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Capillary Waves in Langmuir-Blodgett Interfaces and Formation
of Confined CdS Layers
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(Received 9 June 1997)

Nanometer sized CdS particles can be formed by exposing cadmium arachidate Langmuir-Blodg
films to hydrogen sulphide environment. X-ray scattering studies were performed to understand t
formation of these particles that exhibit the quantum confinement effect in band structure. It wa
observed that the CdS layers remain confined within a region of,14 Å around metal interfaces in
these films. The sharp interfaces and the multilayer molecular stack of the films remains intact in t
process of CdS formation. Logarithmic in-plane interfacial correlation, characteristic of capillary wave
on liquid surfaces, was observed in both exposed and unexposed films. [S0031-9007(97)04769-8]

PACS numbers: 68.18.+p, 61.46.+w, 68.10.–m, 68.55.–a
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Langmuir-Blodgett (LB) films are being widely studied
[1–3] as model systems for exploring various physica
chemical, and biological phenomena in reduced dimensio
A simple process, which involves sequential transfer o
organic monolayer spread on water or other liquids b
repeated dipping of a substrate, is used to form LB film
In spite of extensive research, the ease of formation of the
films having exceptionally well ordered, stable molecula
stack remains an enigma even 80 years after the discov
of this technique. It is well known from initial years of
development of this technique that interfaces present
these films are quite rigid and sharp and one can depos
film even on a wire mesh [4]. Although recent advances
measurement techniques, such as grazing incidence x-
scattering [5,6] and scanning probe microscopy [1,3], an
progress in the theoretical formalisms [7] to study th
structure of surfaces and interfaces have improved o
understanding of the structure of LB films [1,6,8–10], w
still do not have a comprehensive knowledge about th
exact mechanism of formation and stability of such films

Understanding the formation of nanometer sized sem
conductor particles that exhibit the finite size effect i
band structure is of seminal importance [11]. It wa
shown recently that by exposing a cadmium arachida
(CdA) LB film in a hydrogen sulphide (H2S) environment,
cadmium sulphide (CdS) nanostructures can be form
[12,13] without much disturbance to the embedding LB
structure. The band structure of these CdS nanostructu
is modified considerably due to the quantum confineme
effect [11–13].

Four LB films of CdA, each 9 monolayers (ML), were
deposited on quartz substrates at a surface pressure
temperature of30 mN m21 and 10 ±C, respectively. Of
these four films, three were exposed to H2S gas for
a duration of 10, 30, and 60 mins, respectively. Th
details of the experimental arrangement used to prepa
these LB films have been described earlier [12]. Th
ultraviolet–visible absorbance data on all these film
were taken and the absorption edge for the H2S exposed
0031-9007y97y79(23)y4617(4)$10.00
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films was found to be at455 6 5 nm indicating the
formation of nanocrystalline CdS in these films [11–13
We performed specular reflectivity and diffuse scatteri
measurements on two of these films, namely, the
prepared (ASP) and 60 min (60M) H2S exposed films, to
understand the role of LB interfaces in the formation
CdS nanostructures.

X-ray specular reflectivity measurements were p
formed on these films by keeping the angle of inciden
(a) equal to the angle of reflection (b) while the diffuse
scattering data were taken by keeping these angles une
[14]. The details of the experimental setup have be
described earlier [15]. The incident CuKa1 radiation was
collimated by slits having horizontal and vertical apertur
of 100 and5000 mm, respectively, with the horizonta
aperture determining the width of the incident beam in t
scattering plane. In case of diffuse scattering measu
ments the scattered beam was defined in the scatte
plane by a horizontal slit of aperture100 mm placed in
front of the detector. The vertical aperture of the detec
slit was kept wide open to effectively integrate [14] th
out of plane component,qy, of the scattering.

