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Quantitative assessment of STM images of Fe grown epitaxially on Mg@02)
using fractal techniques
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We have assessed scanning tunneling microscope images of Fe grown ¢@\g various temperatures
using two different methods. Evaluation of the height-height variance function reported a correlation length
very close to the average island radius. The area-perimeter method reported the perimeters above which
non-square-law scaling of the islands begins to be somewhat lower than the average perimeters of the discrete
islands. A comparison of two common methods for evaluating length-dependent roughness is made.
[S0163-182698)00143-X

[. INTRODUCTION of structure sensitivity over several decades, in many cases
including the required length scales. For most systems stud-
Roughness studies of growing crystals are very attractivéed these measurements have to be done under ultrahigh
for several reasons. First, it is the sheer beauty of fractatacuum(UHV) conditions to prevent oxidation that can alter
systems that has fascinated researchers for detaddsec- the surface structure in an unpredictable way.
ond, kinetic roughening of the growth front during thin-film  As a test system we have chosen the epitaxial growth of
depositiod%is of eminent technological importance. F_e on MgO(001) at vari(_)us temperatures _for several reasons.
The films’ physical properties will very much depend on First, the sqbstrate prpwdes an almost unlf(_)rm tgmplate with
the smoothness or roughness of the final growth front thaP 0 «m wide, atomically flat terraces, which, with respect
will form the interface to the adjacent material or the surfacd® the structure of the Fe films grown on top, can be regarded
that interacts with the environment. For instance, the inter2S flat. Second, the epitaxial growth of bcc Fe provides a

faces in field-effect transistors or tunnel junctions have to besystem with a simple fourfold in-plane symmetry without

) . inhomogeneities like grain boundaries as found in polycrys-
extremely flat to guarantee homogeneous oxide thicknesses, . : )
tdlline samples. Third, the structure parameters estimated

wh_ereas the so-c_alled giant magnetores_lstance effegt N Magere are of importance for the understanding of the magnetic

netic multilayers is enhanced by a certain degree of 'nterfacﬁroperties of such Fe filmSor the transport properties of

roughness'~** Also, the performance of catalytic materials o/, superlattice¥-12

relies on a huge surface area. _ _ The analysis is done by examining STM micrographs.
Proper control of the surface properties requires an undefzjs; the (2+ e)-dimensional surface roughness is analyzed

standing of the underlying growth mechanisms. This can bgoy jts length scale dependence. For a self-affine surface the

achieved by the detailed structure analysis of surfaces preright-height variance function, wheteis the lateral dis-

pared under various growth conditions. However, the roughtance between andr’,

ness of a surface is a more complicated concept than the

widespread use of this simple term might suggest. The size g(L)=([z(r)—z(r")]1?), 1)

of the commonly used root-mean-squdres) roughness,

for example, in most cases depends on the lateral distan@ould saturate fok>¢ at

over which it is measured and therefore does not provide a 2

comprehensive description of the surface structure. 9(L)=20% @
Also necessary are quantitative estimgtes_of the s_urfacgnd vary withL for L<¢ as

roughness in both vertical and lateral direction. Typically

this includes the vertical rms roughneassthe lateral corre- g(L)~L2", 3

lation length& and the Hurst parametét, which describes

the fractal dimensiorD of a self-affine surface vi=3  With £ andH being as defined above, and, being the rms

—H. The fractal dimension is equally important@since it ~ roughness averaged over an infinitely large image.

describes the jaggedness of the surfdoshich, in combi- ~ The functiong(L) is related to the height-height correla-

nation with £, is a measure for the step density which istion function

often the important paramet&t1® These parameters have to ) o

be measured by techniques fulfilling certain requirements. C(L)=o%exd —(L/§"] 4

Their structure sensitivity must range from the smallest POSy;

sible length scaldéthe atomic scaleup to length scales ex-

qeedingg and need to be_ strictlly surface or interface sen_si- g(L)=202—2C(L) (5)

tive. For surfaces an ideal instrument is the scanning

tunneling microscopé=2°(STM) having a dynamical range yielding

a
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g(L)=20%{1—exq — (L/&)>M]}. (6)

The values ofo, and H can be estimated from the
asymptotic behavior for, respectively, large and small values
of L. The correlation length¢ is then found by a one-
parameter fit tay(L) using Eq.(6).

