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This paper discusses the reliability of scanning tunneling microscopy (STM) images of
mesoscopically rough surfaces. The specific structure of these images represents a convolution
between the real surface topography and the shape of the tip. In order to interpret these images
guantitatively, the line scans of sieep and high steps can be used to obtain an image of the tip
itself. This image shows tip radil ranging typically from 5 to 15 nm and cone angles of about
30° over a length of 80 nm, and can in turn be used to recognize the limits of STM resolution
on a rough surface: High-resclution transmission electron microscopy cross-section images of
Au island films on an Au-Nb double layer are convoluted with the experimentally observed tip
shape; the resulting line scans correspond very well with STM graphs of the same sampiles.
Finally an overall criterion for the resolution of the STM on such surfaces is proposed.

I INTRODUCTION

The influence of the specific arrangement of the front
atoms of a tip used for scanning tunneling microscopy
{STM) has been intensively discussed in the literature.'™
This arrangement, however, determines the resolution only
in the case of atomically flat surfaces, showing features re-
markably smaller than about 1 nm. Such surfaces may be
called microscopically rough and the resolution will be tip
limited. In the case of macroscopically rough surfaces,
showing structures of more than (.1 gm in size, the tip usual-
ty is sufficiently sharp and does not influence the real-space
image of the surface’s structures.®

The major part of polycrystalline, (ion-) etched single-
crystalline or amorphous materials, however, exhibit surface
features between these limiting values. Within this interne-
diate range of mesoscopically rough surfaces the tip shape
clearly is decisive for the quality of STM images (tip-shape
limited resolution }. Two limits are obvious: (i) Tip radius »
is much smaller than typically size R of the surface struc-
tures; here the STM image shows mainly the real topography
of the surface; (ii) ¥> R, i.e,, the STM image reflects mainly
the shape of the tip.

For many topographies, as for example the surfaces of
polycrystalline thin films, imaged with conventionally man-
ufactured tunneling tips, however, rather the case r =R has
to be considered. Therefore, the STM image represents a
convolution between real topography and shape of the tip.
This aspect of 8TM imaging of mescscopically rough sur-
faces was already qualitatively discussed for example by
Gimzewski ez al.” for polycrystalline Ag films, Niedermayer
et al.® for granular high-7, films and by Bartolomé et al.’ for
STM images of an opticai disk. Quantitatively, however, the
timits of resolution have not yet been treated, perhaps main-
ly owing to the iack of informations concerning the effective
tip shape.

In order to investigate these limits, a proper estimation
of the tip shape combined with a precise knowledge about
the typical features of the surface therefore are necessary.
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it. TIP CHARACTERIZATION
A, Etching procedure

The tips used for atomic resolution often exhibit overall
tip radii between 0.2 and 0.5 um, far too large for a reasona-
ble resolution on rough surfaces. These tungsten tips are
commonly etched at the interface between a NaOH or a
KOH bath and air. More complicated etching procedures,
however, have been shown® to produce sharper tunneling
tips.

In order to reduce the tip radius, we therefore employed
aslightly modified procedure: A tungsten wire (diameter 0.5
mm}) is dipped into an inert liquid (trichlorethylene) cov-
ered by the etching solution (10% NaOH). The wire then is
etched electrochemically (ac, 2-10 V) at the trichlorethy-
len-NaOH interface using a carbon counterelectrode. This
procedure gives needles ending into a wiskerlike tipofup to 5
mm length and down to 10 um diameter. This very end of the
tip then is etched back to a length below about | mm in the
common way at the interface between air and etching solu-
tion.

B. Estimation of the tip shape

In Fig. I, a typical scanning electron microscopy
(SEM) image of our tips is presented. The moderate magni-
fication shows a tip ending into a small needle of about 0.5
mimn in length and suggests an exponential shape at the end.
Whereas the radius of curvature at the end of the tip (#)
cannot be estimated from this image, the cone angle @ is well
below 10° over the length of this needle. Larger SEM magni-
fications up to 2 X 10*, however, demonstrate that the sign of
the carvature changes about 3—4 s¢em before the end of the tip
is reached; the shape at the end thus is rather parabolic. The
cone angle again can be estimated to be smaller than 10° over
a length of several zm. This very small angle, however, must
not be identified with the real cone angle af the very end of
the tip, because the radius of curvature (r) at the front of the
tip turns out to be smaller than the resolution of our SEM
(50 nm).

