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Large biaxial residual strains are developed after a 5-at.% implantation of N into Nb and 
MO. The results indicate that the dominant source of internal strain arises from N 
located in interstitial sites. For Nb implanted at liquid-nitrogen temperature, the N atoms are 
located in octahedral sites. However, the dafa allow for some clustering as di- or 
tri-interstitials at the highest concentration ( - 5 at. % N). Radiation damage is present as 
small vacancy and interstitial loops. Since vacancies and self-interstitials are present 
in nearly equal concentrations, the overall bulk dilatation cancels. However, because of their 
small size, a lesser core expansion has been included as a correction to the overall 
residual strain. Although one can obtain an estimate of the N distribution from TRIM, a more 
accurate description must include the distribution of knock-on energy. The latter has an 
important influence on the redistribution of N relative to that predicted by TRIM. Both host 
lattices (Nb and MO) behave like “rigid containers” in directions parallel to the free 
surface and give a magnified elastic response normal to the free surface. 

I. 1NTRODUCTlON 

Ion implantation of N atoms into single crystals of MO, 
Nb introduces composition gradients near the surface. The 
nitrogen atoms are known to dissolve interstitially in the 
bee Nb lattice at the octahedral interstitial positions.’ This 
results in a volume expansion of the bee lattice that main- 
tains the cubic symmetry if all types of octahedral positions 
are occupied equally. The expansion is linearly propor- 
tional to the concentration of N.2J Lattice damage from 
knock-on defects introduces a correction due to the core 
regions of interstitial and vacancy loops. The presence of 
nearly equal numbers of interstitials and vacancies essen- 
tially cancels the overall volume change produced by loop 
defects. Three-dimensional clusters of interstitials and va- 
cancies need not produce a cancellation. 

The lattice parameter or d spacing profile associated 
with implanted N and knock-on lattice damage results in 
asymmetrically broadened diffraction profiles.4 Line-shape 
analysis has been used to extract composition versus depth 
curves for diffused fhm~.~~~ For ion-implanted zones con- 
taining interstitial atoms, one must allow for the effect of 
static displacement fields about the interstitial implants as 
well as for damage related defects in the intensity calcula- 
tions. 

Volume changes resulting from ion implantation pro- 
duces a biaxial residual stress profile due to the constraint 
imposed by the underlying material or substrate.7’8 Such 
internal elastic stresses may be relieved by the formation of 
dislocation arrays’*” and other mechanisms. The relative 
change in d spacing at a given depth z below the free 
surface is equal to the sum of the free expansion strain 
e&r) due to the defects and the related elastic strain 
E,(Z) .7** If the elastic strains are completely relieved, then 

the relative change in d spacing is identically equal to the 
free expansion strain. The latter case was found for thick 
diffused films.5 Methods of separating the two strains has 
been discussed in a previous paper.7 Large residual strain 
gradients can develop along ion-implanted zones that must 
be accounted for in the analysis of diffraction profiles. 

To illustrate these methods, we examine Bragg profiles 
from a 2500-A ( 11 l)Nb film, a 6000-A ( 100) Nb film, as 
well as profiles from bulk MO single crystals all implanted 
with N to an average concentration of 5 at. % at liquid- 
nitrogen temperature (LNT). A MO crystal was also im- 
planted at room temperature (RT) under otherwise iden- 
tical conditions. Four different implantation energies 
produce a nonuniform and overlapping N distribution 
when superimposed. Variations in composition produced 
related variations in d spacing and Bragg peaks become 
broadened into intensity bands. 

