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Topographies of silica glass surfaces developed by 20 keV Ar + irradiation contain features 
which are not adequately explained by considering only the variation of sputtering yield 
with the ion-incidence angle. These features are sharply defined and could lead to serious 
misinterpretation of specimen structures when sputter-erosion is used as a microscopic 
sectioning technique. Three mechanisms are discussed which together could account for 
the observed discrepancies, the first being ion-reflection at grazing incidence, the second 
the phenomenon of forward-peaked emission of high-energy secondary particles under 
irradiation at high angles of incidence and the third being re-deposition of sputtered 
material onto closely adjacent planes. A general expression is derived for this latter 
mechanism for a cosine spatial distribution of sputtered particles. 

1. Introduction 
Low-energy heavy-ion sputtering has been the 
subject of extensive studies in physics while 
recently the technique has been applied to the 
sectioning of specimens for electron-microscope 
studies in such diverse fields as glass and 
ceramics [11, and diseased blood cells [2]. In 
such application it is necessary to distinguish 
between topographical effects which may arise 
even in structureless materials owing to the 
complexity of the sputtering mechanisms, and 
those due to the exposure of the structure sought. 
Numerous observations of relief effects in 
metallic or ionic crystals, and glasses or ceramics 
already have been published and an extensive 
review of the whole subject of sputtering is given 
by Carter and Colligon [3] while a short review 
of modern work on glass is given by Wilson [4], 
but there is still some doubt as to the origin of 
some features. This paper discusses some second- 
ary sputtering processes which can lead to 
significant deviations of the topography from 
that implied by recent theoretical predictions 
[5, 6]. 

The experimental results discussed here arose 
from a requirement for damage-free optical fiats 
on pure vitreous silica samples, the problem 
being, more specifically, to remove the Griffith- 
flawed layer remaining on surfaces finished by 
conventional polishing techniques. The Griffith 
flaws, not normally visible in a scanning electron 
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microscope, become visible after etching the 
glass in dilute hydrofluoric acid (1 ~) for a few 
tens of minutes (fig. la) as fine fissures typically 
1 to 10 Fmlong, and develop into hemi-spheroidal 
pits (fig. l b) after several hours of etching. 
Experiments were conducted (a) to assess the 
possibility of removing the damaged layer by ion- 
sputtering the polished (i.e. not etched) surface, 
and (b) to test theoretical predictions of sputter- 
topographies developing from non-planar- 
surfaces, by studying the behaviour of the two 
types of pitted surface, formed by acid-etching 
(figs. la and b), under subsequent sputtering. 

The three types of surface used in experiments 
(a) and (b) above were formed on a single sample 
by masked etching of a polished surface, so that 
the surfaces could be irradiated simultaneously 
under identical conditions, to identical ion-doses. 

Irradiations were performed under high 
vacuum conditions with liquid nitrogen trapping 
(10 -6 torr) using an analysed beam of Ar + 
20 keV ions, current density 30 FA/cm ~, 
incident at 0 ~ (i.e. normal to) to the sample face. 
The insulating glass surface was maintained 
electrically neutral during irradiation by simul- 
taneous low-energy (<  100 eV) electron-irradia- 
tion. Ion current was measured before and after 
irradiation on a Faraday cup, and beam stability 
was monitored during irradiation on the defining 
aperture. 

The silica specimens were grade "A" spectrosil 
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Figure I A polished silica glass surface after (a) 100 min 
and (b) 10 h etching, 2~/o Hr. (N.B. The dark parallel lines 
seen in some photographs were markings on the stereo- 
scan screen.) 

fused synthetic silica supplied by Thermal 
Syndicate Ltd with quoted impurity levels of less 
than 0.2 ppm total content, the main species 
being Cr, P, A1, B, re ,  Zn. 

2. The Nature of the Sputtered Surface 
2.1. Polished Surfaces 
The appearance of the polished surface after 
sputter-removal of about 0.7 Fm (5 x 10 la 
ions/cm 2) was not noticeably altered except for a 
few (,,~ 102/cm 2) small pits, usually "pill-box"- 

shaped with dimensions the order of a micron. 
Their shape (for reasons which appear later) and 
estimated combined volume suggest that they 
originate from bubbles, which are quoted as 
having a cross-section of < 3 x 10 .6 cm2/cm 3 
by the manufacturers. However, by post- 
irradiation etching and counting flaw densities in 
irradiated and non-irradiated regions, the former 
were found to contain 30 ~ fewer flaws than the 
latter (which contained ~,, 4 x 105/cm2). It has 
previously been shown [7] on a larger scale, that 
an optically flat surface remains so after uniform 
sputtering. 

