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Correlations in the interface structure of Langmuir-Blodgett films observed by x-ray scattering
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X-ray scattering experiments within the region of total external reflection as well as grazing-incidence-
diffraction measurements from Langmuir-Blodgett films are shown. All measurements are explained quantita-
tively using the distorted-wave Born approximati@mall g, regions or a simple kinematic scattering theory
(large g, regiong for layered systems. Since rather imperfect systems are investigated, strong vertical corre-
lations between the roughnesses of the organic layer interfaces were found for two samples consisting of 9 and
11 layers, respectively, of cadmium-arachidate on silictd0) surfaces. This conformal roughness does not
stem from the substrate but from defects and holes of the first transferred layer. The model of self-affine rough
interfaces yields consistent parameters compared with grazing incidence diffraction experiments and no hints
towards a cadmium-arachidate island formation are obsef&€d.63-18206)07331-9

I. INTRODUCTION shed some more light on this point in connection with the
above-mentioned roughness correlations.

Organic multilayers currently play an important role in It is well known that x-ray scattering is a powerful and
thin-film technology research. Possible applications for thes@ondestructive probe for investigating thin films. X-ray re-
films are coatings of glass fibers for light transmission, highflectivity has become a common tool for determining density
speed optical control elements in microelectronics, improveProfiles of thin films and multilayerS~**The nonspecularly
ment of surface quality of mirrors, and detectors for organicScattered diffuse intensity, on the other hand, is mainly sen-
molecules as biosensoric deviced. In analogy to the sitive to the Ia.teral ;tructurg of rough mterfaces., in partlculgr
molecular-beam-epitaxy(MBE) layer-by-layer growth of 1O the respective he|ght—he.|ght correlanon functions. The dif-
semiconductor materials, the ~Langmuir-BlodgettB) fuse scattering cross section of a single surface was cglcu—
techniqué can be used to prepare organic multilayers oflated using. the distorted-wave Born approximation
well-defined thickness and composition. These layers ar€PWBA).” ™" Later these results were extended to layered
transferred to a solid substrate, e.g., a silicon wafer, from th€YStéms '”C|Ug'2r})9 the effect of vertical correlations between
liguid subphase by repeating a simple dipping proceduret.he lnt(_arface§.' Recently it was §hown that diffuse x-ray
This technique leads one to expect that imperfections will b&cattering data from evaporated Si/Ge and MBE Gfers
transferred completely from one layer to the next. In thiscan be quantitatively explained using the DWBA on the ba-
paper we focus on this special topic of correlated or conforSis of a particular data analysis. _ _
mal roughness in LB films, which is of decisive importance !N this paper we present x-ray scattering experiments on
for the preparation of high-quality organic multilayers. two LB samples. It is shown that the LB preparation tech-

Whereas the structure and phase transitions of LangmulMdue ylglds highly corrc_—zlated interface structures. After the
films on water surfaces have been the focus of many work&troduction, the scattering theory and a discussion of corre-
during the last decaddor a review see Als-Nielseat al?), lation functions are t_)rlefly presented. '_I'hen a description of
the detailed lateral structure of LB films on solid substrates i$h€ sample preparation and the experimental setup follows.
less understood. Only a few diffuse x-ray scattering studie§urthermore the measurements and the corresponding fits are
of this topic exis€ 8 Since the diffuse scattering theory for Shown and compared with the results of grazing incidence
layered systems was worked out in great detail during thdliffraction (GID) mvesUgan_ns. A d_lscussmn, conclusions, a
last two yeargsee belownow a more quantitative descrip- Summary, and an outlook finish this paper.
tion of the interface structure of LB films becomes possible.

Questions concerning the degree of conformality of the or- Il. SCATTERING THEORY

ganic layers, the detailed morphology of the interfaces, and
the possible evolution of the roughness from the substrate to
the top layerdsmoothing or amplifying tendenciewill be We assume a sample consisting dflayersj=1,... N.
addressed in our study. Recently Gibaetcal® have found  The refractive index; of layerj is n;=1— 6;+iB; with the
evidence of self-affine rough interfaces in a LB film. This dispersion §; and the absorptions;. Then the Fresnel-
important result leads one to suspect that even in systenmreflection and -transmission coefficients for egsmooth
consisting of “pencil-like” molecules a certain amount of interface are r;;,=(k,;—K,;+1)/(K,;+k,j+1) and
disorder exists so that statistical models are applicable for § ;1= 2k, ;/(k,;+k;j+1), respectively?* with k,; the z
new class of interfaces. The aim of the present work is tawomponent of the wave vector in mediymwhich is deter-

A. Specular reflectivity
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mined by the law of refractionk, ;=k;(n?—cog )2 _ SN (71/2) 207Ky, — Ky j+1)]

Throughout this paper theaxis is directed perpendicular to ¥}, +1= G T8, G Tk )] G(oj Kz j Kz j+1)-
the surfacex is the lateral direction in the scattering plane, ha) Rl

andy denotes the out-of-plane direction. The glancing angle

of incidence ise; andk; =k¢=2m/A =K, is the modulus of  The factorG(a; k,; k,,;+1) is always set to 1 in the case of
the incoming wave vectoi is the x-ray wavelengih hard x rays and roughnesses upste=100 A%’ It is impor-
Thhe. ratioX; of lthe amplitudesy; andT; Olf the ﬁytﬁ?ng tant to mention that the tanh profile is very similar to an
to the mcorr;]mg electromagnetic waves 'T ayewh'_ck '€S " error-function profile with a Gaussian probability density and
o o can be cale.iated with the wall known Parratt /00U MEaN-SqUATEMS) roughnesss; (Ref. 28 because for
T T YT the explanation of the diffuse scattering data a Gaussian
recurrence relatiof

probability density has to be assuniéd®

R: )
) o2k, iz
Xj'__Tj_e zj%

If a semi-infinite substrate is assum&y,, ;=0 follows and

rj'j+1+Xj+1e2ikZ:J‘+1zJ'
141y 11X Rie2h

D)

B. Diffuse scattering

the reflected intensityl is obtained with Eq.(1) via Lateral information about the interfaces of a layer system
| =1,|Ry|%. The amplitude of the incoming x-ray wave was can be obtained by analyzing the diffuse nonspecularly scat-
set toT,=1. tered intensity. Whereas in principle the calculation of the