Equations(4) and (6) were introduced by Sinhat al,??
and make convenient interpolation formulas. Their use is re-
stricted to surfaces that have a Gaussian distribution of
heights, which we found to be the case. For surfaces with a
non-Gaussian distributiom] can be found from Eq.3). The

X intercept between the regime whey@.) scales withL and
the regime where it saturates then gives 1 AN PNV
Second, the (% ¢)-dimensional perimeter of the Fe \/ \fﬂ \} v
growth structures is analyzed using the area-perimeter 0.5 v
method® A collection of similar, nonfractal islands will dis-
play a ratig® 0 250m 50nm
p=(perimete}/(areg*?, (7) FIG. 1. STM image of 5 nm of Fe grown at 395 K, with a scan

length of 50 nm. A cross sectiotiaken along the solid lineis

both independent of the island’s size and the resoludida  ¢own with a height scale in nm.

which the dimensions are measured. This ratiavill be

g(i/lfarg]s the case of round islands and 4 in the case Of15° to the sample normal, the flux being directed along the

It has been found that for islands displaying fractal prop FE110] axis. The sample was maintained at the required

erties the value op measured depends of As 6, the temperature by electron heating of the sample holder. The

layers were all 5 nm in thickness, which provides a stable

yardstick length” decreases, the measured perimeter N 0d electrically conductive film.

creases without limit. The scaling exponent between the pe- 14 samples were then studiéd situ by use of an in-
rimeter P and & is found to be (+D'), whereD’ is the Qouse built STM

two-dimensional fractal dimension and varies between 1 an

2. The relation betwee and D’ is not as simple a®

=D’ +1,% since the fractal properties in the verti¢a) di- Ill. HEIGHT-HEIGHT VARIANCE FUNCTION

rection are important fog(L). The measurements to be de- . .

scribed in Sec. IV are quite distinct from roughness analysis. W€ have previously reported an empirical study of the
It is practically difficult to make repeated STM scans with Pehavior of layers of bce Fe deposited on MgO(081yhis

very different resolutions; nonetheless we are able to access! M Study showed that the Fe forms round islands approxi-

D’ by studying the relation between the area of an island Mately 10 nm in diameter at growth temperatures at and
andP. Here the scaling law is below room temperature. As the deposition temperature in-

creases, the islands become square, and increase in diameter
P(5)xA(5)P'"2 ) to 30 nm. At the highest temperature we used, 595 K, just
' below the point at which a discontinuous film results, we
Another piece of information will be provided by this rela- were able to resolve single atomic steps of approximatly
tion in that the point at whicld’ becomes greater than unity in height.
provides a scaling length for the onset of fractal-like behav- These topographic properties of the film surfaces are a
ior. result of the underlying growth kinetics and thermodynam-
In this paper, we report a detailed structure analysis ofcs. The typical island diameter is a result of the nucleation
epitaxial Fe layers grown on MgO(001) including the fractaldensity during the start of the growth whereas the develop-
analysis in (2 €) and (1+ €) dimensions. ment of growth pyramids is a sign of reduced diffusion
across step edges due to the so-called Schwoebel Krrier.
The square-island shape is caused by the preference of step
formation along the[100Q] directions, which can only be
Commercial MgO(001) substrates were first cleaned byachieved when diffusion along the step edges is fast enough,
washing with organic solvents to remove contaminants. Theghus requiring higher deposition temperatures.
were then heated to 1070 K in UHV for 1 min and then A 50-nm-wide STM image for a growth temperature of
analyzed by Auger electron spectroscopy.KAL C peak 395 K is shown in Fig. 1. This illustrates the typical form
was seen corresponding to 6% of 1 ML. Heating the MgO toand quality of our images. The height is recorded as a 16-bit
temperatures as high as 1400 K did not reduce this contamdligital number. A cross section of the surface, which cuts
nation. Atomic-force microscopy investigations showed theacross several islands is also shown. The vertadixis is
substrates to be of exceptional flatness; single atom high tenot to the same scale as the horizontal axis — the steep sides
races of width up to 200 nm were seen. of the “valleys” between islands make typical angles of 12°
Fe layers were grown using a Knudsen cell at a rate ofo the horizontal. Thumer et al.” found angles of 30° on
0.13 nm per min. The iron atoms were incident at angle ofpyramid faces found in a 300-nm-thick film due to the

Il. EXPERIMENT
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TABLE I. Fractal dimension D), correlation length'see Sec.

