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Atomic force microscopy: a tool for surface science 
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Abstract. The understanding and miinipuliition of surfaces have been greatly helped by a 
variety of alomic force microscopes. 

1. Introduction 

The  landscape spreads before you as  rolling hills, punctuated by occasional pits and 
holes, and leads westerly to a precipitous cliff. This scene usually resides in holiday 
photographs but it is now appearing in the laboratory too in images from atomic force 
microscopes. T h e  imaged hills are really atomic steps and terraces, the pits are 
random atomic vacancies. and the cliff is a screw dislocation. What allows us to draw 
this analogy between the large and small scales of nature? In part ,  i t  is the modern 
techniques of graphics visualisation of data;  but increasingly, i t  is the stunning 
resolution of atomic and molecular features that this class of microscope can produce. 
The  excitement of studying the physics and chemistry of surfaces wsith the force 
microscopes is enhanced by t h e  knowledge that the instruments a re  still in their 
infancies. 

In contrast to the better-known scanning tunnelling microscope (STM), which 
detects a current of tunnelling electrons between a scanning tip and a sample, the 
atomic force microscope (AFM) does not require the surfaces under study to be  
electrically conductive. Instead, the AFM measures tip-surface interactions due  to 
forces such as  van der Waals', electrostatic, frictional, and magnetic forces. Like the 
STM, the measurements are made on a localised scale, often over areas Angstroms 
in dimension. For studies of larger-scale topographies, the same operating principles 
a re  applied with wider-range scanners [ I ] .  

Forces of 10-'3-10-hN are  measured wi th , the  AFM.  For comparison, typical 
forces in conventional protilometers a re  N over submicron areas. Experimen- 
tally, the probing AFM tip is attached t o  a cantilever spring (figure 1). As the sample 
is scanned under the tip. the tipicantilever assembly deflects in response to forces 
exerted by the sample. A displacement sensor then measures those deflections (from 
the back of the cantilever), which can be detected down to lo-'& The  first 

t This article originally appeared in the magazine Phpirs W'o'orlrl (April 1991, pp4h-49). 
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Figure 1 .  Schematic and operational atomic farce microscope (designed by L Howald of 
Basel) 

displacement sensor proposed by the instrument’s inventors, Gerd Binnig and 
Christoph Gerber of IBM Zurich Labs and Calvin Quate of Stanford University, 
USA, was based on electron tunnelling. Later sensors have been based on optical 
interferometry, optical beam deflection or capacitance. 

There are many types of atomic force microscope. For example, the magnetic 
force microscope (MFM) incorporates a tip with a magnetic moment so that it can 
respond to the field of a magnetised sample. In doing so, it has been able to image 
such features as magnetic bit patterns and Bloch lines [2]. An electrostatic force 
microscope (EFM) senses isolated charges on surfaces by monitoring the electrostatic 
interaction between the charged tip and sample. This has been used to map the charge 
on a polymer surface [3]. In these latter two cases, the detection scheme of the AFM is 
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modified to detect the longer-range magnetic and electrostatic forces. Instead of 
measuring single deflections of a cantilever, a vibrating cantilever is used and the 
change in the resonance frequency of the cantilever is measured as it interacts with 
the field of the sample. Hybrids of the atomic force microscope have been classified 
under various names, such as scanning probe microscopes (SPMs or SXMs) -here  
we refer to them simply as force microscopes. 

2. Versatility 

Currently, the most commonly used force microscope configuration incorporates 
optical detection methods, due to the ease of alignment with the cantilever, and 
operates under ambient conditions. More elaborate, customised systems incorporate 
ultra-high vacuum (UHV), controllable atmospheres, low-temperature capabilities, 
sophisticated software and electronics, andlor interfaces with other analytical 
instruments. 

The range of samples seen with the AFM to date is very wide, from blood cells 
to common salt. Since the instrument can be tailored to sense specific forces [J], it is 
difficult to rule out a class of materials as unsuitable for the technique -particularly 
umhen it is sensitive fo even the ubiquitous van der Waals' forces. Force microscopes 
have been used in a wide variety of environments as well. For example, since the 
instrument can operate reliably when the tip/sample interface is submersed in liquid, 
measurements have been made on operating electrodes, hydrated proteins and 
lubricated discs. 