The recurrence formul&l) not only works for simple reflected intensity is exag¢solution of the Helmholtz equa-
layer systems but also for arbitrary electron density profilesion with the Parratt formalism, see Sec. I),Ahe diffusely
{(2). For this purpose the profile has to be sliced into veryscattered intensity can only be calculated using various kinds
thin layers of uniform density. The accuracy and the amoung¢ approximations. In the case of hard x rays and glancing
of computation time of this method are then determined bYangIes of incidence and exit; and a;, respectively, the
the number of layers that are used to approximate the actughymyjation of the DWBA is used. The roughnesses lead to a

density profile. , _ nonzero probability for a transition from a state with wave
Small roughnesse&compared with the respective layer function [¥;) to a wave functionW,) with k; =k, which

thicknes$ of the interfaces can be included in the descnpnonmeans that the interface roughnesses cause all nonspecular

in another way. In this case the Fre_snel reflectlvmgg% scattering contributions. A calculation of the transition ma-
for smooth interfaces are replaced in Ef) by the coeffi- : : . .
trix elements finally leads to the following expression for the

cientsr; ; ., for rough interfaces. An analytical solution can . . ; :
hjtl
be found for the tanh-refractive index profile between lgyer cross sectionlo/d(2 of the diffuse scatterinfor details see
Refs. 19, 20, and 29

andj+1 leading to the expressibi?™2°

3
~ 1
(nf=nf, D(g—ng,)* X G,»"“Gﬂ*exp[—5[(q;",jaj>2+(q2,icrk)2] Sk Gz Az, ()

1 m,n=0

with the structure factor

1 o
Si'(Ax, Az Az, = P J , [explaz;az}Cpe(x)} — 1]cog g,x)dx. €)
Z,) 1z,
|
Due to the rather coarse resolution perpendicular to the scat- C. Correlation functions

tering plane, an integration over the out-of-plane wave vector |nierface roughness is characterized by two quantities:

transferq, was already performed to obtain E(B). The  The vertical widtho (rms roughnegsand the particular lat-
lateral rOUghneSS structure of the interfaces inxluirection eral structure. Since the X-ray beam averages over the coher-
is taken into account by the autocorrelation functionsently illuminated aredseveral micrometejsa statistical de-
C;(x)=C;j;(x) and the corresponding cross-correlation func-scription of the lateral structure via correlation functions is
tionsC;(x) between interfacesandk. The illuminated area  straightforward. For interfac§ at the vertical position
of the sample is denoted b, q"=(ay.a5))" is the mo-  7(R)=z+ ¢;(R) the height-heightauto correlation func-
mentum transfer within each layer, and dynamical effects argon C;(R) is defined by

taken into account by the factoGJm=Gme exp(—iqz;z).

The respective expressions f6r" andq|" can be found in Ci(R):=(;(N) i (r+R)),.

the papers of Holet al1%?°or Schlomkaet al?! Note that a . S

Gaussian probability density of all roughness distributionsHere R=r—r’, r=(x,y)", and r'=(x’,y’)" are vectors
was assumed to obtain Eq®) and(3). within the surface and), means the average over they)
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plane. The functiong;(R) is the height fluctuation of the CHg _cH,
interfacej, which has the average height and the lateral C%CHZ o
position R. The rms roughness then is;=C;(0); the C%CHZ CHﬁCHZ
mean valug(¢;(r)), of the fluctuating part vanishes. CH>CH2 e
It has turned out that for many isotropic solid surfaces, Lo CQ ‘
C;(R) can be represented by the correlation function of a "B‘“‘”HHHHHHH###HHHH## o otz
self-affine fractal surfact30-%3 poiever £ ! i cic e
et o e
. . 4 R, g -
with a lateral cutoff(correlation length ¢ and the Hurst LB-layer N Chg =CHp
parameteh, .**~**The quantity¢; describes the length scale oy N oo
on which the interface begins to look rough: R« ¢; the eyt i 14
surface is self-affine rough whereas fer¢; the surface
looks smooth. The Hurst parametey is restricted to the FIG. 1. Left: LB film on a Si/SiQ substrate. TheY structure

region O<h;j<1 and defines the fractal box dimension with the characteristic distance of 55 A between the Cd bilayers is
D;=3—h; of the interfaceé* Small values ofh; describe  shown. Right: sketch of the cadmium-arachideZelA) molecule.
jagged surfaces whila~1 leads to interfaces with smooth
hills and valleys-®213° usingdifferent, andh; for each interface. The length

In the present work the fractal correlation function definedis the vertical distance over which the correlations between
by Eq. (4) is taken for all interfaces. This function was in- layersj andk are damped by a factor ofel/No correlations
troduced to describe semiconductor or metal surfaces. Agre present in the casg ;=0. Nearly perfect correlation
already mentioned in the Introduction, Gibaatlal® were ~ means thatf, j is much larger than the respective layer
able to explain their data assuming self-affine rough interthicknessz;—z,|. In this work, a single parameté for all
faces in LB films. Our investigations strongly support this vertical correlation lengthg, ; was used. To decrease the
finding (see Sec. V B Nevertheless, other correlation func- number of free parameters and to model a simple roughness
tions might be more appropriate. &imeret al®’ propose a  evolution the values of the parameters, &, andh; of the
model where single molecules of one layer are arranged lat-B interfaces were linearly interpolated between the first and
erally in domains. This domain model has the advantage thdast layers(see Sec. V B
the microscopic structure is easily included in the theory.
Another ansatz for the microscopic structure of LB films of (i) Since the results for the first sample reveal only weak
polymers was given by Feigin and Samoilerikdheir slab  evidence for a roughness evolution inside the LB filsee
model is able to explain some features of the diffuse scattelSec. V B 1 the data of the second samplel-layer film
ing but a dynamic treatment of the scattering from LB filmsWwere explained with the cross-correlation funcifotf*!
on the base of these models has not yet been achieved. Cjk(R):Ujake*(wg)2h67‘2j74‘/§L, (6)

It is important to note that an x-ray scattering experiment, fixed valueg andh of the lateral roughness parameters
does not yieldC;(R) directly but the respective structure to o) interfaces of the LB film. Equatiof6) means a strong
factor [see Eq.(3)]. For smallg, values and small rough- (egtriction because the replication of the roughness is now

nessess; the e_xpone_ntial in the structure factor can be &X-independent of the spatial frequen@pnstants,) (Ref. 50
panded and yields directly the Fourier transform of the cor4nq no lateral roughness evolution is allowed.

