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This letter critically discusses the topographical information obtained by scanning tunneling
microscopy (STM) on surfaces with a mesoscopic roughness, i.e., in the range of some
am’s. In a foregoing publication [J. Appl. Phys. 67, 1156 (1990)], we already treated the
evaluation of constant current images based on the knowledge of the real surface and the
shape of the tunneling tip (“tip shape limited resolution”). Now we deal with the invers
problem: the reconstruction of the real surface topography based on the corresponding STM
image and the tip shape, using a simple, straightforward formalism.

The resolution of scanning tunneling microscopy
{STM) on mesoscopically rough surfaces is clearly limited
by the corresponding shape of the tunneling tip.'™ For fiat
surfaces only the front atoms of the tip are important.”® In
our case, however, the mesoscopic (i.e., nm range) shape
of the tunneling tip must be regarded. For potentiometric
STM measurements, this has been qualitatively lined out
recently by Pelz and Koch.”

In Ref. I we have shown that only surface features of
width and depth smaller than (roughly spoken) the tip’s
front shape can be resolved. A known surface topography
can be simply convoluted to an STM image if the tip shape
is known. The limits of resolution can be expressed guan-
titatively by an inequality.‘

The invers problem, however, seems to be of more
practical interest: deconvolution of the real surface topo-
graphv using the *“‘as-measured” STM result and a tip
shape evaluated by electron microscopy or directly from
the STM image. Consider an STM topography represented
by the height function /(xy) {xy: in plane coordinates)
produced with a tip described by ¢{x,y}, which scans a real
surface s{x,y). The task now is to find s{x,p) using i{x,y)
and #(x,y). The problem is sketched in Fig. 1.

If tunneling between the tip 7 and the surfaces cccurs
at a certain point 8 = [x’,3/,s(x"¥')], the corresponding im-
age point = [xq,py5i{xep)] in general has neither the
same in-plane coordinates {(X'#x,,) 5%y,) nor the same
height fs{(x')') #i{xpy0)}]. Based on the knowledge of
i{x,p} and #(x,y), we thus have ¢o find all points of tun-
nefing contact, i.e., the transformation

X0 —»x',
-y, (1)
i(xp,pp) —>s(x'y').

This transformed, new set of points then represents the real
surface topography. Since the tunneling distance is much
smaller than the features of tip and surface,”® the transfor-
mation can be performed in the following manner: Clearly,
the tip and the surface show parallel tangential planes at
the point of tunneling contact (Fig. 1). If the tip scans the
surface, the corresponding change in the image is given by
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the movement of the mimimum of the tip. The differential
change in the tip position, however, can be described using
the slopes of the tangential plane at the point of tunneling
contact (S in Fig. 1). Consequently, the local tangents of
the image in { will be parallel to those of the tip and the
surface in S (see Fig. 1). For convenience, we always chose
the tip #{x,y) symmetric to the vertical axis with minimum
in (0,0,0). The point of tunneling contact on the tip is
denoted by 7' = [Ax,Ap,#{Ax,Ay)]. From these statements
and with the common definition of normal vectors we
therefore obtain

Ll [ o1
ax;“xi’xc é; x=Ax
n{xo0) =§ 9 ={ o =n(Ax,by).  (2)
% ly-'yo % y=by
H 1

i

Using Eq. (2), the point of tunneling contact on the tip, 7,
can be evaluated from the local slope of the image. Since, in
turn, the image point £ corresponds to the minimum of the
tip {see Fig. 1), the displacement between the real surface

x‘y') {x.y)

FIG. 1. Sketch of the typical situation of STM measurements on meso-
scopically rough surfaces; the surface s(x,y) is convoluted with the tip
t(x,y) to the image i(x,y). The shaded region of the surface cannot be
reached by the tip.

© 1980 American Institute of Physics 867

WRHEOEeE-22-061-2008:t0-520:48:16522 - Redistubutiomsubiectda-AiP Hicense of copyright-seehttpHaphapergrapt/copyright.jsp -~



poiat 5 and this image point [ is given by the correspond-
ing coordinates of the tip. Thus the job will be (a) caicu-
fate m; for each point 7= {xypei{xeyg}] of the image
i(x,y); (b) find the corresponding points
T == [Ax,Ap,r{Ax,Ay}] on the tip, where Eq. (2) is satis-
fied; (c) the corresponding points of tunneling contact on
the surface then will be given by

S=1{xq+ &x,yo + Ayi{xg,ye) + t{bx,by}]. (3)
The transformation of Eq. (1}, therefore, is given by

Xg—x1=xg+ Ax
Yo=Y i=yo+ Ay (4)

i(xgyg) —s(x ¥ Vi=i{xpps) + t{Ax,Ay).

The set of points § calculated with this procedure then
represents those areas of the real surface, which had been
in tunneling contact during imaging, i.e., which effectively
can be “seen” by the tip. The remaining parts of the surface
(the bottom of the deep hole sketched in Fig. 1, for exam-
ple}, ie., those “depopulated” by this formalism, have not
been reaily imaged and therefore cannot be specified. We
only can state that these “black holes” show smaller fea-
tures than the tip shape. Any further assumptions are not
realistic. This procedure thus provides a rather simple
method for the reconstruction of realistic surface topogra-
phies. The numeric software claims some refinement in
order to exclude artifacts produced, for example, by noise
or by the bottom of typical triangular hollows {see Refs.
1,2). The validity of this approach clearly is restricted to
rough surfaces, i.e., the magnitude of the corrugations
sheuid remarkably exceed typical atomic dimensions.