For the specular reflectivity measurement we fou
that the intensity of the multilayer Bragg peaks in bo
the films increases with increasing horizontal detector
width even beyond the beam divergence width. Mor
over, in a log-log plot the scattered intensity was fou
to decay linearly, with a slope (h 2 1), as a function of
the in-plane scattering vectorqx , whereh depends onqz .
It is also evident that the longitudinal off-specular sca
follow the specular profile quite closely. These resu
clearly indicate that we are dealing with scattering whi
has a strong diffuse component around the specular ri
similar to that observed in scattering from liquid surfac
having capillary waves [14,16] with logarithmic heigh
height correlation [14] and multiple interfaces present
the system are highly correlated [17]. It is known th
beyond a certain critical in-plane lengthrc, interfaces in
organic multilayer films, such as liquid crystals [18,19
© 1997 The American Physical Society 4617
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and soap films [20], behave as a correlated system,
hibiting a single logarithmic height-height correlation fo
all the interfaces. The value ofrc depends on the com-
pressibility of the film and decreases with decreasin
compressibility [19,20]. Hence, in analogy with thes
theoretical formulations and using our earlier expressi
[14] for liquid surfaces we can write down the height dif
ference correlation function [7],gsrd, for the interfaces
present in our LB films as

gijsrd ­ s2
i 1 s2

j 1 BgE 1 B lnskry2d , (1)

where si , sj are the rms roughnesses of theith and
jth interfaces,B is given by kBTypg, and k is the
low wave vector cutoff for capillary waves in LB films
decided by van der Waals interactions and can be writt
as [21,22] k2 ­ Ay2pgd4, where A is the effective
Hamaker constant,g is the interfacial tension, andd is
the total film thickness.

Using a Gaussian resolution function forqx, obtained
from direct beam profile, we can write the expressio
[7,14] for the detected scattered intensity,Isqx, qzd, in
terms of the Kummer function and gamma function as

I ­ I0
RBsqzdqz

2k0 sina

1
p

p
G

µ
1 2 h

2

∂
1
F1

µ
1 2 h

2
; 1

2 ;
q2

xL2

4p2

∂
1 D , (2)

whereD is the constant background, arising mainly du
to detector dark counts here,RBsqzd is the specular
reflectivity for a multilayer in the Born approximation
[7,17,23], while the other terms are as explained
[14]. In specular conditionfqx ­ 0g, Kummer function
becomes unity and2k0 sina cancels withqz ; Eq. (2)
gives us effective reflectivity,Reffsqzd as given in [14].
In order to avoid lowq divergence, inherent in the Born
approximation formalism, we have replacedRBsqzd in
Eq. (2) by RPsqzd, the reflectivity profile of a rough
multilayer structure calculated using a slicing techniqu
[24–26] to analyze our data.

The effective roughness,sseffdi , for each interface can
be written as

sseffd2
i ­ s2

i 1
1
2

BgE 2
1
2

B lns2pykLd , (3)

where the true roughnesssi is given by [14,16]

s2
i ­ ss0d2

i 1
1
4

B ln

µ
q2

u 1 k2

k2

∂
. (4)

Equation (4) is a general expression for interfacial roug
ness, wheress0di represents uncorrelated intrinsic rough
ness of theith interface, which is neglected here as w
are working in the completely correlated region;qu is the
upper wave vector cutoff of capillary waves.

Specular reflectivity and transverse and longitudin
diffuse scattering data of both films were analyzed usi
Eq. (2) with constant backgroundD as 0.035 countsysec.
Although there is an uncertainty in the value of th
effective Hamaker constant [22] and hence, in our ca
4618
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the valuek, we have usedk as2.6 3 1025 Å21 (taking
A ­ 10220 J, g ­ 62.8 mN m21, andd ­ 250 Å). It is
interesting to note in Eq. (3) that the actual roughnes
of an interfacesi is more than the measured effective
roughnesssseffdi. However, a higher value of the van der
Waal’s cutoff, used here, as compared to the gravitation
cutoff for the liquid-vapor interface [14], makes this
difference marginal.