relation function, termed the power spectral densit§%8
In the past four years, a large body of work has been
published  concerning  correlated or  conformal Ill. SAMPLE PREPARATION

roughness?~*°It turns out that a transfer of an imperfection Ty cadmium-arachidatécdA) LB films consisting of 9
to the n(_axt layer seems to be nearly u_navoidable and_ thalg 11 layers, respectively, were prepared qa®) wafers
preparation techniques such as MBE yield samples with gsee Fig. 1 First a Langmuir trougiffor the detailed experi-
very hlgh degree qf vertical roughness cqrrelatl%fhs. mental setup see Ref. bas filled with ultraclean water
Vertical correlations between different interfageandk 5,4 afterwards a monolayer of the CdA molecules was
are statistically described by cross-correlation functions, spread on the surface. Their polar Cd head groups are lying
on the water surface and the unpolar hydrocarbon chains are
Cik(R): =<¢j(r)¢k(r+ R)),. directed outwards. Right after the spreading of the CdA mol-
ecules onto the water surface no in-plane order is present.
r]ncrea:sing the lateral pressufk by decreasing the area of
the CdA molecules with a step motor driven barrier leads to
a decrease of the intermolecular distances. Depending on the
molecular interactions a great variety of phases may
(i) The diffusely scattered intensity of the first sample occur®®>* For I1>25.9 mN/m a crystalline ordered phase
(9-layer LB film) was calculated with the ansatz occurs. Only the crystalline phase can be transferred to a
solid substrate. During the compression of the CdA mono-
_ 9% . (Rie (RN o [z -2l layer, the surface tension was monitored with a Wilhelmy
CiR=—5"le [ e WA ey, (5) balance’®%® The crystalline phase was indicated by a rapid

It is quite clear that in general vertical correlations betwee
the interfaces at the positiozs andz, should be a function
of the spatial roughness frequerf¢y?® Therefore we have
used two models for the cross-correlation functions:
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TABLE |. Results of the fits for the nine-layer CdA LB film. The first column shows the layer and the
respective interface. Values in brackets were not varied during the fit. Note that the paramétensdh of
the interfaces 3—5 are connected with a linear interpolation to the parameters of the interfaces[8esnd 6
Fig. 4@), the CH-chain/air interface is denoted by numbér 1

Layer/interface d; (A) §x10° oj (R) & (A h;
Si/SiC, (0) (7.56 5+3 600+400 (0.5
Sio,/Cd 164 5.6+£0.5 3.0:1.0 700200 0.4:0.1
Cdf(int. 6) 1.7£0.5 11.6t2 3.6+1.0 390120 0.25:0.05
Cdlint. 2) 2.4+0.5 9.01 3.2+1.0 340-100 0.5:-0.2
CH chains 531 2.8:1.0

CH-chain/air 28 2.4+1.0 15t5 400+£200 0.3t0.1

£ =700 A+200 A

change in the observed surface tension as a function of thgy to check whether the LB film is able to smooth a vertical
film area. roughness or whether observed roughness correlations are
Before transferring the films on the Si substrates, a proenly stemming from replicated imperfections of the internal
cedure using ultraclean water and a subsequent drying in dayer structure of the adsorbed molecules.
oven at 100 °C was applied to clean and thin the native oxide The transfer of the LB films was done by a simple dipping
layer. Time-dependent specular reflectivity measurementiechnique moving a Si wafer up and down. While the layers
show that the oxide layer was totally removed right after theare transferred the lateral pressure is kept constant by mov-
cleaning and a stable Sjdilm with a thickness of about ing the barrier. This guarantees that the crystalline phase is
d~16 A builds up with a time constant a/~90 h>%" After  always present during the sample preparation. Because the
the time t>r the oxide layer thickness remains constant.bare Si/SiQ wafer is a hydrophilic substrate, the polar Cd
Whereas the Si/SiQinterface of both samples is rather heads of the CdA molecules are lying on the S&Drface
smooth, the roughnesses of the oxide layers are quite diffeafter the first transfer. Then the second layer is transferred
ent(o,q=3 and 12 A, see Tables | and.IA reason for this  with its hydrophobic part, i.e., the carbon chains, on top of
might be that the two substrates originate from different wathe first one. Now the polar Cd heads are directed outwards
fers. Specular reflectivity measurements have shown thatnd every further transfer will produce a layer stack with
these uncleaned wafers were covered by nonuniform layemlternating orientation of the CdA molecules in the above-
of rather large roughness. Obviously the cleaning procedurmentioned manne(see Fig. L
to remove these layers has corroded the surface of the secondWith this technique the two investigated CdA LB films
substrate much more. However, the fact that the roughnessesnsisting of 9 and 11 layers, respectively, are prepared. The
of both substrates are quite different has opened the possibjparticular structure of the layer system that is caused by the

TABLE II. Results of the fits for the 11-layer CdA LB film. The first column contains the layer and
respective interface. Values in brackets were not varied during the fit. Note that the parafraatdis are
assumed to be equal for all LB film interfaces. In the low-density regions only the roughnesses were varied;
the dispersion, thicknesses, Hurst parameters, and correlation lengths of the fagtor(s) were assumed
to be equa[see Fig.4b)].

Layer/interface d; (A) &x10° o; (A & (R) h;
Si/SIO, (o0) (8.79 1.5+0.3 (1000 (0.5
Sio,/Cd 16+4 6.2+0.3 12.0:0.3 (1000 (0.5
Cd/CH-chain 6.6:0.5 10.1-0.6 2.75:0.5 235+30 0.770.03
CH-chainfint. (a)] 24.8+0.2 4.4-0.7 4.0:0.5 235+30 0.77-0.03
Low-density regions

(@ 4.1+0.4

(b) 6.9+0.6

(©) 2.80+0.05 0.03:1.0 5.3:0.5 23530 0.770.03

(d) 4.1+0.3

(e 3.8+0.3
CH-chain/Cd 26.60.1 7.1x2.0 7.1+0.5
Cd/CH-chain(top) 1.5+0.2 16.5-2.0 3.2£0.2
CH-chair(top)/air 23.3+0.3 5.1+0.7 3.8:0.4