2.2. Lightly Etched Surfaces 
The narrow fissures produced by etching 
expanded out into steep-sided kidney-shaped 
troughs with widths typically about 4 k~m and 
depths ranging from less than 1 Fm up to several 
microns (see fig. 2). In the shallower troughs a 
smooth depression appeared in the central region 
of the otherwise flat base, while in the deep 
formations the steep sides were cut up into a 
regular staircase of terraces with steps about 
1 Fm in height (see fig. 3). 

2.3. Heavily Etched Surfaces 
The majority of pits, being fairly shallow, 
underwent no obvious changes in general 
appearance (fig. 4a). However, in the deeper pits,. 
having steeper sides, sharply defined isolated 
steps appeared on the sides, with faces approx- 
imately parallel and normal to the incident beam 
(figs. 4a and b). The number density of such 
individual formations increased with increasing. 
slope of the pit side and on the steepest-sided pits 
a continuous right-angled step was cut into the 
entire, or a major part of the circumference of the 
crater rim (fig. 4c). 

3. Discussion 
3.1. Theoretical Predictions 
The recent interpretations [5, 6] of sputtered 
topographies stress the importance of the 
variation of sputtering coefficient with angle o f  
incidence, a typical example for an "amorphous" 
material being that for silica under 5-6 keV Ar § 
bombardment [1] (fig. 5). Mathematical formal- 
isms for the case of movements of intersections 
of planes [5] and for the more general case of the 
evolution of topographies from initially smoothly 
curved surfaces [6] predict the likely equilibrium 
surfaces evolving under monoenergetic, uni- 
directional ion fluxes. In general it is necessary to 
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Figure 2 (a) The etch boundary between the polished surface and etched surface, of type fig. la,  after an 
irradiation with 5 x 101a/cm 2 20 keV Ar + (b), (c) and (d). Various shallow formations in the etched region. Note the 
smooth central depression in all cases. 

treat the problem in two parts, as indicated above: 
Firstly, to establish the possible equilibrium 
planes [6] which for the single-peaked "amor- 
phous" sputtering curve are determined as having 
angles of  incidence = 0 ~ 90 ~ and 0m, where 0m 
represents the angle of incidence at which the 
maximum sputtering ratio occurs; secondly, to 
establish the final overall equilibrium state, by 
considering the motion of the intersections, 
which may result in certain formations dis- 
appearing [5]. Applying these ideas to the 
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present pre-irradiation case of pits in glass which 
vary from having almost planar sides when 
lightly etched, to significantly concave surfaces 
when heavily etched, it follows that the former 
should expand with the sides moving out at a 
rate [5] 

V= ~(S o -  So) cotO (1) 

where q~ = beam flux density, n = target atomic 
density, 0 = angle of incidence on the steep 
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Figure 3 A deep Griffith f law in the region shown in fig. 2, 
revealing the formation of a regular terraced structure, 

sides, S o = sputtering coefficient at 0 ~ incidence, 
and So = sputtering coefficient of top surface 
(0~ forming flat-based pits, bordered by the 
steep smoothly curved sides. The variation of 
"intersection sputter-velocity", V, with the side 
angle, --- 0 (fig. 5), can lead to various bowing 
effects when the sides of a pit vary in slope, and 
thus a good description is given of the kidney- 
shaped formations shown in fig. 2 except for the 
central depressions in the shallow pits and the 
terracing in the deeper pits, neither of which are 
predicted from the above theories. Considering 
the heavily etched surfaces: from the expression 

Figure 4 (a) The etched surface, of type fig. lb,  after 
irradiation with 5 • 1018/cm2 20 keV Ar  +, showing sharply 
defined steps cut into the deep central pit.(b) A close-up 
of a step in the central pit viewed at 75 ~ to the surface 
normal. (c) A very deep pit, showing a continuous step at 
the rim, and a dense population of random steps on the 
steep slopes. 

for the rate of rotation of the surface tangent due 
to sputtering [6] 

where t = time and x = distance measured in 
the plane of incidence along the 0 = 0 ~ plane. 
It is seen that for a concave surface, 
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Figure 5 Sputter ing data for 5.6 keV A r  + irradiation of sil ica 
glass (from Bach [1]), and the sputter velocity of an 
intersection between a plane at 0 ~ and one at 0 ~ calcula- 
ted from equation 1. 

