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ABSTRACT 

The depth distributions of 80 eV D implants in (HO) W 
have recently been measured by field desorption microscopy. 
Prominent structure, consisting of seven major and several minor 
peaks, is observed in the measured distributions. This contrasts 
with conventional implantation theory which predicts two peaks, 
one for the channeled D and one for the nonchanneled D The 
observed structure is explained in the present report by - model 
which ascribes the various peaks to D groups which have t on 
scattered into planar channels by the surface impurities. The 
model allows a determination of D stopping powers in the various 
planar channels and the stopping power of C and 0 impurities 
which recoil down the <110> axis. The model suggests that s face 
location of the impurities as well as their elastic scattering 
cross section for D projectiles could be extracted from more 
elaborate calculations and experiments. 
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DEPTH DISTRIBUTIONS OF LOW ENERGY DEUTERIUM IMPLANTATIONS 
IN (HO) TUNGSTEN: A THEORETICAL MODEL* 

D. K. Br ice 
Sandia Laboratories, Albuquerque, HH 87185 

Measurements of the depth distributions of atomic projectiles 
implanted into solids give information concerning the interactions 
between the projectiles and the target atoms. For relatively high 
energy implants the projectiles penotrate a considerable distance 
into the target material and only quantities which are related 
to averages over a large number of collision events are readily 
accessible from the measured depth profiles. Such quantities 
include, for example, the average projected range of the incident 
projectiles, R , the standard deviation in R , AR Q, the standard 
deviation of the distribution transverse to the incident direc­
tion, etc. From such quantities as these the "average" properties 
of the projectile-host atom interaction can often be determined, 
such as the inelastic contribution to the stopping power and 
the ratio of elastic to inelastic interaction strengths. 

Recently, Panitz (5114) has reported measurement of the depth 
distribution of low energy (~ 80 eV) deuterons implanted into j 

o 
(110) oriented tungsten with depth resolution of ~ 2.2 A, i.e., f 

2 "r 

the spacing of the (110)-W planes. The precision of such t 

measurements, along with the fact that the deuterons penetrate only I 
a short distance into the target, clearly presents the possibility 5 
1 I 
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of obtaining more detailed information relative to the incident 
ion-target atom interaction. In particular, on the basis of a 
model to be presented later in the report, it appears that the 
depth distribution of the deuterons is quite sensitive to the pre­
sence and location of surface impurities. This sensitivity is 
reflected in the complicated structure observed in the experimental 
distributions. 

In the present report a semi-quantitative model will be 
presented which can account for the observed structure in the depth 
distributions. The model is presented in a semi-quantitative form 
at this time because the limited amount of experimental data avail­
able do not justify a more sophisticated approach. Further, certain 
predictions can be made with the semi-quantitative model which 
suggest additional experiments to validate the basic assumptions 
of the model. These additional experiments will provide data from 
which certain properties of the ion-target atom interaction can 
be extracted, and which will aid in refining the model. The quan­
tities accessible to evaluation by the model of this report are 
1) the energy dependences of the low energy channeling stopping 
power for the incident deuterons for the various "open" planar 
channels in the target, 2) the energy dependence of the deuteron 
stopping power in the <110> axial channel, 3) similar information 
for the recoil implanted surface impurities, and 4) the accept­
ance angle for channeling in the "open" planar channels. With 
a more sophisticated model, it should also be possible to 
evaluate the crystallographic location of the surface impurities 
on the target, as well as the deuteron-impurity atom elastic 



scattering cross-section. As indicated above, however, the more 
sophisticated approach should await further experimental verifica­
tion of the model in its present form. 

In Section I of this report the existing experimental measure­
ments will be briefly reviewed. Particular attention will be 
given there to indicating desirable refinements in the experiments 
as well as pointing out additional measurements which would be 
useful in verifying the theoretical model presented in subsequent 
sections. In Section II various models of projectile-target 
interactions which might conceivably lead to structure in the 
implanted projectile depth distribution (such as that observed in 
ref. 2) will be considered. The most promising of these models, 
the surface scattering-channeling model, will then be discussed 
in some detail. In Section III the semi-quantitative surface 
scattering-channeling model will be developed, and finally, in 
Section IV comparison between the model and the limited experimental 
data presently available will be presented. 

