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Si(100) wafers with oxide thicknesses of 40 and 200 A were implanted with Ge* and As™ ions
with energies from 20 keV to 1 MeV. Low ion doses, ~ 10'" jons/cm?, were used to avoid overlap of
collision cascades. The extent of cascade damage at the SiO,/Si interface due to single ion impacts
was examined by scanning tunneling microscopy after the oxide layer was removed by HF. The sur-
face topography in the form of craters was found to relate to the cascade damage rather than to the
removal of atoms by sputtering. There is a 1:1 correlation between the number of ion impacts and
the number of craters. The crater diameter as a function of implant-ion energy agrees well with
theoretical estimates of the lateral extent of the cascade due to nuclear energy deposition at the in-

terface.

I. INTRODUCTION

For a considerable time we have been concerned with
the topography of ion-bombarded surfaces. In a recent
review! we concluded that atomic-scale surface effects,
particularly individual ion impacts, are important in nu-
cleating surface features such as pits and asperities.
Hitherto the only direct evidence of the effects of the im-
pact of a single ion on a metal surface comes from field-
ion microscopy,? where the vacancy structure of a near-
surface depleted zone has been observed. High-resolution
transmission electron microscopy (TEM) has been used to
image structure changes and strain caused by collision
cascades in metals® and semiconductors.* Also, high-
resolution scanning electron microscopy (SEM) has been
used to image 500- A-diam pits in 100-keV Ge™-
bombarded Ge surfaces.’

We report the first attempt to determine the effects of
single-ion impacts on surfaces using scanning tunneling
microscopy (STM). Si(100) was chosen as the target be-
cause of the increasing importance to integrated-circuit
performance, with shrinking device size, of small, ion-
implantation-induced features at SiO,/Si interfaces.
Argon-bombarded silicon surfaces have been studied by
STM previously,® but (as in the case of Ref. 5) high doses
were used with consequent gross overlap of cascades. No
model for the formation of the observed hillocks (50 A
diam X 10 A height) was proposed. Sputtering, argon
clustering, or amorphous zones were thought to be possi-
ble causal mechanisms.

In the present work we have chosen a very low ion
dose (~10"" cm~?) to avoid cascade overlap, a large
range of ion energy (20 keV to 1 MeV), ions which do not
form gas bubbles (As and Ge), and random and chan-
neled implants and implantation through surface oxides
of two thicknesses, 40 A (native) and 200 A (screen). Our
objective is to observe damage induced by individual col-
lision cascades at the oxide/silicon interface by STM in
order to establish a correlation between the extent of
damage and energy deposition by the incident ion.

II. EXPERIMENT

The Ge implants were performed on a 500-keV im-
planter® at the University of Surrey using doubly charged
ions for the 1-MeV implants. In this case, 2-in. wafers of
Si(100) were used with a 7° tilt on an axis parallel to the
wafer flat for the pseudorandom implants. Doses varied
from 0.4 % 10" to 1.9 10" jons/cm?. The As implants
were performed on a commercial implanter at the
Motorola Bipolar Technology Center, where 4-in. wafers
(20 Q cm, p type) were used with tilt plus rotation to ran-
dom orientation, and a dose of 2% 10" jons/cm?. In
some cases the normal 200-A screen oxide was removed
prior to implantation.

The STM used in this work has been described else-
where.” Samples (~6X 6 mm?) were etched in buffered
HF for 20 min to remove the oxide layer prior to immedi-
ate transfer to the vacuum system. The time elapsed
from immersion in HF to a vacuum of ~ 1073 torr was
~15 min. STM working pressure (no bake) was
~1x1077 torr. A new tungsten tip was used for imag-
ing each new sample surface. Areas scanned were typi-
cally (1000 A)Z, although 500- and 3000-A scans were
also used out of a maximum field of view of (6000 A)2.
The tunneling current was 0.9 nA at a tip biasof —1.7 V.

One sample implanted with Ge*™ (100 keV, 7° in-
cidence) was examined by STM in air with the native ox-
ide intact. The tunneling current was unstable when the
tip was stationary and a very noisy trace was obtained
upon scanning, indicating that the tip was in contact with
the oxide surface. We therefore abandoned attempts to
image in air and all images reported in this work were
taken in vacuum.

