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Controlling surface statistical properties using bias voltage: Atomic force microscopy
and stochastic analysis
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The effect of bias voltages on the statistical properties of rough surfaces has been studied using atomic force
microscopy technique and its stochastic analysis. We have characterized the complexity of the height fluctua-
tion of a rough surface by the stochastic parameters such as roughness exponent, level crossing, and drift and
diffusion coefficients as a function of the applied bias voltage. It is shown that these statistical as well as
microstructural parameters can also explain the macroscopic property of a surface. Furthermore, the tip con-
volution effect on the stochastic parameters has been examined.
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[. INTRODUCTION Co(3 nm)/NiO(30 nm)/Si(100 structure[as a base struc-
ture in the magnetic multilayers, e.g., spin valves operated
As device dimensions continue to shrink into the deepysing giant magnetoresistan¢@MR) effecf19 fabricated
submicron size I’egime, there will be inCI’eaSing attention fOlby bias Sputtering method at different bias Vo|tages_ The be-
understanding the thin-film growth mechanism and the kinethavior of statistical characterizations obtained by nanostruc-
ics of growing rough surfaces in various deposition methodstyral analysis has been also compared with behavior of sheet
To perform a quantitative study on surfaces roughness, angesistance measurement of the films deposited at the different
lytical and numerical treatments of simple growth modelspias voltages, as a macroscopic analysis.
propose, quite generally, the height fluctuations have a self-
simil_ar cha_racter and their average correlations exhibit a dy- Il EXPERIMENT
namic scaling fornt=8 In these models, roughness of a sur-
face is a smooth function of the sample size and growth time The substrates used for this experiment wergype
(or thicknesg of films. In addition, other statistical quantities Si(100) wafers with resistivity of about 5—8 cm and the
such as the average frequency of positive slope level crosslimension of 5<11 mn?. After a standard RCA cleaning
ing, the probability density functiodPDPF), as well as drift procedure and a short time dip in a diluted HF solution, the
and diffusion coefficients provide further complete analysiswafers were loaded into a vacuum chamber. The chamber
on roughness of a surface. Very recently, it has been showwas evacuated to a base pressure of aboul@’ Torr. To
that, by using these statistical variables in the Langevirdeposit nickel oxide thin film, first high purity NiO powder
equation, regeneration of rough surfaces with the same stavas pressed and baked overnight at 1400 °C in an atmo-
tistical properties of a nanoscopic imaging is possible. spheric oven yielded a green solid disk suitable for thermal
In practice, one of the effective ways to modify roughnessevaporation. Before each NiO deposition, a preevaporation
of surfaces is applying a negative bias voltage during depowas done for about 5 minutes. Then a 30 nm thick NiO layer
sition of thin filmsg while their sample size and thickness arewas deposited on the Si substrate with applied power of
constant. In bias sputtering, electric fields near the substrabout 350 watts resulted in a deposition rate of 0.03 nm/s at
are modified to vary the flux and energy of incident chargeda pressure of X 1076 Torr. After that, without breaking the
species. This is achieved by applying either a negative DC ovacuum, a thin Co layer of 3 nm was deposited on the NiO
RF bias to the substrate. Due to charge exchange processagface by using DC sputtering technique. During the depo-
in the anode dark space, very few discharge ions strike thsition, a dynamic flow of ultrahigh purity Ar gas with pres-
substrate with full bias voltage. Rather a broad low energysure of 70 mTorr was used for sputtering discharge. The dis-
distribution of ions bombard the growing films. charge power to grow Co layers was considered around
Generally, bias sputtering modifies film properties such a€0 watts that resulted in a deposition rate of about
surface morphology, resistivity, stress, density, adhesion, an@d.01 nm/s. The thickness of the deposited films was mea-
so on through roughness improvement of the surface, elimisured by styles technique, and controlladsitu by a quartz
nation of interfacial voids and subsurface porosity, creatiorcrystal oscillator located near the substrate. The distance be-
of a finer and more isotropic grain morphology, and thetween the targe{50 mm in diameter and substrate was
elimination of columnar grain%. 70 mm. Before each deposition, a pre-sputtering was also
In this work, the effect of bias voltage on the statistical performed for about 10 minutes. The deposition of Co layers
properties of a surface, i.e., the roughness exponent, the levaias done at various negative bias voltages ranging from zero
crossing, the probability density function, as well as the driftto —80 V at the same sputtering conditions. The schematic
and diffusion coefficients has been studied. In this regard, wedetails about the way of exerting the bias voltage to the Si
have analyzed the surface of substrate can be found in Ref. 11.
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In order to analyze the deposited samples, we have usathmics, respectively. The dependence of the roughness

atomic force microscopy(AFM) on contact mode 10 theh or t shows thaw has a fixed value for a given time.
study the surface topography of the Co layer. The surface The common procedure to measure the roughness expo-
topography of the films was investigated using Parknent of a rough surface is use of a surface structure function