£, =9000 A+3000 A
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hydrophobic-hydrophilic head-chain structure of the CdA

|
©

|
o
»

monochromator selects the characteristic kKCw lines from
the spectrum. A second slit only picks out the K, line
with a wavelength oh=1.54056 A, which impinges onto FIG. 2. Scans in reciprocal spacg,(g,). The region below the
the sample. The accuracy of the step motors, which contral . /=" " . . :

. . solid line is not accessible with the setup of this work. The dashed
the incidence angle; and the scattering angte:=a; + a5,

. o . . line is a rocking scan with a scattering angbe=a;+ a;=1°. The
is 0.001°. The detector unit contains a(Gkl) analyzer and  j shed-dotted line represents a reflectiity=a; , q,=0) and the

a third slit in front of a Na(Tl) (Canberraa.'scintillation inclined dashed-dotted line is a longitudinal diffuse scan with an
gsgtr:r?]r.V\\//ea;gurnrgt;:f:gstoasin\::vgi’i 263 ilr?{aeissith);e?nsd i?urgﬂlfgtgfset 52,=0.03°. The path of a detector scan with incidence angle
.=0.5° is given by the dotted line.

background radiatiofifor details see Refs. 51 and 58 he ' . - o

resolution in the region of small incidence and exit anglessample at a fixed detector position. Thus the incidence angle

within the scattering plane i$, ~2q,x10 * and 5, ~7  « varies and the scattering angle=q; + «; is constant.

x10~* AL parallel and perpendicular to the surface. TheROCKing scans arnearly g, scans at a fixed, position. By

detector is wide open in the out-of-plane direction, whichP€rforming a detector scan, which means a scan with fixed

means that the resolutiod, is rather coarsgintegration angle of incidencey and varying scattering angi, theq,
y and g, components of the scattering vector are changed si-

overq,, see Eq(3)].

” . . multaneously. The path of this scan in reciprocal space is a
The GID experiments and the diffuse scattering measur y P ’ b

ments from the 11-layer sample were performed at the e parabola(see Fig. 2 A longitudinal diffuse scan is a near-
. Sl : S I . The incid is slightl t of th
perimental station ROEW!I at beamline W1 at HASYLAB pecuar scan @ incidence angieis slightly out of the

. L : specular condition, i.eq;—28a;=«;. In reciprocal space
(for a detailed description see Ref.)58iere a 32 pole wig- this scan lies on a straight line, which is inclined at an angle

gletr IS thi 1X1_rzcijy st())lurce. 'It'hle synchrr]otron tradlatéonﬁlmpmgdeséai against theg, direction. All four different scan modes
onto a S{111) double-crystal monochromator and afterwar Swere performed during the measurements of the two LB

g_r]lfa gold rr:;rrc_;r to suppress hlgthetr;]order haLmonlcs. For ﬂl}gamples. Due to geometrical restrictions, the marked area in
use scattering measurements the x-ray beam was co IFig. 2 is not accessible with the experimental setup of an

mate? Ey (th? s||t.s Otfhth? s_|§e t0>62 mmzdntw fror?.tt of ft?ﬁ in-plane diffuse scattering experiment. The GID experiments
sample to determine the incident angleand two slits of the also include an out-of-plane momentum transfgrand the

same size in front of the detector to defme the exit angle marked area now can be accessed by these scans.
respectively. The obtained resolution in the region of total

external reflection then iséqx~q2x10‘3 and 5q2~4

x10°% A~ Again a Na(Tl) (Canberra scintillation
counter was used for the diffuse scattering experiments. The
GID experiments were done with a position sensitive detec-
tor (Braun. To get a better resolution for the GID experi-
ments the widths of the slits in front of the sample were
decreased to 0251 mn?. This yields a resolution of
64~0.07° in the direction of a GID detector scan. For all
synchrotron measurements a wavelengtihofl.659 A was
used.

molecule is calledY type. Therefore both investigated 025 I

samples are/-type CdA LB films. i reflectivity | ! ]

i K=o ) 1

0.20 - i long.diff.scan B

IV. EXPERIMENTAL SETUP - 1 60=0.03° 1

AND SCATTERING GEOMETRY —~ o015k : i' b

A. Setup °I\<5 :'_'fﬂftector scan : k 1

The x-ray experiments were performed bdth using a S o010 Ll J

12-kW rotating anode generat@®Rigaku Ru 200 with cop- C e ]

per target and a three-crystal diffractomét&fand(ii) at the [ B ]

wiggler beamline W1 at HASYLAB, Hamburl:*® 0051 i ]

The x rays from the copper target of the rotating anode C ]

generator were collimated by a first slit. Then a(Ge) 0.00L 'o‘o' —— 1;)
gx (107°R7")

B. Scattering geometry

Figure 2 shows the paths of the various scans in reciprocal
space within the scattering plane. The momentum transfer
q=ki—ki=(0,0,0,)" is given by g,=ki(cosy—cosy) FIG. 3. Scattering geometry. The wave vectors of the incident
~K;/2(a;— a;) P andq,=k;(sina; +sina;)~k; P (see Fig. 3. and scattered x rays ake andk; , with the incidence and exit angle
Therefore a reflectivity ;= «;) corresponds to @, scan ¢ andas, respectively, and the scattering andieThe momentum
with g,=0. A rocking scan is performed by rotating the transfer is defined by=k;—k;=(0ay,,q,)".
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V. MEASUREMENTS, RESULTS, AND DISCUSSION

a)

A. Data analysis

~ A procedure that is widely used to analyze x-ray reflec- REEFREEFEEENCEENRN
tivity data is subtracting an off-specular longitudinal diffuse cd cd cd cd cd
scan from the measurement and refining the obtained true [

specular dat using the models described in Sec. Il A. The
resultant reflectivity is taken to yield the average density
profile o(z) of the sample(layer thicknesses, rms rough-
nesses We also analyze our data in this way as a first step to
check the layer structure of the LB films, particularly to con-
firm the characteristity-type structurgFig. 1). P

In a second step, the diffusely scattered intensity is in-
cluded in the analysis. The reflectivity, i.e., the whole inten-
sity for a;=a;, and the diffuse scatterin@everal rocking b)
curves, detector, and longitudinal diffuse sgangre mea-
sured and fit simultaneously. A detailed description of this AR RN R R
data analysis technique is given by Schlonstaal?! and ¢cd Cd Cd cd cd cd
Stettneret al?® To obtain estimates for the errors, the fit [ ]
parameters were changed manually until significant devia-
tions between measurement and calculation occur.

