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The range distributions of N,* in copper and silver have been determined for energies up to 5
keV. The distributions show a sharp peak at the surface along with a deeper shoulder or secondary
peak and a long tail into the sample, contrary to theory which predicts only a near-Gaussian distri-
bution in the sample. Careful examination indicates that neither the possible physical or chemical
properties alteration by ion bombardment nor experimental error is the cause of the enrichment of
nitrogen near the surface and therefore confirms the presence of this peak as part of the distribu-
tions. The energy dependence and the depth of the secondary peak, however, are in reasonable
agreement with those predicted by available theories for the projected range distribution of implant-

ed species.

INTRODUCTION

When an energetic ion impinges on the surface of a
solid, it exchanges energy with the stationary atoms of the
target. These transfers of energy could change the physi-
cal and chemical properties of the surface and the bulk
material. A theoretical analysis for ion-implantation
ranges and distributions into materials was reported by
Lindhard, Scharff, and Schigtt,! widely called the LSS
theory. It has been the source of most implantation range
calculations.? Calculated values of R, for various incom-
ing particles (Z,,4;) and stopping substances (Z,,4,)
have been reported by Winterbon® and Littmark and
Ziegler.* Also, simple formulas for range and projected
range calculations corresponding to various values of in-
cident ion energies based on the formalism of LSS theory
are given by Schigtt® and Sigmund.® LSS theory has been
shown to be applicable above 10 keV.” We wish to deter-
mine the interaction of low-energy (500 eV to 5 keV) light
ions with surfaces and as a result require information on
the applicability of LSS theory and its modifications>’ to
projected ranges in this low-energy ion regime. The
present work, therefore, is a study of the depth distribu-
tions of low-energy nitrogen ions (1—5 keV) in polycrys-
talline copper and silver samples. Projected ranges and
energy dependence of ranges are determined from experi-
ment and compared to the calculated values using the
analysis by Sigmund and Schigtt.

EXPERIMENTAL PROCEDURE

High-purity (99.95%) copper and silver samples were
prepared and polished smooth with 0.05-um polishing
paste. The samples were then cleaned and mounted on a
portable carousel in a UHV chamber for ion bombard-
ment and depth profiling. The samples were cooled to
liquid-nitrogen temperature and kept at this temperature
during the experiment to minimize the possible normal
diffusion of ions inside the host material. The base pres-
sure in the chamber was 1X10~° Torr and was set from
1x107° to 1x10~7 Torr of nitrogen during nitrogen-ion
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bombardment depending on the energy of the ions. The
samples were bombarded at normal incidence with an ion
gun of the type reported by Schubert and Tracy.! The ex-
periment was done for different ion energies ranging from
1 to 5 keV in 1-keV intervals and for fluences ranging
from 2% 10'* to 5 10! ions/cm?.

Following nitrogen bombardment, analysis was per-
formed by means of Auger electron spectroscopy (AES) to
determine the depth distribution of nitrogen ions inside
the copper and silver samples. Using the inert-gas ion-
bombardment stripping technique, a calibrated thickness
of the material was removed by bombarding the surface
with the probing ion beam and the amount of nitrogen
remaining in the sample was determined from the nitro-
gen AES peak-to-peak height. To achieve maximum
depth resolution, the ion beam during depth profiling and
the electron beam during AES analysis were held at glanc-
ing angles to the surface (75° and 60°, respectively, to the
surface normal). The probe ion used in depth profiling
was 1-keV argon with a beam current of about 30 uA and
a beam area of about 3 cm?. During sputtering, the argon
pressure was controlled to a constant value of 6X 10~°
Torr. The sputtering rate for copper and silver was deter-
mined by means of a quartz-crystal thickness monitor. A
given mass of copper or silver was first evaporated onto
the calibrated quartz crystal. The coated quartz crystal
was then positioned in place of the implanted sample and
argon ion bombarded under conditions equivalent to those
operable in depth profiling. The rate of mass removal was
then determined from the change in frequency of the
quartz-crystal oscillator and related to thickness removed
by assuming uniform removal of material. The sputtering
rate is expected to be different for pure elements and mul-
ticomponent materials. However, in the present case the
nitrogen concentration is low (less than 6% at the surface
decreasing to a fraction of a percent in the bulk) and the
sputtering rate as determined from the expression used by
Sigmund’ is to within 5% equal to that of pure copper
and silver. Under the noted argon sputtering beam condi-
tions, the rate of removal was determined to be 12+1 and
19+1 A/min for copper and silver, respectively.
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RESULTS