II. ANALYSlS OF EXPERIMENTAL RESULTS 

Nb single-crystal films were deposited onto sapphire 
substrates at 850 “C with a vacuum better than 10 - lo Torr 
at the Naval Research Laboratory, Washington, DC. Two 
were deposited onto (001) sapphire substrates with a 
thickness of 2500 A, and a ( 111) orientation. A third film 
was deposited onto a (012)-oriented sapphire substrate 
with a thickness of 6000 A, and a ( 100) orientation. Two 
of the films having (111) and ( 100) orientations were im- 
planted with N at LNT to an average level of 5 at. % 
(samples S 1 and S3 for future reference). The four implan- 
tation energies and fluences, introduced with decreasing 
energy, are given in Table I. One of the ( 11 l)-oriented 
films was used as an unimplanted standard (S2). In addi- 
tion, to the Nb films, two electropolished ( 11 l)-oriented 
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FIG. 1. X-ray diffraction profiles from implanted (5 at. % N) and un- 
implanted Nb [2500 A, ( 1 lo)] single-crystal films using CuKcd radiation. 

MO single crystals were implanted with N in the same way. 
One of them was at LNT (Cl), and the other one at RI 
(C2). 

All samples were examined using monochromatic 
CuKal radiation from a ,fine focus tube and a Siemens 
w-drive diffractometer. At least two Bragg diffraction pro- 
files (intensity bands) from each of the samples were ex- 
amined. The (222) diffraction profiles from samples Sl 
and S2 are shown in Fig. 1. Typically, the intensity profile 
from an implanted tllm is broadened asymmetrically to- 
ward a lower 26 value as a result of larger nonuniform d 

lZ?.L, 

LoI Nb mdLHT,SI 

TABLE I. Energy, range, standard deviation (straggling) and fluences of 
the four implantations used for MO single crystals and Nb single-crystal 
films. _ 

Energy Range Standard Deviation Fluence 
WI (A) (‘Q (atoms/A’) 

190 2094 129 4.92 
89 1076 463 2.00 
43 559 215 1.19 
17.5 259 141 0.552 

spacings. The intensity band from the implanted films can 
also show a fine structure [Figs. 1. and 2(a)] relative to the 
single peak from unimplanted pure Nb. Since this Nb film 
is only 2500 A thick; no pure Nb remains. 

Figures 2(c) and 2(d) show the (222) diffraction pro- 
.files from.samples Cl and C2, respectively. In these cases, 
the diffraction profiles show a broad low-intensity peak 
without fine structure at the low-angle region correspond- 
ing to the scattering from the thin implanted zone. The 
intense peak at the higher angles is scattering from the MO 
single-crystal substrate. For these samples, the region be- 
tween the two peaks also shows a measurable scattering. 
The separation between the peaks as well as the broadening 
of the low-angle peak is somewhat greater for the MO crys- 
tal implanted at RT (C2), as compared to sample Cl, 
implanted at LNT. Figure 2(b) shows the (400) intensity 
band from the 6000-A Nb film (S3) implanted at LNT, 
The scattering curve is similar to the ones from the im- 
planted MO single crystals but the area of the peak corre- 
sponding to the unimplanted regions is smaller. Additional 
intensity bands from planes inclined to the surface by -35” 
G&e obtained from each of the samples (see Fig. 3) : Rock- 
ing curves scanning perpendicular to the radial direction 
were obtained from each of the reflections at five 20 values 

FIG. 2. Intensity bands from 
“’ J-at. % N samples: (a) Nb, 

2500 A, ( 111) film implanted at 
LNT; (b) Nb, 60004, (100) 

114 IIS 118 111 films implanted at LNT; (c) MO 
2P single crystal implanted at 

LNT; (d) MO single crystal im- 
planted at RT. All were ob- 

111 IIS 114 IIS IIS II, 

28- 

tained using CuKal. In each 
case, the points are determined 
by experiment and the solid 
curves are simulated using d 
spacing profiles shown in Figs. 5 . 
and 7. 

132 116 I 

28, 
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FIG. 3. Intensity bands from satn- 

0 

ples shown in Fig. 2 but tilted as 
indicated. Points are determined 
from experiment and solid curves 
are simulated from Figs. 5 and 7 
using a purely elastic model. 

from samples S3, Cl, and C2., (Fig. 4). The five radial 
points chosen were: (i) the maximum positions, (ii) 28 
positions at which the intensity is half of the maximum 
intensity of the small peak. on both low- and high-angle 
sides, and (iii) 28 position halfway between the maxima. 
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FIG. 4. Typical rocking CLUWJ obtained at indicated 20 values which may 
be associated with selected points shown in Fig. 2(c) for MO. 