The first application concerns the surface of a
Au-Nb-Au triple-layered thin film on 51(100) already dis-
cussed in Refs. 1, 2; transmission electron microscopy
(TEM) cross-section tmages revealed an island-like strue-
ture of the upper Auv film. This, however, could not be
resolved by STM imaging due to the tip shape limited
resclution,! the features of the real surface and those of the
tip are of the same “mesoscopic” order of magnitude (ie.,
of some nm’s). In Ref. 1, the “worst case” himits for the tip
shape have been estimated from STM images of
Au-covered NaCl{100) cleavage steps (radius of curva-
ture: S nm, tip cone angle: 30°).

A more aseful estimation of the particular tip used for
individual images can be performed via these images them-
seives. The tip cone angle is always smaller than the max-
imum observed slope shown by the STM images. Addition-
ally the tip radius must be smaller than the minimum
radius of curvature of convex structures observed by STM.
The tip function 7(x,p) can therefore be evaluated by a
careful fitting to various cross sections of the original STM
image [(x,y). The “as-imaged” STM topography of the
Au-Nb-Au film is shown in Fig. 2 (a}; Fig. 2(b) shows the
results of tip evaluation (inset) and (real) surface decon-
volution. As already discussed in Ref. I, the STM image
[Fig. 2¢a)] suggests a rough but continuous surface in con-
tradiction with TEM results. The evaluation of the tip
shape using this picture [Fig. 2(a)] revealed the form in-
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FIG. 2. (a) Original STM image of the surface of a Au-Nb-Au triple-
layered thin film on Si (100) with rough but continuous topography. {b)
Deconvoluted real surface topography showing stronger features than the
original image (a) and “black holes,” (inset) shape of the tunneling tip
{same scale}.

dicated in Fig. 2(b): the radius of curvature is about 2-3
nm, ie., smaller than obtained by imaging NaCl(100)
cleavage steps. The cone angle amounts to about 30° in
agreement with our previous value.! ¥t should be noted
that from the same surfaces smooth images could be ob-
tained if very blunt tips were used. A rough estimation
leads to possible tip radii of up to some hundreds of A’s.

In contrast with the STM image [Fig. 2(a)], the de-
convoluted surface of the Au-Nb-Au film [Fig. 2(b)] cor-
responds rather to a thin film just before cozlescence in
agreement with the TEM results: The smooth rolling hiil
structure of the unconvoluted image [Fig. 2(a}] is strongly
removed; the recalculation [Fig. 2(b}] shows large “black
holes” (about 10% of the whole area) surrounding steeper
hills than in the original image {Fig. 2(a)]. As already
mentioned, the unidentified regions correspond to those
parts of the real surface ihe tip has not been in tunneling
contact with. Thus these areas cannot be recalculated. In
any case, however, they consist of steep and narrow struc-
tures, at least smaiier than the shape of the tunneling tip.
An interpretation of the surface topography using only the
STM image of Fig. 2{a} thus rather leads to wrong results.
This first example, therefore, clearly illustrates the rehiabil-
ity of the results supplied by the formalism discussed be-
fore. On the other hand, this specific example shows ex-
tremely critical topographies, ie., features of the same
lateral and vertical extension as the tunneling tip.
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FIG. 3. (a) Original STM image of the topography of 2 Au sphere (1.5
mm in diameter) with flat plateaus separated by steep steps. {(b) De-
convoluted surface topography showing mainly the same features as the
STM image except some regions in the vicinity of the large steps of {a),
(inset} shape of the tunneling tip (same scale}.

Our second example therefore deals with a surface not
as strongly structured as the foregoing topography; smail
Au spheres of 1.5 mm in diameter have been produced by
melting. These spheres are strongly facetted, ie., exhibit
large, optically flat regions.'” A typical STM image of these
areas is given in Fig. 3(2): in agreement with the results of
Schaeir ef al.,'° the facets show large flat plateaus, where
only moneatomic steps can be resolved. These plateaus,
however, are separated by larger steps of various height.'!

Similar to the foregoing example, the tip shape can be
evaluated using the strongest features of the image [i.e., the
large step in the lower left corner of Fig. 3(a)]. The result
is shown in Fig. 3{b} together with the deconvoluted to-
pography. The tip function obtained from the image [Fig.
3(a)} is alimost identical with the first example: radius of
curvature 2-3 nm, cone angle about 30°. This evaluation of
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the tip shape from each individual image therefore seems
to have a high degree of reliability. Using this tip shape and
the STM image of Fig. 3(a), the surface shown in Fig.
3{b) was calculated. In contrast with the strongly featured
surface of Fig. 2, this example shows less dramatic effects.
The main, flat regions of the image remain unchanged.
Only about 5% of the surface located at the bottom of the
two steep steps cannot be resolved.

In the case of large, flat features, the STM images
therefore provide reliable information about the real sur-
face topography.

In summary, we have presented an aftempt to obtain
realistic topographies of mesoscopically rough surfaces
from as-measured STM images. Based on the STM image,
the tip function can be properly evaluated. Using these
image and tip functions, a straightforward formalism for
the deconvolution of the real surface topography can be
applied. This procedure naturally provides only those parts
of the real surface the tip had been in tunneling contact
with. The presented examples demonstrate the reliability of
our method of deconvolution. Whereas the strongly fea-
tured image of an islandized thin film suggests a continu-
ous surface, the deconvolution reveals island structures in
agreement with TEM results. On the other hand, surfaces
consisting of rather flat plateaus separated by steep steps
are well reproduced by the STM image except some areas
at the flanks of these steps. A noticeable deviation of the
STM image from the real surface topography therefore
must be suspected as soon as the dimensions {i.c., height
and width) of the surface’s features become comparable
with the shape of the tunneling tip. For this case, the
present method provides a straightforward procedure for
the evaluation of realistic surface topographies.

We are indebted to H. Briickl and R. Lecheler for
supplying STM measurements and to Dr. J. Zweck for
TEM cross-section image.
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