(~O/Ox is + v e ) , ~ 0 / 0 t  is - v e  for 0 <  0m 
since 8S/80 is + ve and thus the surface rotates 
to the equilibrium plane 0 ~ and for 0 > 0=, 
where 8S/80 is - ve the rotation is towards the 
90 ~ equilibrium plane. Therefore, pits where the 
initial slope passes through 0m should develop 
90 ~ walls and 0 ~ bases, while pits not reaching 
0~ should expand until they reach 0 ~ A simple 
assumption that the sides of the (primary) pits 
were themselves initially slightly pitted and not 
perfectly smooth, would explain the appearance 
of the isolated steps, and their increasing 
numbers on steeper slopes, since the larger 
secondary pits could cause the local slope to 
exceed 0m although the average slope be less 
(see fig. 6). 

However, the continuous stepped rim appear- 
ing on the larger pits cannot be explained so 
simply. In fact the regularity in form of these 
rims and also of the terracing and central 
depressions observed in the lightly etched pits 
suggests a relationship with the initial regular 
geometries of the respective types of pit, which in 
turn suggests that some intrinsic properties of the 
sputtering process, other than basic variation of 
yield with angle, are responsible for these 
systematic developments. 

3.2. Ion Reflection 
It was suggested [5] that the peak in sputtering 
yield versus angle occurs when the angle of 
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Figure 6 The formation of a step such as in f ig. 4b due to 
secondary pits on slopes, 0, less than em. The linear (,{, 
y) and rotat ional(0) mot ions are indicated by arrows and 
are predicted by equations 1 and 2 .Thus ,  if the slope on 
the secondary pit exceeds 8 m a step forms. 

incidence reaches the critical reflection angle 0 
given by 

HI2 - 0 -= ~ + Z22/~) § Eij  (3) 

the new symbols being a 0 = hydrogen Bohr 
radius, 0.53A, Z1 = ion atomic number, 
Z2 = target species atomic number, Eg = 
Rydberg energy = 13.6 eV, and Ei --- incident 
ion energy, above which angle the ion has a high 
probability of suffering a mirror reflection from 
the surface, with only a small energy transfer to 
the target. For  the case of 5.6 keV Ar + on silica, 
assuming an average Zz = 10, the equation gives 
17/2 - 0 = 77.9 ~ which agrees very well with 
Bach's data (Or, = 77 ~ and for the present case 
17/2 - 0 = 83.6 ~ It has also been suggested that 
ion reflection could explain the pit which 
sometimes appears around the base of cone 
structures, observed frequently in some sputter- 
ing studies, where the cone half angle should be 
0m [5]. The reflected ion flux, retaining most of 
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the incident energy, adds to the primary flux 
around the cone base, causing a localised flux 
enhancement and the development of the pit. A 
very similar situation must exist with the lightly 
etched surface flaws in the present work, where 
the sides present a high angle for the incident ion 
flux (see fig. 7). Thus the base of the shallow 
flaws must initially receive a doubly enhanced 
flux as the reflected beams from opposite sides 
overlap. As the sides separate according to 
equation 1 the reflected beams will cease to 
overlap, leaving a smooth depression in the centre 
of  the base, after which the expanding base 
formed by the separation of the sides is swept by 
a singly enhanced flux and finally eroded by the 
primary flux only. The central depression, being 
a shallow pit, and now eroded by the primary 
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Figure 7 (a) A shallow surface flaw, having sides with 
slopes close to 0m, experiences an additional energetic 
partieleflux atthe base due to quasi-specular reflection or 
re-emission of ions from both faces. (b) As  the sides 
separate according to equation 1, the two secondary 
fluxes cease to overlap leaving a pit at the base centre. 
(c) This pit expands according to equations 1 and 2, while 
the flaw depth is increased over the rest of the base by the 
secondary flux from one side only. 
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Figure 8 (a) A deep pit, as in fig. 4c, having a maximum 
slope initially exceeding 0 m experiences a flux enhance- 
ment over a narrow band of surface immediately below 
the steep slope which supplies the secondary flux. 
(b) This produces a depression, starting at A and 
progressing towards B as the side BC rotates to the 90 ~ 
equilibrium state. (c) The increased curvature between A 
and B then results in a more rapid rotation to 0 ~ according 
to equation 2, thus forming a step. (d) With BC now being 
at 90 ~ the secondary flux ceases and the pit finally 
develops into the "pill-box" form predicted by equation 1. 

flux, will expand outwards as its radius of 
curvature increases, to the equilibrium 0 ~ plane. 