Initially, TRIM (Ref. 11) was used to’simulate the dis- 
tribution of implanted N from the data given in Table I. 
The fractional change in the average volume of the Nb unit 
cell, per unit concentration of N, ( l/V> (d V/X), was ob- 
tained from available experimental dataIt and is equal to 
0.385. No experimental data are available in the literature 
for N in MO. We find a value of 0.44 after a fitting of the 
intensity band data from MO crystals implanted with N. 
This is in reasonable agreement with the theoretical calcu- 
lations based on structure data.12 Free ex@ision strain 
profiles for Nb films and MO crystals are shown in Figs. 
5(a) andm5(b). 

The strain variation with depth is magnified in terms of 
the free expansion strain by a factor p’ due to the rigid 
substrate. This is 

B’= (Cl1 + 2C,,Y(G1+ c 1, (1)’ 

where C,, = C,, - f ( C, 1 - C12); C,,, C,, and C, are 
the cubic elastic constants of the implanted zone; 

R=4(c@ + o:Y$ + && 9 

and a3, p3, and y3 are direction cosines of the normal to the 
free surface (x3 direction) with respect to the cubic coor- 
dinate system. The elastic strain profile is directly propor- 
tional to the variation of C and the total strain at any tilt 
angle w is7 

C(x,) av 
eZx3)= 3I/7 dC ~ ~ p”’ cos2w. (2) 

+5:(x3) goes to zero linearly at w = 90” with a cos2w depen- 
dence. Equation (2) takes into account the elastic con- 
straint due to the substrate. Elastic constants of Nb and 
MO are listed in Table II. The (222) and (400) diffraction 

8113 J. Appl. Phys., Vol. 69, No. 12,15 June 1991 Rao et al. 8i13  [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

128.173.126.47 On: Wed, 06 May 2015 20:47:48



DEPTHtNM) 

0.2 

0.0 
0 100 200 300 400 500 600 

DEPTHCNM) 

FIG. 5. Free expansion strain profiles for (a) Nb, 2500-A, (111) film 
(Sl); Nb, 6000-A, (100) film (S3). (b) M O  (100) single crystals im- 
planted at LNT (Cl) and RT (C2). TRIM is also shown in each case. 

profiles from samples Sl and S3, respectively, and the 
(222) diffraction profile from samples Cl and C2, were 
simulated by using the magnified strain profile and the 
basic intensity equation, given by Eq. ( 1) of Ref. 4, with 
absorption included. 

If the implanted zone is completely constrained by the 
underlying substrate, then the displacement components 
along the a, and a2 directions (directions parallel to the 
free surface) X, and Y,, are zero since EI~ (x3), 
= t&(x3) = 0, at each position x3. Also, the strains nor- 
mal to the free surface l 33, are only a function of x3. By 
introducing these simplifications into the basic diffraction 
equations, and summing over all layers in the implanted 
zone (model 1, Ref. 4), 

TABLE II. Elastic constants of Nb and MO.* 

Elastic Constants (GPA) Nb M O  

Cl1 245.6 
Cl2 138.7 

Rytiosb $?I 
29.3 
24.2 

469.6 
167.6 
106.8 

-44.4 

AI,, - 1.45 -0.96 
&” = 1 - A,,, 2.45 1.96 
‘hl ;- 1.19 -0.71 
/3p= I - ‘4,W 2.13 1.71 

See Ref. 13. 
‘See Ref. 7. 

