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Abstract. We show that atomic force microscopy (AFM) object of interest. So, by rastering with a constant force over
phase images can reveal surface features of soil dust partthe object to be investigated, an image is formed line by line.
cles, which are not evident using other microscopic methodsThe forces employed on the surface are bounded by the hard-
The non-contact AFM method is able to resolve topograph-ness of the specimen investigated, i.e., by indenting, and the
ical structures in the nanometer range as well as to uncoveattractive term of the van der Waals’ forces between atoms.
repulsive atomic forces and attractive van der Waals’ forces, This use of van der Waals’ forces led to the name of atomic
and thus gives insight to surface properties. Though theforce microscopy (AFM), and this technique is one possibil-
method does not allow quantitative assignment in terms ofity in what today is designated as scanning probe microscopy
chemical compound description, it clearly shows deposits o SPM). The use of piezo-crystals leads to the high resolution
distinguishable material on the surface. We apply this tech-achievable, which may extend into the range of crystal lat-
nique to dust aerosol particles from the Sahara collected ovetices or even of atoms.

the Atlantic Ocean and describe micro-features on the sur- The tips used for scanning commonly are conical or pyra-
faces of such particles. midal in shape, which poses an inherent limitation to this
type of microscopy. While force interaction between probe
and specimen mainly acts via the ultimate atoms of the tip
and the surface layer of the sample, the geometric shape of
the tip prevents lateral sensing of vertical surfaces. The topo-

Empirical investigation of the micro-cosmos surrounding us9raphic structure determined is always a convolution of the
started with the advent of the optical microscope. Usingshape of the tip and the surface. These characteristics be-
light rays for rendering images, microscopes historically COme more pronounced the smaller the features to be inves-
were limited by diffraction, leading to resolutions close to tigated are compared to the size of the tip. Although proce-
a micrometer. Modern developments have improved the latdures to remove the influences of the tip shape from images
eral resolution, among others, by making use of interatomic2'e available (Villarubia, 1994), they are to be used with cau-
forces for rendering; this technique is named atomic forcet!on-
microscopy (AFM). An improvement over the contact mode, in terms of gen-
In AFM (Bonnell, 2001), a fine tip is used as a probe to tler interaction with the specimen to be investigated, is to
scan a surface, and the interaction between the probe ar@PPly @ vibration orthogonal to the sample and make use of
the surface makes it possible to map lateral information ifthe resonant frequency of the cantilever bearing the tip used
the location of the interaction is determined independently.for investigation. While hovering above the surface, the tip
In its most simple form, called the contact mode, such a tipcomes into the range of the basic Fermi repulsion and at-
would touch the surface while moving across. The tip, whichtractive van der Waals’ interaction, so that additional forces
is guided mechanically and/or by expansible piezo-crystalsact on the vibrating tip and cantilever, and thus shift either

has to follow the terrain, or topography, when led over thethe frequency or the phase of its vibration (Giessibl, 1995;
Sokolov et al., 1999; Gata and Rrez, 2002; Morita et al.,

2002). Hence the vibrating tip becomes “de-tuned”, a value
Correspondence td5. Helas which can be measured very precisely. This method, ad-
BY (9gth@mpch-mainz.mpg.de) dressed as non-contact AFM (NC-AFM), has the advantage
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that the tip ideally does not touch the sample to be investi-phase after transport from China to Japan. Also, Kojima et
gated. al. (2006) concluded that there were acquired sulfate coat-

Unfortunately, the increase in sensitivity provided by this ings on dust particles from their TEM investigations. Under
method is traded off by the fact that the frequency, or phasesuch analytical conditions, however, the particles disintegrate
shift, is relative and the van der Waals’ forces are extremelyso that the coatings as such do not necessarily become visi-
difficult to quantify directly, as many parameters of the ex- ble. A new approach to deposits on aerosol particles has been
perimental set-up have influence. Within one image, how-tested by Semeniuk et al. (2007). They employed an envi-
ever, when the tip and mounting, basic eigenfrequency etcronmental transmission electron microscope (ETEM) when
remain constant, the shift in frequency or phase is a directooking for water uptake by individual atmospheric parti-
indicator of the van der Waals’ force. These forces are trace€les having sulfate and chloride coatings. Unfortunately, the
able to material constants, and can be displayed in additionransmission electron microscopic procedures also result in
to the topography of the specimen under investigation. the destruction of the particles.