However, we will confine our discussion to several cases in which the force 
microscope has provided information about surfaces umhich is not easily obtained from 
other surface science methods; these examples will demonstrate the value of the 
microscope in increasing our knowledge of surface properties derived from the atomic 
scale. 

3. Organic thin films and crystals 

Tailored organic films are being studied with increased frequency, primarily as models 
for more complex systems. In biology they represent idealised membranes for protein 
adsorption and selective permeation. In physics, the films provide a molecularly 
engineered system for 2-D interfacial phenomena, for example nonlinear optics. 

Foremost among the tailored films are Langmuir-Blodgett (LB) films, 3-D 
assemblies of 2-D layers of ordered molecules. These can now be made with high 
precision and reliability. Low-energy electron diffraction (LEED) [SI and X-ray [6] 
studies have provided structural information on the lattice structure of the films, 
confirming the molecules' orientation orthogonal to the substrate plane and the close- 
packed hexagonal geometries of alkyl tail groups. However, with films of tens of 
Angstroms 
thickness, difficulties arise in analysis, both from the small amount of material 
available to give viable signals and from beam damage to the fragile films. Therefore 
it  has been difficult to document the ordering process on those layers close to the 
interface with the solid support. However, the surface structure of a double bilayer 
of cadmium arachidate (a cadmium salt of a fatty acid) has been recorded with the 
AFM at a distance of =lo0 8, from the amorphous (i.e. unordered) silicon substrate 
(figure 2)  [7]. 
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Figure 2. AFM imitge (51)x ill A )  of lhc \orl.icc ol it  LanS"'uir~1llodgctt film comprised 
01 two hila?rrs o f  cadmium arachidate on an amorphous s i i i cm suhstrate. The corrugation 
height is (1.3 A [7]. 

This study revealed that this close to the substrate/adsorbate interface, the 
molecules are already assembled with a degree of order characteristic of thicker LB 
films (figure 2). This comes as some surprise since previous LEED [5] studies 
indicated that substrate order was a prerequisite for adsorbate order close to the 
interface. Apparently, at this distance from the surface of the amorphous substrate 
(100 A), the intermolecular driving forces for self-assembly are large enough to 
overcome the imposition of disorder from interaction with the amorphous substrate. 
A comparison of this study with other, unsuccessful, attempts to image LB films with 
an AFM illustrates the importance of close control over the forces applied to the soft 
films in the imaging process. 

In another example of surprising order on organic surfaces, Rene Overney and 
Lukas Howald of Basel University, Switzerland, have imaged free-standing organic 
crystals to compare the arrangement of molecules on the surface to that in the bulk 
[8]. In the case of tetracene (an aromatic compound of four linearly fused benzene 
rings), the lattice spacings and angles of the surface layer correspond almost exactly 
with those of the bulk. In this study, the AFM was not only able to record the 
intermolecular spacings, but also the orientation of molecules relative to each other. 
However, pyrene, a different four-ring aromatic, shows no correspondence between 
the surface and bulk structure. In  the bulk, pyrene molecules exist in dimer pairs, 
molecules of a pair separated by 3.5 A. AFM images of the surface of a pyrene crystal 
indicate no evidence of dimer pairs; rather, the surface is comprised of regularly 
spaced monomers at a molecule density similar to that of the bulk crystal. Such a 
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radical change in molecular spacing is perhaps not surprising when one considers the 
different dielectric environment experienced by the surface layer. Nonetheless, 
previous to these AFM studies the unique pyrene surface structure went undetected. 

4. Reactive and mobile surfaces 

In the last decade the atomic and electronic structure of many semiconductors has 
been determined and characterised by surface-sensitive techniques. However, 
techniques such as LEED or RHEED (reflection high-energy electron diffraction) 
are hindered by charging effects and beam damage. In silver halides, chemical 
reactivity, in the form of photolysis, further complicates surface analysis. Metal 
decoration, a technique based on scanning electron microscopy, has previously been 
used to study silver halide surfaces. However, this method is limited to a resolution 
of =lo0 8, whereas AFM can image the atomic and step structure of the AgBr(100) 
surfaces with a resolution of a few ingstroms [9]. In the magnification of figure 3a, 
monoatomic steps of 2.9 8, which separate terraces and small islands, are observed. 
The emergence point of a screw dislocation can be seen on the uppermost terrace. 