The calculation of the full expression for the diffuse scat-
tering cross section given by Eg®) and (3) is very time @
consuming. Therefore we used two major approximations:

() For smallg, values and small roughnesses, the exponen- () (b) © (@ () ' ) Z

tial in the integral of Eq(3) was replaced by the first two

terms of its Taylor series. Then .the integral _is the power 5 4. Density profiles for the fits of the daté) The slab
spectral density and a very effective computation of €.  odel that was used to fit the data of the nine-layer LB film. The
becomes possible. Simulations show thtgir|~1 is areal- g pilayers and the bilayers of the CH chains were assumed as
istic limit for the validity of this approximatioR® (Il) For  jabs with uniform electron density. The numbers at the bottom
large q, values Eqgs(2) and (3) reduce to the kinematical gijve the respective numbers of the interfaces that were varied in the
approximation(simple Born approximationfor multilayers  fit. Note that for the top and bottom of the thin Cd bilayers the same
(see, e.g., Sanyait al* or Phanget al*¥). Because allG"  roughness parameters are assurtetfect correlation (b) Slab
factors in Eg.(2) can be set to one or zero, respectively, model for the fit of the 11-layer CdA LB film. Because of the wide
again an effective computation of the diffuse scattering iy region of the measurement the fit is sensitive to thin regigns
achieved. But the region of very small incidence and exit(e) of lower electron density between the touching hydrocarbon
angles, where dynamical effects dominate the scattering, habains.

to be excluded from the analysis.

Si

Si0,
CH—-chains
CH-chains
CH-chains
CH—-chains

alr

3 221 )Z

(@]
[¢)]
N
A
w

~

Si
$i0,

CH—chains
CH-chains
CH—-chains
CH-chains
CH-chains
CH-chains
CH—chains
CH—chains
CH—chains

interfaces is described by only six free parameter$,, &
B. Measurements and fit results and oy ,hyéy - A linear increase was chosen for simplicity.
More realistic models yield power laws with certain growth

The following slab model is used for the vertical Strucwreexponents{see, e.g., Ref. 60

of the LB films[see Figs. &) and 4b)]. The CdA molecule
was divided into two slabs of constant electron density: The
Cd head group is slab number 1 and the two hydrocarbon
chains are slab number Fig. 1). The touching Cd head The first investigated sample is the LB film with 9 CdA
groups were combined to regions with uniform electron denlayers. All measurements were done with the rotating anode
sities. Between the hydrocarbon chains of each layer a lowlaboratory source.

density region was introduced to model the intermediate re- The total reflectivity was measured to a wave vector
gion of the two bilayer§see Fig. 4b)]. Furthermore between transfer ofq,=1.4 A~L It turns out that the reflected inten-
single slabs, rms roughnesses were assumed to smear out 8iy in the regionq,>0.7 A1 is purely diffuse. Figure 5
density profile. To reduce the number of free fit parametersshows the true specular intensitgpen circle which was

the same thicknesses and electron densities were used fobtained after subtracting an off-specular longitudinal dif-
layers of equal composition. fuse scan withbe; =0.05°. The distancAq,=0.113 A be-

An evolution of the roughness from the bottom to the toptween the Bragg peaks corresponds to the Cd-Cd distance of
was taken into account in the following manner: The vertical27/Aq,=55 A, i.e., to the thickness of one bilayer. This is a
rms roughness; and the lateral parametegsandh; of each  direct proof of theY structure of the CdA LB filmsee Sec.
interface were determined by a linear interpolation formulalll). The rapid oscillationg§Aq,=0.025 A™%), which corre-
from the values of the first and last LB layerspl& [, h, €] spond to a length ol =251 A, are caused by the total thick-
is a roughness parameter then the respective v@luwd the  ness of the layer system. The line in Fig. 5 is a fit to the data
jth interface is calculated viapy_;=pn+(P2—pPn)i/  with a density profile, which is shown in the inset. Note that
(N—2) with j=0,...N—2. Therefore the structure ®f—1 this fit was not obtained on the base of a slab model as

1. LB film with 9 layers
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FIG. 6. Total reflectivity(specular and diffugeand three longi-
FIG. 5. True specular reflectivitysymbolg and the best fit ~tudinal diffuse scans for different offset; =0.05°, 0.10°, 0.40°
(line) of the CdA LB film with nine layers obtained at the rotating for the nine-layer CdA LB film. The measuremeigymbol$ were
anode laboratory source with a wavelengttef1.54 A. The inset performed with a rotating anode and the best fit is given by the solid
shows the corresponding dispersion profi{e). The peaks indicate lines. For clarity all curves are shifted down by one order of mag-
the locations of the Cd bilayers. nitude on the intensity scale.

discussed above. An arbitrary density profile was sliced intdliffuse scattering of a density profile as given in the inset of
ig. 5, is too complex for an effectivg? minimizing com-

very thin layers of uniform density and the true specular '9- 2
intensity was calculated using the formulas of Sec. Il A. ThePUter program: N . .
Cd bilayers(highest electron densitieas well as the single 1€ structure of the three longitudinal diffuse scans in

Cd layer on the substrate can be clearly seen. Furthermofd9: 6 IS we_II Fep“’duced by _the fits. Th_elr pronounced
the density profile reveals that there is a certain amount 0linodulatlons indicate strong vertical correlations between the

disorder in this LB film because thertica) structure of the ~roughnesses of the different layers. This is supported by a

: ; : : . lue of¢, =700 A [model (i) in Sec. Il C, see Eq.
hydrocarbon chains differs slightly from bilayer to bilayer. M€an vaiué olg, =700 All |
With a completely regular structure a fit of this quality was (5?]' Since this value is 3 t|m§as larger than the totaI_LB film
not achievedsee below Particularly the damped modula- thickness od=251 A thg \{ert|cal roughness qorrelauons are
tions in the vicinity of the first Bragg peak of the LB film rather perfect. The deviations between the fits and the mea-

cannot be explained with a more perfect layer structure of th§uUrement for very smalf, values stem from a background
sample. caused by the primary beam. The modulation amplitudes and

More detailed information about the interfaces was Ob_periods.ar.e n.early independent from the chosen offset angle
tained by measurements and fits of the diffuse scattering’® - 1NiS indicates that shorter wavelengitrs2000 A of

