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Kinetic roughening of the interfaces of Langmuir-Blodgett films
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We report x-ray scattering and atomic force microscopy measurements on the interfacial roughening of
cadmium stearate Langmuir-BlodgétiB) films of different total thickness. It is shown that the growth front
becomes rougher as the film grows thicker. The initial sublayers in the films follow the fluctuations of the
substrate. However, intrinsic roughening induced by pinholes shows up very soon so that the interfaces
eventually exhibit logarithmic correlation. All experiments are explained quantitatively using the correlation
function derived from a recently proposed growth equation for imperfect LB films. This supports the idea that
the interfacial morphology in LB films is determined by the competition between the roughening arising from
pinholes and the smoothening due to the surface tension of the membranes.
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I. INTRODUCTION ing of a multilayered system is a unique transformation of
Langmuir-Blodgett(LB) films have been studied exten- the statistical height-difference correlation function defined

sively for decades due to their potential applications in mo-2S 9(N)=([h(0)~h;(r)]), where h denotes the deviation
lecular electronics, nonlinear optics, biosensors, and sb onfrom the mean position of the interfaces labeledi ky j.®
They are prepared layer by layer by transferring Langmuir Many efforts have contributed to determine the correla-
layers already formed on a liquid subphase onto a solidion function of multilayered systenis!! The correlation
surface? The transfer is usually quantified by a parameterfunction contains information about the degree of conformal-
called transfer ratio, which is defined as the ratio of the aredly of the interfaces. For example, the correlation function
swept by a moving barrier during the transfer of a singleg;j(r) for a film whose interfaces are totally conformal is
monolayer to the area of film deposition on the substtate. independent of the subscriptr j. More importantly, suc-
a nonideal transfer process desorption may occur, leaving theess in obtaining the correlation function would help to have
surface with many holes, and the transfer ratio is thus lesaccess not only to the spatial, but also to the temporal aspects
than unity. A subsequently deposited monolayer is forced t@f the growth process, as different interfaces can be attrib-
follow the fluctuations created by the holes, resulting inuted to different times during growth.
rough interfaces. One expects that the imperfections will be Although the application of x-ray diffraction to the LB
transferred from one layer to the next. However, questiongilms can be dated back to as early as 1930s, when Holly and
concerning the degree of conformality, the detailed morpholBernstein performed the first x-ray analysis of an LB film
ogy of the interfaces, and the possible evolution of theprepared by Blodget? only very recently has the diffuse
roughness from the substrate to the top layers are still to bscattering technique begun to attract attention of the re-
addressed.In this paper, we focus on these questions bysearchers working in this fieff*1314A remarkable progress
studying the interfaces of a series of LB films with increas-was recently made by Gibawat al,, who found evidence of
ing the total number of layers. self-affine rough interfaces in LB film'$.This result encour-
The techniques we used in this study include atomic forceages one to suspect that statistical models are applicable for
microscopy(AFM) and x-ray scattering. AFM emerged re- the interfaces even in systems consisting of rod-like
cently as a very powerful structural probe, giving informa- molecules: Recently, evidence of another kind of scaling,
tion in real space for practically all types of surfaen  namely, the logarithmic scaling of the LB interface, was
addition to atomic resolution images of surfaces, one camgiven by Bastet al? In many of the studies on LB films so
obtain, with AFM, quantitative morphological information far, it was assumed that the interfaces are completely confor-
even up to a micron length scale. For instance, it is possiblenal so that a single correlation function is enough to explain
to measure the local rms roughness of a surface by perfornthe diffuse scattering curvés?® However, this is unsuitable
ing scans of different lengths. From the scaling of this meafor most case$®'’ Nitz et al. therefore proposed a correla-
sured local roughness with scan size, it is possible to get théion function in which a vertical correlation length was in-
height-difference correlation functiodnAFM measurements troduced to characterize the partial conformality of the
are restricted to the top surface only, they provide informadinterfaces: Although it worked well for their data and has
tion complementary to that obtained from the x-ray scatterbecome popular in the x-ray community, it still lacks a strong
ing. The latter has proven to be one of the most powerful angbhysical basis in that it ignores the wavelength dependence
direct methods to characterize the interfacial structure obf the conformality. Intuitively, fluctuations of one layer with
multilayered films. The specular reflectivity detects the aververy high spatial frequency will not be replicated completely
aged structure in the direction perpendicular to theby the following layers. Liet al. found that the aforemen-
interfaces, while the transverse diffuse scattering is sensitivetioned correlation functions could not explain their experi-
to the lateral structure of the interface$he diffuse scatter- mental datd® They derived a correlation function from an

