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It is demonstrated that due to inevitable intrinsic imperfections in the microfabrication process 
of atomic force microscopy (AFM) tips, images of rough surfaces can be totally dominated by 
tip artifacts. These images reflect the mesoscopic tip shape as concluded from a comparison of 
AFM and scanning electron microscopy images of the tip and sample. These tip artifacts have 
been found on a scale of 20-600 nm, showing the necessity of characterizing the tip shape in 
order to make reliable sample-specific statements. 

Since its invention in 1986 (Ref. 1) and the general 
availability of commercial instruments, atomic force mi- 
croscopy (AFM) has found many applications both in re- 
search and technology.’ The crucial component of every 
force microscope is the force sensor: a sharp tip attached to 
the end of a cantilever. Microfabricated force sensors are 
commonly used due to their advantageous properties and 
the possibility of batch fabrication.3 In the following we 
will experimentally demonstrate that in some cases these 
tips lead to images dominated by tip artifacts on a 
nanometer-to-micrometer scale. The origin of these arti- 
facts can be traced to inevitable imperfections in the mi- 
crofabrication of the tips. Since these imperfections are 
common, they need to be characterized and compared to 
the dimensions of structures of interest on the sample, es- 
pecially if quantitative tip-independent statements are to be 
made.” Previously, artifacts which are due to the convolu- 
tion of tip shape and sample structure have been described 
both experimentally and theoretically for scanning tunnel- 
ing microscopy (STM) tips.5-g 

For the following study we used a commercial instru- 
ment” with microfabricated S&N, force sensors. As a test 
sample, we imaged a polycrystalline diamond film grown 
by conventional thermally activated chemical vapor depo- 
sition.” These diamond films have statistically oriented 
cube-octahedral crystals 0.5-5 pm in size with numerous 
sharp tips and very steep facets. Since these diamond films 
are fairly conductive, their topography can be character- 
ized by scanning electron microscope (SEM) [shown in 
Fig. 1 (a)] and even STM in air.‘* 

When imaged with a particular force sensor, the dia- 
mond film revealed a morphology consisting of an oriented 
array of truncated pyramids [Fig. 1 (b)]. The rectangles 
terminating the pyramids have a side length of about 600 
nm. If Fig. 1 (b) reflected the true sample morphology, it 
could be attributed to an epitaxially oriented polycrystal- 
line diamond film with a crystallite size of 600 nm. This of 
course is wrong as is evident when Fig. 1 (b) is compared 
to the SEM images of the sample shown in Fig. 1 (a). The 
correct interpretation of Fig. 1 (b) is evident when charac- 
terizing the tip shape. SEM images of the tip [shown in Fig. 
l(c)] reveal that it was not sharp and pointlike as usually 
assumed, but rather flat instead and terminated by a rect- 
angle of 600-nm side length. This shape is very similar to 
the truncated pyramidal structures observed on the sam- 
ple. 

The convolution of this tip shape with the true sample 
morphology can explain the AFM image shown in Fig. 
1 (b). We directly demonstrate this with a simulation of the 
scan process. First, the true sample morphology is mea- 
sured with a sharp STM tip, giving an array of values 
ZSTM=~(X,J’). A single trace of such a STM image is pre- 
sented at the bottom of Fig. 1 (d). The relevant tip geom- 
etry and dimensions [shown to scale in Fig. 1 (d)] were 
extracted from SEM images of the tip, giving a second 
array Zti,=g(X,y). We then simulated the AFM scan pro- 
cess in the following way: for each surface element (x,~) 
we calculated the smallest distance zAFM=zJ+-z~TM. The 
resulting AFM simulation strongly resembles Fig. 1 (b). 
One can easily recognize this by comparing a trace of the 
simulation [shown in the center of Fig. l(d)] with one 
extracted from Fig. 1 (b) [shown in the top part of Fig. 
1 (d)]. Both these traces look similar and clearly reflect the 
inverted profile of the tip. We conclude that the many 
sharp points and corners on the diamond sample effectively 
image the tip. This supports the interpretation that AFM 
images acquired with this tip are dominated by tip arti- 
facts. Practically no statements on the sample morphology 
can be derived from these images. This simulation also 
demonstrates the well-known fact that the tip can be con- 
siderably larger than the smallest and sharpest depressions 
observed on an image. 

It is somewhat surprising that images can be com- 
pletely dominated by these imperfect tip shapes even on 
samples which are not very rough compared to the dia- 
mond films presented above. Polyhexamethylene (nylon) 
on glass has the typical AFM morphology as shown in Fig. 
2(a): rather smooth, meandering structures less than 30 
nm high are observable. If the tip of Fig. 1 (c) is used, the 
resulting image again is dominated by the now familiar 
rectangles [Fig. 2(b)]. Very small bumps and height vari- 
ations on the otherwise smooth polyhexamethylene mean- 
ders effectively image the tip. In contrast to the diamond 
film, electron-based techniques such as STM or SEM are 
not readily applicable to determine the true sample mor- 
phology of polyhexamethylene due to its insulating nature 
and the small-scale nature of its morphology. One has to 
rely on AFM with a tip sharper than the relevant sample 
dimensions. 