Figure 1 shows the measured range distributions of 4-
keV nitrogen ions in copper and silver as defined by the
peak-to-peak intensity of the nitrogen Auger peak (389
eV) versus the thickness of material removed. The nitro-
gen concentration at the surface was determined from the
nitrogen peak-to-peak values in the Auger spectra using
published sensitivity factors for nitrogen, copper, and
silver (Fig. 2). Adsorption of nitrogen on the surface of
the metal samples from the 1X10~% to 1Xx10~7 Torr
background N, pressure was checked for and observed to
be nonexistent at 80 K (within the 0.2% monolayer reso-
lution limit of the spectrometer) for silver and present at
the value of ~1.2% monolayer at 80 K for copper after
exposure to 1 h of N, at 1X10~° Torr. Any recoil im-
plantation resulting from the very small amount of
surface-adsorbed N, on copper would not significantly af-
fect the measured nitrogen distributions. The range dis-
tributions in Fig. 1 indicate a sharp peak (or localization
of nitrogen atoms) near the surface of the sample (within
the first approximately 10 A) along with a deeper lying
secondary peak and a long tail into the sample. The
shoulder or secondary peak of the experimental distribu-
tions conforms well to the most probable projected range
predicted by theory.

Figures 3 and 4 show the energy dependence of the dis-
tribution for N, on silver and copper, respectively. Al-
though there is a relative decrease in the surface peak at
high energies, it is present in all distributions in this range
of energies. The broadening of the distributions with in-
creasing energy is clear from the figures, confirming the
theoretical predictions.*!*!! The secondary peak max-
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FIG. 1. Range distributions of 4-keV nitrogen ions in copper

and silver. The ordinate represents the nitrogen concentration
which is determined from the peak-to-peak intensity of the ni-
trogen AES peak (389 eV) as compared to the substrate AES
signal.
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FIG. 2. (a) Auger spectrum of a clean copper surface; (b) Auger spectrum from the surface of the copper bombarded with 3-keV

nitrogen ions at a fluence of about 5 10"’ ions/cm?.
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FIG. 3. Range distributions of 2—5-keV nitrogen ions in
silver. The ion fluence for all of the distributions is about
5% 10" jons/cm>.
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FIG. 4. Range distributions of 1—5-keV nitrogen ions in
copper. The ion fluence for all of the distributions is about
5 10 ions/cm?
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imum is also moving to greater depth with increasing en-
ergy as is predicted by Sigmund® and Schigtt.’

The values of the measured projected range vary from
about 15 to 40 A. Unfortunately, there are no available
calculated values for the mean range of nitrogen ions on
silver and copper for this range of energy (1 to 5 keV)
which can be directly applied to the experimental data of
Figs. 3 and 4. The closest values for mean range in the
Winterbon tables® that could be compared to the present
N, on silver data are those for carbon on silver. These are
a factor of 2 larger than the values measured in this ex-
periment. The very recent calculations of mean range re-
ported by Littmark and Ziegler,* to be more appropriate
at low values of reduced energy, either give the range
values for very light ions (H and He) in various elements,
or the calculations are done at relatively high energies
(200 keV/amu). Neither case directly addresses the
present work. As a result, we shall apply the LSS theory!
as discussed by several authors>®!2 for comparison with
our experimental data.

Figures 5 and 6 show the energy dependence of the
secondary N, % peak in copper and silver, respectively, as
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FIG. 5. Energy dependence of the projected range R, of
1—5-keV nitrogen ions in copper compared with the predictions
of Schigtt (Ref. 5) (solid curve) and Winterbon, Sigmund, and
Sanders (WSS) (Ref. 12) (dashed curve). In using WSS the con-
version from total range to projected range was performed on
the basis of Fig. 5 in Ref. 12, where values are calculated for
m =+ and % We have used the values of R, for m = + multi-
plied by 0.9 to account for the lower m values (m =0.2) corre-
sponding to Lenz-Jensen interaction used for the total range cal-
culation (Ref. 18).
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FIG. 6. Energy dependence of the projected range R, of
2—5-keV nitrogen ions in silver compared with the prediction of
Schigtt (Ref. 5) (solid curve) and WSS (Ref. 12) (dashed curve).
The calculation method are those described in Fig. 5.

extracted from the data of Figs. 3 and 4 by curve-
resolution technique. The LSS theory' predicts an E?™
dependence for the mean projected range. With values of
m in the range 0.2—0.3 the experimental results for both
copper and silver are in good agreement with this predic-
tion.