In a mixed mode, which is designated as intermittent- We applied a non-destructive technique, non-contact
contact, or tapping, the vibrating cantilever tip is brought AFM, to Sahara dust particles and could show that phase shift
closer to the sample and its vibration amplitude is greater, sanformation has the potential to reveal the presence of differ-
that at the bottom of its travel it just barely touches the sam-ent surface material properties. Used together with height
ple surface. Then, however, friction and other lateral forcesinformation from the AFM, this made it possible to identify
may become important. Combining this mixed mode with deposits on individual aerosol particles.
phase information has been widely applied to compliant ma-
terials, i.e., synthetics (Viswanathan et al., 1997; Magonov et
al., 1997), with water- and organics-coated ammonium sul-2 Experimental
fate (Dong and Yu, 2003), and in catalysis research (Dokou
et al., 2000; Carvalho et al., 2004). To access material prop¥Ve used a C/P-Research AFM from ThermoMicroscopes
erties, Dauphin et al. (2003) specifically used the phase shiffnow Veeco Instruments, USA) placed on a pneumatic ta-
signal to investigate aragonitic and calcitic layers in shells. ble to reduce interferences from building vibrations. Re-

Afurther scanning probe method, which is called “electro- flective Tapping Mode Etched Silicon Probes, Symmetric
static force microscopy” (EFM) or Kelvin probe microscopy TiP (RTESPA, Model MPP-11120) tips from Veeco were
(Martin et al., 1988; Nonnenmacher et al., 1991; TakahashHsed at frequencies typically close to 400kHz. The micro-
and Kawamukai, 2000; Na et al., 2007) is available for ad-SCope was calibrated vertically with standards from MTD
dressing the permittivity of the material under investigation. C0, Moscow, Russia (TGZ1=19 nm and TGZ2=104 nm) and
Here, the electrostatic force between the surface charge argterally with an AFM calibration grid from ThermoMicro-

a biased, non-contact cantilever is used for mapping. KelvinSCopes, Inc., USA (0.9 to 5/2m). Lateral drift was not ob-

Probe microscopy is mainly used in surface investigations ofserved during the experiments and vertical drift remained be-
semiconductors. low 5%. The AFM was used under ambient conditions. The

Aerosol and similar microscopic particles have been in-relative humidity was not controlled but remained close to
vestigated with the help of AFM, by, among others, De- 40% throughout the measurements.
manet (1995), Friedbacher et al. (1995)lknsperger et The sample of Sahara dust probed was collected on the
al. (1997, 1998, 1999), Bosbach and Enders (19983fd»  Atlantic ocean during cruise number M21 of the German re-
et al. (1998), Lehmpuhl et al. (1999), Ramirez-Aguilar et Search vessel “Meteor” when a strong dust outbreak from
al. (1999), Barkay et al. (2005), Wittmaack and Strigl (2005), the Sahara was encountered on 29 and 30 April 1992 on the
and Gwaze et al. (2007). In the beginning, contact mode wa®\. Atlantic close to 47.2N, 18.5 W (for details, see An-
employed, but from 1999 on intermittent contact mode AFM dreae et al., 2003).
has been used in most cases. Phase shiftimaging of hard ma-The aerosol particles were collected on a Nucle@ore
terials with AFM was used to highlight topographic features. polycarbonate filter. A cut-out of approximately X8 mm
To the best of our knowledge, AFM phase shift information was used. This small strip was glued to a conductive car-
as evidence for different material properties has not been embon tab which in turn was put on a nickel disc. This disc
ployed in aerosol research. was mounted on the three-dimensional piezo-scanner. All
Several previous investigations have reported coatings oisurfaces shown here pertain to particles larger tham3n
atmospheric desert dust particles. Levin et al. (1996) ob-height, which exceeds the vertical usable range of our AFM
tained indirect evidence from the fact that the amount ofscanner. Therefore no full AFM images of the scanned par-
sulfate found with particles was related to their surface aredicles were made in order to prevent tip crash. A SEM image
and not to their volume. Similar arguments have also beerof the same filter, though not the same cut-out, is provided in
used by Falkovich et al. (2001) and Barkay et al. (2005).Winterholler et al. (2006).
Trochkine et al. (2003) deduced, from increasing sulfur to Images were created with 25@56 to 1024 1024 pixels
silicon ratios in aerosol particles, contributions from the gasat scan speeds below one second per line. The full scanned
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Fig. 1. (a) Topographic image of the surface of part of a Sahara dust particle. Dark parts represent lower areas while bright is associated with
higher topographic levels. The white horizontal line marks the cut for the profile given in diagrafb)®hase shift image for the same

