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Low energy ion bombardment is an established technique for the cleaning, processing and 
analysis of the surfaces of solids, yet the ion bombardment of these materials does not always 
produce a flat uniform surface required for many applications. A variety of ion-induced 
topographies are frequently observed. Rocking and rotation of the sample can reduce 
unwanted topography by averaging out the angle of incidence effect which is an important 
factor in the production of surface artefacts. This paper presents a theory which enables a 
simulation of the development of surfaces in two and three dimensions under the conditions 
of changes in the surface-beam orientation, it is shown how the discontinuities in surface 
gradient which occur with inert gas ion bombardment of static samples and are manifested by 
cones, pyramids and facets can be suppressed by sample rotations and some computer 
simulations are presented to illustrate this effect. 

1. Introduct ion 
Low energy ion bombardment of surfaces is an 
increasingly important technique in both industrial 
and scientific environments. It is used, for example, in 
the production of small scale electronic devices and in 
surface analysis. However, inert gas ion bombardment 
of solids can produce well-defined surface features 
such as pits and pyramids [1]. For many applications 
this ion-induced topography is an unwanted feature 
since, for example, it can distort composition-depth 
profiles in surface analysis or produce pattern distor- 
tion if ion etching has been used in the micro- 
machining of electronic devices. 

The nucleation of topography can be attributed to 
a variety of mechanisms such as subsurface defects, 
initial surface irregularities, material impurities, and 
effects of implanted gases. This initial topography is 
further modified during etching since the erosion rate 
at each point on the surface is a sensitive function of 
ion-incidence angle. 

In earlier work Sykes et al. [2] and Makh et al. [3] 
have considered the effect of using two static ion 
beams in order to minimize unwanted surface top- 
ography. Sykes et al. [2] have reported experimental 
evidence that the depth resolution of composition- 
depth profiles using Auger electron spectroscopy can 
be improved by using two static ion guns each aligned 
symmetrically about the sample normal and delivering 
the same current. A theoretical analysis of the 
development of surface topography using two ion 
beams has been carried out by Makh et al. [3], who 
verify that the use of two guns suppresses cone forma- 
tion and leads to the development of flatter-topped 
structures. 

In principle a better way of averaging the angle of 
incidence effects would be by rotation of the sample so 
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that it subtends all angles of incidence to the ion beam. 
This has not always been possible in many UHV 
systems but with the steady advance of UHV design, 
sample platforms that have the facility for rotation are 
becoming more widespread, although in surface 
analysis of small areas this technique is unlikely to be 
practical. The purpose of this paper is to develop a 
theory that will explain the development of top- 
ography due to sample rotation in two and three 
dimensions. 

Development of surface topographical features 
such as etch pits, wave-like structures and conical 
protuberances as a result of ion bombardment are 
widely reported in the literature. Whitton et  al. [4] 
have investigated the development of cones and 
associated features on copper. Both Gvosdover et al. 

[5] and Auciello and Kelly [6, 7] have presented 
results on the evolution of pyramidal structures on 
surfaces bombarded at normal and oblique incidence 
angles. More recently Cong-Xin et aL [8] have pub- 
lished a detailed paper which systematically studies 
the influences of ion beam incident angle, energy~ dose 
and target rotation on a variety of substrates. The 
experimental work in surface topography has been 
complemented by a number of theoretical studies, and 
this has been the subject of a comprehensive review by 
Carter et al. [9]. This includes the early work of 
Stewart and Thompson [10] on the motion of inter- 
secting semi-infinite planes, by Barber et al. [1 l] who 
used a graphical method based on a slowness erosion 
curve, and by Carter e t a / .  [12] who considered the 
differential motion of points on a two-dimensional 
surface. 