® 1980 American Institute of Physics 1158




FIG. 1. A typical scanning eleciron microscope image of our tunneling tips.

A fyrther rough test of the radius can be supplied by
measuaring the onset voltage of field emission of the tip.
Whereas a commercial field cmission tip of 0.1 pgm radius
shows onset at about 2 kV, cur tips give field emission cur-
rents already at voltages down to 250 V, using the same ex-
perimental arrangement.

Summarizing the informations obtained from SEM im-
ages and field emission measurements, the upper limit of the
tip radius therefore is far below 3¢ nm, whereas the cone
angle is larger than about 10°.

For this information is not sufficient for an estimation of
the resolution produced by such tips, STM itself has been
used to image the tip shape: As shown in a previous publica-
tion,'” cleaved single-crystalline NaCl shows targe cleavage
steps; large and steep single steps up to about 80 nm in height
can be found by STM on this (Au-covered ) surface. Ef the tip
crosses the sharp edge of a cleavage step, the image clearly
does not show this cornered form but will give an upside
down picture of half the tip itself (corresponding tor> R). If
the upper edge of the cleavage step is not perfectly, i.e., ato-
mically, sharp, this image of the tip will be slightly smeared
out. The evaluation of the tip shape using such pictures
therefore can provide much better upper estimates of the
effective shape of the tip.

Figure 2 shows the result of turning the image of a NaCl
cleavage step (height 80 nm, see Ref. 10} upside down and
doubling the result by reflecting it at the plane focated at
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FIG. 2. Upside down single line scan of a NaCl-cleavage step reflected at
x = 0( + ) and fitted tip-shape (line).
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x =0 nm (ie., the location, where the first sign of the step
can be recognized in the original picture). The result
(crosses in Fig. 2) gives a rather exact estimate of the shape
of the tip: The overall form is parabolic; the radius of curva-
ture at the front amounts to about (7.5 + 3) nm. The cone
angle can be evaluated to be about 30° over a length of 80 nm;
this is considerably larger than the macroscopic cone angle
resolved by SEM, Fig. 1.

This experimental shape can be fitted very well by the
relation

tip(x) = ax’/(1 + B|x]),

using « = (0.07 - 0.03)pm™~"' and B = (0.01 + 0.005)
nm ™' (line and shaded area in Fig. 2). The above function
describes a tip with radius of curvature of about 1/2a and
cone angle @ of (7/2) — arctan (a/f3).

One notices that these characteristics of our tunneling
tips are considerably different from the estimation of Gim-
zewski ef al.” for their tungsten tips (r < 1 nm). These au-
thors, however, estimated the tip radius from the lateral res-
olution of the tunneling graphs using the theoretical relation
proposed by Stoli!! and Tersoff and Hamann,? which was
developed for atomic resolution on microscopically flat sur-
faces.

En contrast with their method, we estimated directly the
tip shape from 8TM scans at asharpedge (#> R). The evalu-
ation of the effective tip shape allows for a quantitative dis-
cussion of the tip-limited resolution of STM images of me-
soscepic surfaces.

HE TIP-LIMITED RESCLUTION: COMPARISOM OF STM
AND TEM

According to the foregoing discussion, the surface ideal
for this purpose should exhibit mesoscopic structures
(r=R), e, between 5 and 50 nm. Au-Nb-Au triple layered
thin films on Si(100) substrates turned out to be very proper
for this purpose. The experiment was performed in three
steps: The film production by evaporation in moderate ultra-
high vacuum (107 ® mbar) was already described in Ref. 10.
During each evaporation process, eight substrates have been
covered under identical surrounding conditions.

The surfaces of the films were then imaged by two differ-
ent methods: one-half of the films was transferred to a high-
resolution transmission electron microscope (TEM, Phillips
CM 30) and prepared for cross-section imaging by ion-mill-
tng. The rest of the substrates was used for 8TM imaging of
the surfaces. This was done either by using complete sub-
strates or by cuiting them in two. In any case, the pictures
obtained by both methods have been very reproducible (see
Ref. 10} and indicated a homogeneous film growth, i.e., the
typical features are the same on different locations on the
surfaces.

A typical TEM cross-section image of Au;, ,,, ~Nbg 1 -
Al s . filmis shown in Fig. 3: Whereas the first Au-layer
grows smoothly on the 3i substrate, the thin Nb layer gives
rise to large mechanical stresses; therefore, the upper Au
layer shows islandlike growth. Figure 3 shows smooth layers
of the first (Au) and second (Nb) layer, whereas the upper
(Au} film exclusively consists of 15-30 nm in height and 20~
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FIG. 3. TEM cross-section image of 2 At;; ym ~NBg u ~Als 5 oy, triple lay-
er. The islands on the top are formed by the upper Au layer.

