;ie, at tilt angle z, includes the free expansion strain and the elastic strain, i.e.



~^r l> cos j

Tlie measured strain goes to zero linearly with a coszz dependence, at j = 90°. The ratio of the

total strain at 7 = 0°, to the free expansion strain is flri which is a magnification factor that can

be a.v large as 2-3. At an angle x — Zo » the total strain is identically equal to the free expansion

i.e.

cos = > /f «r sinZ
2o = - A jf

The main features of the strain equations are illustrated in Fig. 1 for one element.
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FIG. I. Plots of Eq. (6) with and

without /*•• expansion factor

i.e completely elastic or

completely relaxed by plas-

tic deformation (fftl — 1).
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A measurement of the strain profile at various tilt angles x, allows one to separate the free

expansion gradient from the elastic strain gradient. X-ray intensity band analysis is used to de-

termine the strain profile and is discussed in a later paper.

If the concentrations are sufficiently small, these results can be applied to more than one

type of defect by summing over all defect species, "\" to obtain the free expansion profile. The

profile obtained when the sample is elastically constrained is ohtained by simply multiplying by

INTENSITY DISTRIBUTION FROM ELASTICALLY CONSTRAINED ZONE

If the implanted zone is completely constrained by the underlying substrate, then the dis-

placement components along at and ai directions, X,, and Ym, are identically equal to zero.

Therefore, the strains «=,"„, is only a function of x3 . By introducing these simplifications, and

summing over each layer, one obtains

(«N2h'2)*

e-M(m,)e-M(m',) (7)

where K' is constant over one intensity hand, F is the .structure factor for the normal unit cell.

N t a , and N;• i2 are the dimensions of the crystal along ai and at directions parallel to the free



surface and it', = (h, — h), hi = (h2 — k) are variables in reciprocal space. Tlie exponentials con-

taining M(m3) and M(mi) are static attenuation factors determined by the implants and loops

[1,5]. If Niai and Nja* are taken to be large, the intensity in reciprocal space is spread only

along the h3 direction, and is a product of delta functions with respect to the h', and h2 dependence.

The variation of the intensity along the h3 direction is obtained by numerically summing Eq. (7)

over the entire implanted zone.

FIG. 2. Free expansion strain pro-

Hies for multiply implanted

N into a 2500A (111) ori-

ented Nb film on (001)

sapphire. Determined from

(a) TRIM simulations (b)

x-ray intensity band analy-

sis.
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FIG. 3.

(222) intensity hand from

TRIM obtained with enrre

in Fig. 2(a) using Eq. (7).

FIG. 4. Experimental (222) intensity

band compared with the in-

tensity profile obtained with

the curve in Fig. 2(b) using

E:q.(7).



Figure 2(h) shows an experimentally determined strain profile along the multiply implanted

Nb film and the division of such a zone into connecting linear regions. The assumption of linear

gradients introduces sawtooth regions in the strain profile when the strain gradient changes sign.

A sinusoidal representation of the strain profile would eliminate the sawtooth discontinuities.

However, under the present conditions, the end results from either analysis are not significantly

altered.

Figure 3 illustrates the (222) intensity band from strain profile Fig. 2a obtained from TRIM

calculations. Clearly, this does not fit. Also, TRIM calculations do not account for the

Nb sapphire interface. Figure 4 illustrates our best fit to the experimental intensity band and

gives the experimental curve in Fig. 2(a). The x-ray analysis shows a strain profile that contains

additional detail near the surface and appears to go to zero near the interface. The TRIM cal-

culation should not be considered beyond 160 nm. However, the peak location is in agreement

with the constrained elastic modeL

A preliminary examination of a (100) Nb film implanted under the same conditions as the

(111) orientation gives an intensity band which differs from the results shown with a (111) film.

However, the results indicate that they are in accord with an eUstteally contrained model.

The (222) planes are parallel to the free surface so that the data are obtained from a radial

scan. If this is transformed to (001), bands of the type hk/ must be projected. At an angle of

inclination % corresponding to the (hk/ ) band, the projection is given by

* + k2 +
(8)

When this holds the spread of the intensity along an (hk/) band in the "fa" direction is identical

to the distribution around the corresponding (00/) point A detailed study of six intensity bands

was used to determine the strain distribution along the implanted zone and assess whether the

strains along the 1', T directions are zero.

If particle size broadening is negligible, one can show that the strain broadening is propor-

tional to / [6] and one can inter-relate (hk/) distributions to the (001) distribution. The spread

in radians ts proportional to the overall strain and described by

A20(rad) - 2( e cos2
2)tan0 (9)

This gives the usual tanfl relation between a shift in d-spacing and the related angular change.

The additionn! cos'x allows for the projection along an angle j . If this dependence is obeyed, then

the purely elastic model is verified and particle size broadening is negligible. These data are ex-

amined in detail in a later paper.

LATTICE DAMAGE

A (I M) Nb film was implanted to an average composition of 0.5% N .it LNT to reduce the

d-spacing In r-;? Jetting and thereby allow diffuse scattering data to be collected. We have charac-



terized the knock-on defect structures with Huang-Stokes-Wilson x-ray diffuse scattering using

Larson plots [7]. This required a difference to he taken between the data from implanted and

unimplanted single crystal Nb films. Statistically meaningful data could only be obtained with

synchrotron radiation. This diffuse scattering, resulting front long range elastic displacement

fields, and can be explained by vacancy and self interstitial loops of like size distributions with

radii extending from 5-ISA.

The displacement Meld from knock-on damage has been identified as loops on (211) planes

using an anisotropic calculation by Ohr [8]. Self interstitial and vacancy loops have like dis-

placement fields except for a change in sign i.e interstitial loops give a positive displacement along

the loop axis while vacancy loops give negative values. Although this cancels some of the dis-

placement field, the cores continue to make a contribution and account for the 15% difference

between the x-ray results and TRIM in the range from 0 to 140 nm (Fig 2).

At 0.5% N, most of the expansion is due to lattice damage and this is close to the level

found at 5%. Someplace in between these concentrations, the lattice damage appears to saturate

causing the lattice disturbance from an increasing number of interstitial N defects to dominate.

Simulations using expanded versions of TRIM are capable of giving the distribution of en-

ergy loss due to knock-on collisions. We were encouraged to find that this follows the same

general form as the excess in d-spacing which is attributed to residual knock-on damage.

CONCLUSIONS

1. For a 5 at % implantation of N in Nb at LNT, the dominant elastic strain is due to single

N interstitials.

2. (\A/a lower level of*(0.5O at */• N) knock-on lattice damagtj^sufficiently large and different 4 " * -

•flative to single interstitials to be measureable using Huang-Stokes-Wilson diffuse scatter-

ing from a single crystal film^tey^hu^u^ ^ XMU) XIA***- & t-J k&s^f 0- $

3. X-ray intensity band analysis provides a means of determining the strain profile along an

implanted zone.

4. The strains remain elastic without observable plastic deformation.
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