More recently, other authors have considered these 
problems, Smith and Walls [13] treated the bom- 
barded surface as a moving wave, and subsequently 
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Figure 1 Features observed on AT cut and cerirouge polished 
quartz crystal platelets. Using sample rotation, the platelets were 
etched until 11/~m had been removed. Ion beam incidence angles 
are (a) 20 ° (b) 20 ° and (c) 10 °. 

developed a general three-dimensional theory of sur- 
face development. This approach has later been 
extended to include the effects of ion reflection, [14], 
redeposition [15], and now in this paper to sample 
rocking and rotation. The problem of sample rocking 
and rotation has been considered by other authors, for 
example, Neureuther et al. [16] have proposed a string 
segment algorithm which accounts for sample 
rotation, shadowing and faceting, however this is 
essentially a two-dimensional approach and thus the 
full effects of rotation can not be fully realized. Cong- 
Xin et al. [8] in a recent paper proposed a mechanism 
for hillock formation under sample rotation. Similarly 
Carter et al. [17] have considered the problem of ion 
beams incident on moving substrates but have not 
carried out any simulations of the development of 
surface topography. 

In this paper, general equations are derived to 
predict the development of surface shape during ion 
bombardment under conditions of a time-dependent 
surface-beam orientation which is used to model 
sample rotation in the absence of beam shadowing by 
surface structures. In principle the effect of beam 
shadowing can also be considered but this would lead 
to excessive computer time and programme com- 
plexity and will therefore only be considered qualitat- 
ively. As in previous applications, the theory is devel- 
oped using the method of characteristics which lends 
itself fairly conveniently to computer simulation. 

2. Experimental details 
Ion beam thinning is well suited to the preparation of 
samples for electron microscopy or surface analysis. It 
has many advantages over traditional chemical etch- 
ing such as freedom from chemical contamination and 
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also viability for a wide range of materials. One use 
that has developed is the  tuning of quartz crystal 
resonators. Since the resonant frequency of quartz 
crystal is primarily a function of thickness, it is poss- 
ible by ion beam etching to achieve operating fre- 
quencies of 200 MHz or more. The ideal final surface 
layer of these quartz crystal platelets would be free of 
crystalline defects and would also be flat. This would 
ensure loss-free and scatter-free reflection of the 
acoustic wave. However, ion beam etching can 
produce unwanted surface topography which can 
seriously degrade the performance of these resonators. 
In an attempt to suppress surface features samples 
could be rotated during etching. 

Using a Millitron IBM machine with an argon ion 
source, several samples at varying ion incidence angles 
were milled. The sample platform revolves once per 
minute, and in this time approximately 0.03 #m of the 
sample are removed. Fig. 1 shows features observed 
on quartz platelets after 11 ktm of the surface has been 
etched away. Figs. la and b, in which the ion gun 
subtends an angle of 20 ° to the surface normal, show 
round hillock features which are probably instigated 
by buried impurities or surface damage originating 
from earlier stages of mechanical lapping and polish- 
ing. Rotation of the sample has produced these 
rounded features which are in preference to the sharp 
cones and pyramids frequently observed without 
rotation. Fig. lc in which the ion gun subtends a 
slightly lower angle of 10 ° to the surface normal show 
round crater like features, occasionally with a hillock 
appearing at the bottom of one of these pits. Essen- 
tially, therefore round as opposed to sharp features 
are produced by rotation of the sample during etching. 
The computer simulations produced later in this paper 
verify this conclusion. They show that sample rotation 
can smooth out initial surface defect whereas static 
samples will produce cones and pyramids. 

3. General theory 
Consider a surface whose equation at time t is given by 
A(r, t) = 0, where r is the position vector of a point on 
the surface. Let the surface be subjected to an ion 
bombardment of uniform incident ion flux ~b 
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Figure 2 A schemat ic  d iag ram i l lustrat ing the evolu t ion  of  surface 
topography  dur ing  etching. 

(ionscm-2sec -r) in a direction specified by the unit 
vector ! = l(t). Denote the atomic density of the bom- 
barded material by N. Thus the rate of erosion of the 
target in the surface normal direction is - 4 / N S I . n ,  
where n is the unit normal to the surface, and S is the 
sputtering yield. It is assumed that S is dependent only 
on the angle between the unit normal and the ion 
beam direction. 

Let l .n  = + cos 0, hence the differential equation 
describing erosion is: 

63rn - -  ~b 
- S(O) cos 0 (1) 

3t N 

where r. is distance in the normal direction. The geo- 
metry is illustrated in a schematic diagram, Fig. 2. 