0163-1829/2004/623)/2354076)/$22.50 69 235407-1 ©2004 The American Physical Society



XIU-HONG LI, MING LI, AND ZHEN-HONG MAI PHYSICAL REVIEW B 69, 235407(2004

evolution equation that describes the growth dynamics othe surface tension and the diffusion process, respectively.
imperfect LB films and found that only two free parametersandA are constants related to the corresponding surface ten-
were needed to explain their diffuse scattering data. In thision and the diffusion, respectiveldy and N are, respec-
work, we will show that the same correlation function can betively, conservation and nonconservation diffusive noise.
used to explain all of our experimental data. The correlatiorBasuet al. defined a length scal&§~yA/v) and compared it
function is in closed analytical form and is computationally with the coherence length, of the x-rays in the experi-
efficient. A saturation phenomenon, which was taken intoments. They argued that,§& L, the interface exhibits loga-
account by a crude introduction of correlation length in therithmic correlation, while foré> L, the correlation function
literature, is a natural result of such a correlation function.is found to scale in a self-affine manner. Unfortunately, they
Moreover, it contains a part that accounts for the effect of thelid not specify the coefficients in the equation quantitatively.
substrate. In addition there was no interpretion as to why the coherence
length of the x rays should be a decisive parameter. Starting
from the interaction between the transferred membrane and
the rough growth front, Let al. derived an equation for the

to describe the evolution of the interfacial morphology and to'¢@ds as

Il. THEORETICAL BACKGROUND

predict the scaling property of the interfades.quite early oh(r) 22 v (r.1)
effort to derive the correlation spectrum of a growing front ——==V?h(r) - —Vh(r) + 77—', (4)
was made by Edwards and Wilkinsbhwho derived an gz d d '
equation for the deposition afiscreteparticles, given by in which the noisey(r,t) is explicitly included as in Eq(l).
ah(r,t) { andY are two healing lengths, characterizing the depen-
Pran o, V2h(r,t) + 7(r 1), (1)  dence of conformality on the wavelength of the