It is seen from Figs. 5 and 6 that the energy dependence
of the experimentally determined projected ranges com-
pares well with that predicted by theory. However, the
projected range values as determined by the method of
Ref. 12 are generally higher than experiment and those
determined by the method of Ref. 5. This may be due to
the different mass-ratio dependency of the conversion fac-
tor in calculating the average projected range from the to-
tal range in the two methods.

The surface localized peak is a new feature in the range
distribution as compared to the theory and is not readily
explainable. A number of possibilities come to mind and
we will attempt to comment on each of them.

The sharp increase of the nitrogen concentration near
the surface of the copper and silver samples could be an
indication of chemical reactivity between the nitrogen and
copper and silver at the surface. The AES peak shape of
nitrogen in the case of N,* on copper indicates two extra
small features at 384 and 395 eV in addition to 355-, 367-,
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and 389-eV peaks corresponding to elemental nitrogen.
These features could be a sign of some chemical reaction
between nitrogen and copper. The state of nitrogen in
silver, however, is similar to elemental nitrogen, indicating
no or very weak chemical reaction between nitrogen and
silver. It should be noted, however, that since energies of
formation of such compounds are a few eV/molecule to a
few tens of eV/molecule,’ the effect of such a reaction
channel on the stopping power for the incident several-
keV ion may only be minimal. The heat of adsorption of
nitrogen on copper and silver is also small. In the case of
silver, for instance, it is ~5 kcal/mol (Ref. 14) which is
very weak and hence nitrogen is not expected to be strong-
ly interacting with silver.

Another point to consider with respect to diatomic or
molecular-ion implantation is the possible disproportiona-
tion of energy between the two atoms upon dissociation
near the surface.!””> This could result in a low-energy and
high-energy ion at the surface depending on the collision
parameters. A surface peak may occur as a result. Re-
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FIG. 7. Range distributions of 2—4-keV Ne™ ions in silver.
The ion fluence for all distributions is about 1< 10! ions/cm?.
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cent calculational modeling of a diatomic impinging on a
surface has concluded that little disproportionation of en-
ergy occurs;'® however, to check this point as well as the
preceding point on the effect of chemical reactivity, im-
plantation of Ne™t into silver was performed. The
features of the distributions are similar to those of N,* on
silver and copper (Fig. 7). Specifically, the surface peak is
present even in the absence of any chemical reaction be-
tween the incoming ion (Ne%t) and host atoms (Ag). In
addition, as Ne* is a monatomic ion the disproportiona-
tion argument cannot apply; nonetheless, the surface peak
is still present. The secondary peak, however, is not as
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pronounced for Net as in the N,* case due to the fact
that even at a 10'¢ ions/cm? Ne* fluence the density of
neon atoms remaining in the target is at a level close to
the sensitivity limit of the spectrometer.

The surface peak could also be due to the recession of
the surface due to sputtering during ion implantation re-
sulting in piling up of the ions near the surface region.
The surface peak in this case would be expected to be flu-
ence dependent (absent for very small fluences and ex-
tremely prominent at large fluences). Figure 8 shows the
fluence dependence of the 3-keV nitrogen distribution in
copper. The fluence in each distribution was determined

