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In situ ion etching in a scanning electron 
microscope 
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A facility for ion etching in a scanning electron microscope is described which 
incorporates a new type of electrostatic ion source and viewing of the specimen is 
possible within about 30 sec after terminating the ion bombardment. Artefacts produced 
during etching have been studied and cone formation has been followed during its 
growth. The instrument has provided useful structural information on metals, alloys and 
sinters. However, although insulating materials, such as plastics, glass and resins, have 
been successfully etched, interpretation of the resultant micrographs is more difficult. Ion 
etching of soft biological tissues, such as the rat duodenum was found to be of 
considerable interest. The observed structural features arise from the selective intake of 
the heavy fixation elements by different parts of the tissue. Hard biological materials, 
such as dental tissues and restorative materials, have also been studied and the prismatic 
structure of the enamel and the form and distribution of the dentinal tubules have been 
revealed. 

1. I n t r o d u e t i o n  
In the last decade the technique of sputter ion 
etching has become widely used as exemplified by 
the various applications discussed in recent articles 
by Gloersen [1] and Norgate and Hammond [2]. 
In one application the etching technique is used to 
reveal the microstructure of materials prior to 
examination in a scanning electron microscope 
(SEM). However, in the majority of cases reported 
in the literature, the ion etching process has been 
carried out in a separate ion beam system. This 
requires frequent transfer of the specimen from 
the ion beam system to the SEM. It is thus diffi- 
cult to follow the formation of surface structures 
and has the further disadvantage that the specimen 
may be damaged during transfer. Only in a few 
instances has the ion-source been incorporated 
into the specimen stage of the SEM for in situ ion 
etching. Stewart [3] modified a microscope to in- 
clude an r.f. ion source but his system was rather 
complex and involved three independent pumping 
systems. Hedges et  aL [4] incorporated an ion gun 
into a Cambridge Instruments "Stereoscan" to 
etch mammalian cells but concluded that the tech- 

nique was unlikely to be of much value with soft 
biological tissues. On the other hand Specter et  al. 

[5] using an ETEC ion beam etching device in the 
specimen chamber of an ETEC Autoscan SEM 
concluded that the artefact production in red 
blood cells became less prominent as the ion 
accelerating voltage was increased and useful sub- 
surface structure could be revealed. Weissmantel 
et  al. [6] used an ion gun inside a JEOL SEM with 
a cinematographic recording attachment to study 
the structure of PTFE. Shimizu [7] used a field 
emission scanning electron micrograph to study 
surface erosion of ion bombarded copper and gold 
surfaces, but it is not clear from his paper if the 
ion gun was attached to the microscope. 

The actual type of ion source to be used is one 
of the most important factors to be considered for 
in situ ion etching in a SEM. It is preferable that it 
is of simple construction, stable in operation and 
can produce a reasonably collimated but intense 
ion beam at low pressures without the assistance 
of a magnetic field. Furthermore it is desirable 
that it can be used with insulating materials 
without some additional facility to neutralize the 
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charge build up that occurs on these type of 
specimens. 

A source which meets most of these require- 
ments is the saddle field ion source which was 
developed from the idea of Mcllraith [8] for an 
electrostatic charged-particle oscillator. At present 
two main types of this source have been developed. 
The earlier version is of cylindrical geometry and 
was first described by Fitch et  al. [9] and later in 
a more practical form by Rushton et  aI. [10]. The 
spherical form of this source was devised by 
Franks [11] and the characteristics of  the source 
were published by Franks and Ghander [12]. Both 
sources operate at low pressures without a mag- 
netic field or thermionic source of electrons and 
are therefore eminently suitable for incorporating 
into the specimen stage of the SEM. Furthermore 
the beam produced by these sources contains a 
significant proportion of energetic neutrals and 
can thus be used to etch non-conducting materials. 

The main differences between these two 
sources is that the spherical source produces a 
more intense and more monoenergetic beam 
whereas the cylindrical source gives a more 
divergent beam with a broader energy spectrum. 
Thus the former is more suitable for high etching 
rates whereas the latter is to be preferred if it is 
necessary to etch a larger area of specimen. 

The purpose of this paper is to describe a 
facility for in situ ion etching in a SEM in which 
both of these sources have been used. 