area as given in (a). Colors represent phase shifts and thus variations point to changes in material pfopAr8edimensional rendering

of the topographic image given in (a). Again dark parts represent lower areas while bright is associated with higher topograpfdl} levels.
Same 3-dimensional rendering as in (c), however, now the color coding of the phase image is égtiedile along the white line shown

in (@) and (b) presenting the variation in height and phase shift respectively.

area has not been analyzed in all cases. Parallel to heigliigs. 1, 2 and 3, and an example of an incomplete cover-

measurements, phase shift signals were acquired and in sonireg layer in Fig. 4. Topographical AFM images typically

cases electrostatic force information as well. In our imag-are color coded by showing elevated areas in bright, here

ing experiments, the phase signals showed higher sensitivitypright yellow, and lower areas in dark, here dark brown. No

therefore they were used primarily. smoothing has been applied to the images, and consequently
Images have been processed with the computer prograrto the profiles.

SPIP from Image Metrology A/S, Denmark.
In Fig. 1a, which covers 400400 nnt of the surface of

a dust particle, the lowest part can be found in the upper
3 Results right corner. A U-shaped groove, best visible on the left

side and the bottom of the image, appears to be partly filled.
We show four examples of surface features found on Sahar@he phase image, depicted in Fig. 1b recognizes the deposits
dust particles. The AFM images show distinguishable mate-as being of different material than the substrate. In this fig-
rial deposited mainly into depressions of larger particles inure, the different colors code the measured phase shift of the
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Fig. 2. As in Fig. 1.

oscillating cantilever-tip ensemble. Figure 1c gives a three A similar setting is seen in Fig. 3ato g. Again, Fig. 3a and
dimensional impression of the imaged section of the surfaceb shows the topographical and phase shift information over
and in Fig. 1d the surface is coded according to the observedn area of 256256 nnt of a dust particle. Here, a groove ex-
phase shift. This shows the fillings to be a feature indepentending from the lower part to the right and then bending off
dent of the substrate. Finally, Fig. 1e presents the height proupwards appears to be partly filled, and again the phase shift
file along the white bar at Y=120 nm given in Fig. 1la and b. image reveals these deposits to be of different material than
The phase shift of approximately 46ccurs exactly over the the substrate particle itself. Here additionally, the EFM im-
deposits, which are 2 to 3 nm higher than the direct surroundage is depicted in Fig. 3¢, which shows the permittivity of the
ing. The substrate itself is in some parts distinctly higher thanmaterial probed (in arbitrary units). As did the phase signal,
the fillings, as can be seen from the profile. the EFM signal proves the filling to be of a different material
The second example demonstrates that the elevation#han the substrate particle. The filling measured along the
are not necessarily positively correlated with phase shiftwhite bar of 128 nm length (Fig. 3b) appears to be of some
changes. The image in Fig. 2a covers 2266 nnt, with 3to 4nm in height. Obviously, this is sufficient to make the
a profile at Y=167 nm Showing two markers that bracket amaterial properties distinguishable. Again Fig. 3d shows the
ridge measured in the topography. While the terrain risesfopography as a 3-dimensional surface, while Fig. 3e and f
the phase signal drops in contrast to the ridge at the left andlepresent the surface “skinned” with the phase coding and the