sin2rN1 h ; sin2?rN2ha 
I=ICF2 (mVlh;)2 (mV2h;)2 

XC se - (~d/2)(m + m ’)[l/sin(@-w) + l/sin(8+ m)] 

m  
xe - iW(m), - ~t’f(Td)~2d(Z, _I. i?&,)e2fff(i(m - d)h3, (3) 

where ,u is the linear absorption coefficient, d is taken as 
the average first-order interplanar spacing that locates 
planes m and m’, and (hkl) planes are reindexed according 
to a (000 scheme. R is constant over one intensity band, 
F is the structure factor for the normal unit cell, N1a, and 
iV,a, are the dimensions of the crystal along aI and a2 
directions parallel to the free surface, and hi = (h, 
- h), h$ = (h2 - k), h3 are variables in reciprocal space 

expressed in units of the reciprocal lattice vectors bi, b,, 
and b3. The exponentials containing M( m) and M(m’) are 
static attenuation factors [see Eqs. (7a) and (7b) in Ref. 41 
which are discussed later. If Nia, and N2a2 are taken to be 
large, the intensity in reciprocal space is spread only along 
the h, direction, and becomes a product of S functions with 
respect to the hi and hi dependence. The variation of the 
intensity along the h3 direction must be obtained by nu- 
merically summing Eq. (3 ) over the entire zone, assuming 
that the entire implanted zone diffracts coherently without 
interfaces. The displacement 2, is obtained by summing to 
obtain the accumulated displacement along the 3 direction 
for each m position. 

At this point, it should be pointed out that a d spacing 
profile was also obtained by approximating this curve by a 
system of connected linear elements.4 We found that an 
almost identical profile could be obtained. The linear ele- 
ment model was not used in the final analysis because each 
element is taken to be incoherent with respect to all others. 
Incoherency can be achieved by the introduction of inter- 
nal interfaces. However, this model implies that new inter- 
faces are created. The latter is not considered to be an 
important occurrence and was abandoned in favor of a 
continuous coherent zone without internal boundaries. 

Intensity band simulations based upon TRIM [Figs. 
5(a) and 5(b) and Eq. (3)] are shown in Figs. 6(a)-6(d). 
Equation ( 1) of Ref. (4) was modified to include the ab- 
sorption of the x-ray beam within a sample. The absorption 
of the x-ray beam within a surface layer of implanted zone 
thickness-5000 A is not significant for symmetrical beam 
optics, i.e., w = o”, but it may have a considerable effect on 
the simulated profile when the tilt angle w z 35”. Because 
samples Cl and C2 have scattering contributions from a 
thick substrate, the direct summation of Eq. (4) is cum- 
bersome to evaluate. In these cases, an analytical expres- 
sion was used for the amplitude of scattering from the 
undisturbed substrate. This kinematic calculation takes ab- 
sorption into account and the summation over the dis- 
turbed region is truncated when the d spacing reaches its 
unstrained value at -5500 A. The intensity contribution 
was divided into three parts: scattering from the disturbed 
implanted zone (evaluated numerically), cross terms be- 
tween the implanted and unimplanted zones, and scatter- 
ing from the undisturbed substrate. The last term gave a 
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280 

very sharp peak at the unimplanted peak position with a 
total integrated intensity given by I,= s NG% 

f& -,u~0[l/sin[80 - w) + l/sin(Qo +-a)] 

=pd[ l/sin(& - o) + l/W& + W) 1 ’ (4) 

where 6, is the unimplanted peak position, w is the tilt 
angle, to is the thickness of the implanted zone, ~1 is the 
linear absorption coefficient, d is the average d spacing and 
K is a constant for a given reflection. Cross terms were 
found to be insignificant so that the analysis for the present 
samples could have been carried out only by summing in- 
tensities from the implanted and unimplanted regions of 
the sample. 

The calculated intensity profile includes a convolution 
with the profile measured from the unimplanted crystal 
film. This convolution provides a correction for instrumen- 
tal broadening. The exponent of the attenuation factor M 
was calculated from the Green’s function Kanzaki force 
method.14 This provides the average static displacements 
req&ed for M, which includes interstitial and loop 
sources. 