2. Description and operating characteristics 
of the ion etching facility 

The scanning electron microscope used in this in- 
vestigation is the Vacuum Generators "Miniscan". 
Its maximum resolution is only about 500 A but it 
has the advantage that the specimen chamber can 
be easily adapted to incorporate other facilities 
such as the ion source. A schematic diagram of the 
modified form of the specimen chamber is given in 
Fig. 1. The ion source can be seen mounted onto a 
flange attached to a 10 cm diameter port and the 
figure also shows the position of the viewing 
window, the scintillator photomultiplier assembly 
and the goniometer stage. The arrangement did 
not allow complete variation of the angle of the 
ion beam with respect to the normal at the speci- 
men and was usually kept at 27 ~ . The specimen, if 
desired, could be rotated during bombardment by 
means of a small electric motor attached through a 

* HT = high tension. 
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Figure 1 Schematic diagram of the specimen stage of the 
scanning electron microscope. 

gearing mechanism to the main shaft of the gonio- 
meter. Argon gas was admitted into the source via 
a needle valve and during etching the column 
isolation valve was closed to prevent contamination 
of the optical column and the pressure in the 
chamber was maintained at about 2 x 10 -s Torr. 

When it is required to view the specimen, the 
I-IT* to the ion source is switched off, the column 
isolation valve is opened and the specimen is 
turned to the appropriate angle - usually 45 ~ - to 
the electron beam. With this arrangement it is 
possible to view the specimen within about 30 sec 
after terminating the ion bombardment. However 
with non-conducting materials, if a permanent 
record of the specimen surface was required with 
an electron micrograph, it was necessary to remove 
the specimen from the chamber for coating with a 
conducting film of gold-palladium alloy. 

Throughout the present investigation the 
operating conditions for the ion sources were kept 
constant. The cylindrical source was operated at 
an anode voltage of 8 kV, anode current of 6 mA 
giving a total beam current of 160/aA and maxi- 
mum ion beam density in the centre of the beam 
of about 250/aA cm -2 at a chamber pressure of 
2 x 10 -s Torr. The corresponding values for the 
spherical source were 6kV, 2mA, 40/aA, 
500/aAcm -2 and 1.5 x 10 -s Torr. Under the 
above conditions the maximum etching rate for 
the cylindrical source was about 5/am h -1 and for 
the spherical source about 10/amh -1 for an OFHC 
copper specimen. The maximum temperature 
achieved by a conducting material during ion bom- 
bardment was estimated to be about 75 and 45 ~ C 
for the cylindrical and spherical sources, respect- 
ively. However, with an insulating material these 
figures increased to about 135 and 80 ~ C, respect- 



ively. These were average temperatures of a typical 
size specimen - 10mm diameter, 3ram thick - 
and were measured using a thermocoupte em- 
bedded in the specimen which was mounted on 
the specimen stud and the rate of rise of tempera- 
ture could be recorded during bombardment. The 
initial rapid rise is from the heating of the speci- 
men by the ion beam, whereas the much slower 
rise to the final equilibrium temperature - attained 
after between 1 and 2 h - is a consequence of the 
low thermal conductivity of the specimen and/or 
the thermal inertia of the whoIe system. 

The possibility of contamination of the speci- 
men by material sputtered from the inside of the 
ion source cathode was investigated using a VG* 
ESCA instrument. It was anticipated that likely 
contamination from the cylindrical source would 
be iron, chromium and nickel and from the 
spherical source, aluminium. High purity copper 
foil was ion etched for 6 h but the resulting ESCA 
analysis did not show any of the above impurities 
within the limit of detection of about 1%. 

3.  A r t e f a c t s  p r o d u c e d  during ion 
b o m b a r d m e n t  

It  is now well known that structural features ob- 
served on ion bombardment surfaces may not be 
characteristic of  the material but may be artefacts. 
However, the distribution of these artefacts across 
the surface is, in general, quite random and can 
usually be clearly identified. The most commonly 
observed artefacts are the cone-like structures 
which were first observed in the optical micro- 
scope by Gunthersehutze and Tollmein [ t3] .  
Cones have since been observed in the scanning 
electron microscope by many workers for 
example, Stewart and Thompson [14] and Wehner 

and Hajicek [15]. It is generally accepted that 
these cones are caused by particles on the surface, 
or by inclusions in the matrix, which'have a lower 
sputtering yield than the matrix itself. However, 
other observed structures such as hummocks 
cannot be explained on this basis and Barber et al. 