If the equation of the surface is given by 

0 = A(r, t) = t - -  a(r) (2) 

then Equation 1 can be written as 

1 - s(O)cosO(cr~ + cry + cr~)'/~ = 0 (3) 

defined as 

g = 1 + ~S(O)( l~cr~ + 12ay + 13a~) 0 (7) 
2V 

Substituting the appropriate Hamiltonian for this 
system gives the following set of  ordinary differential 
equations describing the motion of a point (x, y, z) on 
the initial surface. 

dx 
a t  = [A(t~ + Bcr~) - S(O)l~] 

d y  
a t  = [A(12 + Bay)  -- S(O)12] 

d--t = [A(l~ + Ba~) -- S(0)[31 (8) 

da.  dcr~ day = Cay, " = Ca~ 
d---t-= Ccrx, d t  d t  

where 

C = 

s'(o) 

S' (0) cos 0 
A = sin 0 ' (9) 

cos 0 
2 2 ~/2; (10) 

[ - S ' ( 0 )  cos 0.1 (11) 
(/'~ax + [2ay + /'3cry) S(O) sin0 

dS(0) d/,(t) 
= dO ' ~ -  dt ' i = 1 ,2 ,3 .  

The essential difference between the above equations 
and those used to simulate static beams is the appear- 
ance of the ]~ terms on the right hand side of the 
equations. This means that if the beam direction 
changes, cry, cry and a~ are not constant along the 
characteristics. Thus the characteristics are not 
straight lines and a full solution to the problem 
involves the solution of the six simultaneous ordinary 
differential Equations 8 for a network of points defin- 
ing the initial surface. 

(see Smith and Walls [13]) and since VA = - (cry, cry, 
a z )  

then 

Hence, 

2 0.2),/2 (4) n = (0.2 x -~- O'y "Jr- 

cos0 = - (l~ax + 12cry + 13cry) (5) 
2 (a~ + cry + cr2),~2 

substituting into Equation 3 yields the equation 

1 + ~ S ( O ) ( l ,  cr x + 12o-y + 13crz ) = 0 (6) 

This equation is now of a suitable form to apply the 
method of characteristics described by Whitham [18]. 
Essentially this reduces the partial differential 
Equation 6 to a set of simultaneous ordinary differen- 
tial equations. The Hamiltonian H for this system is 

4. Computer simulation 
The set of simultaneous ordinary differential 
equations derived in the previous section, predict the 
development of a three-dimensional surface during 
ion bombardment, the method used to produce practi- 
cal simulations of this piocess is now explained. First 
a digital representation of the initial surface is pre- 
scribed, this was achieved in two ways. Contours of 
constant height (z), defined in the surface, were selec- 
ted and then a number of points (x, y) corresponding 
to each height calculated for the appropriate para- 
metric equations, Alternatively a regular grid of 
points (x, y) covering the surface is computed and the 
surface height (z) found at each of those points. 
Having defined the surface, the unit normal ni at each 
initial point (xi, yi, z~) is then computed, this allows 0i, 
the angle between the initial ion beam direction and 
the unit normal to be found. Finally initial values of 
the vector (ax, Zy, a,) are required. This is 
accomplished by noting that at time t = 0, (ax, ay, crz) 
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is in the same direction as n;. This combined with 
Equation 6 of  the previous section, specifies the value 
of (a~, %, ~z)- 

Having obtained initial values for the differential 
equations, these can then be solved, for a suitable 
timestep fi, by a computer program. This produces an 
envelope of points (x~, y;, z;) describing the surface. 
Originally values on a contoured system correspond- 
ing to 7000 data points were used to define the surface, 
this was found to be the minimum number of points 
required to produce acceptable computer simulations. 
This required the solution of 7000 sets of six differen- 
tial equations, with the consequence that standard 
computer packages could not be used without incurr- 
ing a large CPU time. Subsequently a Fortran code 
based on a Runge Kutta Merson fifth order method 
[19] was written specifically to solve these equations. 
The codes uses the specialized nature of the equations 
and also their symmetry in order to minimize the func- 
tion evaluations. The advantages in using the Merson 
method is that error estimates are available, these were 
checked to ensure errors were within a suitable 
tolerance. A typical run for 7000 points is about 
40 min on the Honeywell Multics system, although 
this time does depend to a large extent on the rocking 
and rotation rates and also the timestep. Two- 
dimensional simulations were also calculated, and 
essentially the method of solution is identical with the 
one just described, the system now reducing to a set of 
four differential equations by omitting one spatial 
co-ordinate. 