I. EXPERIMENTAL 
The reader is referred to reference 2 for details concerning 

the experimental apparatus and measurement techniques used in 
obtaining the low energy implanted deuterium depth profiles. Only 
those details pertinent to the present discussion will be reviewed 
here. The target for these implants consisted of a thin "needle" 
of tungsten single crystal, with a <110> crystallographic axis 
oriented parallel to the needle axis. The tip of the needle was 
rounded so that it consisted of a series of circular atomically 
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thin (110) plane platlets with increasing radius as one proceeds 
from the tip into the body of the needle. Prior to implantation 
the target surface was characterized and approximately a monolayer 
of carbon and oxygen impurities was found to be present. These 
impurities are characteristic of the residual gas in the target 
chamber. The D implants were made into the tip of the needle, at 
a nominal implant energy of 80 eV, and with the target at 300 K. 
No attempt was made to separate ions and neutrals from the D 
source prior to implantation. 

After implantation the target was quickly transferred to the 
imaging field desorption spectrometer and cooled to 80 K for the depth 
distribution measurements. The depth distributions were then 
obtained by removing and analyzing the constituent atomic planes, 
atomic layer by atomic layer, through the method of imaging field 
desorption. The composition of each atomic layer was obtained 
during the removal process from time-of-flight measurements of the 
various atom and atom aggregates between the target and a collector. 

Figure 1 shows typical results obtained in the measurements. 
There the implanted D distribution is seen to extend in to about 
50 atomic layers with prominent structure appearing at depths of 
11, 13, 16, 22, 33, and 46 atomic layers. Other minor structure is 
also seen in the D profile. The C and 0 impurities, which previously 
resided on the surface, are seen to have distributions extending 
to a depth of 10 atomic layers subsequent to the D implant. The 
total D contained in the profile of the figure amounts to approxi­
mately one monolayer. The results shown here are typical and 
reproducible. 



fraction is reflected from the target surface, so that ultimately 
the random and channeled fractions within the target are in the 
ratio of approximately 1/6. 

All of the above remarks concerning the separation of the 
channeled and random fractions are based on the conventional 
channeling theory which has been applied successfully to the 
channeling of high energy (100's of kev) projectiles. In this 
theory the correlated scattering of the channeled projectiles 
by the lattice atoms in the walls of the channel is replaced by 
a continuum model in which the channel walls are structureless, 
are parallel to the channel direction, and are the source of a 
potential energy function which governs the motion of the channeled 
projectiles transverse to the channel direction. In extending 
the concept of channeling to the lower energies of ref. 2 the 
continuum model clearly becomes questionable. The fundamental 
defining quality of the channeling phenomenon, i.e., a series of 
correlated collisions with wall atoms which gently steers the 
projectile along a trajectory between the channel walls, can 
however be retained. In fact the correlation in the low energy 
events need not be as high as for the high energy scattering 
since the low energy projectiles of ref. 2 only penetrate a 
few tens of lattice spacings into the target and probably traverse 
the channel only a few times before coming to rest. A more 
precise definition of the properties of low energy "channeled" 
projectiles will have to be postponed until a detailed examination 
of solutions to the equations of motion can be carried out. 
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Conventional theory can be applied to determine the profile 
of the random fraction, since the development of this profile is 
expected to be governed by random transport theory. These calcula-
tions have been performed using a previously described technique,"1 

and with experimental stopping power values extrapolated down to the 
energy range of interest here. The results indicate that the random 

o 
fraction should have a mean depth of penetration of 8.7 A, with a 

o 
standard deviation of 25.1 A. These same calculations suggest that 

o 
the channeled fraction should penetrate to a depth of ~ 157 A. 

The experimental results shown in Fig. 1 are in accord with the 
above general remarks on two accounts. First, approximately 15% 
of the implanted D ions, are observed to occupy a broad peak near 

o 
the target surface with a mean penetration depth of ~ 10 A. Second, 
the D-depth distribution extends into the target to a maximum depth 

o 
of ~ 115 A, with a small peak in the distribution located at about 

o 
100 A. Between these two peaks, which are tentatively identified 
as the channeled and nonchanneled groups, a multiplicity of D groups 
appear at well defined depths, contrary to the predictions of the 
conventional theory. 

b) Structure Producing Effects 
In attempting to explain the observed structure in Fig. 1 

several different effects have been considered. These are: 1) the 
implanted D atoms diffuse to lattice damage or defects in the target 
and are trapped; 2) there is structure in the energy loss rate func­
tion for the D ions in the W target due to interactions with elec­
trons having well-defined energy levels in the Wj and 3) elastic 
scattering from impurity atoms at the target surface produces groups 
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of D ions which are channeled in planar channels not parallel 
with the original direction of motion. 

