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Scanning Tunneling Microscopy Observation of Self-AfBne Fractal Roughness
in Ion-Bombarded Film Surfaces
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We describe a straightforward method for obtaining a precise value for the fractal dimension (self-
affine scaling exponent) of a surface, via scanning tunneling microscopy. It is applied to investigate ion-
beam erosion of an iron film surface, providing strong support for the applicability of scaling theory to
submicron erosion processes. A self-a%ne surface with scaling exponent H=0.53+ 0.02 is observed to
develop.

PACS numbers: 68.55.Jk, 68.35.Bs, 79.20.Rf

In deposition processes used to fabricate thin solid
films, there is a very sensitive and complex dependence of
film microstructure on growth conditions [I]. This mi-
crostructure has a profound eA'ect on all physical proper-
ties (electrical, mechanical, optical, etc.) of the film, and
must be characterized at nanometer length scales in order
to gain an understanding of its physical origins. Films
deposited under nonequilibrium conditions (as is typically
the case) have recently been the subject of much atomic-
scale computer simulation and scaling theory [2], and are
generally expected to have self-aftine fractal surfaces
[3,4].

The submicron topology of a surface produced by ion
bombardment or erosion has received far less theoretical
attention than that of a vapor-deposited film [5]. It is
possible, however, that the scaling theories applicable to
nonequilibrium film growth may also be applicable to ion
bombardment, so long as no eroded material is redeposit-
ed onto the surface [6]. If so, the topography of a film
deposited onto an initially smooth substrate should be
quite similar to that of an initially smooth surface which
is subjected to ion bombardment: A self-affine fractal
surface is expected to develop, and its root-mean-square
(rms) roughness should increase with time [7]. At the
tens of microns level, ion-eroded surfaces are generally
not observed to be similar to those of vapor-deposited
films [8]. Nonetheless, the rms roughness (generally not
treated as a fractal or scale-dependent quantity) of such
surfaces does usually increase with bombardment time
[9,10]. At submicron levels, ion-bombarded surfaces
have in fact been reported to be similar to those of
vapor-deposited films [11,12], and initially tlat surfaces
have also been observed to roughen upon exposure to ion
bombardment [5,13].

Whether the study involves film growth, ion bombard-
ment, or a myriad of other topics, a knowledge of surface
topography and roughness at submicron length scales is
frequently essential to understanding the physical origins
of that which is under study. We focus here on the use of
scanning tunneling microscopy (STM) for the characteri-
zation of surface roughness, with an emphasis on self-
affine fractal roughness. We report measurements car-

ried out on an epitaxially grown iron film which has been
subjected to Ar+-ion bombardment, motivated by recent
observations that the nonequilibrium growth behavior of
iron is well described by scaling theory [14]. Previous
STM studies of self-affine roughness have been carried
out on samples which were held in air [13,15], with the
role of surface contamination being uncertain. The mea-
surements which we report here have been carried out in

ultrahigh vacuum so as to remove this uncertainty. We
observe a self-affine fractal surface to develop on account
of the ion bombardment, and obtain a precise value for
the scaling exponent, H =0.53 ~ 0.02. Our results pro-
vide strong evidence that the applicability of scaling
theory to describe submicron erosion processes may ex-
tend far beyond that of a previous case study of single-
crystal graphite erosion by Ar+ ion bombardment [13].

A self-affine surface is distinguished from a "genuine, "
or self-similar, fractal by an asymmetry in the scaling be-
havior perpendicular to the surface, generally manifested
by an absence of surface overhangs [7]. It is therefore
generally treated as a single-valued function h(x, y), with
average height h and rms roughness (rms "width" )
o =([h(x,y) —h] )'t . The surface is termed self-affine
if a. increases with the horizontal length L sampled ac-
cording to o. tx: L, where the scaling exponent 0 & H & 1

is indicative of the texture of the surface [3,4]. It is com-
monplace in the literature to parametrize a self-affine sur-
face by either the scaling exponent H itself, or a fractal
dimension D =3 —H associated with that exponent
[4, 15].

A procedure for determining the value of H from a sin-
gle STM image has been described in detail by Mitchell
and Bonnell [15]. Surface profiles recorded in the fast
scan direction are Fourier analyzed and the coefficients
for the individual profiles are then averaged. If a log-log
plot of the integrated power spectrum (a log-log plot of
the sum from k to ~ of the squared Fourier amplitudes
versus k, where k is the wave number) is a straight line,
then the sample is considered to be self-affine, and the
slope of the line will be —2H [15,16]. Commercial in-
struments can determine H to within about + 0. 1 by this
method, primarily limited by number of points per scan
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which can be recorded [15] (200-400 is the typical max-
imum).