Scientific InStrumentS(mOdel Autopl’obe CP The images depending on the |ength scadx=r which is defined as
were collected in a constant force mode and digitized into

256X 256 pixels with scanning frequency of 0.6 Hz. The S(r) =(|h(x+r) = h(x)|?). (6)
cantilever of 0.05 Nm™* spring constant with a commercial

standard pyramidal i, tip with an aspect ratio of about It is equivalent to the statistics of height-height
0.9 was used. A variety of scans, each with sizewere correlation function C(r) for stationary surfaces, i.e.,
recorded at random locations on the Co film surface. Thé&(r)=2w?(1-C(r)). The second order structure functigr)
electrical property of the deposited films was examined byscales withr asré2 wherey=&,/2.1

four-point probe sheet resistan@®) measurement at room

temperature. B. The Markov nature of height fluctuations

We have examined whether the data of height fluctuations
lll. STATISTICAL QUANTITIES follow a Markov chain and, if so, determine the Markov
length scald,. As is well known, a given process with a
) ] o ) degree of randomness or stochasticity may have a finite or an
It is known that to derive a quantitative information of a jnfinite Markov length scalé*7The Markov length scale is
surface morphology one may consider a sample ofisiaed  the minimum length interval over which the data can be

define the mean height of growing filmand its roughness  considered as a Markov process. To determine the Markov

A. Roughness exponents

by the following expressiods length scald,, we note that a complete characterization of
L2 the statistical properties of random fluctuations of a quantity
h(L,t,\) = _j h(x,t,\)dx (1) hinterms of a parameter requires evaluation of the joint
L2 PDF, i.e.,Py(hy,Xq; ... ;hy,Xy), for any arbitraryN. If the

process is a Markov proce&s process without memaoyyan
important simplification arises. For this type of proceB3g,

_ IRVXTZ can be generated by a product of the conditional probabilities
W(L,tN) = (h =)™, 2 P(hi1,%+1/hi,X), fori=1,... N-1. As a necessary condi-
wheret is proportional to deposition time ang--) denotes tion for being a Markov process, the Chapman-Kolmogorov
an averaging over different samples, respectively. Moreoveequation,
we have introduced as an external factor which can apply
to control the surface roughness of thin films. In this work,
N=V/Vy, is defined where/ and V, are the applied and
the optimum bias voltages, so that\at 1 the surface shows

its optimal properties. For simplicity, we assume that0, ~ should hold for any value af; in the intervalx, <x <x;.*°
without losing the generality of the subject. Starting from a  The simplest way to determirlg for stationary or homo-
flat interface(one of the possible initial conditionswe con- ~ geneous data is the numerical calculation of the quantity,
jecture that a scaling of space by factorand of time by  S=[P(h2,Xz[hy, %)) - [dhsP(hy, Xo| hs, X5) P(hg, Xs| hy, Xq)|, for
factor b? (z is the dynamical scaling expongntescales the givenh; andhy, in terms of, for exampless—x; and consid-

and

P(hy,xolhy, %) = f d(h)P(hy,xo|h;, %) P(hi, xi|hy, 1) (7)

roughnessv by factorbX as follows: ering the possible errors in estimati8gThen,l,=x3—x; for
§ . that value ofxg—x; such thatS=0.
w(bL,b%t,\) = b*™w(L,t,\), 3 It is well known that the Chapman-Kolmogorov equation

yields an evolution equation for the change of the distribu-
tion function P(h,x) across the scalex. The Chapman-
w(L,t,\) = LXVE/LEN). (4)  Kolmogorov equation formulated in differential form yields
a master equation, which can take the form of a Fokker-
Planck equatiot?:

which implies that

If for large t and fixed L (t/L*—~) w saturate, then
f(x,\)—g(\), as x—. However, for fixed largeL and

t<L? one expects that correlations of the height fluctuations 9 P
are set up only within a distand&? and thus must be inde- d_P(h’X) =|- %D(l)(h,x) + WD(Z)(h,X) P(h,x). (8)
pendent ol. This implies that foix<<1, f(x) ~x#g’(\) with r
B=x/z. Thus dynamic scaling postulates that The drift and diffusion coefficient®®(h,r), D@(h,r) can
BENgO\) ~ 8N, t< L2, be estimated directly from the data and the momé#it$ of
w(L,t,\) = L () ~ L), 135 L2, (5  the conditional probability distributions:

The roughness exponegtand the dynamic exponentchar- D (h,x) = 1 lim. <~ M®
acterize the self-affine geometry of the surface and its dy- ' ko0 ’
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1 —80 V, as compared with the unbiased samples.