[16] have developed a satisfactory theory based 
on Frank's kinematic theory of crystal dissolution, 
which predicts the various observed surface topo- 
graphies of ion bombarded surfaces. In the present 
work cones have been observed on metals, in- 
sulators and biological materials. 

Fig. 2a shows a perfectly symmetrical cone 
produced on a copper surface after etching for 14 h. 
The height of  the cone is about 60~rn and the 
circumferential ditch at the base of the cone is 
believed to be caused by the increase of the ion 
flux due to ion reflection from the sides of  the 
cone [17]; In contrast, other remarkable features 
were observed on an Araldite surface after etching 
for 16 h and are shown in Fig. 2b. The micrograph 
shows clusters of pillar4ike cones some of which 
have whisker-like growths, several times the height 
of the cone, extending from the tip. Some of these 
whiskers have already fallen off the cones. In the 
present work, although a relatively large number 
of materials have been studied, these effects have 
only been observed on Araldite. At this stage no 
satisfactory explanation can be given to explain 
these effects but it is possible that they may be 
due to fibrous inclusions in the material similar to 
that reported by Witcomb [t8] in stainless steel. 

In one particular investigation the growth of a 
cone on an Araldite surface was followed during 
ion etching over a period of 130h. Micrographs 
were taken at regular intervals and Fig. 3a, b, c and 
d show four selected stages of growth of the cone 

Figure 2 Artefacts produced by ion etching on (a) copper and (b) Araldite, 

* VG = Vacuum Generator. 
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Figure 3 Various stages during the growth of a cone on Araldite. 

after 14, 44, 80 and 130h respectively. It  can be 
seen that while the shielding particle remains, the 
structure grows to a maximum height of  about 
50pro. After the true cone-like structure is re- 
vealed in Fig. 3c, when the particle has been 
removed, the cone is gradually eroded away as in 
Fig. 3d. 

All the cone-like artefacts observed during this 
investigation were produced with the specimen 
stationary during etching but none were observed 
when the specimen was continually rotated during 
etching. This is to be expected from the model of 
cone formation already discussed and it would 

thus appear to be advantageous to rotate the speci- 
men. However, this is frequently offset by the fact 
that this also results in a loss of the desired 
structural features of the specimen. Furthermore 
the presence of a small number of cones can be ad- 
vantageous as they provide a permanent record on 
the micrograph of the direction of the incident ion 
beam. 

4. Structural effects arising from ion 
etching various materials 

In order to assess the value of this in situ ion 
etching facility, it has been applied to a wide 

Figure 4 Etched surfaces of copper after annealing at (a) 400 ~ C and (b) 700 ~ C. 
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Figure 5 (a) Ion etched surface of a copperqron sinter. (b) Copper X-ray image of (a) showing the distribution of copper 
at the grain boundaries (by kind permission of Lucas Group Research, Solihull). 

variety of materials taken from actual problems in 
industrial, research and university laboratories. A 
selection of these is given in this paper. 

Problems are often encountered when studying 
the texture and properties of commercial copper 
using chemical etching after applying various ex- 
tensions and annealing temperatures. For example 
contamination of the specimens can arise during 
polishing which cannot be satisfactorily removed 
by subsequent cleaning and the resulting electron 
micrographs are of poor quality. Fig. 4a and b 
show two micrographs of copper samples after ion 
etching for 3 h in which the annealing tempera- 
tures were 400 and 700 ~ C, respectively. The 
effect of the higher annealing temperature is 
evident from the much larger size of the crystals in 
Fig. 4b. Similar observations showed that the 
crystal size decreases with increasing extension, 
but the annealing temperature was shown to be 
the most critical factor. 

Fig. 5a shows a micrograph of an ion-etched 
copper iron sinter, containing 10% copper and 
0.2% carbon. Other micrographs taken at lower 
magnifications showed the grain boundaries and 
porosity of the material and in Fig. 5a some grains 
can be seen one of which shows striations charac- 
teristic of Pearlite. This is a particular structure of 
iron containing alternate laminations of ferrite and 
cementite. Fig. 5b is an X-ray image of Fig. 5a 
using copper X-rays and clearly shows the distri- 
bution of the copper at the grain boundaries. This 
effect is the inverse of that found with chemical 
etching when the copper is left behind. It was also 
noted that the Pearlite structure was not easily ob- 
served if the specimen was rotated during etching. 