fluctuations'® and d is the distance between two adjacent
whereh(r,t)=H(r,t)—rpt with H(r,t) being the film thick- interfaces. The interfacial correlation in an LB film whose
ness at point and at timet, rp, is the deposition rate, angy ~ growth is described by Eq4) is characterized by a cross-
is a coefficient. The first term on the right-hand side of Eq.over from self-affine scaling on short length scales to loga-
(1) accounts for the relaxation of the surface towards equitithmic scaling on large length scale3he crossover length
librium, and the second is the noise. This equation results it defined as=Y?/¢. §is generally only a few nanometet,
logarithmic scaling of the interfacial correlation. Various quite smaller than the short distance cutoff in the films. The
growth equations have since then been proposed that haggort distance self-affine scaling is thus not observable in
greatly deepened our understanding of the growth dynamic&ost x-ray diffuse scattering experiments of the LB films.
of thin films?5 Y4/d in Eq. (4) can therefore be ignored. The noisér ,t)
By comparing the measured and the theoretically calcu=-=}8(t—t)fi(r=r)) in Eq. (4) represents a series of random
lated scaling exponent, one can classify the growth dynamicglesorbing patches of shapecentered at position, and oc-
of thin films?2%-21 X-ray scattering is one of the effective curring at timet;. N is the total number of events of desorp-
means to obtain the correlation function. In the Born ap-tion after a growth timél. The shapéd(r—r;) might be some
proximation, the differential cross section of x-ray scatteringgiven function or it may itself be distributed with some prob-
from a multilayered system on a solid surface is writtet?as ability functional® The only important feature df(r —r;) is
. N that it must have a sharp cutoff b(t—ri|4:a, wherea is the
Qo £ 072 | ol (020 42 size of the patches. Equatigd) with Y*/d=0 can be ana-
aa iJEZOf'fieq o fe e, ) lytically solved if one assumes=d exgd —(r —r;)?/2a?]. This
leads to a height-difference correlation function
where z denotes the position of interfade and f; is the
reflection of layei. The scattering of the whole substrate has =99(r) + @ () = La0(r) = Lqi)
been absorbed inty. Equation(2) applies to the LB films as 9ij(r) =gy (r) + mc vy g (1) 29 ) 29 1.
well. For example, Gibaudt al. found that a self-affine cor- 5)
relation can interpret the diffuse scattering data of their LB
films »> A recent breakthrough was made by Basal, who  wherec=(Na2d)/(rpTA) is the volume concentration of the
found via x-ray scattering that the interfaces of their LB defects, which is related to the mean transfer ratio(by
films scale in either a logarithmic or a self-affine manner,_¢) A s the area of the surface,
depending on the substrate on which the LB films are
deposited. They proposed that the growth of the LB films
can be described by

ah
i vW?h=AV*h+ Ny + N. (3

d? .
gI(JO)(r) = J ?ﬁ;ye_VZ(Zi+Zj)q§y|u(OlQXy)|2(l _quXyr)l

gt (r) = 2y + Ei( ¢ +1n r*

=2 B ) T N a2
The first and second terms on the right-hand side of the equa- ( | ! zlv)
tion describe the adsorption/desorption process controlled band
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() ; re r? 10*
gij (I’) = 2’)/E+ Ei + |n i

4a’+(z)+z) v, 4(&2 + 2z,

(@)

wherev,=/?/d, z=id denotes the position of interfaceyg

is the Euler Gamma constant, aBix) = [t 'dt. The first
term in Eq.(5) represents the effect of the substrate. If the
surface of the substrate is self-affine, one ha®,ayy)|?

= [dr o exp(—=(r/ &)*expliqy,) whereoy, &, andh are the
rms roughness, lateral correlation length, and the Hurst ex-
ponent, respectivek? The term g*)(r) explains the
asymptotic logarithmic scaling as the thickness tends to in-
finity. The last two terms account for the macroscopic satu-
ration due to the finite thickness of the films.

Although the correlation functiofEq. (5)] is rather com-
plicated, there are actually only two free fitting parameters,
namely,{ anda. The parametet in Eq. (5) is determined by
the transfer ratio, which can be measured during the film
depositiond was from the reflectivity, and, &, andh were
estimated by fitting the diffuse scattering of the substrate. It
is worth noting that Eq(4) is conceptually different from
Egs. (1) and (3), although they are very similar in math-
ematical formalism. Equatiol) is for deposition processes 10
of discreteparticles, such as in sputtering or molecular beam 0
epitaxy growth. Equatiof3) is a direct generalization of Eq. q,(A)

(1) and thus belongs to the same group of classical growth

models for deposition of discrete particles. On the contrary, a FIG. 1. () Reflectivity curves of the samplegh) The specular
depositing membrane is treated as a whole when derivingeﬂectivity and the longitudinal diffuse scattering of the 15 ML film
Eq. (4) (see Ref. 18 for more detajlsThe two healing 2 shown as curved) and(2), respectively_; those for the 27 ML
lengths,¢ andY, are determined by the intrinsic elastic prop- film are shown as curve$) and(4), respectively.

erties of the membranes and the strength of interaction be-

tween the transferred membranes. More importantly, it takekeeping the incidence angle equal to the exiting angle. The
into account directly the growth conditions such as the transtransverse scan was performed by rocking the sample, keep-
fer ratio (1—c), and the effect of the substrate. In the follow- ing the angle between the incidence and the reflection fixed.
ing, we will use this correlation function to explain all of our The longitudinal diffuse scattering data were collected by
data and will show that it is a proper correlation function for performing thed/26 scan while maintaining a fixed angular
imperfect LB films. offset between the incidence angle and the exiting angle. The
detector is wide open in the out-of-plane direction to inte-
grate effectively the scattering perpendicular to the scattering
plane(alongqy).