Much better precision can be obtained, however, if
multiple images of varying scan size L are recorded in-
stead of a single image. Combining more than one image
is potentially quite problematic since the overall tilt of
each image from scan to scan is due to both the macro-
scopic tilt of the sample and the local slope of the intrin-
sic surface roughness. We show here how the Fourier
analysis approach outlined above can be accomplished in
a straightforward manner on multiple images. Since this
approach has not been previously utilized, we first illus-
trate the technique through measurements recorded on a
test gold film sample which exhibits self-affine scaling
over 3 orders of magnitude, and then present our results
for the iron film sample.

The test sample consisted of a gold electrode present on
the surface of a commercial rate-monitor crystal [17],
whose scaling exponent had been determined by an in-
dependent experimental technique (adsorption [18]) to be
0.98+ 0. 1 [19]. Despite the fact that this exponent fell
within experimental error of an integer value, STM im-
ages recorded on the sample exhibited the visual self-
similarity characteristic of a fractal surface (Fig. 1).

The sample was examined in both atmospheric and
ultrahigh-vacuum conditions, with two different commer-
cial STM's and with two different tip materials. The
measurements in air were carried out with a Digital In-
struments, Nanoscope II microscope operating in con-
stant-current mode (1 nA; 25 mV) with a Pt-Ir tip (Fig.
2, upper data set). A variety of scans, each of size L,
were recorded at random locations on the surface. The o.

values for the rms roughness given by the instrument for
the individual scans were then averaged. This procedure
was repeated for numerous different scan sizes, generat-
ing a set of average a values vs L. All values of o. were
computed after the instrument's plane fitting and sub-
traction procedure had been carried out; thus each o.

value was computed on an image which appeared to be
level. This plane fitting procedure is standard on com-
mercial instruments to account for the fact that virtually
all samples are macroscopically tilted with respect to the
horizontal scan directions of the microscope. It removes,
however, not only the slope due to macroscopic tilting,
but also those components of the intrinsic surface rough-
ness whose characteristic wavelengths significantly exceed
the scan size. The components of the intrinsic roughness
spanning the range in wavelength from 0 to = 2L, or in

wave number from = I/(2L) to ee, are the primary con-
stituents of o. values obtained in this manner. The func-
tion o (k) will therefore have scaling properties identical
to that of an integrated Fourier power spectrum, and a
log-log plot of a vs scan size L will have slope H.

The value H =0.96 ~ 0.02 determined for the test sam-
ple by this procedure is far more precise than that ob-
tained via adsorption or through analysis of a single STM
image. It is also quite robust: In the course of data
recording for the upper curve, the scan head was changed
once and the scan tip was changed three times, with no
associated disruptions or discontinuities in the plot. The
upper horizontal cutoff to scaling may be just evident by
the flattening of the plot which seems to be present for
scan sizes exceeding 5 && 10 A.

The lower set of data points in Fig. 2 were recorded
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FIG. 1. Top view of STM images recorded on the gold film
test sample. The scan sizes, clockwise, starting in the upper left
corner are (2000 A), (5000 A), (20000 A), and (500 A) .
The corresponding vertical scales (black to white) are 1000 A,
2000 A, 4000 A, and 200 A.

FIG. 2. Average root-mean-square roughness vs scan size for
the gold film test sample. Circles: recorded in air with a short-
range scan head; squares: recorded in air with a long-range
scan head; triangles: recorded in vacuum with a short-range
scan head. Each point in the upper (lower) data set represents
an average of 5 (10) scans recorded at random locations on the
surface. The solid lines depict least-squares fits to the data.
The slope of these lines provides a measure of the scaling ex-
ponent H =0.96 ~0.02. Inset: A vertical profile h(x) typical
of this sample.
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with a WA Technology (Cambridge, U.K.) microscope
on the sample after it was passed through a load-lock into
an ultrahigh-vacuum chamber held at 10 ' Torr. (We
note that no baking, sputtering, or cleaning of the sample
occurred between its examination in air and in UHV. )
The data were recorded with a tungsten scan tip in
constant-current mode (1 nA, 50 mV), and the value of
H compared favorably with that determined in air. The
a values recorded on the vacuum STM were, however,
2.5 times smaller than those recorded in air. The pres-
ence (or lack) of vacuum conditions, tip radius, tip ma-
terial, tip bias, and tunneling current level were eliminat-
ed as sources for this discrepancy. We attribute the
diA'erence to an inconsistency in the z calibration of the
two instruments. (Independent scans on single-crystal
graphite revealed no discrepancy in the x-y calibrations
of the two instruments. )

The ability to change scan heads allows STM charac-
terization of scaling, such as that shown in Fig. 2, to be
carried out in principle over 5 orders of magnitude. This
is a far greater range than that available through alter-
nate techniques such as adsorption and x-ray scattering
[20]. The instrument must, however, be carefully cali-
brated (for example, via atomic step edges), if an abso-
lute value for o. is required. Observation of the upper
horizontal cutoff' to scaling is limited only by the range of
the available scan heads. The lower cutoA to scaling is
sensitive to tip curvature eA'ects, evidenced by the fact
that we observed diA'erent lower cutoAs to the scaling be-
havior for data sets recorded with diAerent tips. STM is
incapable of detecting any porosity or surface overhangs
in the outer surface topology, and is also sensitive to
chemical inhomogeneities. These constraints are not,
however, considered to be problematic for the system un-
der consideration here: Ion bombardment is not known
to produce surface overhangs, and the sample which was
studied was carefully guarded in ultrahigh-vacuum condi-
tions.