Comparing these AFM results with those from metal decoration confirms some 
results, such as the orientation of the steps, and verifies many assumptions, such as 
the height of steps (typically monoatomic) and the emergence point of screw 
dislocations. At higher magnifications (figure 36) ,  atomic resolution is achieved and 
the distance between atomic protrusions is measured as 4.1 A, which corresponds to 
the spacing between equally charged ions of 4.09A, known from the bulk. 
Comparison of the ionic radii of Ag+ (1.15 A) and Br- (1.96 A) suggests that the 
atomic-scale AFM images are dominated by the bromide ions. Theoretical 

(Figure 3h. c a n d  caption ~ w r l c a f )  
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(Figure 30 on previous page. 3d on following page) 

Figure 3. ((I) (5040 X 5040 A) AFM image of a AgBr single crystal containing monoatomic 
(2.9 A) steps and a screw dislocation (centre); ( b )  high-magnification AFM scan (1oOX 
100 A) of AgBr showing crystal lattice, with equally charged ions spaced 4.1 A apart. 
The corrugation height is 1 A.  The image is dominated by the larger bromide ions (see 
text); (c) hole (diameter =40nm) made in the AgBr (100) crystal surface by the AFM 
tip, surrounded by displaced material;(d) line traces track the filling-in process over the 
course of 12 minutes 
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calculations [IO] by Roger Baetzhold and colleagues at the Kodak labs in Rochester, 
USA, predict a relaxation of the AgBr(100) surface in which the bromide ions are 
displaced outwards and the silver ions are displaced inwards. These predictions are 
in agreement with the corrugation height of I 8, measured by AFM. 

The AFM study of silver bromide provides an example of another feature of the 
AFM which sets it  apart from other surface science tools: localised surface 
manipulation. Besides imaging surface structure, the AFM can be used as an active 
device. For example, by increasing the tip's applied force, nanometre-sized 
indentations are created (figure 3c). The resulting marked surface is then imaged with 
a smaller, non-invasive force. In the case of the AgBr(100) surface. these 100- 
1000 A-wide holes fill in after a few minutes, a process attributed to the rapid surface 
diffusion of silver and bromide ions. In fact, this property of high Ag+ and Br- 
mobility is essential for the rapid formation of the latent image in the photographic 
process. 

The observation of diffusion demonstrates that the force microscope is capable of 
imaging not only static structure, but also certain dynamics of surfaces. Gary 
McClelland and colleagues at IBM Almaden Labs, USA, have dynamically recorded 
the lateral force acting on the probing tip while scanning a graphite surface [I 11. The 
observed patterns are correlated to the atomic lattice and therefore constitute an 
example of "atomic-scale friction". These investigations will undoubtedly lead to a 
greater presence of the AFM in tribology. 

5. Liquid or not? 

The liquid-like behaviour of organic adsorbates has been investigated widely. In one 
experiment Greg Blackman and colleagues at IBM Almaden compared the responses 
of an AFM probe approaching silicon surfaces coated with a physisorbed (by, for 
example, van der Waals' bonds) fluorocarbon layer (40 8, thick), a chemisorbed (i.e. 
covalent bonds) fluorocarbon layer (20 A), and self-assembled fatty acid mono- and 
multilayers (28-140A) [12]. The movement of the tip through the adsorbate layer 
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toward the solid support was consistent with liquid-like, rigid non-plastic. and plastic 
soft-solid behaviour respectively. Of the three, the chemisorbed polymer proved to 
be the most robust. This work is relevant to lubrication and tribology. 
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6. Metallic adhesion 

The physical interaction between the tip and sample is obviously vital in scanning 
probe microscopies. Urs Durig and colleagues at IBM Zurich Research Lab have 
approached this interaction experimentally with an STM under well defined UHV 
conditions [13]. I n  their study, both the tip and sample are fabricated from iridium; 
the iridium sample is configured as a flexible cantilever beam, and the iridium 
scanning tip acts as both a tunnelling electrode and a force probe which measures the 
sample’s resonance frequency. They distinguish two regimes of tip-sample 
interaction: at large distances van der Waals’ forces dominate, and at small distances 
(of the order of Angstroms). electron wave functions start to overlap leading to 
metallic adhesion. I n  the latter case, a scaling relation can be derived from the theory 
of metallic adhesion which describes in a systematic manner the tip geometry and its 
interaction with the sample. Analogous theoretical and empirical studies have been 
performed on other tip-sample material combinations, such as tungsten-silver and 
aluminium-aluminium. 