A comparison between the theoretically simulated pro- 
files and the experimental results [Figs. 6(a)-6(d)] does 
not give a good fit for all samples. The experimental and 
theoretical profiles have been scaled to an area of unity in 
comparing the shapes of the distributions. The fits using 
TRIM are poor with only the positions of the maximum in 
the diffraction profile in agreement. Therefore, the d spac- 
ing profile was refined by a trial and error procedure to fit 
the experimental intensity bands. The free expansion strain 
profiles that give the best fit to the intensity bands are 
shown in Figs. 5(a) and 5(b) and the corresponding fits 

8115 J. Appl. Phys., Vol. 69, No. 12,15 June 1991 

FIG. 6. Intensity band simula- 
tions for Nb andMo using TRIM 
curves shown in Fig. 5. 

280 

are shown in Figs. 2(a)-2(d). The percentage misfit error 
varies between 4% and 8%. In the fitting procedure, the 
exponent of the attenuation factor M was taken to be lin- 
early proportional to the strain along the Xs direction, 
which is obtained from the d spacing profile as 

~33C-473) = [&X3) - 41/& (5) 

where d, is the d spacing corresponding to the undisturbed 
substrate. The proportionality constant was varied to fit 
the average intensity attenuation from the implanted film 
as compared to the unimplanted film. In the case of MO 
crystals, this was kept close to the value for N in MO as 
obtained from Ref. 2, because experimental intensity ratios 
between implanted and unimplanted crystals could not be 
obtained with sufficient accuracy for our samples due to 
minor extinction effects. Although extinction was ob- 
served, intensities were within 20% of kinematic theory. 
The values of the proportionality constant t(d(dM/d~~~), 
used in the fitting procedure, are given in Table III for the 
(222), (400), (220), and (321) reflections of Nb and the 
(222) and (220) reflections of MO. 

Experimental intensity profile data with angle w 
- 35” are shown in Figs. 3 (a)-3 (d). The variation of es3 
with depth was obtained from a fit to the respective reflec- 
tions at o = 0” by projection. Both ell and e22 are taken to 
be zera throughout the implanted crystal for the elastic 
model. dM/dex3 and the absorption path lengths used in 
the fitting procedure depend upon (hkl). For these reflec- 
tions, the absorption path lengths introduce significant re- 
shaping of the intensity distributions. For the (220) reflec- 
tion from MO, with a tilt angle of 35.26’, the x-ray beam is 
attenuated 50% in an implanted zone of approximately 
-5000 A. After projection along the radial direction, the 
simulated intensity profile was convoluted with the radial 

Rao et a/. 8115 
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TABLE III. cz = dh4/dcx3, at different reflections for implanted samples 
Sl, S3, Cl, and C2. 

Sample 

Sl (Nb, 111 film) 
implanted at LNT 

S3 (Nb, 100 film) 
implanted at LNT 

Cl (MO, 111 crystal) 
implanted at LNT 

C2 (MO, 111 crystal) 
implanted at RT 

Reflection a = dM/deIj 

222 20.41 
220 17.69 
321 28.57 

200 7.82 
400 29.73 
321 23.47 

222 15.76 
220 10.50 

222 15.76 
220 11.20 

scan profile from the unimplanted film and then compared 
with the experimental data. This projection procedure, to 
evaluate the intensity profile for w#V reflections, assumes 
that the implanted zone is in a state of pure elastic defor- 
mation. Figures 3(a)-3 (d) show the fits to the experimen- 
tal data. It is seen that the overall intensity profiles are 
predicted by the elastic model but the detailed fits are 
poorer with the MO crystals. 

a 
a loa *au 300 400 500 600 

OEPTH(NM) 

FIG. 7. Replots of free expansion strain (Fig. 5) with damage energy 
profile. 