III. RESULTS

A typical STM image of an unbombarded Si(100) sur-
face is shown in Fig. 1. Irregular undulations of <10 A
amplitude can be observed, but these are quite different in
nature from bombarded craters with well-defined boun-
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FIG. 1. Three-dimensional STM image of an unbombarded Si(100) surface. All units on the x-y-z axes are in A.
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FIG. 2. (a) Line-scan and (b) gray-scale STM images of Si(100) after bombardment with 200-keV As™ (200-A screen oxide, 2 x 10"
ions/cm?). Scan direction is from bottom to top. (c) Single line scan from (a) with vertical (y) coordinate of 680 A.
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FIG. 3. Three-dimensional STM images of ion-bombarded Si(100) surfaces (40-A native oxide, raendom incidence): (a) 20-keV
As™, (b) 50-keV As™, (c) and (d) 100-keV Ge™, and (e) 500-keV Ge™. All units on the x-y-z axes are in A.
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daries. We did not observe any regular corrugation re-
ported by other workers at exposed Si/SiO, interfaces.?
However, our scans were over smaller areas, so we can-
not rule out the possibility of long-range regular corruga-
tions over a larger scale. The signal trace exhibited more
noise than similar line scans from a gold surface using the
same STM, with random fluctuations equivalent to ~2 A
on the depth scale. We take this to be characteristic of
the exposed Si surface.

On the bombarded samples, craters with dxameters
ranging from 20 to 800 A and apparent depths of 3-25 A
were found. In most cases, all or part of the crater rim
was raised above the surrounding surface.

Unprocessed line-scan and gray-scale images of the
sample with the largest craters (200-keV As*) are shown
in Figs. 2(a) and 2 (b). The dark areas of the gray-scale
image are craters of apparent depth 15-25 A. Note that
small (~100 A diam) craters can be seen in the lower
part of the micrograph before a change in the tip condi-
tion, possible due to contact with the surface, leads to a
degradation in resolution in the upper part. This is typi-
cal of problems encountered with large-area scans. A sin-
gle line scan parallel to the x axis at y =680 Ais shown
in Fig. 2(c). The scan intersects the center of one 150- A-
diam crater (x coordinate, 1450 A) and also the edge of
one small and two large craters. Raised regions at the
crater lip can be seen.

Three-dimensional plots for bombarding-ion energies
of 20—-to 500 keV can be seen in Fig. 3. The 1000- A
scans [panels (a), (b), and (e)] illustrate the wide range of
crater diameters, while the 500- A scans [panels (c) and
(d)] show details of single large craters.

Over 1000 such craters in total were analyzed for their
diameters and depths. Details of mean and standard de-
viation of crater diameter (typically 50—-100 craters per
sample) and the ratio of the number of craters to the
number of ion impacts per unit area are given in Table I.
The mean crater diameters are plotted as a function of in-
cident ion energy in Fig. 4. Also plotted are theoretical
estimates of the lateral extent of the 90-(eV/A) nuclear-
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FIG. 4. Plot of the mean crater diameter vs ion energy and
the theoretical prediction of the lateral extent of the cascade
based on an energy-deposition cutoff at 90 eV/A at the SiO,/Si
interface for oxide thicknesses of 40 and 200 A.

energy deposition contour at the interface (random in-
cidence) with surface oxides of 40- and 200-A
thicknesses.

IV. THEORETICAL ESTIMATES

The analytical implantation code PRAL (Projected
Range Algorithm®) has recently been modified and ex-
tended to predict energy-deposition profiles.!® The new
code, called SUSPRE (Surrey University Sputter Profile,
Resolution and Energy deposition), was used to deter-
mine the nuclear-energy deposition, dE, /dx, as a func-
tion of depth for As* and Ge™ ions on oxidized silicon
(random orientation). A plot of dE, /dx versus depth is
shown in Fig. 5 for the 200-A oxide case. We wish to
correlate the energy deposited laterally at the SiO,/Si in-
terface with the observed crater diameter. The extent of

TABLE 1. Experimental parameters and results. E is the ion energy, I the ion species, 8 the ion in-
cidence (R denotes random, A denotes aligned with [100]), d,,, the oxide thickness, D the mean crater
diameter, o the standard deviation of the crater diameter, n /¢ the ratio of the number of craters to the
number of ion impacts per unit area, and d,, the maximum apparent crater depth.