Since the implants were performed at room temperature, and 
several minutes elapsed between the implant and the subsequent 
reduction of temperature to 80 K, the possibility of significant 
C diffusion clearly exists. The diffusion coefficient for D in 
W has not been measured, but the values for the diffusion coefficient 
in other materials suggests that diffusion in W under the condi­
tions of the reported experiments might cause D motior by some 10's 
or 100's of Angstroms. That this effect does not take place can 
be argued as follows: First, the D ions have insufficient energy 
to produce lattice damage in the target since the displacement 
threshold energy is 35 eV, Thus for the affect to exist the 
"gettering" of the D would have to be at intrinsic defects. The 
reproducibility of the depth distributions in different targets 
rules this out, because the intrinsic defects would be expected 
to be randomly distributed. It thus appears that no signifi­
cant diffusion of D in W occurs at room temperature over periods 
of several minutes duration. 

The second effect mentioned above could also lead to structure 
in the observed D depth distributions with interactions occurring 
between the D ions and localized electrons in the W, or with 
plasmcns. From the separation of tho peaks in Fig. 1 the energy 
transfers in such interactions would be - 5 - 10 eV, and the inter­
action cross section would have to be quite large since most of tne 
D ions are contained in peaks other than the "channeled" peak at the 
deep end of the distribution. The incident D ions have velocities 
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< 10 cm/sec while localized electrons with binding energies of 
several ev have orbital velocities > 10 cm/sec. Therefore, the 
interaction cross section for interactions between the D ions 
and such electrons will be relatively low, since such cross sec­
tions become significant only when the D ion velocity is approxi­
mately equal to or greater than the electron velocity. Also, 
according to our present understanding of plasmons, the production 
rate for these excitations is quite small for D ion velocities 
significantly less than the Fernu velocity of the conduction 

q 

electron gas, which is also ~ 10 cm/sec. Thus significant 
energy loss to well defined energy levels in the W target can 
be ruled out in the present case since the low velocity of the 
D ions leads to low cross sections for the (relatively) large 
energy transfers required to explain the observed structure. 

The presence of impurity atoms on the W surface clearly leads 
to at least one additional group of D ions along with the random 
and channeled fractions mentioned earlier. This third group is 
that group of ions which scatter from the impurity atoms and suffer 
large angle r=. Actions from the initial direction of motion. This 
group can b- i.-ihii- subdivided according to whether the scattered 
ion is channt û or not in its new direction of motion. According 
to conventional theory, the scattered ion will be channeled in a 
new cha.inel, c, providing that the new direction of motion is 
parallel to the channel direction ..ithin a critical angle, i|/ , and 
providing that the scattering center does not lie in a row or ilane 
of atoms parallel to the channel direction. It also seems 
reasonable to postulate the existence of a critical angle for 
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channeling in the low energy case, although its dependence on 
the various kinematic and crystallographic parameters may be 
more complex than in the higher energy case. The new channel could 
be either an axial or a planar channel, but planar channels will be 
much more likely since the axial channels subtend such small solid 
angles for acceptance of the scattered particles. In any case, 
the planar channel is a more general type of channel since axial 
channels may be thought of as simply the intersections of two 
or more planar channels. Thus, in the discussion which follows 
only planar channels will be considered, except for those ions 
initially channeled in the <110> direction. 

The model suggested by the impurity scattering of the beam at 
the surface is then the following: Tho^e ions scattered in directions 
within t 1 o£ a given planar channel btwi.ie channeled in a new 
direction, and thus do not penetrate as deeply into the target as 
the <110> channeled ions since their trajectory makes a large angle 
with respect to the initial direction of the motion. This is 
illustrated schematically in Pig. 2. The multiplicity of peaks in 
the observed distribution results from the large number of low index 
planar channels in the lattice at different and distinct scattering 
angles with respect to the initial direction of motion. The presence 
or absence of a peak associated with a given planar channel gives 
information on the location of the scattering center, since a given 
channel will be "blocked" if the scattering center lies in a plane 
of atoms parallel to that channel. This model will be developed 
more fully in the next section. 
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Ill, THE IMPURITY SCATTERING-CHANNELING MODEL 
a) General 
Consider a projectile of mass M, , energy E, and velocity v to be 