Stearic acid, cadmium chloride, and chloroform are all The surface topography of the samples was observed with
analytical-reagent grade and were used as supplied. A NanoScope llI@DI Co.) AFM. The images were obtained
Milli-Q water purification systengMillipore Corp.) was used in the tapping mode in air at room temperature.
to produce water with a resistivity of 1:810° Q m for all
the experiments.

The LB films of cadmium stearate were built up in an LB
trough (Nima Technology Ltgl The solution of stearic acid ~ Shown in Fig. 1a) are the specular reflectivity curves of
(in chloroform, 1 mg/mj was spread on an aqueous solutionthe samples. Bragg peaks are observable after 5 ML deposi-
of cadmium chloride(1 mM) at pH=6.0. The films were tion. The weakening of the even order Bragg peaks is due to
deposited on silicon substrate at a constant surface pressutee lower electron density between the touching hydrocarbon
(40 mN/m and at a temperature of 25°C. The depositionchains?® Figure 1b) shows the longitudinal diffuse scatter-
rate was 5 mm/min. LB films of 1, 3, 5, 7, 15, and 27 mono-ing data taken with a constant angular offset of 0.2° for the
layers(ML) were prepared. 15 and 27 ML films. It indicates that there exists correlated

The x-ray experiments were performed on a Bruker D8+oughness fluctuation in the films. Figure 2 shows, as ex-
Advance diffractometer equipped with a Goebel mirror toamples, the AFM topographic images of the 1 and 3 ML LB
obtain parallel x-ray beams and to suppress the Guagdia-  films. Holes formed during deposition are clearly visible.
tion. Cu K, radiation was used. The incident beam was con-The surfaces become rougher as the films grow thicker. This
fined by a 0.1 mm slit 300 mm before the sample and thesupports the idea that the kinetic roughening is due to forma-
scattered beam was confined by a 0.2 mm slit. The speculaion of holes during membrane transfer. Existence of holes in
reflectivity was measured by performing th&26 scan while LB films has been observed for many ye#r$® It has been
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FIG. 3. Diffuse scattering at the first pedleft pane) and the
third peak(right pane) for the samples are shown along with the
fitted curves. The diffuse scattering curve of the substrate is also
presented. The Yoneda pealsee Ref. were not included in the
simulations. The exact positions at which the transverse scans were
performed are indicated by small vertical bars in Fig. 1.

tional to g **”. This reveals that the correlation of the inter-
faces eventually takes on the logarithmic character after
deposition of 3 ML. The first transferred layer effectively
damps the substrate roughness, and intrinsic roughening in-
duced by pinholes shows up very soon so that the interfaces

FIG. 2. AFM images of scan sizedmx 1 um for the LB films ~ €ventually exhibit logarithmic correlation. The solid lines in
of 1 ML (a) and 3 ML (b). Examples of pinholes formed during Fig. 3 are the theoretical fit according to E&) using the
deposition are indicated by the arrowheads. parameters listed in Table |, in whichand ¢ are the only