The origin of the truncated pyramidal tip shape must 
be traced to the microfabrication of the force sensors, since 
similar tip shapes can be found on many other force sen- 
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FIG. 1. (a) SEM of diamond film, (b) AFM image of diamond film, (c) SEM of Si,N, tip used to acquire Figs. l(b), 2(b) and 3. (d) Convolution 
of tip and sample structure. Bottom: STM scan line of sample. Middle: Result of numerical simulation of AFM scan with tip geometry taken from (c). 
The tip shown in the inset looks distorted when compared to (c) due to the different horizontal and vertical scales. Top: Experimental AFM scanline 
[from <b)] showing tip convolution effect. 

sors even prior to their use in the AFM. One of the first 
steps in producing Si3N4 force sensors is to etch a pyrami- 
dal pit in the surface of a ( 100) Si wafer.3 This is done by 
suitably masking a (100) Si wafer and etching a small 
square opening into the masking film. The exposed Si is 
then etched with an anisotropic etchant. The etch process 
self-terminates when the volume of Si removed is bound by 
( 111) planes, which in an ideal case thus leads to a point- 
like termination of the pit. A Si,N, film is then deposited 
and conforms the shape of the pyramidal pit. As already 
pointed out by Albrecht et al., the tip may not terminate 
exactly in a point if the opening in the masking film is not 
exactly square.3 This can be a result of mask misalignment, 
which can even vary locally, e.g., due to the intrinsic 
roughness of the wafer or a stray dust particle. Further- 
more, the etching process might be interrupted before self- 
termination due to local variations of parameters control- 
ling the etching speed. As a result of all these nonideal 
processes, it is not surprising that many tips terminate in 
wedgelike and rectangular shapes. Indeed, we have found 
rectangles with a side length between 20 and 600 nm in 
three out of ten tips tested which were randomly selected 
from different parts of a wafer. On a given wafer perfect 
tips can be next to ones with truncated pyramidal tips since 
the mechanisms leading to imperfect tips can vary locally. 
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The tip imperfection presented above is on a large 
enough scale to allow easy visualization by SEM. We have 
often observed similar tip artifacts on smaller length scales 
down to 20 nm. This is no surprise considering the inevi- 
table imperfections of the microfabrication process which 
leads to truncated pyramidal tips. On small length scales, 
however, the occurrence of a tip artifact in a particular 
set of images can be less obvious. Furthermore, high- 
resolution tip inspection by SEM is very difficult, one of the 
reasons being the insulating nature of Si3N4, which gener- 
ally makes a conductive coating necessary. 

The mesoscopic tip geometry determines the length 
scales on which images represent sample characteristics 
that are free of tip convolution artifacts.” The intrinsic 
variations of mesoscopic tip dimensions have important 
consequences for AFM measurements which should be 
taken into account if the obtained results are to be tip 
independent and thus comparable. Characterization of 
AFM tips on a mesoscopic scale is often neglected even 
when quantitative measurements, such as roughness or 
friction and adhesion experiments, are performed. Further- 
more, even in atomic resolution images the mesoscopic tip 
shape plays an important role as it determines the attrac- 
tive part of the total tip-sample interaction.13 

Clearly, it is necessary to find suitable test and calibra- 
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FIG. 2. (a) AFM image of polyhexamethylene (nylon) spin coated onto 
glass. (b) AFM image of same sample with tip of Fig. I(c) showing 
strong tip artifact. 

tion samples to determine the mesoscopic tip shape. We 
would like to emphasize that the very same tip used for 
Figs. 1 (b ) and 2 (b) is capable of atomic-scale resolution as 
is demonstrated by imaging highly oriented pyrolytic 
graphite (Fig. 3): atomic resolution on a flat sample does 
not characterize the mesoscopic tip shape, and a small pro- 
trusion on the otherwise flat tip is sufficient for atomic- 
scale contrast. The diamond film used in this study is a 
suitable test sample due to the many tips, sharp edges, and 
dimensional variations, allowing a reasonable in situ tip 
characterization. It would be even more useful to have 
mesoscopically better defined (e.g., microfabricated) tip 
calibration samples on a nanometer-to-micrometer scale. 
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FIG. 3. Atomic-scale resolution by AFM on highly oriented pyrolytic 
graphite with the tip of Fig. 1 (c). This is a slightly Fourier-llltered image 
acquired at a constant repulsive force of about 10 nN. 

cated tips can have the shape of truncated pyramids with 
flat, rectangular ends between 20 and 600 nm in size. This 
is a consequence of inevitable imperfections of the micro- 
fabrication process. It is essential to know the mesoscopic 
tip geometry, especially when interpreting AFM images on 
rough surfaces in order to understand and control the in- 
fluence of tip convolution. 
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