M<k)=;fdh’(h' —h)*P(h",x+r[h,x). 9 For the unbiased very thin Co layer, Figlal shows a

columnar structure of the Co grains grown over the evapo-
The coefficientsD®(h,x)’s are known as Kramers-Moyal rated NiO underlying surface. However, Figblshows that
coefficients. According to Pawula’s theoréfthe Kramers- by applying the negative bias voltage during the Co deposi-
Moyal expansion stops after the second term, provided thaton, the columnar growth is eliminated. Moreover, Fig&)1
the fourth order coefficienD®(h,x) vanishes® The fourth and 1d) show that by increasing the bias voltage up to
order coefficientd™ in our analysis was found to be about —60 V the grain size of the Co layer is increased, which
D®W=10"D®. In this approximation, we can ignore the co- means a more uniform and smoother surface is formed. But,
efficientsD™ for n=3. for the bias voltage of —80 V, due to initiation of resputter-
Now, analogous to Eq8), we can write a Fokker-Planck ing of the Co surface by the high energy ion bombardment,
equation for the PDF dii that is equivalent to the following Wwe have observed a nonuniform surface, even at the macros-
Langevin equatiorfusing the Ito interpretation™ cale of the samples. Therefore, based on the AFM micro-
graphs, the optimum surface morphology of the
Eh(x,)\) =DW(h,x\) + \f'mf(x), (10) Co/NiO/Si(100 syst_em was achi_e_ved at the bias voltage of
dx -60 V for our experimental conditior?s.

. . , Now, by using the introduced statistical parameters in the
wheref(x) is a random force, zero mean with Gaussian sta—I t tion. it i ible to obtain some quantitative infor-
tistics, 5-correlated inx, i.e., (f(x)f(x"))=48(x—x"). Further- ast section, It 1S possibie 1o ovta q

. . S mation about the effect of bias voltage on surface topography
more, with this last expression, it becomes clear that we args e Co/NiO/S{100) system. Figure 2 presents the struc-

able to separate the deterministic and the noisy componenis, functionS(r) of the surface grown at the different bias

of the surface height fluctuations in terms of the coeffic:ient§/0Itages using Eq6). The slope of each curve at the small

DY andD®@ .
: scales yields the roughness expongptof the correspond-
_ _ ing surface. Hence, it is seen that the surface grown at the
C. The level crossing analysis optimum bias voltagé-60 V) shows a minimum roughness
We have utilized the level crossing analysis in the contexwith x=0.60, as compared with the other biased samples
of surface growth processes, according to Refs. 18 and 19. mith x=0.75, 0.70, and 0.64 for V=-20, -40, and -80 V,
the level crossing analysis, we are interested in determininggspectively. For the unbiased sample, we have obtained two
the average frequendin spatial dimensionof observing of ~ roughness exponent values of 0.73 and 0.36, because of the
the definite value for height function=e« in the thin flms  nonisotropic structure of the surfagsee Fig. 1a)]. In any
grown at different bias voltages;,(\). Then, the average case, at large scales where the structure function is saturated,
number of visiting the height=«a with positive slope in a Fig. 2 shows_the maximum and the minimum roug_hness val-
sample with sizeL will be N}(\)=v*(M)L. It can be shown ues for the bias voltages of 0 and —60 V, respectively.
that thev’ can be written in terms of the joint PDF hfand Itis also possible to evaluate the grain size dependence to
its gradient. Therefore, the quantity, carries the whole in- the applied bias voltage, using the correlation length
formation of surface that lies iR(h,h’), whereh’=dh/dx,  achieved by the structure function represented in Fig. 2. For
from which we get the following result for the frequency the unbiased sample, we have two correlation lengths of 30

parameters’, in terms of the joint probability density func- @nd 120 nm due to the columnar structure of the grains.
tion However, by applying the bias voltage, we can attribute just