two fitting parameters. The good agreement between the

related to the balance between the adsorption energy of tHeeasurement and the calculation is impressive. In order to
molecules on the surface and their energy at the air-watefhow how sensitively the x-ray diffuse scattering curves are
interface® The membranes have already formed on the surdependent on the parameters Hfand a, we show as an
face of water before they are transferred onto a surface. Su@xample in Fig. 4 the calculated correlation functigyy(r)
membranes could be quite rigid so that one can even depogind the corresponding diffuse scattering according to(&q.
a film on a wire mesR® Therefore, a hole covered by mem- for the 7 ML film with different values o anda. It dem-
branes on top of it will soon be filled and leveled up. Theonstrates that the diffuse scattering curve is sensitive to both
layered structure is thus maintained in spite of the existencé anda. We have tried to use some other correlation func-
of holes. However, the sinking of the molecules right abovetions we found in the literature to fit the data. The self-affine
the holes forces the membrane to fluctuate. This and theorrelation function was immediately ruled out because it
newly created holes will eventually roughen the interfacespredicts that the decay rate of the diffuse scattering curves is
The scaling of the interfaces is determined by the competiindependent of the order of the Bragg peaks at which the
tion between the holes that roughen the interface and th#ansverse scan was made. A single correlation function used
healing force due to surface tension that smoothens the irfPy Basuet al? can indeed reproduce the diffuse scattering
terface. This idea is reflected in E@) and we believe that

the correlation functiorfEq. (5)] derived from it is a good TABLE |. Parameters used to fit the diffuse scattering curves of
candidate to be used in E@) for explaining our diffuse the samples in whicla and { are the only two fitting parameters.
scattering data. The parametec is determined by the average transfer ratio which

Figure 3 shows the dataircles and fits (lines) of the ~ was measured during the film deposition.
transverse scans taken along (in log-log plof) for the
samples and the substrate. The diffuse scattering of the 1 MEilm thickness ¢ a c
LB film looks like that of the naked silicon surface. How- (ML) (9 nm) (0.5 nm (x0.095
ever, the diffuse scattering curves of the 27 ML film show a

totally different feature. The diffuse scattering of the samples1 111 18 0.25
with 3—15 ML consists of two regions. The curve in the 3 114 16 0.29
small g, range just beyond the specular peak resembles that 112 14 0.29
of the substrate. The size of this region decreases as the 112 15 0.30
number of layers increases. The data in the lajgeange 15 112 15 0.32
look like that of the 27 ML film, taking on a power-law 57 112 15 0.32

decay in which the diffusely scattered intensity is propor
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@ shows a linear dependence on(lggor smallr and saturates
141 141 at larger. The corresponding value at saturation increases
o 17 < 1 with the increasing of the number of layers. This indicates
& 10] g Oeorm 0] & Oetsm that after the first monolayer, the subsequent layers start to
o] o e N g B san fluctuate logarithmically. This is in accordance with the in-
o o @ c-i20mm 6] Yo formation in reciprocal space from the transverse scans. In
e - - ~ addltlpn, more holes_ are formed as the deposition proceeds,
r(A) rA) resulting in rougher interfaces.
© _ @ It is interesting_ to compare the obtaingd healing length
g -‘g o) (£=112+9 nm with the lateral correlation length(
g. £ . =80+8 nm of the self-affine silicon substrate. The former is
3 (1)¢=55 m B ] QeBm R longer than the latter for our films such that the roughness
£ bt 3" e §§ arising from the substrate reduces rapidly as the film grows.
g g;g;;g: 4 g Pt 8 At the same time, ripples on scales shorter tharare
10 “." o ~ 10 - o - smeared out by the mer_nbrane over them.£ Ifs much
") 0. (&) smaller tharg;, the fluctuations replicated from the substrate

persist. Sometimes the surface of the substrate scales in a

FIG. 4. Calculations according to E¢B) with different values logarithmic manner. If it happens that the scaling behavior of
of ¢ anda for the film of 7 ML. (@) Calculated correlation function the substrate resembles the intrinsic one of the LB interfaces,
g2 &) with different ¢ at a=15 nm. (b) g, &(r) with differentaat ~ ONe sees the asymptotic logarithmic scalgig/(r), even if
¢=112 nm.(c) and(d) are the corresponding diffuse scattering in- the film is thin. However, if the coefficient of the logarithmic
tensities(dashed lines The solid lines are the best fit to the experi- function for the substrate is different from the one for the
mental datasymbolg. intrinsic LB interfaces, one may observe a double-

logarithmic scaling behavior. That is, the LB interfaces scale
curve of the thickest film, but it failed to fit well the diffuse intrinsically on short length scales, but they may follow the
scattering data of the thinner films. fluctuation of the substrate on long length scales.