incident on a target with v parallel to some low index crystallographic 
direction. Allow the particle to scatter from an atom of mass M_ into 
the solid angle d(Cos 6)da, where 0 is the scattering angle and ex is 
an azimuthal angle around the initial direction of motion. The 
probability that the scattered particle is channeled in the crystal 
plane c will be a function of 6, a, and E as well as the masses M. 
and M_, and the crystallographic location, r, of the scattering center. 
Let this probability be represented by Q (6, a, E, M., M_, r). In 
the following discussion the dependence of Q on E, M., M_, and ? 
will be suppressed, although the reader should be aware that this 
dependence is present. 

The differential cross section for scattering into the channel, 
c, at the angle 6 is given by da (6), where 

dac(6) = a(9) d(Cos 6) f Q c(8, a)da (1) 
o 

where it has been assumed that the elastic scattering cross section, 
a(9) is independent of the angle a. The quantity of interest for 
comparison with experiment is the depth distribution of the channeled 
particles ^fter they have come to rest. Let G (R)dR represent the 
probability that a particle scattered into the channel c comes to 
rest in the depth interval dR centered on R. If N is the areal 
density of the surface scattering centers then 
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G (R)dR = N da (9) , (2) 
c c 

and a relationship between 6 and R is needed to make a correspondence 
between the variables on the right and left hand sides of the equatior 
This correspondence is obtained through the stopping power of the ion 
in the channel. 

It is assumed that the stopping power of the target for channelet 
particles can be written as 

P c dE/dx * -S c E c (3) 

where the constants S and p are characteristic of the channel 
c rc 

involved. It is further expected that p = 0.5. If the scattered 
particle has energy T as it enters the channel, then Eq. (3) predicts 
that it will have a range R (T) in the channel where 

RC(T) « F cT c , (4) 

with 
F c - 1/SC{1 - p c) . (5) 

Conservation of energy and momentum in the elastic scattering event 
gives T in terms of the initial energy E and the scattering angle 8 
through 

where 

with 

T/E - K2(8) , (6) 

K{6) » A Cos 6 ± (A 2 Cos 26 + B ) 1 / 2 (7) 

A - M1/(K1 + M2) (8a) 
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B = (M2 - M1)/{M1 + M 2) . (8b) 

For M_ > M7 only the positive square root is used in (7), while 
both signs are used for ft. > M, and the T vs 8 function becomes 
double valued. The former case applies to the experiments of 
interest here. From (4) and (6) one obtains 

1-p 2-2p 
R C(T) = P c E c K c . (9) 

The variable R in Eq. (2) is, however, depth in the target rather 
than the range parallel to the planar channel. Thus, when R is 
projected onto the original direction of motion we obtain 

1-p 2-2p 
R (T) = P c E c K c Cos 6 (10) 

which gives the desired relationship between R = R and 6 for 
pc 

use in Eq. (2). 
From Eq. (10) it is seen that each channel has its unique depth 

scale, determined by the constants S and p . The constants p 
should thus easily be determined from a series of experiments in 
which the incident projectile energy is varied since the peak depths 

1-PC for a given type of channel should vary as E 
For small acceptance angles the total depth distribution of the 

scattered-channeled particles should be given by G(R)dR, where 

G(R) * 2 3 G
c < 8 c = R ! ( 1 1 ) 

c 
In this development we have neglected those particles which scatter 
from a surface impurity into nonchanneled directions. These particles 
will, however, simply join those nonchanneled particles which have 



scattered from the surface W atoms and thus there is only a single 
nonchanneled group. 

b) Specific Evaluation of Q 
As indicated earlier, the limited amount of experimental data 

presently available do not justify a sophisticated model for the 
development of the depth distribution function G(R), and thus it seems 
reasonable to use approximate but realistic values for Q in Eq, (1) 
in order to apply the model to the experimental situation of interest. 
The Q -function given below contains all the qualitative features 
one would expect in a more sophisticated treatment. 