also to the previous case. The representation and the coldelative permittivity signal, respectively. Phase shift and ter-
coding of the images is the same as in Fig. 1. rain height across the groove appear co-located in the profile
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Fig. 3. Information is similar to the other figures, except that the EFM signal has been @jdadd respective 3-dimensional rendering is
given in(f). Profile(g) additionally presents the EFM signal.

graph in Fig. 3g as does the permittivity. The EFM signal mately half the area here of 25250 nn? seems to be cov-
varies accordingly, but obviously is much less sensitive. Theered. Topographic features in the openings of the relatively
inverted signal is due to the lock-in settings. flat terrain are visible. Again the profile at Y=60 nm given in

Finally, Fig. 4, with similar display as in the previous ones, Fig. 4e proves that th_e edge of the openings coincides with
ghe change in phase signal.

indicates that larger areas can be coated. Indeed, approx

www.atmos-meas-tech.net/1/1/2008/ Atmos. Meas. Tech.,8,2D08



6 G. Helas and M. O. Andreae: Surface features on Sahara soil dust particles

ZRange: 31.30 nm

ZRange: 7.403V.
3
&

250

£ h
£
Y'Y
o 125
o

(b) -

250

height, nm
2aibap ‘Yys aseyd

5 1 1 1 1

0 50 100 150 200 250
profile at Y =60 nm

Fig. 4. As in Fig. 1.

4 Discussion proximately —20 to +120 degrees. The relative shifts re-
ported here, however, clearly exceed the noise range of the
The width of the deposits as observed in the topographic angneasured signals, (our worst case is shown in Fig. 3f). The
phase shift images in our experiments vary, but are as smajhase shift value given in one image pixel is obtained from
as a few tens of nanometers. A lateral resolution betweert |east 35 vibration cycles, but usually from more than 100.
0.25 and 1 nm per pixel has been employed in these imagegolor and color depth in the images aid in the visualization
making the observed lateral information significant. of the features. They should not be used alone for assess-

It is of course not possible to derive the thickness of thement, as the color scale always tries to match the full range
“add-on” material from the topographical image. Never- measured. As with the phase shift values, the EFM results
theless, extending the curvatures adjacent to the grooves ifire also relative. We have not yet been able to calibrate them
Figs. 1 and 2 would suggest a height of a few nanometersguantitatively.
which translates to some ten atomic or molecular layers.