The symbols in Fig. 6 show the reflectivifyas well as three he roughness spectrum seem to be transferred in a nearly

longitudinal diffuse scans with different offseti;,=0.05°,
0.10°, 0.40°. Figures 7 and 8 show three detector scans with e

fixed incidence angles;=0.20°, 0.80°, 1.60° and eight rock- 106; [ ]
ing curves (transverse scais within the region E O measurement B
0.050<q,=<0.229 A", ~ 10tE , 0=0.20° ]

With the above explained regular slab model the fits E —fit ®=0.80° ]
(solid lineg in Figs. 6—8 were obtained. The results for the 5, .C E
interface and layer parameters are given in Table I. Figure E ]
4(a) shows a sketch of the assumed vertical structure of this & ]
sample. The numberd) to (6) represent the different inter- § 1 i
faces. Note that the top and bottom of the thin Cd bilayer = ro B
interfaces are assumed to be perfectly conformal, i.e., the 07 .
interface parameters are the same. Also a low-density region - B

between adjacent hydrocarbon layers does not improve the o " 5
quality of the fits[Figs. 4a) and 4b)]. Because of the as- a—o; (deg)

sumed regular layer structure there are some deviations be-

tween the fit and the measured reflectivity in Fig. 6. Butthe FiG. 7. Detector scans for three different incidence angles

reflectivity (strictly speaking the true specular plus diffuse ,=0.20°, 0.80°, 1.60° for the nine-layer CdA sample. The mea-

intensity atg,=0) is only one curve in a rather large set of surements are given by the symbols and the best fit is given by the
data and the aim is a good simultaneous fitatif curves.  solid lines. For clarity all curves are displaced with respect to one

Furthermore a theory that correctly takes into account thenother by one order of magnitude on the intensity scale.
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el @/m o s rmResiigo beamline W1 at HASYLAB and the best fit is given by the solid
10 E 3 3 lines. For clarity the curves are shifted by one order of magnitude
7 q,=0.2298"" 3 on the intensity scale. The inset shows the correspond{imgpro-
lvw v bv e b e b v e vy Py file with the narrow Cd peaksl
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o—®/2 (deg) of very low density between adjacent hydrocarbon chains did
not improve the fit for this sample, we believe that the dis-

FIG. 8. Transverse scans at differeptpositions for the nine- crepancies do not result from the decomposition of each CdA
layer CdA sample. The measurements are given by the symbols addyer into only two boxes, but rather from the assumption of
the best fit is given by the solid lines. For clarity all curves areequal densities for all CdA head groups and hydrocarbon
displaced with respect to one another by one order of magnitude oghains, instead of a more realistic density profile as indicated
the intensity scale. The inset shows the first part of the reflectivityin the inset of Fig. 5.
The vertical lines mark the positions where the transverse scans
were taken. 2. LB film with 11 layers

The second sample, a LB film with 11 layers CdA, was
undamped fashion from the bottom to the top through themeasured using the surface x-ray scattering diffractometer at
whole LB film*® and supports the assumption of a frequencythe W1 beamline at HASYLABsee Sec. IV A
independent vertical correlation parameger Figure 9 shows the total reflectivitgpecular plus diffuse

The detector scans shown in Fig. 7 are also explainetbgether with a longitudinal diffuse scan with angular offset
satisfactorily. Only the scan with the incidence angleda;=0.05°. Note that for clarity the longitudinal diffuse scan
«;=0.20° shows significant deviations between measuremerig displaced by one order of magnitude on the intensity scale.
and fit. This incidence angle is less than the critical angle ofAgain in a wide rangéhereq,>0.53 A™%) the reflected in-
the Cd-Cd layers and less than the critical angle of bulk Sitensity is purely diffuse and the oscillations indicate strong
Therefore, the penetration depth of the x rays is rather smallertical roughness correlations. Because the measurements
and the scattered intensity mainly stems from the topmostvere done at a synchrotron radiation source it was possible
layers. In this region the difference between our simplifiedto perform transverse diffuse scaiiocking curveg for
slab model and the density profile obtained from the truerather largeg, values. Figure 10 shows three rocking curves
specular datdsee inset of Fig. bis remarkable. Therefore for q,=0.331, 0.402, and 0.792 A Whereas in the lower
these deviations between fit and measurement are not suwo curves a narrow, resolution limited specular peak is vis-
prising. For larger angles of incidence the calculation yieldsble, the curve at;,=0.792 A shows only a broad diffuse
very good fits. The same statement holds for the eight trangnaximum?®®
verse scans that are shown in Fig. 8. The largemgthealue Due to the large region in reciprocal space that is covered
the better the agreement between measurement and fit. Thy the scans we have used the kinematical approximation in
vertical lines in the inset of Fig. 8 indicate thglocations of  the calculations. The fit is given by the solid lines in Figs. 9
the scans. and 10. Of course they cannot explain the regions where

One can see that the slab model is able to explain thdynamical effects dominate the scattering, i.e., the regions of
whole data set quantitatively. The observed deviations bevery smallg, values and the regions of very small incidence
tween measurement and fit are caused by oversimplificatiorend exit angles, respectively. Another consequence of the
in the model. Since the introduction of intermediate regiongather large momentum transfer is that the calculations are
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FIG. 10. Three transverse scans at rather laggpositions for FIG. 11. (1,1) and (0,2) GID reflections of the 11-layer CdA

the 11-layer CdA sample. The measurements are given by the synsample. The small horizontal line shows the instrumental resolution.
bols and the best fit is given by the solid lines. For clarity all curvesThe solid lines are Gaussians that were fitted to the @atabolg

are displaced with respect to one another by one order of magnitude obtain accurate values for the peak widths.

on the intensity scale. Note that the asymmetry of the curves only is

caused by the scattering geometry. were mainly interested in the spatial exténtof the ordered

regions of our layer system. Therefore the GID experiment

vas performed with rather high resoluti@. Two Gauss-
lans with full width at half maximumz; were fitted to the
eflections of Fig. 11 and the broadening of these peaks can

r;g calculated viay=(7"— 729" with the known resolution
T)es Of the diffractometer. The fit yieldg=0.315%0.008°.
Using the Scherrer equatith

now more sensitive to the very thin intermediate regions o
low density as shown in Fig.(8) [interfaces(a)—(e)]. Table