With AFM, quantitative morphological information about
the statistics of surfaces can be obtained. Following Ref. 6,
we calculated the height-difference correlation functions of
the surface fluctuations for the 1, 3, 5, and 7 ML LB films as The AFM and x-ray scattering results have shown that the
shown in Fig. 5. To give a convincing support to the corre-interfacial morphology of imperfect LB films is determined
lation function used in this study, we compared the heightby the competition between the roughening arising from pin-
difference correlation spectra of the surfaces of the samplegoles and the smoothening due to elasticity of the mem-
calculated according to E@5) with the ones derived from pranes. The interfacial correlation function scales intrinsi-
the AFM measurements. The agreement between them isilly in a logarithmic manner. However, the substrate plays a
quite good. One observes that the surface of the 1 Mlrole in determining the actual morphology of the interfaces.
sample does not belong to the group of thicker films, but isThe degree of vertical correlation in the LB films is a func-
similar to a featureless flat surface. This is because the siltion of healing length. A rigid membrane with large healing
con surface is smooth beyond its lateral correlation ledgth |length levels up the pinholes under it easily such that the
(here,¢ is about 800 A. A monolayer deposited on it is flat subsequent membranes feel little influence of the pinholes.
as well, except for some pinholes formed during depositionThe vertical correlation length is therefore very short. On the
For the 3, 5, and 7 ML films, one observes tlgain(r)  other hand, if the interaction between the adjacent mem-

branes is very strong, the subsequent membranes will be

V. CONCLUDING REMARKS

40 forced to follow the fluctuation of their predecessor, resulting
% in a high degree of vertical correlation. The interfacial mor-
30 & TML phology of an LB film with very short healing length is
= 2265 5ML strongly influenced by the substrate, especially when the sub-
Z 20 A 0 oML strate is rough and the lateral correlation length of the sub-
of strate surface is long. At this time, the interfacial fluctuations
104 of LB films will resemble to that of the substrate.
It should be pointed out that Edq4) is just a coarse-
0 8 © 1 ML grained description of the growth dynamics of LB films. In
10° 10° most cases, the membranes would break up into macro-
r(A) domains which, in turn, often consist of subdomains of sub-

micrometer length scale representing microcrystalline

FIG. 5. The height-difference correlation functigg x(r) for aggregated’?® The continuous growth equation assumes a
the surface of the samples obtained from the AFM measuremengmooth connection between the individual subdomains, ig-
(symbolg along with the ones calculated by using the parametergioring the details near the edges of the domains so that it
listed in Table I(solid lines. cannot account for the scattering from such boundaries. In
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many practical x-ray diffuse scattering experiments, the modominate the thermally induced fluctuations. For a nearly
mentum transfen, parallel to the interfaces spans a rangeperfect LB film, it might be better to use the correlation
from less than 1% nm™* (limited by the instrumental reso- function for lamellar liquid crystals. Nevertheless, we be-
lution) to about 1 nri* (limited by the detectable intensity lieve that the correlation function in E¢) can be applied to

and the coherence length of the x rayBhis corresponds in - explain most of the x-ray diffuse scattering data of LB films.
real space to a range of a few nanometers to several MiFhe quantities such as those given in Table | will certainly

crometers. The smooth connection hypothesis is justified ife|p us have a deeper understanding of the growth dynamics
this sense. It does not apply to the diffuse scattering data @ the LB films.

very largeq,.?® The same is true when one treats the diffuse
scattering near a Bragg point @fkl), where|h|+|k| # 0.

Equation(4) does not apply to the case when membranes ACKNOWLEDGMENTS
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