In both the two-dimensional and three-dimensional 
simulations it is possible to obtain physically unrealistic 
solutions caused by the characteristic lines crossing. 
The physical explanation of this is that the surface has 
formed, an edge (discontinuity in gradient) and the 
characteristic method produces a multivalued solution 
and cannot be applied after such nonlinear wave inter- 
actions. It is essential to remove these spurious points 
since they are unrealistic, and graphical techniques are 
employed to achieve this. Finally Gino F, Ginosurf 
and Nag plotting routines are used to produce the 
final graphical simulations. 

5. Results and discussion 
5.1. Two-dimensional simulations 
For the two-dimensional simulations a sinusoidal 
profile represented by 201 points was taken as the 
initial surface shape. The variation of sputtering yield 
with ion incidence angle was chosen to be the same as 
used previously for simulating surface erosion by two 
static ion beams [3] and represents the yield curve for 
amorphous silicon. The procedure described in the 
previous section was then carried out for equal time- 
steps and for a variety of rocking rates fl and maxi- 
mum rocking angles ~. For the sake of a systematic 
study, the direction cosines of the ion beam at time t 
'are chosen to be [sin(~cosflt), cos(~cosflt)] i.e. the 
ion beam orientation is varying between +__ ~ in simple 
harmonic motion of frequency/~. In practice however 
such manipulations of the sample are more likely to be 
carried out manually and in a discrete manner. The 
results obtained are shown in Fig. 3 which show the 
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successively eroded contours and the characteristic 
lines for each simulation. As a reference Fig. 3a shows 
the erosion of the profile for a normal incidence ion 
beam and no rocking, i.e. e = 0,/3 = 0. It can be seen 
that an edge is formed at the top of the hummock 
corresponding to a discontinuity, by the third time- 
step. This edge then persists throughout the remaining 
period. Figs. 3b, c and d then show the effects of 
increasing the maximum rocking angle, whilst keeping 
the rocking rate constant at 2re. Again in Fig. 3b for 

= re/12, an edge has formed by the third timestep, 
but the discontinuity in surface gradient is much less 
then in Fig. 3a, and the edge then appears to "open 
out" on the next timestep, due to the rocking motion. 
In Fig. 3c and d for ~ = r~/6, this "opening out" of the 
edge is more clearly visible and the characteristics do 
not cross, resulting in a smoother eroded profile. Figs. 
3e and g show the effects of increasing the rocking rate 
/3 whilst keeping the rocking angle ~ constant at r~/12. 
Fig. 3e shows that for a relatively slow rocking rate the 
top of the profile at any instant tends to point in the 
direction of the ion beam. Again an edge has formed 
by the third timestep, but the feature is not as sharp as 
Fig. 3a. In Fig. 3ffor the higher rocking rate the initial 
surface shape is preserved due to the averaging effect 
of the rocking motion. Finally in Fig. 3g the high 
rocking rate has caused the characteristics to become 
almost straight lines, yet the lines have a spread of 
orientations very much less than the characteristics for 
erosion without rocking. The same effect would be 
achieved if a static beam were incident on a much 
flatter surface and in comparison to Fig. 3a, the initial 
surface profile is better preserved. 

The simulations described above have only been 
made for values of ~ up to re/4 since rates greater than 
this would cause various parts of the chosen initial 
profile to be shadowed requiring extra refinements to 
the computer programs. In addition, the practical case 
of the simulation of the erosion of impurities of a 
different sputtering yield on a surface (possibly 
responsible in the first instance for the formation of 
the surface protrusion) has not been carried out. These 
modifications are currently the subject of further work 
to enable a larger range of simulations to be made. 

