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Measurement of foil thickness in transmission
electron microscopy
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Methods for the measurement of the thickness of thin-foil specimens used in transmission
electron microscopy are either difficult to carry out or have been subject to criticism. In particular,
the contamination spot method is said to overestimate the thickness because the region of rapidly
changing contrast marking the apparent edge of the spot is not on the foil surface butis on a broad
contamination deposit whose thickness is changing much more slowly. A new method for
measuring foil thickness is proposed, based on contamination deposits on the foil surfaces. The
problems of the contamination spot method, in which the deposit is of circular form, are avoided
by using one of the condenser lenses to focus the electron beam in a thin line on the foil during
deposition. Adequate contrast can be obtained with a line whose width is one-third to one-fifth of
the foil thickness and having a height equal to or less than its width. The error, being a fraction of
the line width, is then very smalil. After rotation of the foil, the lines separate into two and the
corresponding edges of the lines provide distinct features whose separation can be measured to
determine thickness. The axis of rotation, perpendicular to which the separation of the lines has to
be measured to calculate foil thickness, is determined by depositing two contamination lines at
right angles. The method allows a number of measurements of thickness covering a relatively large
area of foil to be made per contamination experiment. Near the edge of the foil, the upper and
lower lines of contamination can join around the foil edge to form a U shape which can be used to

measure thickness profile of the foil right up to the edge.

1. Introduction

A knowledge of the thickness of the thin foils used as
specimens in transmission electron microscopy is re-
quired for many purposes, including the determina-
tion of such quantities as dislocation density and the
volume fraction of precipitated phases. Methods for
the measurement of the thicknesses of thin foils in
transmission electron microscopy include the spot
contamination method [1], the convergent beam
diffraction method [2] and methods based on charac:
teristic X-ray emission [3] and continuous X-ray
emission [4]. Of these, the convergent beam method is
the most basic but it is difficult to carry out and the
subsequent calculations are complicated [5]. The con-
tamination spot method is, on the other hand, very
simple in principle and straightforward in use. It in-
volves focusing the electron beam into an intense
circular spot on the specimen and, without a cold trap
in operation, allowing time for the build up of carbon
contamination at both the point where the beam im-
pinges on the upper surface of the foil and at the point
where the beam emerges from the lower surface. Tilt-
ing the foil through a known angle, ¢, causes the
images of the upper and lower contamination spots to
separate and measurement of this separation, r, en-
ables the foil thickness, ¢, to be simply calculated. If the
beam is perpendicular to the foil surface during depos-

ition then the thickness is given by
r/(Msin ¢) ()

where the distance r is measured in an image at a mag-
nification of M. This is illustrated in Fig. 1. If the spots
are deposited when the beam is at an angle \ to the
foil normal, the thickness is calculated from

t = rcos\/(Msin ¢) (2)

where it is assumed that both ¢ and \ are positive.

However, doubt has been cast on the accuracy of
the method by a number of workers [6-8]. Stenton
et al. [8] carried out contamination spot determina-
tions of the thicknesses of evaporated thin films and
compared the results with measurements using optical
interferometry. It was found that the contamination
spot method overestimated the film thickness by
~50% to ~200%. Although comparison with the
convergent beam technique by Kouh and Hall [9]
suggested rather lower overestimates by the contami-
nation spot method (~ 15%), the evidence that it
involves a systematic error is convincing.

An explanation of this error has been suggested by
Rae et al. [7]. They reported that beneath the sharp
cones that are usually observed on the specimen there
are faint and relatively broad contamination deposits
whose thickness changes much more slowly than that

t =

* Permanent address: Guangdong Mechanical College, Guangzhou, 510643 People’s Republic of China.

1920

0022-2461 © 1994 Chapman & Hall



1
|
|
|
|
?

tsin ¢

Figure | Nlustrating the principle of the measurement of foil thick-
ness using the contamination spot method. Tilting the foil through
an angle ¢ causes the separation of the projected images of spots on
the upper and lower surfaces allowing ¢ to be determined.
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Figure 2 The real (a) and assumed (b) configurations of the con-
tamination deposit on the foil according to Rae et al. [7]. The
“witches hat™ configuration in (a) implies that the apparent foil
thickness, t', is greater than the true thickness, ¢, because of the
broad base of the deposit.

of the central spot. The overall configuration is that of
a “witch’s hat” and is illustrated in Fig. 2a. It is
generally assumed that the base of the sharp cones is
on the foil surface as in Fig. 2b and the reason for the
overestimation is easy to see. Rae et al. [7] also point
out that the images of the contamination spots are
complex and it is far from obvious between which
features in the image measurements of r are to be
made, introducing further errors.