Ion etching glass confirmed the view of Navez 
et al. [19] that the morphology obtained is 

essentially a function of the geometry of bombard- 
ment and that various types of structure can be 
obtained depending upon the angle of incidence 
of the ion beam. Fig. 6 shows a typical structure 
observed with soda glass in which a system of 
parallel grooves orientated along the direction of 
the ion beam can be seen. These are almost 
certainly artefacts and it would appear that little 
structural information can be revealed using this 
technique with glass. 

Araldite is an epoxy resin and micrographs 
shown in Fig. 7a and b taken after ion etching a 
polished sample for 16h demonstrate the need for 
consideration of the thermal effects of ion bom- 
bardment. The specimen had been formed against 
a copper block to act as a thermal sink in an 
attempt to reduce the temperature of the Araldite. 
The micrograph in Fig. 7a was taken in a region 
about 50vrn from the junction and shows a sur- 
prisingly regular structure. However, the micro- 
graph in Fig. 7b was taken at a distance of about 
1 mm from the junction where the temperature 
would be higher and shows a very different and 

Figure 6 Typical ion etched surface of soda glass. 

1229 



Figure 7 Ion etched surfaces of Araldite; (a) 50tzm and (b) 1 

Figure 8 Ion etched surface of a specimen of a rat 
duodenum. 

irregular topography more characteristic of the 
effects of  thermal degradation. At this stage no 
satisfactory explanation can be given for the 
apparent regular structure shown in Fig. 7a. 

Fig. 8 shows a micrograph after ion etching for 
2 h  of a specimen of rat duodenum which had 
been fLxed in glutaraldehyde and osmium tetroxide 
before being embedded in Epon resin. The micro- 

mm from a copper junction. 

graph shows part of the general structure of  the 
villi cells contained within the duodenum and 
micro villi cells can also just be seen. It is thought 
that the observed microstructure is a result of the 
large variation of the sputtering yield rising from 
the selective intake of the heavy fLxation elements 
by different parts of the tissue. Thus in contrast to 
the view of Hodges et al. [4], this technique 
should have useful applications in soft biological 
tissues. 

Various aspects of  the structure of the hard 
biological materials of the human tooth were also 
studied. Fig. 9a was taken after etching a micro- 
tome of a tooth in the region of  the amelodentinal 
junction for 12h. In the upper part of the micro- 
graph the prismatic structure of the enamel can be 
seen and the softer dentine in the lower half has 
clearly been etched much more than the enamel, 
as shown by the etched step which is about 5 tma 
in height. Some dentinal tubules extending from 
the junction into the dentine have also been ex- 
posed. These tubules contain nerve fibres and 
extend into the pulp of the tooth. Fig. 9b shows 

Figure 9 (a) Ion etched surface around the junction between the tooth enamel at the upper and the dentine at the lower 
half of the micrograph. (b) Ion etched surface of a transverse section of a tooth showing the dentinal tubules. 
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Figure 10 Electron micrographs of a whole tooth showing the amalgam on the left and the enamel on the right, (a) 
before and (13) after ion etching for 4 h. 

an end-on view of  the tubules taken from an 
etched specimen of  a transverse section of  a tooth. 

Other uses o f  this etching facility have been 
demonstrated using whole teeth. Fig. 10a shows an 
electron micrograph of  a tooth filled after ex- 
traction. A small gap (about 5 pan) is clearly visible 
between the amalgam on the left and the enamel. 
The micrograph in Fig. 10b was taken of  the same 
area after ion etching for 4 h  and the gap has 
apparently increased to about 30prn. It  is thought 
that this is due to the removal, during etching, of  a 
thin burnished layer about 30 grn thick which has 
been left after the filling process. Thus it is possible 
that such a layer could be eroded away in the oral 
environment to expose the relatively large gap 
which could allow bacteria to penetrate and 
possibly produce tooth decay. 

5. Conclusions 
It has been shown that because o f  its size and 
simplicity o f  construction and operation the 
saddle field ion source is very suitable for in situ 

ion etching in a SEM. I t  can be applied to both 
conducting and insulating materials for in-depth 
structural studies but can equally well f ind appli- 
cation in problems when it is required to remove, 
in a controlled way, thin layers from a sample to 
reveal the underlying structure. 

It  is envisaged that it may be possible to modify 
the arrangement by pulsing the ion and electron 
beams for simultaneous etching and viewing. 
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