10 Ill'), average island size and rms roughness averaged over a single
= 200-nm image summarized. The standard deviation in island sizes
5 was approximately 15% in all cases.
= 1
i 01 Growth temp(K) D=*0.1 ¢ (nm) Meanisland o, (nm)

Eh ) radiugnm)
= L2
%010 295 21 4704 3.5 0.52
B 147 395 2.1 4704 4.5 0.42
= 495 2.1 7.90.3 8 0.58
10* 595 2.4 14.2-1.5 15 0.28
D=2.1
00 1 10 100 10 o
L (nm) plete scan of the surface. The small spread of the lines indi-

cates either that our data is of high quality or that all images
FIG. 2. The height-height variance functigfL) for the four  give very similar results. Sincg(L) changes in several re-
temperatures. The horizontal lines show the saturationrat Zrhe  spects when the deposition temperature is varied, we con-
difference inH between 495 and 595 K is clearly visible. Curves clude thatg(L) measures a useful property of the image.
shifted vertically for clarity. As outlined in Sec. |, when the tile-edge lengtlis much
greater than the size of typical features, increadingtill
Schwoebel barrier preventing the downward diffusion of at-further does not bring higher features into a tile, ay{dl)
oms at step edges; however we cannot expect this slope saturates at @2 . Table | gives values of,, averaged over
have reached its final value on a film 5 nm thick. severalcomplete200 nm images. This number provides little
We evaluated Eq(1) directly. The distancd. between information by itself, since many possible differing surfaces
pointsz andz’ was varied to provide the axis, the averag- can give the same parameter. Examination of the surfaces
ing occurring over typically 1D points in order to provide leads us to conclude that the lower, is associated with the
good statistics. The parametercould typically be varied large flat islands that appear at the highest temperature. We
over four orders of magnitude; we analyzed scans of widelare confident thag(L) does not increase further when
varying sizes to extend this range. We also removed images 500 nm.
from the data set that showed gross and obvious defects such For a temperature of 495 K, the slopegffL) begins to
as large areas where contaminants are present or resolutionfégl when L<0.2 nm. This could be due to the finite reso-
lost. This was the sole criterion for removing data. lution of the STM, or that an image of side much less t§an
No discussion of roughness measurements can be con5x5 nm) could not be plane-fitted correctly.
plete without a treatment of the effects of image artifacts. WhenL is much smaller tha, the scaling exponeri
There are two common phenomena to take into account: thgeq. (3)] can be determined. It is related to the fractal dimen-
finite radius of the tip and the slope present in the image. Ousion byD=3—H. Table | gives values ob found by least
data were plane-fitte@the least-squares fitted plane was re-squares fitting of data to the equation
moved in both thex (fast-scai andy directions before the
division into tiles, providing an image with no overall slope. g(L)=alL?" 9
The effect of plane-fitting is discussed by Kiely and
BonnellX® who showed that it has a dramatic effectgyt.),
reducingg for lengths greater thaé. “Flattening,” that is,
adjusting the mean of each scan line to be the same, aIs%
reducedg for all L, but we felt that for our small scan ©)
lengths this was unnecessary, and likely to remove some of £=(2021a)H (10)
the surface structure. In this study, the images used had a * '
scan size larger than the correlation length, as opposed gith o, being fixed at the value presented in Table I. Aver-
studies such as that of Kriet al.?® which used many small age island radii along the major axes are also given; these
images that were individually plane-fitted. were made by measuring the distance between the trenches
The effect of tip radius has been discussed by severain opposite sides of well-defined islands. The radii @nd
authors?®?’ It is clear that it affects the measured agree closely.
roughnes$® however assessing the tip radius without a ref-
erence sample is nontrivial. All images were taken with the IV. AREA-PERIMETER RELATION
same mechanically cut Pt-Ir tip; however, the tip’s properties
can change over timén situ UHV use makes measurement A classic method for the evaluation @', which has
and maintenance of a particular tip geometry difficult. It isbeen applied to such diverse systems as STM infigesl
difficult to define a radius for our tips; however they arerain cloud formatiof® is the area-perimeter method. Experi-
sharp enough to resolve atomic steps and have sufficient asientally, the perimeters and areas of the objects to be as-
pect ratio to follow deep features. sessed are plotted on a log-log graph and the scaling expo-
Figure 2 shows the relatiog(L) plotted using a log-log nent determined. Mandelbrot, in Ref. 23, gives the relation
scale. Each line in the figure is derived from a single com-between the perimetd? and the are# as