one correlation length to each curve showing elimination of
N R the columnar structure in the biased samples. For the bias
Va™ fo p(a,h")h’dh’. (1) voltage of —20 V, the correlation length of is found to be
56 nm. By increasing the value of the bias voltage to —40
The quantityNy,, which is defined as\},=[*=v'da, will  and -60 V, we have measured=76 and 95 nm, respec-
measure the total number of crossing the surface with postively. However, at -80 V, due to initiation of the destructive
tive slope. So, th&\,,, and square area of growing surface areeffects of the high energy ions on the surface, the correlation
in the same order. Concerning this, it can be utilized as anlength is reduced to 76 nm. Now, based on the above analy-
other quantity to study further the roughness of a surface. Isis, if we assume that )4=—60 V, then the roughness ex-
is expected that in the stationary state g depends on ponent and the correlation length can be expressed in terms
bias voltages. of the \ as follows, respectively,

V. RESULTS AND DISCUSSION x(\) =0.61+0.16 siA(27\/3.31 + 1.07, (12

To study the effect of the bias voltage on the surface sta- r*(\) = 53.50 + 40.23 sf(27\/3.00 + 2.62(nm), (13)
tistical characteristics, we have utilized AFM method for ob- ’

taining microstructural data from the Co layer deposited atvhere forn=0 with the columnar structure, we have consid-
the different bias voltages in the Co/NiO(800 system. ered the average values.

Figure 1 shows AFM micrographs of the Co layer deposited To obtain the stochastic behavior of the surface, we need
at various negative bias voltages of —20, —40, —60, ando measure the drift coefficie@®®(h) and diffusion coeffi-
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FIG. 1. (Color onling AFM surface imagesall 1x 1 um?) of Co(3 nm)/NiO(30 nm)/Si(100) thin films deposited at the bias voltages
of (a) 0, (b) =20, (c) —40, and(d) —60 V (from top to bottom correspondirgto d, respectively.

cient D@(h) using Eq.(9). Figure 3 showD®W(h) for the The minimum value of P(\) for the biased samples at
surfaces at the different bias voltages. It can be seen that the=1 shows that the deterministic component of the height
drift coefficient shows a linear behavior foras fluctuations for these samples is lower than the other biased
and unbiased ones. Figure 4 presdfd(h) for the different
DD(h,\) == fP(\)h, (14)  bias voltages. Ah=0, the maximum value of diffusion has

been obtained for anls, as compared with the other cases.

By increasing the bias voltage, the valuedd® is decreased,

as can be seen for=1/3 and 2/3. Theninimum value of

D@, which is nearly independent df, is achieved when
(150  A=1. This shows that the noisy component of the surface

where

fD(\) =[0.55 + 1.30 siA(2A/3.50 + 1.40] X 107,

155423-4



CONTROLLING SURFACE STATISTICAL PROPERTIES

S(r) (A)

6 L L L L L

50 700 150 200
r (nm)

FIG. 2. (Color onling Log-log plot of structure function of the
surface at different bias voltages.
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different bias voltages.

height fluctuation ah =1 is negligible as compared with the
unbiased and the other biased samples. The behavidfPbf
at \=4/3 becomes similar to its behavior at=2/3. It is
seen that the diffusion coefficie®®? is approximately a

FIG. 4. (Color onling Diffusion coefficient of the surface at

the height fluctuation has the minimum valuexat1 which
means a smoother surface at the optimum condition. More-
over, the obtained equations for the coefficiefiss. (14)

quadratic function ofh. Using the data analysis, we have and (16)] can be used to regenerate the rough surfaces the

found that
D@(h,n) = fP(\)h?, (16)
where
f@(\) =[3.20 + 3.53 siA(2m\/3.33 + 1.34] X 10°6.
(17)

Now, using the Langevin equatidiEq. (10)] and the mea-

same as AFM images shown in Fig/ 1.

To complete the study, roughness of a surface can also be
evaluated by the level crossing analysis, as another proce-
dure. Figure 5 shows the observed average frequehag a
function ofh for the different bias voltages. Asis increased
from 0 to 1, the value of, is decreased at any height. Once
again, the optimum situation is observed for the bias voltage
of =60 V, showing that the surface formediat 1 condition

sured drift and diffusion coefficients. we can conclude thatS @ Smoother surface with lower height fluctuations than the
' surface formed at the other conditions. It is seen that, at

0.06
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0.02

D'(n)

+

-0.02

-30 -20 -10 0, 10 20 30
hA)