2. The contamination line method

The simplicity and convenience of the contamination
spot method make it worthwhile attempting to elimin-
ate or reduce the problems described above. To form
the spot, the electron beam is normally focused to
give the smallest possible circle on the foil surface.
However, in the Jeol 100CX microscope, the beam can
also be focused to one of two possible thin lines at
right angles (of length-to-width ratio of ~30:1) or to
one of two perpendicular lenticular shapes using con-
densor lens 2. Exposure using the line configuration of
the electron beam gave well-defined lines of contami-
nation with sharply pointed ends on both surfaces of
the foil. The length and width of the contamination
lines increased with exposure time. Adequate contrast
could be obtained with exposures of a few minutes
with the smallest spot size set (number 4) with conden-
sor lens 1 and a condensor aperture of 100 um dia-
meter (or occasionally 400 pm or 200 um diameter).
This resulted in lines typically ~60nm wide.
Measurement of the images of the lines after tilting
mmplied that the height of the deposit above the foil is
similar to or less than the width.

Tilting the foil caused the images of the upper and
lower contamination lines to separate as shown in the
example shown in Fig. 3. If the lines are parallel to the
axis of rotation of the foil, then Equation 1 can be used
to calculate the foil thickness using measurements of
the separation, r, of corresponding edges. The sep-
aration can be measured at an arbitrary number of
points along the line. A pair of contamination lines

(b) -

Figure 3 Contamination lines on the surfaces of an Al/2.75% Li (by
mass) alloy (a) with zero rotation, and (b) with a rotation of 45°.
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therefore allows a series of values of thickness to be
measured along a given direction, whereas the spot
method measures the thickness only at a single point.

Because the width of the deposited line and its
height are low, the influence of the broader and thin-
ner contamination layer beneath the line is minimal.
In most cases the line width (and hence the height) is
only a fraction of the foil thickness, typically about
one-quarter. Any error will be less than the height of
the deposit and hence less than the line width. The
errors in this method are likely to be very small com-
pared to the errors reported by Stenton et al. [9] for
the spot method. The edges of the lines also provide
unambiguous features in the image between which
measurements cam be made. If the height of the con-
tamination lines is less than the width, the foil can be
tilted through 45° or more without a spurious edge
appearing due to the top of the deposit overlapping
the edge on the foil surface. As already noted, the
images of contamination spots after tilting are more
complex and there is often considerable difficulty in
picking out the features between which to make
measurements [ 7].

The rotation axis will not, in general, be parallel to
the contamination lines and when this is the case r has
to be measured, not perpendicular to the lines, but
perpendicular to the axis about which the foil is ro-
tated. It is difficult to arrange for the rotation axis to
be parallel to the contamination lines and it is neces-
sary to determine its direction relative to the lines if

1 pm
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Figure 4 Two contamination lines on the surfaces of a thin foil of an
Al/2.75% Li (by mass) alloy at right angles (a) with zero rotation,
and (b) with 55° rotation.
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the thickness is to be measured and the method is to
be of general use. This can be done by using two lines
crossing at right angles as shown in Fig. 4. After
rotation of the foil about an axis making an arbitrary
angle with one of the lines, the two pairs of initially
perpendicular lines will no longer be perpendicular
and will have different separations. The first method
uses the apparent angle between the lines after rota-
tion. The geometry is illustrated in Fig. 5. The angles
between the axis and each of the two lines before
rotation are o and P respectively (B = n/2 — «), while
after a rotation ¢ these change to o’ and fB'. We have

tana’ = tanocos¢d 3)

and

tanff’ = tanfcosd = cotacos 4)