E dox b g dp,

(keV) 1 (7] (A) (A) (A) ag/D n/¢ (A) d, /D
20 As R 40 73 52 0.71 1.05 9 0.12
50 As R 40 169 95 0.56 0.95 10 0.06
50 As R 200 76 34 0.45 1.30 3.5 0.05
100 As R 200 144 57 0.40 1.05 5 0.04
200 As R 200 275 158 0.57 0.85 25 0.09
100 Ge R 40 283 104 0.37 0.89 20 0.07
500 Ge R 40 134 71 0.53 1.85 15 0.11
1000 Ge R 40

100 Ge A 40 172 60 0.35 1.15 8 0.05
500 Ge A 40 58 30 0.52 4.69 12 0.21
1000 Ge A 40
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lateral energy deposition can be estimated from the depth
distribution shown in Fig. 5 by determining the difference
between two depths in Si: one where dE, /dx falls to a
value (dE, /dx); just below the interface, and one at a
cutoff value (dE,/dx).. The implication is that
(dE, /dx ), is the limit of damage effects, i.e., damage is
negligible below this value. We find that the value of
(dE, /dx ), that best fits the experimental results is 90
eV/A. As an example, we show in Fig. 5 that for an
incident-ion (As* or Ge%) energy of 200 keV, the
difference in depths at (dE, /dn); =135 eV/A (for a 200-
A-thick oxide) and (dE, /dx ), =90 eV/A is 320 A, which
agrees reasonably well with the mean crater diameter for
200-keV As™ ions listed in Table I. Figure 6 illustrates
schematically the mean contours of constant energy
deposition and the formation of a crater within the 90-
(eV/A) contour at the interface for an incident ion of
several hundred keV. The plot in Fig. 4 shows reasonable
agreement between crater diameters and theoretical esti-
mates of the lateral extent of the cascade (i.e., nuclear-
energy deposition) at the interface.

V. DISCUSSION

From Fig. 4 we can see the following.

(i) The experimental results are a good fit to the es-
timated nuclear-energy deposition.

(ii) Channeled implants yield significantly smaller
crater diameters.

(iii) There is no significant difference between the Ge™
and As™ implants. This is expected due to their similar
masses.

From Table I we see the following.

(i) Within experimental error there is a 1:1 correlation
between the number of ion impacts and the number of
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FIG. 5. Stopping of As* primary ions (20-500 keV) in Si
with a 200-A oxide shown as a plot of nuclear-energy deposition
vs depth calculated by SUSPRE (Ref. 10). The dashed line indi-
cates the SiO,/Si interface. The dashed-dotted lines indicate
(dE, /dx); and (dE, /dx ). and their difference in depths of 320
A for 200-keV incident energy.
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FIG. 6. Schematic illustration of energy-deposition contours
at the SiO,/Si interface for an incidentoion of several hundred
keV showing a crater inside the 90-(eV/A) contour.

craters, except for 500 keV, where the number of craters
exceeds the number of ion impacts.

(ii) The apparent maximum crater depth d,, is smaller
for the lower-energy implants (50 and 100 keV) with a
screen oxide (200 A). The ratio of depth to diameter is
greatest at the extremes of the energy range where the
mean crater diameter is small.

(iii) The standard deviation of crater diameter, o, is
larger than the counting error (~0.1) ranging from 0.35
to 0.56, except for the lowest energy, where a larger value
of 0.71 was recorded.

A few craters were found in the case of the 1-MeV im-
plants, but the numbers were too small to be statistically
significant, partly due to the low dose used (0.4x 10"
ions/cm?) in order to avoid cascade overlap.

The results are consistent with the formation of craters
at the SiO,/Si interface by displacement damage in indi-
vidual atomic-collision cascades. The following observa-
tions support this.

(i) Mean crater diameters D for random ion incidence
are correlated with estimated values of (dE, /dx);.

(ii) Mean crater diameters for channeled implants are
considerably smaller than those for random implants at
the same energy, as would be expected from lower values
of (dE, /dx);.

(iii) The number density of craters is the same as the
number density of ion impacts. The exception is the
500-keV case. It is known from TEM studies* that multi-
ple heavily damaged regions are formed in one cascade at
high energies. It appears that this occurs for the 500-keV
implants.

(iv) The large standard deviation o in crater diameter
reflects the statistical nature of cascade formation.