The phase shift signal provided by our method yields in- The AFM tip and mounting remain constant within one
formation on different material properties. As several ex-image, and thus the eigenfrequencies of the tip-cantilever en-
perimental parameters influence the values of the phase shiffemble are fixed once it is assembled. The free parameters
(Brandsch et al., 1997;ikhle et al., 1997; James et al., 2001; in our AFM are the excitation of vibration of the cantilever
Garda and Perez, 2002), it is not meaningful to rely on the and distance between tip and sample, the latter of which is
absolute values, which in our experiments ranged from apthe most critical one. The closer the distance the stronger is
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the phase shift. This is theoretically supported by Sokolovinvestigation, understanding these processes may have reper-
and Henderson (2000). These authors also state that due tmssions on our perception of wettability, optical, and related
the high sensitivity of the tip-sample distance, instabilities properties of atmospheric particles.
and artifacts in the measurements are possible. We deduce Previous investigations have provided, sometimes indirect,
from our simultaneously obtained EFM signals that the phasevidence for coatings on atmospheric desert particles (Levin
shift information, and thus the change in material propertieset al., 1996; Falkovich et al., 2001; Trochkine et al., 2003;
is real, albeit we have no knowledge of the chemical compo-Barkay et al., 2005; Kojima et al., 2006; Semeniuk et al.,
sition. 2007). However, the methods used in these studies did not
Step heights of a few nm clearly are sufficient to be rec-allow the investigation of undisturbed layers at resolutions
ognized in the topography, which would correspond to somedown to individual or few lattice layers, a requirement when
ten atomic or molecular layers. To sense force irregularitiesconsidering the sizes of the aerosols in question.
leading to phase shifts, four layers would suffice accordingto AFM phase images are unique in that they have the po-
Sokolov and Henderson (2000), provided the tip-sample distential to make surface features on aerosol particles visible.
tance is correctly chosen. The ability to distinguish sharplyln our case, it is tempting to associate the observed “add-
between two different types of material is a hallmark of this on” features with sulfate coatings, as we know that indi-
method of AFM, and can not be matched by the X-ray in- vidual dust particles from this filter sample contain sulfur
vestigation applied in scanning electron microscopy, wherg(Winterholler et al., 2006). It is regrettable, however, that
the electron interaction volume necessary for discriminationwe don’t yet have direct AFM-based evidence enabling us to
is much larger (Goldstein et al., 1992). deduce the chemical composition. Further studies should ex-
Other methods that could be used to investigate such tinyploit EFM methods in more detail, and explore spectroscopic
features are electron microscopy, both scanning (SEM) asechniques that can be combined with AFM.
well as transmission (TEM), secondary ion mass spectrome-
try (SIMS, nanoSIMS), and laser Raman spectroscopy. SEM .
certainly is able to resolve features in the size range we arer’ Conclusions

.(:e?hn'g W'tt.h’ as |stT|:'EM. 'I;EMtaddltlon;II)I/ has TE; pOSSIbI|-' We show the presence of surface features on Sahara dust par-
ity to identify crystalline structures and elementa CompOSI'ticles, which we can identify as being deposits of different

Eon, but |rs]z|1destruct|\|/et_methﬁd, aslls NanoSIMSt, Wh'cth alhsomaterial by means of phase shift atomic force microscopy.
as much fower resolution. Laser kaman Spectrometry Nag o) support for this assessment is provided by elec-
been tested, but failed because the deposits were volatilize,

. fthe | figat blished its). We th ostatic force measurements. The chemical composition
I course ot the Investigartions (unpq IShea resul s). We MUt the deposits cannot be determined with the methods ap-
consider AFM a method that provides unique information

di | tarv 1o oth . ic techni | lied. Nevertheless, the images document very well the de-
and 1s complementary fo other microscopic technigues. tgosits and incomplete coating found on the aerosol particles,
also has the advantage of working in ambient conditions.

The oriai d ii fih ¢ q its that which in traditional terminology would be called internally
b ?Vogg'rr:etlﬂ ;or‘rr]1prc>5|d|onto rt? lsur acr?n etpbo S! dst ?m\i’\r']erqixed particles. Deposits often are found in grooves, but can
observed on the sanara dust particles cannot be dete Hiso cover larger areas. The visualization of the surface fea-

; o a

W'th our methods, and there are severa.I possibilities to tf”lkefures may help to assess their relevance for the properties of

into account. As the sample was stored in a sealed containe erosols.

we assume (but cannot prove) that the deposits on the parti-

cles were present before collection and are not due to storagicknowledgements=dited by: A. Wiedensohler

artifacts. The particles may have entered the atmosphere al-

ready having the deposits or coating, or may have acquired

them by coagulation with other particles during atmospheric

transport or cloud processing (Andreae et al., 1986). Finally,

reactions, most likely heterogeneous processes, can have oc-

curred on the particles. Such heterogeneous processes could

of course also have taken place during cloud processing, if """

the dust particles were incorporated into large droplets first

(Levin et al., 1996). Given the atmospheric residence timeReferences
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