First, it =̂ assumed that if the scattering center lies in a 
plane of atoms which is parallel to a specific channel then the 
scattered particle is "blocked" from entering that channel and 
Q„(8, a) = 0 for all 6 and a. If the particle is not "blocked" from 
a particular channel then Q (9, a) = Q = constant for all 6, 
and a, such that the scattered velocity vector is parallel to the 
channel plane to within ± <jj . For scattering events for which this 
last condition is not satisfied Q = 0. 

c 
To quantify these remarks, let u be a unit vector in the 

original direction of motion, and let n be the unit normal to the 
planar channel of interest. Further, let s" and € be unit vectors 
which, along with Q, form a cartesian coordinate system. The vector 
§ is chosen so that fi lies in the u-s plane of the coordinate 

c r 

system. Thus 
"c = ncu ° + ncs § • ( 1 2 ) 

We note that n = Sin 9 and n = Cos 6 , where 6 is the angle cu c cs c c 
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between the initial direction of motion and the planar channel c. 
Let q be a unit vector in the direction of the scattered velocity 
vector. Then, with a measured from the t-axis, Q. is written as 

q = Cos 6 Q + Sin 6 Cos a t + Sin 6 sin a i . (13) 

T'.ius, if $ is the angle between the scattered velocity vector and 
the planar channel then 

Cos(7r/2 + I/>) • 4 • " (14a) 

» n Cos 6 + n Sin e Sin a (14b) cu cs 

- Sin r/i . (14c) 

With the function Q described above, and the geometrical 
relationships of Eqs. (12) - (14), Eq. (1) becomes 

dac(6) = Q c oa(6) d(Cos 6)Aac (15) 

where Aa is that range of values for a for which |<ji| s. ii , with 
TJJ as determined from Eq. (14). 

One can easily see that this model will lead to a peaked structure 
in the depth distribution as follows. Assume that i/>c is small, that 
Aa is small, and let a be the value of a for which i|i = 0, then 
from (14) 

4i/> - n Sin 6 Cosa Aoc, (16) 
c cs o 

with 
Sin a Q - -(n c u/n c g) Cos 6 , (17) 

from which 
Aa - 4i/-c/(n ĝ - Cos 2 6 ) 1 / 2 (18a) 
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Aa = 4iff /{Cos2 6c - Cos 2 6 ) 1 / 2 . (18b) 

The extra factor of 2 in Eqs. (16) - (18) results from the two values 
of a which satisfy Eq. (17) for a fixed 6. For 9 < 9 the argument 
in the square root in Eq. (18b) is negative, Aa = 0, and thus 
da is zero. For TT/2 2L 6 >. 9 , Aa is a decreasing function of 9 with 
a singularity at 9 = 9 . Thus, qualitatively, one expects an exact 
evaluation from Eq. (14) to produce a depth distribution G (R) with 
a sharp peak at a depth corresponding to 9 = 9 and with a decreasing 
tail which extends all the way to R = 0, i.e., the target surface. 

From Eqs. (18) it is seen that the magnitude of the peak in 
the distribution is (roughly) proportional to ty for ty small. 
What is not so obvious from the above equations is that if* also 
affects the width of the peak in the distribution. Fig. 3 shows 
calculated Aa(6) for several different choices for ip , as a function 
of Cos 8. The curves have all been normalized to the same peak heigh 
to bring out the effect of f on the predicted peak width. For the 
curves of Fig. 3, 9 was chosen as 30° which for particle incidence 
along the <1J.0> direction corresponds to (101) planes. From the 
figure it is seen that the peak widths are an increasing function 
of I(JC, and are already quite broa«? at ij*c = 10°. A quick comparison 
of figures 1 and 3 also indicates that the channeling acceptance 
angles are only a few degrees for those channels represented by 
the peaks in Fig. 1. 
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IV. COMPARISON OF EXPERIMENT AND THEORY 
Figure 4 shows the predicted depth distribution of those D ions 

which scatter from surface impurities on a W target, based on the 
model of the previous section. The surface impurity was assumed to 
be a carbon atom, its location on the surface was taken such that 
no planar channels would be "blocked." Further, |i was 1 for 
all channels, and the stopping power was assumed the same in all 
channels with p » 0.5. The channeling probability constant, 
Q , was assumed proportional to d - r w when this quantity was 
positive, and zero otherwise, where d is the interplanar spacing 
and r„ is the tungsten atom radius defined earlier. A hard sphere 
cross section a(8) was used for these calculations. The scale factor, 

1/2 R Q, on the depth axis is given by R = F ,E ' , and it represents 
the maximum depth which a planar channeled ion can penetrate. Also 
identified on the figure are the planar channels which contribute 
to the various peaks displayed there. 