7. Observing single charge carriers 

Christian Schonenberger and Santos Alvarado at IBM Zurich Research Lab have 
recently made progress in electrostatic force microscopy (EFM) - here the force 
microscope is used to deposit and monitor charges on surfaces. I n  a recent study they 
deposited a charge on a Si,N, surface by applying a voltage of 8-10 V to the tip. 
Dissipation of this charge was then observed by monitoring the electrostatic force 
between tip and sample 1151. As shown in figure 4, plateaus and steps are resolved 
which correspond to the transfer of single charge carriers. The recombinations are 
attributed to thermionic emission of electrons from the tip or sample, depending on 
the sign of the deposited charge. The capability of counting single electrons or 
measuring currents of the order of lo-”’ A has many ramifications including the study 
of charge transport in insulators. 

8. Outlook 

We have illustrated the value of the scanning force microscopes for examining surface 
phenomena on a localised scale. We believe this represents merely a fraction of the 
direct information about surfaces that will become available. The AFM is also 
becoming increasingly popular with biologists; compared with conventional vacuum 
microscopies it  can work under conditions more closely resembling the natural state 
of a biological sample. The recent and ready availability of commercial instrumenta- 
tion also makes the AFM accessible to the general technical market at a relatively 
reasonable cost. These instruments will see widespread use in areas of technological 
interest. The bench-top environment of the AFM makes i t  amenable to use in 
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Figure 4. Transfer of single charge carriers over SO nm from tip t o  sample. as monitored 
by the electroststic iorce hetween sample and tip. for il positively charged ?OD nm-thick 
Si,N, film [IJ]. 

manufacturing and development sites. The surface analyses that the AFM can 
perform will play a major role in quality control by monitoring f e a t u r e s  on t h e  non- 
visible scale where fai lure  o f t en  begins. Since interfaces, and therefore surfaces, are 
increasing in i m p o r t a n c e  as the focus of investigations narrows t o  the atomic scale, 
the use of the AFM as a surface analysis tool can only expand. 

References 

[I] Rugar D and Hansma P I Y Y O  For a recent review of AFM. see Phys. Today (October) 23 
[2] Mamin H, Rugar D. Stern J. Fontand Rand  Kisiraj P IYXY Appl. Phys. Le'//. 55 318 
[3] Terris B, Stern J ,  Rugar D and Mamin H 198Y Appl. Phys. Len. 63 26hY 
[4] Wickramasinghe H 1989 Sci. Am. (October) 97 
[SI Vogel V and Wdll C 1986 J .  Chem. Phyx 84 52(1O 
[h] Garoff S ,  Oeckmann H. Dunsmuir J. Alvarez M and Block J 1986 1. Physique 47 701 
[7] Meyer E. Howald L, Overney R, Heinzelmann H. Frommer I. Giintherodt H. Wagner T. Schier H 

181 OOemey R, Howald L, Frommer 1, Meyer E and Giintherodt H 1991 J. Chmi. Pkys 94 X441 
191 Meyer E, Giintherodt H. Haefke H, Gerth G and Krohn M 1991 Europhys. Lett. 15 319 
[ I O ]  Baetzold R, Tan Y and Tasker P 1988 Sur/. Sri. 195 S79 
[I I ]  Mate C, McClelland G. Erlandsson R and Chiang S 1988 Phys. Rev. Leu. 59 1942 
[I21 Blackman G, Mate C and Philpott M 1990 Phys. Rev. Leu. 65 2270 
(131 Oiirig U. Ziiger 0 and Pohl D 1990 Phys. Rev. Lett. 65 349 
1141 Schdnenberger C and Alvarado S 1990 Phys. Rev. Lctt. 65 3162 
1151 Miles M 1490 Phys. World (October) 2 s  

and Roth S IVY1 Nolurt349 398 