One point of comparison with TEM measurements is
for 20-keV Ast (Ref. 4) [although Si(111) was used in this
case]. In the TEM work, transverse (i.e., parallel to the
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surface) straggling, (y*)'/, was predicted to be 68 A by
Monte Carlo simulation and 89 A by WSS theory.'" Our
simple estimate from SUSPRE predicts, for the 40- A oxide
case, a lateral extent of energy deposition of 45 A at the
interface. TEM observation of regions of strong struc-
ture contrast (indicative of heavily defective regions) gave
a mean diameter, Drgy =30 A, while our STM mean
crater diameter was 73 A. Our measured crater diameter
is very similar to the calculated {y?)!/%, while the TEM
images appear less sensitive to damage, although it was
found that the ratio Dygy /{y?)'/? increases above unity
for dense cascades.

The main unanswered question is the means of forma-
tion of the craters. There are three possibilities.

(1) The reactivity of silicon is increased by radiation
damage in the form of atomic displacements. If the
craters were formed by an enhanced etch rate during ox-
ide removal by HF, then one would expect a strong
dependence of crater depth on ion energy. Such a depen-
dence is not observed, though one must note here that the
true depth may be masked by the STM tip effects.

(2) The targets with screen oxides (200- A thickness) ex-
hibited shallower craters. The Ge-implanted samples,
which were stored much longer between implant and
analysis, exhibited deeper craters. Possibly the damaged
region near the interface reacts slowly with oxygen
diffusing from the ambient. Growth of the extra oxide
will be limited by the supply of oxygen from the oxide
and ambient. However, estimated oxidation rates at
room temperature are too low to account for the ob-
served effects.

(3) We feel that more plausible explanation of this
phenomenon, which would account for the raised crater
rim, comes from the point-defect distribution in the cas-
cade. The center of the cascade is rich in vacancies, the
periphery is rich in interstitials. In the atomic rearrange-
ments following the cascade, vacancy clusters will col-
lapse to form dislocations loops and interstitials will con-
dense as extra planes. It seems from our results that the
stresses arising from these processes result in sinking and
raising of the surface, respectively, so the crater profile
results from the asymmetry in the point-defect distribu-
tion close to the surface. We show in Fig. 7 a schematic
illustration of crater formation due to a single energetic
ion. The crater volume is consistent with the number of
displacements, but it is difficult to quantify since only the
region of the ion track just below the surface will be
effective. If the bulk of the damage is deeply buried, the
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FIG. 7. Schematic illustration showing (a) creation of vacan-
cies and interstitials by an incoming ion, (b) formation of vacan-
cy clusters and interstitial planes, and (c) collapse of the surface
to fill in the vacancies forming a crater and raising of the crater
periphery due to the extra planes. O, vacancy; @, interstitial;
and @ implanted ion.

stress due to the vacancy-rich core will be canceled out
by that due to the interstitial-rich shell.

STM studies of ion impact on surfaces provide useful
data on the statistics of cascade formation for compar-
ison with computer simulations and other experimental
techniques. It can be inferred from our results that
craters on a nanometer scale caused by defect clustering
in individual cascades is a major precursor of surface
roughening during ion bombardment. This roughening
may well be the cause of the dramatic improvement in
thin-film adhesion reported for low-dose, high-energy ion
bombardment. '

VI. CONCLUSIONS

We have studied the effects of atomic-collision cas-
cades at SiO,/Si interfaces caused by single-ion impacts
in the energy range 20 keV to 1 MeV. The major topo-
graphic effect is the formation of craters. The crater di-
ameters at the interface were measured by STM after the
oxide was etched away by HF. The mean crater diame-
ters as a function of implant-ion energy agree well with
theoretical calculations of the lateral extent of the cas-
cade due to nuclear-energy deposition at the 5102/81 in-
terface assuming a cutoff (dE, /dx ), value of 90 eV/A.
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FIG. 1. Three-dimensional STM image of an unbombarded Si(100) surface. All units on the x-y-z axes are in A.
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FIG. 2. (a) Line-scan and (b) gray-scale STM images of Si(100) after bombardment with 200-keV As* (200-A screen oxide, 2 10"
ions/cm?). Scan direction is from bottom to top. (c) Single line scan from (a) with vertical (y ) coordinate of 680 A.



FIG. 3. Three-dimensional STM images of ion-bombarded Si(100) surfaces (40-A native oxide, ra.ndom incidence): (a) 20-keV
As*, (b) 50-keV As™, (c) and (d) 100-keV Ge™*, and (e) 500-keV Ge™*. All units on the x-y-z axes are in A.