Il gives the results for the interface parameters obtained fro
the best fit to the measurements. Since there was almost
evolution of the(latera) roughness within the 9-layer LB

film the fit was obtained by assuming the sageand h;

values for all LB interfaces and using modg) of Sec. Il C 0.94 1
for the roughness correlations. 1= coq 83 7
Again the calculations are able to explain the data quan- cog ¢/2) 7

titatively. The parametef, =9000 A is much larger than the with A\=1.659 A and the GID scattering angdeof the re-
total layer thickness, indicating strong vertical correlations ofspective reflection leads to a value bf=265 A for the
the roughnesses within the 11-layer LB film too. Note that nowidth of the laterally ordered regions. To investigate the
correlation between the substrate roughness and the LB irerystallinity perpendicular to the surface, Bragg rods along
terfaces was assumed. The inset of Fig. 9 shows the resultagj at the positions of thé1,1) and (0,2 reflections were
density profile. Although the strong diffuse scattering signalmeasured. Thé111) and (113 reflections were found as
for largeq, values is a proof of a certain amount of disorderweak modulations of the Bragg rod of tli&10) reflection.

in the film, the distance of the main Bragg peaks in theFrom the widths, of the(113) reflection(», =2.159 a value
reflectivity corresponds to the Cd-Cd distance of 55 A, i.e.of L, =42 A for the size of the crystalline ordered regions in

the thickness of one bilayer of-type CdA. the z direction is obtained. This is smaller than the thickness
of one bilayer and again indicates that the disorder in the
3. GID experiments structure of this system is concentrated in thelirection

To investigate the crystalline structure of the 11-layer LBperpendlcuIar to the surface.
sample, GID experiments were performed. In Fig. 11 a high-
resolution measurement of the two strongest GID reflections
can be seen. They were obtained by integrating over a region Tables | and Il give the parameters that are obtained for
of Ag,=0.22 A1 along rods perpendicular to the surfacethe two samples. For the Si substrai®s=7.56x106 (A
and they were identified as tti#&,1) and (0,2) reflections of =1.54 A) and §5=8.79x10 ° (A\=1.659 A (Ref. 67 and
an orthorhombic unit cell with lattice vectogg;q=5.01 A &=1000 A, andhg=0.5 were assumed. The calculations
anda o, =7.81 A. Weak higher-order reflections@t=2.05  are rather insensitive to variations of the substrate parameters
A~tandq,=2.51 A1 [q,=2k;sin(¢/2) is the GID momen- hg; andé&; and therefore realistic values were used. The den-
tum transfef were also observeld1,2) and(2,0) reflections. sities of the Cd layers are always significantly lower than the
It is well known from other experiments that this orthorhom- value given in the literatuPé (5.4~8x10 ® compared to the
bic in-plane order on Si substrates exikige atomic force literature value of.4~20%x10° for A\=1.54 A) whereas the
microscopy(AFM) experiments by Schwark al® and the  densities of the chains are not quite different from the known
diffraction measurements by Tippmann-Kraifgrwhereas —values(8y,q~3.0X10 ° compared taS,;~3.5< 10 ° from
CdA LB films on water show a hexagonal structtté?We  textbooks. The reason for the discrepancy between the mea-

C. Discussion and conclusions
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sured dispersions for the Cd layers in our films and the ideal

value is that these Cd bilayers are very thirs A) and the LU

density contrast to the hydrocarbon chains is rather large, HHHH||I||”"|I|'||||||”|||I|I|I"|||I|I|I|I|I|||I|]|"”I|I|Ill|||I|I|I|'|||||I|||I||||Illlﬂm
which yields narrow peaks in thé profile. Therefore even M e TN
the small observed roughnesses of amy3 A tend to smear HILLLLLLL ||uu||lﬂlluuu1 LML
out the profile and lead to a decrease of the average electron nnmﬂnmtmmtﬂ

densities of the Cd layers by about a factor of 2. Furthermore u

7.
Asubétrate

12222

Tables | and Il reveal that the roughnesses of the Cd/CH
chain interfaces are considerably smaller than the rough-
nesses of the CH-chain/air and intermediate laye
interfaces™®® . cur and the crystalline order in ttzedirection is strongly perturbed.

. Togeta structural model of the |nte.rf¢:ilcles of _Our CdA LB Note that the Cd-Cd distance is nearly unaffected by these pertur-
films we have to discuss several possibilities. First of all oufy4tions.

measurements rule out a rather regular island formation on

top of the last layer as observed by AFM measurements of _ o o

other group$*7°Maybe the reason is that these authors hav@bserved in the reflectivity of both samples indicate that the
used other substrates and other preparation conditions. Wailayer spacing of 55 A is unaffected. However, this layer
can definitely exclude an island formation. Islands of thestructure seems to be perturbed by holes and other defects,
same material on top of a layer system would yield a longiwhich cause a conformal transfer of the roughness from one
tudinal diffuse scattering signal thatdsit of phasewith the  layer to the next as shown in Fig. 12. As already mentioned,
specularly reflected intensfty’* quite similar to the intensity the high degree of vertical correlations can only be explained
that is scattered from a surface grating in nonspeculaif these defects are assumed to be already present in the first
directions’®73 Furthermore no evidence for a regular struc-CdA layer. Apparently the preparation of this first layer is
ture on the topmost surface is found in the transverse scanstucial for a homogeneous well-ordered film structure be-
A nearly periodic structure would yield at least broad first-cause no tendency of smoothing holes and other imperfec-
order satellite peaks lying under the diffuse scattering stemtions within the organic multilayer stack was obtained from
ming from the random roughne&5But for both samples the the explanation of the data of the 9-layer sample. Although
observed behavior clearly shows that the longitudinal diffusehe fit results show a weak tendency of smoothing the lateral
scattering isin phasewith the specular intensity ango in-  “jaggedness” fromhg=0.25 (strongly jagged interfageat
dications for satellites are found in any of the transversdhe bottom tch,=0.5 (less jagged interfageat the top of the
scang(see Figs. 6, 8, 9, and L0This means that the diffuse film, the error bars for this parameter are large. The vertical
scattering is caused by random roughness and not by a forms roughnesses of the LB interfaces showv significant
mation of a rather regular island arrangement. smoothing with increasing layer number.