50 nm in width, separated by distances of about 10-30 nm.
These films therefore show surfaces very useful for an esti-
mation of the tip-shape-limited resolution of the STM.

A typical STM image of a corresponding sample is
shown in Fig. 4: Whereas the TEM cross section only reveals
a islandlike structure, the STM image does not show com-
pletely isolated Au-islands. Large hills of 15-25 nm in height
{i.e., larger than the thickness of the Au coverlayer) and 20—
40 nm in width clearly point to island structure where
smaller features seem to form a polycrystalline but contin-
uous surface.

Owing to the knowledge of the tip shape, the images of
TEM and STM can be quantitatively compared: For this

FIG. 4. STM image. of the surface of 8 Atly; un-Nby um-Allps o tFiple
layer.
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FIG. 5. (a) Digitized TEM cross section of 2 Aty . -Nbg nm-Alas om
triple layer and shape of the tunneling tip. (b) Convolution of TEM cross
section and tip shape (solid line). Dotted curves: Line scans taken from the
complete STM image (Fig. 4).

purpose the cross-section TEM image of Fig. 3 was digitized
and numerically convoluted with the tip function of Fig. 2,
assuming an STM working in constant current mode. The
result is presented in Figs. 5(a) and 5(b) (o =007,
B =0.01); Fig. 5(a) shows the digitized TEM curve and the
shape of the tunneling tip. Note that the tunneling distanceis
much smaller than the topographic features discussed
here.'? The resulting calculated single-line STM scan [Fig.
5(b), solid line] is compared with typical measured topogra-
phical features taken from the complete STM picture {dot-
ted curves in Fig. 5(b)]. A good correspondence of calculat-
ed and measured features can be recognized: Whereas large
structures are well resolved {right curves in Fig. 5(b)],
smaller holes of the real surface appear only as triangular
hollows in the STM graph (left curve). This calculation
demonstrates, that only large islands (i.e., those with R > 7)
can be resolved by the tunneling tip. Smaller structures (i.e.,
R < r), however, are smeared out and therefore the calculat-
ed STM image does not show the completely islandized
structure of the TEM cross-section picture. Note that these
typical triangular hollows are often interpreted as grain
boundaries; concerning the location this may be correct for
continuous polycrystalline films. Diue to the limits of resolu-
tion demonsirated by Fig. 5, however, these interpretations
have to be taken with care especially concerning the struc-
ture of these boundaries.

Therefore, although the TEM cross section clearly re-
vealed a complete island structure of the surface, only a (hy-
pothetic) tip with 7 <3 nm would clearly resolve all An-
islands. For a tip radius considerably larger than this value,
refiable information can be obtained only about the lateral
extensions of the surface’s structures, whereas vertical ones
will be strongly smeared out (Fig. 5).

Doing STM on such surfaces with regard to the results
discussed above, an overall criterion for the tip-shape-limit-
ed resolution should be taken in mind: STM images of rough
surfaces always represent a convolution of real surface struc-
ture and shape of the tip, which may change from one experi-
ment to the other. Whereas the lateral extension of the sur-
face’s structures will be slightly enlarged, but reproduced
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with reasonable accuracy, the vertical ones will be strongly
supressed by the effective shape of the tip. Rectangular holes
of width f and depth 7, for instance, will be resolved only as
fong as the inequality

H N, (7
(—i-——rjta,ng\z ¢)+r>T

holds. Gtherwise this hole will be smeared out and repro-
duced only by a triangular hollow with width A but consid-
erably reduced depth. If, in turn, hills of lateral size R and
height H are completely separated by such holes, the real
structure can be recognized only as long as this condition
remains valid, although the lateral size shown by STM im-
ages weould be only slightly enhanced (below or equal to
about R + 2r). This inequality therefore approximately
holds for our islandlike structured thin films, too.

In contrast with imaging micrsocopically flat or ma-
croscopically rough surfaces, the results of STM measure-
ments on mesoscopically structured surfaces therefore must
be interpreted always including the specific geometric shape
of the tip and be compared with the resuits of other methods
capable of mesoscopic resolution. Efforts concerning the de-
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convolution of STM images with typical tip shapes are in
progress.
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