2 27
chy h
[ [
14 lons c 14 _lons
S. 2.6x10 cmz 2, 910 ——%
R 1 cm
S 2
E -
4 5°1
< L
0 2 82-
5 3.]
o 1{ © 4]
O 10 20 30 40 60 60 70 60 O 10 20 30 40 60 60 70 80
—
—~7 X7
S e
.6 5
-
<3 -~ 16 ions
~s 15 lons - 51 3.4x10 cm?2
= o
S 4 14x10 —omz  24f
=] 2.1
- 3 +~— 34 -
- (=4
‘q=) S [
o 2 g 2
=
(=]
o
o 11 . Oy Tteeeeaall,
10 20 30 40 60 60 70 80 ©O 10 20 30 40 60 €60 70 80
P
-7 o7
i o~ |
R .
. 61. 5 8.
s 15 ions = io
I s 16 jons
- 7.4x10 —5 s 1.2x10 em?
o 4 = 44
= o
=
-
S 3 =3
€ 3
s 2 22
P=3 (=4
S © 4
0O 10 20 30 40 60 60 70 80 10 20 30 40 850 60 70 80
7 —~T7
N | R
> e ° o4
- 16 _ions s 16 _lons
o s 3.5x10 —m3 -6 5x10 —cn?
s 4 S 4
S s S s
< k=
& 2 e
Q =
[ o
8 1 ot
O 10 20 30 40 60 60 70 80 O 10 20 30 40 60 80 70 80
[ [
Depth (A) Depth (A)

FIG. 8. Fluence dependence of the distribution of 3-keV nitrogen ions in copper.
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by means of monitoring the ion-beam profile with narrow
slit (0.8 mm) Faraday cup for beam area measurement
and recording the ion-beam current and the time of the
implantation. The presence of the surface peak in each
distribution is clearly observed and eliminates the
surface-recession or ion pile-up mechanism as being the
cause of the surface peak. The area under the distribution
curves follows the increase in fluence to within 10% up to
a fluence about 10'°, At these high fluences the sputter-
ing of the surface during the implantation results in sa-
turation phenomena for the implanted ions as the area
under the distribution almost remains constant (Fig. 8).
At these high fluences the secondary peak of the distribu-
tion is more pronounced due to the larger number of im-
planted atoms present and also the tail of the distribution
extends deeper into the target due to the knock-on effect
during ion implantation.

During the sputtering of the samples with argon for
depth profiling, the surface of the samples are damaged
with possible resultant generation of surface relief, espe-
cially considering the fact that polycrystalline substrates
have been used. Since the sputtering and the depth profil-
ing are done at different angles, roughness at the surface
of the samples could be the cause of the observed surface
localization. To clarify this point, experiments were done
on a polycrystal and a well-oriented, highly polished,
low-defect (111) surface of a single crystal of copper
(monatomic steps every approximate 35 A as deter-
mined by low-energy electron diffraction). The ion im-
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plantation was done at 5 keV. The range distributions in
both samples are shown in Fig. 9. The features of the two
distributions are quite similar with no change in the ob-
served surface peak. This result eliminates the possibility
of surface roughness contributing to the observed surface
peak.

Finally, the surface peak could be due to normal
thermal diffusion of the implanted nitrogen atoms to the
surface. This was monitored for both silver and copper
by observing the time and temperature dependence of the
intensity of the surface peak. The distributions reported
above were all obtained at 80-K substrate temperature;
however, measurements were also made during the course
of the study at room temperature. It was noted for copper
that there was little difference in the distributions at the
two temperatures and no difference as a function of time
over a period of several hours, at least an order of magni-
tude longer than the time it took to measure the distribu-
tions. For silver, on the other hand, normal diffusion of
nitrogen was observed at room temperature both in the
form of distribution different from the one measured at
80 K and in the form of changes in the measured distribu-
tion on time scales of the order of several minutes. At 80
K in silver, however, no change in measured distribution
was observed over time periods of several hours indicating
little or no contribution of normal thermal diffusion to
the observed surface peak.

The above inspection of the surface-localized peak con-
firms this peak as part of the ion distribution readily ob-
served under the conditions of low-incident primary-ion
energies.!” However, the nature of the surface peak is not
yet clear. It could be due to the strong reflection of light
ions from the surfaces of relatively heavy targets at low
energies,'®!® or it could be due to other factors such as
radiation-enhanced diffusion.?”?! These possibilities are
currently being studied.?>23

CONCLUSION

The range distributions for the first time have been
determined for 1-to-5-keV nitrogen ions implanted in
copper and silver. The distributions show a high density
of nitrogen near the surface along with a deeper lying
secondary peak followed by a long tail into the target ma-
terial. The position of the secondary peak as well as its
energy dependence compares well to that predicted for the
projected range peak by LSS theory as adapted by Schigtt
for such a low incident ion energy regime. The surface lo-
calized peak is not yet well understood; however, it has
been shown not to be an artifact of the experimental tech-
nique or due to chemical interaction of species.
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