5.2. Three-dimensions 
In these simulations an exponential hummock is used 
as a three-dimensional illustration of the technique. 
The hummock is defined by the equation 

z = e x p [ - ( x  2 + y2)] (12) 

with the x - y  plane chosen so that the hummock 
appears to lie on a flat plane. To illustrate the effects 
of rotation various combinations of the parameters 
I1 (t), /2(0, 13(t), the direction cosines of the ion beam 
at time t, were taken. The general form of the par- 
ameters chosen for the model problem is 

l 1 (t) = sin (~) sin (2n13t) 

12(t ) = sin(a) cos(2n/3t) 

/3(t) = c o s ( ~ )  

With these parameters the ion beam describes cones of 



{a) 
(bl 

(c} (d} 

(e} (f) 

(g) 

Figure  3 Two-dimensional  s imulations o f  the development  of  an 
initial sinusoidal profile with a variety of  rocking rates fl, and 
m a x i m u m  rocking angles ~. The profiles are shown for equal time- 

steps of  ~ t / N  = 0.2 (a) a = 0, fl = 0, (b) ~ = n/12, fl = 2, (c) 
= n/6 ,  fl = 2, (d) ~ = 2n/9 ,  fl = 2, (e) ~ = n/6,  fl = 1 ( 0  

:~ = n/6 ,  /~ = 4 a n d ( g )  c¢ = n/6 ,  fl = I2.  
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Figure 4 Three-dimensional simulations of an exponential hummock for a normal incidence ion beam, and for equally spaced timesteps. 
(a) d)t/N = O, (b) gpt/N = 0.2 (c) (ot/N = 0.4 and (d) (ot/N = 0.6. 

fixed half  angle c~, round  the z-axis, with one rota t ion 
per 1//~ sec. The following simulations were all carried 
out  using the same scaling on the x, y and z axes, and 
equal timesteps. As a reference Figs. 4a~ t  illustrate 
the procedure  for e = 0, /3 = 0, i.e. a normal  inci- 
dence ion beam. The development  o f  a sharp cone 
f rom an initially smooth  surface is clearly shown. The 
other  noticeable feature is that  the height o f  the cone 
decays with time, and the equilibrium situation arising 
after a long irradiat ion using this model  would  be a 

flat plane. Figs. 5a, b and c are simulations made with 
= n/9 and /3  = 1. The main feature to observe is 

that  cone development  is not  supressed, and it is 
shown how features tend to follow the direction o f  the 
ion beam, causing bent  cones. Figs. 6a b and c, then 
illustrate the technique for c~ = 2rc/9, /3 = 1. The 
rota t ion rate remaining constant ,  but  the max imum 
angle c~ increased. A similar development  o f  surface 
features is observed, and cone format ion  does no t  
seem to be suppressed. Finally Figs. 7a, b and c show 
simulations for :~ = 2~/9, and/3 = 10. The points to 
notice f rom these simulations are that  cone develop- 
ment  is suppressed by this choice o f  parameters,  and 
also the eroded profiles seem to retain the initial sur- 
face features, thus appearing to preserve surface 
shape. Some slight tilting of  the shape can be noticed, 
but due to the high rotat ion rate this is minimal. The 
conclusions that  can be gathered f rom these simu- 
lations are: 

Figure 5 Simulations illustrating the effects of sample rotation. 
Rotation rate ~ = I, maximum angle c~ = ~/9. (a) 4)l/N = 0.2, (b) 
~ot/N = 0.4 and (c) 4t/N = 0.6. 
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1. Slow rotation rates at both low and high maxi- 
mum angles will cause features which bend towards 
the direction of the ion beams. 

2. High rotation rates and a large maximum angle 
optimize the preservation of surface shape and also 
suppress cone development. 

6. Conclusion 
This paper has given a theoretical treatment for the 
erosion of surfaces during ion bombardment, when 
the sample may be rocked and rotated. Experimental 
evidence is produced to provide details of how sample 

Figure 6 Simulations illustrating effects of  sample rotation with 
increased max imum angle. Rotat ion rate/~ = l, max imum angle 

= 2z/9. (a) Ot/N = 0.2 (b) ~t/N = 0.4 and (c) fbt/N = 0.6. 

rotation affects surface topography. Computer simu- 
lations then show how initial topography is modified 
by varying rocking and rotation rates for some model 
initial surface profiIes. By choosing large rocking and 
rotation rates compared with the erosion rate the 
initial surface topography can be preserved by averag- 
ing out angle of incidence effects and the formation of 
cones and pyramids can be suppressed. Comparisons 
made with the two-dimensional simulations produced 
by the two ion gun analysis [3] show that rocking and 
rotation can provide a greater flexibility over the final 
surface profile. 
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