Rocking curves were measured at five selected points, 
within an intensity band, from all the samples. Examples of 
rocking curves at various points along the (222) reflection 
from sample Cl are shown in Fig. 4. A 0.2” entrance slit 
was used to measure the rocking curve data. The Gaussian 
form for the rocking curves enables one to make use of a 
simple instrumental correction for the haIf-width,5 i.e., 

AU:= A& - Aw;, (6) 

where the subscripts c, e, and i, refer to corrected, experi- 
mental, and instrumental half-widths. The rocking curves 
show a significant amount of broadening, increasing in re- 
gions where the d spacing profile shows the steepest gradi- 
ent. This appears to be almost independent of the order of 
the reflection and is similar for all the implanted samples. 

damage energy distribution. This suggests that N implants 
diffuse preferentially towards regions of high damage en- 
ergy. The four N implantations were carried out sequen- 
tially in order of decreasing energy, causing the damage 
energy distribution for each successive implantation to be 
shifted closer to the free surface. This causes N atoms 
already in a crystal to undergo enhanced diffusion towards 
the surface. The corresponding profiles from MO crystals- 
Cl and C2 appears to be more greatly affected than the Nb 
data (See Fig. 5). This is in agreement with the simulated 
energy deposition curves for MO and Nb. The difference 
between MO and Nb energy deposition curves is due 
largely to the higher atomic density of MO ( =: 15%). 

A calculation of the average amount of N in MO, de- 
rived from the experimental strain profiles of Fig. 2(b), 
shows that it is -25%-30% smaller than what is pre- 
dicted from TRIM. This is true at both LNT and RT, and 
may be due to the trapping of N at knock-on-damage- 
produced defects, like vacancies. The lattice parameter 
data from N-implanted polycrystalline MO films’ was” ex- 
plained in terms of N vacancy pairing in Ref. 16. It was 
estimated that approximately 50% of the single N intersti- 
tials were trapped at vacancies after implantation into a 
polycrystalline MO film using similar fluences. The present 
data on single crystals Cl and C2, can be explained in 
terms of trapping of 25%-30% of the implanted N inter- 
stitials at vacancies. The differences between the data on 
single crystals and polycrystalline MO films may be due to 
the presence of additional relaxation mechanisms found in 
polycrystalline films. Grain-boundary and dislocation den- 
sities are larger in polycrystalline MO films. Such mecha- 
nisms for the relaxation of internal stress fields around N 

Ill. DISCUSSION 

A comparison of the strain profiles that give the best fit 
to intensity band data from uninclined reflections (w 
= 00) with TRIM predictions (Fig. 5) show that: (i) the 
strain profile close to the surface is larger than predicted, 
(ii) the strain profile shows some characteristic oscillations 
and fine structure near the surface in Nb films implanted at 
LNT, and (ii) the strain profile in the interior region 
( - 1000-3000 A from the surface) is smaller than pre- 
dicted in all cases. The differences are larger in MO crystals 
than in Nb films. In an effort to understand these differ- 
ences, the spatial distribution of knock-on energy damage 
for the four-step implantation process was simulated using 
an extended version of TRIM.~~ Figure 7 shows the results 
of this simulation along with the strain profiles obtained by 
x-ray diffraction. In all cases, the shape of the experimental 
strain profile approaches the shape of the corresponding 

(a) Nb 

DAMAGE ENERGY 0.2 

on d n mn *nn xnn ann --- ,a: ._” _-- “-1 .“_ 000 

DEPTHtNM) 

8116 J. Appl. Phys., Vol. 69, No. 12,15 June 1991 Rao et al. 8116 
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

128.173.126.47 On: Wed, 06 May 2015 20:47:48



1.25 1 

1.00 

0.75 

2M 

0.50 

0.25 

0.0 
< 

-I 
1.C 

/1’ I I 
I 6.0 9.0 12.0 

h2 -I- k2+ ,t2 

15.0 

FIG. 8. Z&4 factors for N-implanted Nb at LNT. Squares are from 
ii-at. % (Sl) and circles are from 0.5-at. % samples. Solid curves are 
calculated for each concentration level. The dashed line is an estimate of 
2M for di-interstitials at 5 at. %. 

implants in MO single crystals are less likely. Calculations 
for Nb films did not show a similar relaxation effect. 