FIG. 3. (Color online Drift coefficient of the surface at different
bias voltages.
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FIG. 6. (Color online Sheet resistance measurement of the Co X

thin layer as a function of the applied bias voltage. ) ] ]
FIG. 7. (Color onling Height profile of a rough generated sur-

. . ) . face before dilationrea) and after dilation(tip) caused by a tip
A=4/3, theheight fluctuation of the surface finds a maxi- i the aspect ratio of 0.73.

mum value, as compared with the other surfaces. The same
as the roughness exponent and the correlation length behav-

ior in terms of\, the Nt"Ot can be also expressed as V. THE TIP CONVOLUTION EFFECT

N . It is well known that images acquired with AFM are a
Nig(N) =[1.20 +0.17 siA(27A/3.52 + 1.40].  (18)  convolution of tip and sample interaction. In fact, using scan-
Since the system under investigation has a thin Co Iaye'?ing probe techniques for determining scaling parameters of
which is the only conductive layer, thus, it is obvious that & surface leads to an underestimate of the actual scaling di-

lower height fluctuation corresponds to smaller electrical remension, due to the dilation of tip and surface. Concerning

sistivity of the surface. Concerning this, we have measure{g's' Aue and Hossdf showed that the underestimation of

sheet resistance of the Co surface grown at the different bia ethsecf}“ngt]hixg((:)t:g?;{‘rgﬁfa?Tj(ijrigr?sitgr? sfht?]%esi?fi(fp:ﬁé ir?;'o
voltages, as shown in Fig. 6. For the bias voltage rangin P, '

from Oto-60V, the R, value is reduced from ateral/vertical ratio. In general, they proved that the aspect

432 to 1310/01. The minimum value oR, is measured at ratio of the tip is the limiting factor in the imaging process.
the optimum coﬁdition of —60 \\=1) which can be related Here we want to study the aspect ratio effect of the tip on

to modified and smooth surface roughness. Elimination the investigated stochastic parameters. To do this, using a
) . ; roug ) . . _“computer simulation program, we have generated a rough
interfacial voids, as well as porosities, and reduction of im-

purities in the Co layer. A similar behavior was also observeqsurface by using a Brownian motion type algorittfwith
at Vo, =-50 V/ for Ta/S{11]) systen?! By increasing the roughness and its exponent of 10.00 nm and 0.67, respec-

¢ . . ) tively. We have assumed these roughness parameters in order
applied bias voltage to values greater than its optimum valuQ Y g P

L have some similarity between the generated surface and
surface roughness is increased because of surface bombaB

ment by high energy ions. This can be seen by the observe ir analyzed surface by AFM. In the simulation program, the
increase in theR. value at the bias voltage of —80 VA enerated surface has been scanned using a sharp cone tip

. . aly with an assumed aspect ratio of 0.73 that is also nearly simi-
=4/3,)' It is easy to determine that the variationRf as a lar to the applied tip in our AFM analysis with the aspect
function of A can be expressed as ratio of 0.9. Moreover, this assumption does not limit the
generality of our discussion, because it is shown that the
Ry(\) =[135.48 + 307.74 sfit2m\/3.93+ 1.77]. (19)  fractal behavior of a rough surface presents an independent
tip aspect ratio behavidisaturated behavipifor the aspect
It behaves similar to the behavior of roughness characterigatios greater than about G?%.
tics of the surfaces. Therefore, we have shown that the Figure 7 shows a line profile of a generated surface that is
roughness behavior explained by the statistical characterizatilated by a tip with the known aspect ratio. It is clearly seen
tions of the surface, which have been obtained by using mithat the scanned imadéhe image affected by the tip convo-
crostructural analysis of AFM, can be related to the sheelution) does not completely show the generated surface to-
resistance measurement of rough surfaces, as a macrostryography(real surfacek Now it is possible to study the de-
tural analysis. pendance of the examined surface stochastic parameters on
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FIG. 8. (Color online@ The one-dimensional structure function ~ FIG. 9. (Color onling The calculated drift coefficient for the
analysis, plotting lopS(r)] vs logr) in which r is pixel position — generated surface before dilaticreal) and after dilation with a tip

along thex axis. This results in the roughness values of 10 andhaving aspect ratio of 0.7@ip).