Qualitatively, the results shown in Figure 4 will be I'.ttle 
changed for other realistic assumptions concerning the parameters 
which enter the calculations. Increasing the acceptance angle for 
a given plane will cause the peak associated with that plane to 
become broader and more prominent. Different assumptions concerning 
the dependence of Q on d will also change the relative magnitudes 
of the various peaks, as will the use of a different elastic scatter­
ing cross section. Different assumptions concerning the stopping 
power functions associated with a given plane will change the depth 
at which the associated peak occurs, as will the use of a different 
mass surface impurity, although this latter effect is relatively 
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small for impurities heavier than carbon. Since our present purpose 
is to point out that the model of Section III can "explain" the 
structure observed in Fig. 1, and that additional experiments are 
needed before quantitative results can be confidently extracted from 
the data, the calculated results displayed in Fig. 4 are entirely 
adequate. 

Comparison of the results in Figs. 1 and 4 allows one to develop 
a consistent scheme which identifies the various peaks in Fig. 1 
with specific planar channels in the W lattice. The results of this 
comparison, which must be considered as tentative at this time, are 
shown in Table I. Although the planes which can contribute to each 
of the experimental peaks are identified in Table I it is not possi­
ble to identify with certainty which planes actually do contribute. 
This is because the maqnitudes predicted for the theoretical peaks 
are relatively sensitive to the assumptions which have been made 
concerning the parameters Q , <C , and o. The scheme can be used 
however to evaluate the planar channel stopping powers. The results 
of this evaluation are shown in Table II. There it is seen that the 
most open plane, the (110) plane has a stopping power about 15% 
larger than that of the <110> axis, while all the other planes have 
stopping power approximately 25 - 35% larger. The uncertainties 
indicated in the stopping power results in Table II were obtained by 
assuming that the depth resolution in Fig. 1 is - one lattice spacing 
in the <110> direction. The results indicate that (with the excep­
tion of the (102) planes) the stopping powers have a realistic depend­
ence on the planar spacing, d . The results for the (102) plane could 
however be brought into much better agreement with the other data by 
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simply moving the shallowest peak in Fig. 1 one lattice plane nearer 
the surface. The planar channel stopping powers are given in 
Table II as ratios with the stopping power in the <110> axial 
channel which, with p =0.5, is 

S < 1 1 Q >(eV/A) = 0.179 E 1 / 2(eV) .. (19) 

The stopping power results in Table II and Eq. (19) represent the 
first information obtained on dE/dx in this low energy region, 
previous experiments having been carried out at least an order of 
magnitude higher in energy. The measured values given here are 
about a factor of 3 greater than predicted by Lindhard theory, 
but about a factor of 9 less than predicted by Firsov theory. 
However, both theories are not strictly applicable to channeled 
ions. 

Thus far attention has been focused primarily on the depth 
distribution of the implanted D, and the fate of the surface scatter­
ing centers has been ignored. The depth distribution of these atoms 
also carries information, some of which can be extracted using the 
simple model of Section III. The rich structure observed in Fig. 1 
suggests that the surface impurities are located somewhere in the 
<110> channel at the target surface. Further, estimates of the 
acceptance angle for C and 0 channeling along this axis indicate that 
in all scattering events at the surface the recoiling surface impurity 
will be confined to the <110> channel. Thus, the channel stopping 
power for C and 0 atoms can be extracted from the data of Fig. 1. 
Assuming that the stopping power is given by Eq. (3) with 

22 



p = 0.5, the resultant stopping powers are 

o 
S < 1 1 Q > ( 0 ) (eV/A) = 0.5C4 E 1 / 2(eV) (20a) 

0 1/2 
S < U 0 > ( C ) (eV/A) = 0.561 E v^(eV) . (20b) 

These stopping power values are about a factor of 3 larger than pre­
dicted by the Lindhard theory, but about a factor of 3 smaller than 
predicted by the Firsov theory. Thus the stopping power results 
for both incident projectiles and the recoiling O and C atoms must 
be considered to be in as good agreement as can be expected with 
the theory. 

The C and 0 depth distributions also contain information con­
cerning the elastic scattering cross section o. An evaluation of 
a from these distributions would, of course, have to be consistent 
with the same evaluation from the D depth distribution, and thus 
provides a check on the theory. The extraction of a from the 
experimental data wil1 have to be postponed, however, until the 
sophistication of the theoretical model is improved. 