Initially, it was believed that the fast falloff of the d 
spacing profile in the interior of the implanted Nb film 
(Sl) is due to the presence of mixing at the Nb-sapphire 
interface. However, a careful examination of the sapphire 
substrate reflection (012) indicated that there is no observ- 
able change in the shape of this peak. Therefore, there is no 
evidence to support penetration of implanted N or for 
damage of the underlying substrate lattice. A small amor- 
phous region at the interface could go undetected. 

To summarize, the strain profile of sample Sl shows a 
larger than expected decrease close to the interface ( - 100 
A from the interface), and a compensating increase closer 
to the surface. For MO samples, there is evidence for sig- 
nificant channeling of N implants into the MO lattice at 
depths > 3000 A. That is, the experimental strain profiles 
tend to extend more deeply than predicted by TRIM. 

Static exponential attenuation factors (2M) from four 
Bragg peaks were obtained by taking a ratio of the inte- 
grated intensity from an implanted Nb sample to an iden- 
tical one which was not implanted. This ljrocedure also 
served to cancel the corresponding thermal factor. Exper- 
imental values for Nb implanted at LNT are shown as 
points in Fig. 8 with squares representing 5 at. % and 
circles the OS-at. % sample. Each of the solid curves are 
calculated for N located as single interstitials in octahedral 
positions and loop distributions given in Ref. 17. That is, 
the same loop distributions were taken at 5- and OS-at. % 
levels. This assumes that saturation has occurred at or be- 
low 0.5 at. %. With 0.5-at. % N and energies given in 
Table I, one tlnds that each atom undergoes six major 
displacements that should provide a safe lower level for 
saturation. The dashed curve is an estimate for N present 
as di-interstitials at the 5-at. % level. From these results at 
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LNT, one cannot rule out the possibility of a mix of single, 
di-interstitials and possibly a small fraction of tri-intersti- 
tials at the 5-at. % N level. Diffuse scattering data suggests 
that at 0.5 at. % there is a dominance of single interstitials. 

Attenuation factor data from a Nb film implanted with 
N to a level of 0.5 at. % at room temperature has been 
found to be approximately a factor of 2 larger than the 
values obtained for the film implanted to 0.5 at. % N at 
LNT. If it is assumed that the total number of point defects 
(interstitials and vacancies) retained in RT-implanted film 
is identical to- the number in the LNT-implanted film and 
that they are located in (211) [ 1 li]-type loops, we find that 
both vacancy and interstitials loops are twice as large in the 
RT-implanted film as compared with the LNT implanted 
film. This is based upon the finding that the attenuation 
factor per unit point defect for a loop scales approximately 
as its radius.” 

We have used the elastic model in comparing the d 
spacing profile obtained from experimental data with TRIM 
calculations, i.e., the sample is assumed to provide a con- 
tainer with rigid walls. Therefore, the implanted zone is 
only allowed to expand elastically perpendicular to the free 
surface.’ Such a model can be verified by analyzing inten- 
sity distributions from planes inclined to the surface of the 
implanted zone. An ideal elastic model requires the normal 
strain at angle w to the surface normal E, to be related to 
the surface normal strain, e33, according to 

E,= E33 cos2w. (7) 

At an angle w - 35”, the strain gradient E,(Z) is only 60% 
of the strain gradient ~~~(2). If the substrate is not rigid 
and there is complete relief of the elastic stresses, the strain 
data are independent of tilt angle and E,(Z) = Ebb.’ 
Equation (7) hold for all samples that are under investi- 
gation. The small differences that are observed are due to 
experimental or instrumental effects. 