Applying this concept to the case of a large 
pit (i.e. heavily etched) where the slopes do pass 
through 0m, initially provides a reasonable 
explanation of the stepped rim see (fig. 8). In this 
case the reflected beam coming from a small 
band of surface for which 0 ~ 0m would strike 
the pit surface again lower down in a region 
where 0 < 0m and begin an enhanced erosion 
over a small, well defined region. Any rotation 
of the ion-reflecting surface will be towards 
higher angles so that the reflected beam can only 
sweep up the slope and thus the enhanced 
erosion is confined to a narrow band of  surface. 
Apart from increasing the rate of erosion 
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directly the effect is also to increase the term 
80/8x in equation 2 resulting in a more rapid 
approach to the equilibrium right angled- 
formation. 

Since the reflected flux density is (o.cosO.p(O), 
where p(O)= probability of reflection, and 
cos0--*0 as 0 -§176  while p(O)~l and the 
reflection ion energy --+ E~ as 0 -+ 90 ~ the range 
of angles giving a significant energetic flux 
must be restricted to angles quite close to 0m thus 
giving a well defined beam which allows the 
appearance of such sharply defined features as 
observed above. However, this concept is 
inadequate in explaining the terracing effect, 
where it appears that the flaw has developed 
sequentially in such a manner that the tops of the 
sides move out more rapidly than the lower 
regions and at the same time develop regular 
steps. Clearly another mechanism must operate. 

3.3. The Sputtered Particle Flux 
A notable fact about these deep flaws is that the 
two sides face each other in close proximity and 
must therefore be bombarded not only by the 
incident, and reflected, ion beam but also by a 
significant flux of sputtered particles emanating 
from the opposite surface. Various studies have 
been made of sputtered particles and it is known 
that the energy distribution is basically propor- 
tional to E -~, and the angular distribution obeys, 
to a first approximation, a cosine law. However, 
Wehner [8] has found that, under normally 
incident bombardment, the mean sputtered 
particle energy is higher at 30 ~ than at 0 ~ ejection, 
while Andersen [9] finds the mean particle 
energy to increase with increasing angle of 
incidence. These facts are probably connected 
with the relationship between scattering angle 
and energy transfer in classicaI two body 
collisions which shows the energy transfer to 
increase monotonically with decreasing scatter- 
ing angle (defined as the angle between velocity 
vectors of incident and struck particles before 
and after the collision respectively). This means 
that at high angles of incidence the high-energy 
sputtered particles, which must belong to early 
generations of recoil atoms, may still observe a 
close relationship between angle of ejection from 
the beam direction and energy. This relationship 
must become increasingly obscure as the ejection 
energy decreases, due to the rapidly increasing 
variety of collison sequences which contribute to 
that energy. This forward-peaked emission is 
indeed seen in the re-emergent incident-ion beam 
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even when surface penetration occurs [10] 
Thus it may be expected that the overall 

picture of the sputtered flux ranges from rather 
directional high energy components down to a 
truly random (cosine) distribution of low 
energy particles which constitute the vast major- 
ity of the total flux. The high energy particles 
will cause additional sputtering, but owing to the 
suggested asymmetric distribution this will tend 
to contribute to the flux enhancement effect 
described in the previous section. The size of this 
contribution will generally be small, e.g. for 
41 keV Ar + sputtering of Au at 45 ~ incidence 
N 0.06 atoms/ion are produced with energies 
greater than 1 keV [11 ]. However, those particles 
with energies of the order of the surface binding 
energy (~  10 eV) may simply redeposit on the 
opposite surface. Re-deposition would certainly 
help to explain why the flaws in the non-etched 
surface did not develop. The deep, lightly- 
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Figure 9 The effective sputtering ratio, S*, at a point A on a 
plane (1) inclined symmetrically about the ion beam to 
a plane containing BCD, (2) when redeposition of the 
sputtered particles is taken into account, assuming a 
cosine spatial emission distribution. 
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Figure 10 (a) (i) A deep surface flaw expanding due to 
sputtering, (ii) forms convex sides due to redeposition, 
(iii) which eventually form 0m planes, when deposition 
becomes negligible, according to equation 2. (b) (i) With 
the additional secondary high energy flux the erosion rate 
is proport ional ly increased below point A,  (ii) causing an 
"S"  formation to appear with an inflection point near A.  
(iii) Equation 2 predicts the development of the convex 
surface into a Or. plane and the concave surface into a 
step when secondary factors are neglected. Meanwhile 
the progressive separation of the sides cuts off the 
secondary flux between B and C and the cycle repeats 
itself. (iv) The "S"  shapefinal ly adopts a (0 ~ Or.) configu- 
ration and the 0m planes sweep outwards at a constant 
rate when redeposition is negligible. (v) Finally the sides 
are completely cut into a set of terraces sweeping out as 
a fixed formation. 