The most prominent feature in the diffuse scattering ex- We have chosen a self-affine fractal model for the de-
periments is the strong vertical correlation of the rough-scription of the interface structurésee Sec. Ill ¢ Gibaud
nesses of the interfaces in both samplgs=700 and 9000 et al? explain their data with a roughness exponertief0.5
A). Although the differences of the substrate roughness werand assuming no lateral cutgffi.e., &= (or at least & that
quite large (o,q=3 and 12 A, respectively; Sec. )lthe is larger than the spatial extent of the coherently illuminated
structures of both organic multilayers are very similar. Thissurface area, i.e., larger than several tens of micrometers
can only be explained if already the first transferred CdAWhereas our results for the 9-layer film also yi&lg0.5 for
layer very effectively damps the substrate roughness. Thithe topmost surface we cannot confirm this value for the
means that the first layer prevents a propagation of the oxidél-layer LB film. The major difference between our analysis
roughness into the LB film. Therefore the observed strongnd that of Gibauet al® is that we have used a full scatter-
vertical correlations in both filmd, g ;) Stem from the rep- ing theory for the explanation of our data whereas Gibaud
lication of roughness of the various LB interfaces. The cal-et al. model the scattering of the whole layer stack by the
culations reveal that the source of the conformal roughness &cattering from a single interface. Therefore our fit results are
the first LB layer, i.e., the layer that has smoothed the submuch more sensitive to the individual roughness parameters,
strate, which seems to contain a certain amount of holes grarticularly to& andh. The value oh=0.77 for the 11-layer
defects. Vertical roughness correlations in LB films wereCdA LB film shows a less jagged surface compared to the
also found by Barberkat al.”® But in contrast to our mea- result for the first sample. However, this number is an aver-
surements for CdA with perfect roughnesses correlations odige over the whole film because thevalues of individual
all LB interfaces, their measurements for Cd stearate yield énterfaces were not varied in the fit. The additional bilayer
restriction of vertical correlations to less than three bilayersmay yield a surface that is less jagged than the interface

The strong vertical correlations together with the obtainedbelow because the 9-layer sample shows the weak trend that
density profileqsee insets of Figs. 5 and Show that there h slightly increases with the number of bilayers. Also the
is nearly no crystalline order in thedirection. Additionally — assumption o=« is not confirmed by our measurements.
the small value of., =42 A that is obtained from the analy- For the 9-layer sample we found a value&#350 A for all
sis of the Bragg rods along, (see Sec. V Bis an indepen- interfaces with no remarkable tendency from the bottom to
dent hint that the crystalline order in these films is purely twothe top of the film, which is consistent with the strong verti-
dimensional. Note that this does not mean that the layetal roughness correlations. This means that the lateral corre-
structure itself is absent. The sharp Bragg peaks that adation lengthé seems to be unaffected by the layer by layer

r FIG. 12. Sketch of the defect structure of the investigated LB
films. Because of defects strong vertical roughness correlations oc-
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LB preparation technique. The second sample yields @ne molecule depends on the cosine of the tilt angle this does
slightly smaller value o£=235 A for the cutoff length. Tak- not affect the observed average layer thickness unless the tilt
ing into account the error bars of approximately 100 A thatbecomes rather large.
were obtained for the first sample, a valuesf300 A seems
to be typical for CdA layer systenf§.This is a rather short
length scale and much smaller than the coherence length of
the incident beam. VI. SUMMARY AND OUTLOOK

The size of the laterally orderddrystalline regions was
.?ﬁ?:rir:'ir:]egg];fer?ng;ﬁ \SI,I[E t?:g;?&grgeb?;snézl?;ﬁrens téé tion of'the interf_ace structure of C'dA 'LB films wiFh x-ray
diffuse scattering data. It should be clearly mentioned tha] cattering experiments. The combination of GID investiga-

e paramete doesnotiave te mearing o adomin size o S MesEnents e rego of o) everna) reflec
in the fractal modek only corresponds to the domain size if Y P pEs.

; . ...~ . are found to be self-affine rough with a rather small correla-
a regular arrangement is assumed. Transferring this sﬁuaﬂo%on length of &~300 A, which is in the same range as the

to a layer consisting of two-dimensional crystalline domains S . . .
y g Y lomain sizel | of the two-dimensional crystalline structure.

that are present at the interfaces too may lead to the concl urthermore a very hiah dearee of conformal rouahness was

sion thaté now corresponds to the mean size of the domains, tected. Since t3r11e gtwo gubstrates have rathger different

Note that the domains that are discussed here are differe i : . .
roughnesses and the structures of both films are indeed quite

from the island structure, which was ruled out before. similar, we can rule out that the source of this conformalit
From the length of the orthorhombic lattice vectors and; ’ y

the obtained value d, or ¢ we calculate that approximately o SHPY & [RICE o0 O BbSTEIC (QuarnEcs, T BaS S
40x40 CdA molecules are ordered in small domains within_. P 9 y

the layers. Their size is comparable with AFM measurement Ive. They were transferred in a nearly u_ndamped manner
of Chi et al”” who found domains 0&~100 A on top of roughout the whole LB stacks. The quality of the organic

fatty acid multilayers. multilayer seems to depend strongly on the quality of the

In general we can say that our experiments confirm thE1;irst prepared layer on the Si substrate. There is no healing
basic result of Gibaueét al® who were able to explain their mechanism at room temperature that smooths defects or

data assuming self-affine rough surfaces within LB films.gﬂzslgvgr“?s c;?)'loé I{OB ngs' \Z?WZ\;%&H\(/V; fo:rsgtr:g?trggeh
Although our values foh and particularly foré are quite bst 3{ hol b very Y 9

different, the fractal correlation function model is indeed ap—Su S ]Ea € morp koogy. . it
plicable. It should be noted that all fits of the diffuse scatter- In future work, a systematic temperature-dependent dif-
ing for one sample are obtained with models that do not havfuse x-ray scattering study of LB films would be of interest

very many parameters compared with the number of dat ecause it might b?’ possible to heal most of the defects by a
points and the degree of complexity of the obtained CurVessubsequent annealing of the film. These experiments together
with the analysis technique presented in this paper would

Therefore we conclude from the quality of the fits and the rovide a better understanding of the growth mechanism and
comparison with the results of the GID experiments that w g g
he defect structure of LB films on solid substrates.

can describe the interfaces of our investigated LB films with
the self-affine fractal model. On one hand this is surprising
because this form of a correlation function is typical for the
growth of semiconductor and metal surfaces. On the other ACKNOWLEDGMENTS
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