If o’ or B’ are known, a line parallel to the rotation axis
can be drawn on a photograph and the separation, r,
perpendicular to this axis can be measured for use in
Equations 1 or 2. The most convenient way to do this
is to note that the angle, A, between the contamination
line and the direction in which r is to be measured is
given by A = 1t/2 — [, as can be seen in Fig. 6. Clearly
o and B’ can be found if o is known. For a given
accelerating voltage and setting of condensor lens 1,
the angle o is fixed and can be considered as an
instrument constant. [t can be determined by a calib-
ration experiment using two perpendicular contami-
nation lines. The angle, ¥ (=o' + B') between the two
lines is measured after rotation by a given large angle,
¢. Equations 3 and 4 lead to

tano = [sin ¢ tany’

1
2cos ¢
+ (sin*¢ tan?y’ — 4cos® §)'/*] )

The same formula with a minus sign replacing the plus
sign in front of the term in parentheses gives the value
of tan f. Inspection is sufficient to clear up any ambi-
guities. The rotation axis must lie between the lines
making an acute angle with each other and must lie
closer to the pair of lines with the greater separation.

Figure 5 The geometry of the change in angle between two con-
tamination lines with rotation. ABCD is the plane of the foil before
rotation, RR’ is the rotation axis and PO and OQ are the perpen-
dicular contamination lines. The points P and Q are rotated
through an angle ¢ to P’ and Q’, respectively, and these project to
points P” and Q” on the original plane. Hence the images of the lines
after rotation are P"O and Q"O making angles o’ and B’ with the
rotation axis.



Figure 6 The graphical method of determining the angles «’ and p’
and the separation, r. The separation r} of the first pair of lines is
measured parallel to the second pair and similarly for . The
parallelogram is drawn with r} parallel to the second set and
v, parallel to the first. The separation, r, is then equal to the diagonal
of the parallelogram. The rotation axis, RR’, can thus be drawn
perpendicular to the diagonal of the parallelogram. The angle, &,
between the direction of r and the contamination line is given by
h=mn/2—-f.

An alternative, graphical method is to construct the
parallelogram shown in Fig. 6. This allows both the
value of o and the value of the separation, r, to
be measured using the same construction. The
separations, r; and r, of the two pairs of lines are
measured near the intersection point. Here r} 1s the
separation of the first pair of lines measured in
the direction of the second pair and r; the separation
of the second measured in the direction of the first.
The parallelogram in Fig. 6 has sides r} and r}, parallel
to the directions in which they are measured. The
diagonal of the parallelogram is the direction in which
the measurements have to be made (i.e. it is perpen-
dicular to the axis of rotation). It can be seen that both
r and o and hence x can be mecasured from this
construction.

Once « is known with reasonable accuracy it can be
used to locate the rotation axis using Equation 3 or
4 and thereafter only single contamination lines need
be used for thickness determinations. On our instru-
ment (Jeol JEM 100CX) at 100 kV and spot size 4, a is
83° (B =7°) and a 45° rotation gives o = 80.15°
B = 4.95° and A = 85.05°.

3. Measurements at the foil edge

Having focused the beam to a thin line, it is possible
for the tip of the line to project to or beyond the edge
of the foil. The contamination deposit then joins up
around the foil edge to form an elongated U shape, as
shown in Fig. 7. Rotation of the foil then allows foil
thickness to be determined right up to the edge and
the profile of the foil edge found, something which is

Figure 7 A U-shaped deposit going right round the edge of the foil
in an Al/2.75% Li (by mass) alloy foil, (a) with zero rotation, and (b)
with 45° rotation.
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Figure 8§ The foil profile up to the edge as obtained from Fig. 7. The
foil thickness is r and x is the distance from the edge along the
contamination line. Note the difference in scales for ¢ and x.

particularly difficult with other methods. Fig. 8 shows
the calculated profile of the foil shown in Fig. 7 and
illustrates how much data one experiment of this kind
can yield.

Greater accuracy could be achieved if smaller beam
spot sizes and smaller condensor apertures could be
used to produce narrower lines (and hence lines of
lower height) provided that sufficient contrast could
be obtained. It would be useful and more convenient if
the lines could be deposited accurately parallel to the
rotation axis,
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4. Conclusions

Measurement of the thickness of thin-foil transmission
electron microscope specimens using the contamina-
tion line method is convenient and allows a large
number of values along two perpendicular lines to be
determined. It is of much higher accuracy than the
contamination spot method and yields far more in-
formation per contamination experiment.
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