7.36 nm for the generated surface before dilation and after dilation o ) - o
using a tip with the aspect ratios of 0.73, respectively. shown in Fig. 10. The reduction of the diffusion coefficient

of the scanned surface as compared to its values for the gen-
the geometrical characteristic of the tip, i.e., aspect ratio. erated surface, due to the tip convolution, can be easily seen.
In this regard, Fig. 8 shows variation of the one-In fact, to compensate the tip effect on the diffusion coeffi-
dimensional structure function of the generated rough sureient, we should modify its measured values by a factor of
face due to the tip convolution effect. It can be seen that byabout 4, for the assumed generated surface.
increasing the aspect ratio the tip convolution results in ob- Finally, we remind that the total number of crossing the
taining a surface image with a decreased roughness. Singgirface with positive slopéN,,) has been defined as a pa-
the aspect ratio of the applied AFM tip was around 0.9, sqameter describing the rough surfaces. Hence, we have also
the measured roughness exponents at the different bias voltudied the effect of the tip convolution on this parameter, as
ages might be corrected by a 1.07 factor. In other words, thehown in Fig. 11. It is seen thaf,, decreased due to the tip
relative changethe difference between the real and mea-convolution effect. For the assumed generated surface, we
sured values comparing the real pioé the roughness expo-
nent is about 7.2%. Moreover, Fig. 8 shows that the correla- -
tion length is increased by the tip convolution effect. It 0.002
should be noted that, in our simulation, we have assumec ! ——— redl
that the apex of the tip is completely shdtpe tip radius is tip 40°
assumed to be zeroHowever, it is well known that the
radius of the pyramidal tips is-20 nm. Therefore, the real
correlation lengths are even roughly 20 nm larger than the _
measured ones by the sharp tip. 2
The same tip convolution effect can be also presented for <
the drift and diffusion coefficients. Figure 9 presents the caI-NQ 0.001
culated drift coefficient for the generated surface and the
scanned surface. One can see that the tip convolution resuli \
in decreasing of the drift coefficient, corresponding to de- i
; X . 0.0005
creasing of the surface roughness. This means that after di ?V\k \ -’.f AJ
lation the correlation length will increase and hence the mea- A, n, ,»A
sured value forf®(\) will be smaller than its value for the - b - o
original surface. Therefore, the magnitude of slope of the i — —
drift coefficient must decrease after using the tip. For our hiw
generated surface, the measured value of the drift coefficient
should be modified by a factor of around 2. FIG. 10. (Color online The calculated diffusion coefficient for
The variation of the diffusion coefficient of the generatedthe generated surface before dilatizeal) and after dilation with a
rough surface due to the tip convolution effect has also beetip having aspect ratio of 0.7@ip).

0.0015
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14000 |- 1/‘\\ from the real ones, the general behavior of these parameters
n real as a function of the bias voltage is not affected by the tip
N ip 40 convolution. Therefore, our general conclusions about the
12000 |- o . . )
- variation of the studied stochastic parameters by applying the
: bias voltage are intact.
10000 |-
F VI. CONCLUSIONS
, 8000f
> - We have investigated the role of bias voltage, as an exter-
6000 |- nal parameter, to control the statistical properties of a rough
C surface. It is shown that at an optimum bias voltéaye 1),
- the stochastic parameters describing a rough surface such as
4000 . . U
- roughness exponent, level crossing, drift, and diffusion coef-
n ficient must be found in their minimum values as compared
2000 \\ to an unbiased sample and the other biased samples. In fact,
- A y RN dependence of the height fluctuation of a rough surface on
T T ST T B R T 'Mo different kinds of external control parameters, such as bias

voltage, temperature, pressure, and so on, can be expressed
by AFM data which are analyzed using the surface stochastic
FIG. 11. (Color onling Level crossing analysis of the generated parameters. In addition, this characterization enables us to
surface before dilatiofreal) and after dilation(tip). regenerate the rough surfaces grown at different controlled
conditions, with the same statistical properties in the consid-
have obtained that thi; of the surface before dilation is ered scales, which can be useful in computer simulation of
about 1.7 times larger than its value after the dilation. In thisphysical phenomena at surfaces and interfaces of, especially,
figure, we have also shown the variation of the averageery thin layers. It is also shown that these statistical and
height due to the tip effect. microstructural parameters can explain well the macroscopic
One has to note that our generated surface is a pure twroperties of a surface, such as sheet resistance. Moreover,
dimensional one that presents no line-to-line interaction. Sowe have shown that the tip-sample interaction does not
for this simple model, differently shaped tips with the samechange the physical behavior of the stochastic parameters
aspect ratio yield the same results. Therefore, for the threeaffected by the bias voltage.
dimensional case one can expect to obtain a larger distortion

of the surface due to stronger Iine—to—line interqction Ieading ACKNOWLEDGMENTS
to an even larger underestimation of the studied stochastic
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