V. CONCLUSION 
A surface impurity elastic scattering - channeling model has 

been presented to explain the structure observed in the depth distri: 
tion of low energy D implants in (110) tungsten. A consistent 
scheme identifying the various observed peaks with channeling in 
various low index crystal planes can be constructed from this model, 
and channel stopping powers can be extracted from the data using 
this scheme. The stopping power values obtained fall between the 
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predictions of two different theories, and thus must be considered 
as realistic. The model also allows the extraction of the stopping 
power values for the surface impurities in the <110> channel, since 
the impurities will recoil down this channel in an elastic scattering 
event. Again, the values for the stopping powers fall between the 
predictions of two different theories and are thus realistic. 
Further refinement of the model is possible, but this refinement 
should await further experimental measurements which can verify the 
predictions which the simple model provides. The suggested addi­
tional experiments include 1) measurements for D implants for which 
the neutral component of the beam has been separated to verify the 
basic assumptions of the model, including the identification of the 
various contributing planes in Table I, 2) measurement of the D 
depth distributions over a range of incident energies to verify the 
energy dependencies of the stopping power, and 3) measurements with 
targets having "clean" surfaces to verify that the observed effect 
is indeed due to the impurities. 



TABLE I. A Scheme Relating the Peaks in Figure J with Planar 
Channels in the W Target 

Peak De pth 
(atomic 1 ayers) 

4 
11 
13 
16 
19 
22 
28 
31 
33 
37 
46 

Planar Channels Contributing to Peak 

Nonchanneled D distribution 
(102) 
(133) 
(112) 
(111) 

(100), (103), and (123) 
(112) and (102) 

(103) 
(100), (110), (112) , and (103) 

(112) 
Axially channeled D along <110> direction 

25 
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TABLE II. Stopping Powers for Planar Channels Based on Fiqure 1 
and Table I. 

Channel Sc / S<110> 

(110) 1.15 ± 0.03 
(100) 1.37 ± 0.14 
(112) 1.29 ± 0.06 
(103) 1.36 ± 0.11 
(111) 1.32 ± 0.06 
(123) 1.20 ± 0.13 
(102) 1.20 ± 0.13 

a. S < n o > ( e V / A ) = 0.179 E 1 / 2 ( e V ) . 
o 

b . a » l a t t i c e c o n s t a n t for W = 3.16 A. 

v a b 

0 .71 

0 .50 

0. .41 

0, .32 

0. ,29 

0. .27 
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FIGURE CAPTIONS 

2+ + Figure 1 (After Panitz, ref. 2) Depth profiles of C , C , 
0 , and D , in the near surface ration of tungsten, 
following inplantation with 80 eV deuterium at 300 K. 

Figure 2 Schematic representation of the channeling model presenter! 
in Section III. Incident D ions are shown being scat­
tered into planar channels in the tungsten target by 
interactions with a monolayer of surface impurity. 

Figure 3 Plot of Ao versus Cos 9 showing the effect of the value 
of i|> on the peak width. Curves have been normalized 
to the same peak height to emphasize the broadening 
effect. 9 = 30°. c 

Figure 4 Plot of G(R) versus R for the planar channeling model 
of Section III. For this plot ty = 1°, Q is cropor-

c co -
tional to planar spacing minus the tungsten atom radius, 
and the stopping powers in all planar channels are 
assumed equal and proportional to the square root of the 
deuterium energy. Also, a hard sphere scattering cross 
section is used. 

28 



1.2 

i i 1 1 1 1 1 1 1— 

-

1.0 - * -10° 5° f -

/ I \ 
" 

0.8 / ' i _ 
X ' ' K rtj ' ' K e / ' K\ 0 / ' V\ <3 / i \ \ 

\ \ 0 _ / i \ \ 
\ \ -

o 
/ i 

s \ ^^0>t0*^ / / s \ 
J-*^^-*-^^ / / I \ 0.4 - ,— -- / 

I \ -

- -

0.2 — 

_ _ - — — ^ ^ ^ 
-

0 i i 1 1 1 1 1 1 ll 
.5 

Cos© 
.7 .8 .9 1.0 



< 
OH 

0£. < 

o 

-i 1 1 r n r 

o 

1 
Q f?; —• tvi 

= c; ~ 8 5 . 

(112), (111), (110), (100) 

J I I L J L 
0.0 0.2 0.4 0.6 

R/R0 

0.8 1.0 

Figure 4 

32 