with 0.1<L<8 nm. It appears thaD is constant at low-
deposition temperatures, but increases somewhat at 595 K.
The values of were determined from the intercept of Eq.
and the saturation aj(L) at largeL using the formula
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FIG. 5. STM image of 5 nm Fe grown at 595 K, with a scan
length 200 nm. Contours as Fig. 4.

FIG. 3. Area-perimeter relation for synthetic data. The top line
(square islandshas been scaled by a factor of 10 over the bottom  The sizes of the islands were then measured using com-

line (round islands A difference in thep value[Eq. (11)] is visible mercial software. A thresholg, is chosen; points above this
between the two lines. The size of the symbols represents the nums .

ber of points clustered together. The solid points represent data fozi-vel are assigned as "land,” the remainder as "sea.” An
a threshold of 0.Fruntogether allowed the hollow 1, which only utomatic algorithm then measures the area and apparent pe-

allows islands of the given shape. rimeter, neglecting islands that touch the sides of the image
field. If z, is chosen as 1, then only the islands themselves
will be measured, since the “coastline” that connects chains
P(8)=p&t PIA(SP2 (1)  of islands will be ignored. Setting,=0.5 allows these
smaller islands to “run together,” forming complex shapes.
Figure 3 shows the area-perimeter relations for square and
This equation is dependent on the “yardstick lengthas  round islands. The lighter superposed lines follow the law
discussed by Mandelbrétin the case of digitized STM im- given in Eq.(7). Forz;=1 (open pointy no deviation from
ages,s is the pixel size, which varies with image size. this law is found — the surface is nonfractal. Whas0
We first demonstrate this relation by applying it to syn- (filled pointg, points falling away from this law above 100
thetic data. Images were generated which consisted of ig4nits perimeter were seen. These chains of islands Dive
lands with a randomly generated diameter and lateral posialues of 1.7 0.05(circles and 1.3-0.3 (squares The res-
tion. Each island was the same shape, with height 1. Thealing of the image to differing resolutions affeets but in
“coastline” of the island had height 0.5, forming an inter- this region the behavior is nonfractal, 86P is constant. In
mediate level between “land” and “sea,” which had a any case, changes ®do not affect the power-law relation
height of 0. The islands were allowébut not compellegito  betweenA andP. The expected change mbetween circu-
touch at the “coastline” level, but not to overlap at the lar and square islands is also found.
height =1 level. The images were then digitized to form
512X 512 pixel images, which were given an arbitrary length

Island Perimeter (u)

. e . . 10
scale of 500 units. A 28 magnification of the original im- g :90;;’;’;‘:
age was then made, digitized, and assigned a length of 200 10°4]0 35 counts
units. > 1-2 counts
10°
-
£10°
LI
£
10'
10°
10"

1 10 100 1000

Island Perimeter (nm)

FIG. 6. Area-perimeter relation for STM images. Top 595 K
FIG. 4. STM image of 5 nm Fe grown at 295 K, with a scan growth temperature, middle, 495 K, bottom, 295 K. The sizes of the
length 50 nm. The shapes resulting from the highest and lowestircles reflect the number of points clustered together. The variation
thresholds are superposed. Islands touching the sides of the image average island size can clearly be seen. The top two data sets
are neglected. have been scaled by factors of 10 to separate the curves.
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TABLE II. Data from the area-perimeter measureme(sise Sec. IY. The fractal dimension’) is
given, as is the point at which the line fitting fractal behavior meets theDihe 1.

Growth temp. D’ Perimeter intercepP,  Radius intercept Mean-island area  Area s.d.
(K) (nm) (nm) [(nm)?] [(nm)?]