etched flaws would experience a variation in net 
sputtering yield due to re-deposition (see fig. 9 
and the appendix) which in the absence of 
secondary flux enhancement would cause a 
rapidly decreasing rate of separation with depth 
between points on opposite sides (fig. 10a). The 
secondary flux enhancement superimposed on 
this variation in sputtering rate causes a sharp 
increase in yield which produces a "wave" at the 
level where the incident secondary flux first 
appears (fig. 9b). This in turn affects the second- 
ary flux distribution lower down on the opposite 
face, and so on until the faces are broken up into 

a series of waves, which develop more rapidly 
near the surface into sharply defined steps, and 
sequentially form the regular terraces as observed 
These mechanisms are illustrated in fig. 10. 

4. Conclusion 
In predicting the equilibrium topography evolv- 
ing from an initially known surface, or in deduc- 
ing the structure of a sample by sputter 
sectioning, allowance must be made, (a) when 
considering surfaces with slopes near, or greater 
than, the Lindhard critical angle, for the fluxes 
of reflected ions and high energy secondary 
particles, and (b) in certain cases for re-deposi- 
tion of sputtered material. 
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Appendix (see fig. 9) 
Deposition Rate of Low Energy Sputtered 
Particles from an Infinite Planar Strip onto 
an Adjacent Plane 
Assume a cosine spatial emission distribution of  
sputtered particles from all points "C",  i.e. 

= 40 cos ,(2 (see top insert in fig. 9), then the 
total emitted flux from area 3x. 6y at C is 

f _-r//2 

q).cos O.S.3x.3y = 2Hr.sin g2.rd~.4o cos ,(_2. 
JO 

=/7r240 
q).cos O.S 6x 6y 

" q~o = H r  2 

where 40 = peak emitted flux density, q~ = 
incident ion flux density, 0 = angle of incidence 
on plane BCO, ~ = angle of emission from 
plane BCO, and S = sputtering coefficient. 

Then the flux density of sputtered particles 
from C arriving at A is 

q) cos OS 3x 3y sin A(~D 
41 = (AC)2 

and the resulting flux density on the plane at A is 

41 sin C,~E 

.'. The total flux density striking the pIane at A 
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f rom an infinite strip in the p lane  BCO paral le l  
to the line o f  in tersect ion is 

4 '  = 41 sin c ~ g  
Xl _ oo 

, . c o s 0 . ,  

J J xl _ oo A C  2 A C  A C  

and  using AB/BC = cos ~ ( =  cos ACB)  gives 

4' Cb'c~ O'S'r sin~P ~*~ ( m2 c~ ~ d~ 
= /7  ax; Jo ABa 

= qb cos 0 2Sr sin s ~o o(x~<(-~dxX 

qb cos 0 Sr sin 2 9 fx~ 

2 J xl 

x d x  
((r sin 9)  ~ + (x - r cos ~0)~) a/~ 

The subst i tu t ion  y = x - r cos q~ converts  this 
to the in tegrals :  

f s i n h r  I d r  
c ~  and  cosh 2 r  

resul t ing in the final so lu t ion  

4 '  qb.cos20.S ~[1 cos ~o - r/x 7 ~ 
- 2r & 

In t roduc ing  a s t icking coefficient ~ and  
consider ing the case o f  a V-shaped  flaw of  side D 
with 0 = q~/2 gives an effective sput ter ing rate 

S* at  A where S* = (P.cos O.S - 4' rl is the net  
e ros ion  ra te  
then 

S * / S  = [ 1 - 7 / 2  

cos : 11 
1 + (1 - 2diD cos 9 + (d/D)2)§ 

which is shown for r/ = 1 as a func t ion  of  diD 
for  var ious  ~0, in fig. 9. 
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