The iron film sample, originally 2000 A thick, was
deposited by means of molecular beam epitaxy onto
MgO(100) held at 150'C, so as to produce Fe(100)
planes parallel to the MgO surface. It was then trans-
ferred through air to the UHV chamber containing the
WA Technology STM and sputtered so as to remove an
oxide layer which had formed due to the air exposure.
Heating the sample to =600 C annealed and Aattened
the surface, which was examined in situ with Auger spec-
troscopy to assure no contaminants were present, before
commencing the STM studies. STM measurements were
carried out in situ both before and after bombardment
with Ar+ ions. Measurements could be repeated indefi-
nitely since reannealing the sample returned it to its orig-
inal morphology.

The lower set of data points in Fig. 3 was recorded (0.1

nA, 500 mV) immediately after the annealing process.
The surface is composed of atomically stepped terraces
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FIG. 3. Average root-mean-square roughness vs scan size for
the iron film sample after annealing (squares) and after ion
bombardment (circles). The solid line depicts a least-squares fit
to the linear portion of the data. Each point of this data set
represents an average of 5-15 scans recorded at random loca-
tions. Progressively more scans must be averaged as the scan
size diminishes, in order to hold the error for all of the points to
below 10%. That more scans must be averaged at the smaller
sizes reflects the fact that local slope variations are gaining im-
portance with respect to the macroscopic tilt of the sample.

FIG. 4. STM images of the iron film sample after annealing
(right) and after Ar+-ion bombardment (left). The bombard-
ment direction is from the lower left-hand to the upper right-
hand side of the latter image. Each image is 2000 A in edge
length. The vertical scale (black to white) is 23 A.

(Fig. 4), with a typical terrace area on the order of
(5-10)X10 A . There is no linear region in the log-log
plot of a vs L, so the annealed sample cannot be con-
sidered as self-aftine in nature.

Ion bombardment of the sample consisted of 5-keV
Ar+ ions striking the entire sample surface (area =0.25
cm ) at an angle of 25' with respect to the surface nor-
mal, with a fiux =5&&10' ions/cm s. Numerous mea-
surements were carried out, varying the fluence between
10' and 10' ions/cm . We observed no effect of IIuence
on the value of H. A typical scan image for the eroded
surface is depicted in Fig. 4, where the line of direction of
the ion impact is somewhat in evidence. The upper data
set in Fig. 3 is typical of the sample after being subjected
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to ion bombardment. For scan sizes below 2000 lit, the
data fall on a straight line with slope H=0.53+ 0.02. .

The straight line fit to the data set intersects with the
curve for the annealed surface at L =2000 A. Above
this point the power-law scaling is evidently obscured by
the preexisting surface roughness.

Our results suggest that the applicability of scaling
theory to describe erosion at submicron length scales may
extend far beyond the very diA'erent previous case study
of ion-beam erosion of a graphite surface [13]. In that
case, a single-crystal graphite surface was ion bombarded
in vacuum and then examined in air. The scaling param-
eter which we have measured, H=0.53+ 0.02, is higher
than that of the graphite sample, H=0.2-0.4, but is con-
sistent with H=0.5 ~0.1 reported for vapor-deposited
silver films [20] and is in reasonable agreement with the
value H =0.4, implicit in fits reported for the iron film
growth data [14]. We know of no scaling theory which
explicitly predicts a scaling exponent whose value is
H =0.5. This value does, however, fall between the ex-
ponents 0.66 and = 0.35, expected [21-23] for deposition
processes which, respectively, do or do not allow for sur-
face mobility of particles after striking the surface. We
conclude, therefore, that some rearrangement of the iron
film surface may be occurring at the atomic level as parti-
cles are removed from the surface.

In conclusion, we have described a straightforward
method for obtaining a precise value for the scaling ex-
ponent H of a self-a%ne fractal surface, via scanning tun-
neling microscopy, and have employed this method to
study ion-induced erosion of an iron film sample. Our re-
sults provide strong support for the applicability of scal-
ing theory to ion-induced surface erosion at submicron
levels. A value for the scaling exponent has been ob-
tained, both in situ and in well-documented experimental
conditions. Further experimental and theoretical studies
will be necessary in order to gain an understanding of the
precise physical origin of the value H =0.53 ~ 0.02 which
has been observed.
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