Rocking curves from various depths within the im- 
planted zone display a small but measurable broadening 
that is not predicted from an ideal elastic model [see Figs. 
4(a)-4(e)]. Also, some misfit is observed at the extremes 
at the intensity bands obtained from planes inclined 
( -35”) from the free surface. An ideal elastic model 
should give an equally good fit for all intensity bands. We 
believe that both effects are due to small amounts of lattice 
bending in regions of highest stress. Some localized kinking 
or bending could selectively influence the widths of both 
the rocking curves and 20 scans. This effect is likely to 
originate from only a small fraction of the overall volume 
of an implanted zone in a way that allows the overall zone 
to remain elastic with very little plastic deformation. 

In order to arrive at unique d spacing profiles, absorp- 
tion must play a significant role over implantation dis- 
tances. If this distance is too small the top of the zone 
cannot be distinguished from the bottom. For the (222) 
intensity band, using MO and Nb with CuKcrl radiation, 
there is only a 5% difference in beam absorption over 2500 
A. When the (220) intensity band is examined at o-35”, 
beam absorption introduces a 40% correction for the same 
depth. Under these conditions rotating the d spacing pro- 
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files 180” so that the free surface becomes substrate would. 
give obvious misfits when the intensity bands are simu- 
lated. 

IV. CONCLUSIONS 

The following conclusions are based collectively upon 
three different x-ray measurements. These include expo- 
nential attenuation factors (2M), diffuse x-ray scattering, 
and d spacing profiles. These measurements and analyses 
are described in this paper or in a preceding one.i7 All 
require a knowledge of the displacement fields and related 
changes in the lattice parameters. The major elastic field 
disturbance, based upon previously documented evidence, 
is due to N located in octahedral sites.’ Di- and tri-inter- 
stitials are likely to be present in the 5% Nb sample im- 
planted at LNT. Our findings do not exclude the presence 
of more complex interactions between defects. Rather, the 
picture presented here should be considered as the simplest 
model that fits all three forms of data. In the case of MO 
samples only d spacing profile data has been reported here. 
These data suggest that the similarities between the behav- 
ior of Nb and MO are stronger than their differences which 
are given below. To summarize, the following have been 
concluded. 

(i) With - 5 at. % of N implanted at LNT into Nb, 
our calculations indicate that the dominant elastic residual 
strain arises from volume changes associated with single N 
interstitials located in octahedral sites. Defects produced 
by radiation damage are in the form of small vacancy and 
interstitial loops which produce. residual strains of minor 
importance. This originates almost entirely from their core 
regions which give a positive expansion. Most of the po- 
tential contribution to the residual long-range strain can- 
cels due to equal and opposite volume changes from va- 
cancy and interstitial loops. However, local nonuniform 
fields are present and have an effect on intensity measure- 
ments through the 2M factor. 

(ii) The behavior of the Nb 2500-A with a sapphire 
interface is different than the thicker 6000-A film. Here the 
N prefers to remain in the thinner Nb film forming a some- 
what larger gradient. This behavior is probably related to 
the highest-energy implantation where the Gaussian-like 
TRIM distribution would extend beyond the Nb-sapphire 
interface if the Nb film were thicker. Clearly, the 6000-A 
(100) film gives the best agreement with TRIM and pro- 
vides a better comparison due to its greater thickness. 

(iii) MO single crystals implanted to - 5 at. % N show 
a more complex behavior. There is an apparent loss of 
expansion centers associated with single N interstitials in 

octahedral sites for both LNT and RT implantations. This 
may be due to the following: N vacancy complexes, N 
association with dislocations or sub-boundaries, or to a 
lesser extent N loss at the free surface. 

(iv) For both Nb and MO, the original N distributions 
become shifted toward regions of high knock-on energy 
depositions. This shift is believed to arise from enhanced 
diffusion and is most pronounced for MO samples. The 
redistribution is found to be larger in the RT-implanted 
sample than from one implanted at LNT. 

(v) Both Nb and MO substrate lattices behave like 
rigid containers in directions parallel to the free surface. 
This gives a magnified elastic displacement normal to the 
free surface. Kinking or bending in regions of highest 
strain gradient could be presented as a small fraction of the 
sample volume. 
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