295 1.58-0.03 13 2 13 27

495 1.770.06 39 6 42 43

595 1.82£0.02 76 12 80 115

Selected STM images used for the roughness study were
analyzed by this method. Images of various scan sizes weehenomenologically, botfy(L) ando(L) yield the samer.,
used, each image providing approximately 100 islandsand approximately the sani:

Three differentz; values were used, providing islands rang-

ing from pinnacles only a few pixels across to complex

shapes covering a large area. Typical results of the thresh- o

olding procedure are shown in Figs. 4 and 5. U(L)%aLZHJ o(H1Pdl for I>& (13

Figure 6 shows the area-perimeter relation for the STM 0
images. The lines represent Eq. 7 for circular islands. As
with the synthetic data, the smaller islands fall on the ex-
pected square law, fractal behavior being seen in the larg
islands. Deviations from Ed7) can also be seen at smaller
perimeters; this is an artifact due to the software measurin%I

islands that consist of few pixels. Table Il gives the fitted® © . . ' . . .
P 9 fitting must be used with discretion, since its use on images

values ofD’, which are seen to increase with increasing £ sid ller th i It " fthe i
deposition temperature. The perimeter at which the line rep9 side smaller tharg will result in corruption of the image

resenting Eq(11) meets the squarelaR, is presented, as is and g;ve |tr_100rr<|alct values f?(Ll)' tThe he'ght'ht?'%r][t var-
its equivalent radiusP./27. The high standard deviation ance function aflows us not only o measurg, but 1o as-

from the mean-island area is accounted for by the fact that€ss its validity since artifacts such as tip collisions and dirt

islands with an area 2 orders higher than the mean arBart'CIeS preveng(L) from saturating.

present. For this reason, these figures are not directly comh Wehco'\r/lﬁ\lbjdg that I_Eq('l.) l%wes lmore megnlngful lresult?
parable with those in Table I. than the sinceo(L) yields only approximate values o

H and&. However, MIV requires slightly less computational
effort. The correct values fdd allowed us to resolve a clear
V. DISCUSSION increase in the fractal dimension at the highest temperature,

The results of Sec. Il should be compared with previousWhICh could not be resolved using variogragflyThis

. ; L ! . change supported the report of ‘Fmeret al. that different
reports*!828in which multiple image variographfMIV ) is
used to assess length-dependent roughness. MIV is the meI'Im morphology results at temperaiures above 500 K due to

surement of roughness over various sized sections of imagefgtoms being able to diffuse downwards at step edges. The

. S : values foré are numerically close to the average island radii.
and yields curves similar in appearance to Fig. 2. The paran; : . .
eter “rms roughness’o(L) is in fact a measure of the de_n\Ne attribute the difference at 295 K to the fact that there is a

viation of the surface from the mean height. As smaller anleder variation in island heights at this temperature, increas-

smaller sections of the surface are examined, the mea'lqg £

heights for each section will begin to differ from the mean The thresholdmg procedure used_ prior to the area-
height of the overall image. Thus, the mean becomes clos erimeter analysis reduces the three-dimensional STM image

. . 0 a two-dimensional set of points. This results in a dimen-
to the average height of the section, am{L) becomes , o .
smaller. sionD’ between 1 and 2, which is not directly comparable

MIV is also generally used to average over square sec:E-0 D. _'ll'r?ere IS evu;l;r)u;g fo_r an mc_retasSDh W'tﬂ tert?]pera:;]
tions of images, so to compare with direct evaluation of Eq_ure. . Ie p;rarc?e oem IS consistently smafler than the
(1) we must consider the fact that MIV averages over all thghean-isiand radius.

lengths present in the square. We can derive the exact rela-

owever,¢ is shifted in the positivex direction with respect

0 g(L) (in the case of a log-log plpt

We were able to show that our images were correctly
ane-fitted, sincg(L) had truly saturated. However, plane-

tion betweeng(L) and the more commonly reportet(L) ACKNOWLEDGMENTS
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We can now write the relation using(l) as a weighting
function:
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The distribution of lengths within a unit continuous squarg,)
is given by

(21(m—4l+1%) for O<I<1

fl f“ml
Viz-1Jo

X[ /2 — cos Yall)—cos Y(1—b)/}]dbda
for 1<l<\2
0 for I>42

p(h= (14

\

This relation is only strictly true whehcan vary continuously;
however for a 256 square grid an error of only 10% is incurred.