In Figs. 1(a) and 2(a) the specular reflectivity data
along with the fit (solid line) for both the films are shown.
The reflectivity profile fitted using simplified models
(dashed line) is also shown. In the simplified mode
the number of slices used to calculate the reflectivit
is minimized. The simplified model in both the films
indicates the increase in the absolute values of electr
densities in each bilayer as a function of depth, possib
resulting from increased disorder and formation of patche
due to incomplete film coverage [27], towards the to
of the film [z ­ 0 in Figs. 1(c) and 2(c)]. The electron
density profile (edp) obtained from simplified and detaile
models is shown in Figs. 1(c) and 2(c) where the metal
sites are indicated by the higher electron density boxe

FIG. 1. (a) Specular reflectivity, (b) off-specular longitudinal,
and (c) obtained electron density (electronsyÅ3) profile for as
prepared film are shown. The dashed line in (a) is obtained
by fitting a simple model shown in solid line in (c); the solid
line in (a) is a fit of a detailed model shown in open boxes in
(c). The line joining these boxes is provided only as a guide t
the eye and does not provide roughness. The solid line in (b)
is the calculated profile for longitudinal scattering as describe
in text.
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FIG. 2. (a) Specular reflectivity, (b) off-specular scattering,
and (c) obtained electron density (electronyÅ3) profile for
the 60 min exposed film are shown. Other details are
described in the caption of Fig. 1.

In the detailed model of ASP film 49 slices of5 Å and
one slice of2.5 Å, near the substrate were used. For th
60M film we used 36 slices each having a thickness
7 Å. It is interesting to note that the simple model fo
both unexposed and exposed films generates the esse
features, the reflectivity profiles, while the detailed mod
takes care of finer details by variation of electron densiti
around the simple model. Using a box size of14 Å,
which is a quarter of the bilayer thickness, at the me
sites in the 60M film the simple model correctly bring
out the most prominent feature in the measured reflectiv
profile, i.e., vanishing of the fourth Bragg peak. Th
values ofseff obtained from the fitting of the simplified
model for both the films are2.1 6 0.1 Å for the air-film
interface and2.0 6 0.2 Å for the buried interfaces and
corresponding true roughness values are 2.4 and2.3 Å.
The smearing of edp across the interfaces occurs due
interdiffusion of CdS nanoparticles confined within14 Å,
as shown in Fig. 2(c), and capillary wave roughness
Both these effects are included in the calculation
RBsqzd in Eq. (2).

The total film thickness (bilayer thickness) for th
9 ML ASP and 60M film was found to be247.5 Å s55 Åd
and 252 Å s56 Åd, respectively. By integrating the edp
over the total film thickness, for both the ASP [Fig. 1(c)]
and 60M [Fig. 2(c)] films, we notice that the difference
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in the electrons per unit area, for each bilayer, betwe
the ASP and 60M films is,1 electronyÅ2. By taking the
area per molecule to be18 Å2 [1,6] we find that there
are effectively 18 excess electrons in the 60M film a
compared to the ASP film, per bilayer. This is equal t
the total electrons in a H2S molecule. In view of the
above result and the fact that the molecular stacking
not disturbed, due to H2S exposure, we conclude that
the CdS nanostructures formed remain confined with
the interfacial regions of the LB films around the meta
sites and that there is still one metal atom within a56 Å
cylinder of cross section18 Å2, as indicated earlier [6].

The three sets of transverse scans (each at cons
qz) for the ASP and 60M films are shown in Fig. 3
For both the films the scans were performed at th
first, second, and third Bragg peaks. For the ASP film
these scans were done atqz values of 0.108, 0.228,
0.340 Å21, respectively, while for the 60M film these
scans were done at 0.107, 0.219, 0.333 Å21, respectively.
The obtained value forB was 2.1 6 0.2 Å2 for both
ASP and 60M film, givingg as62.8 mN m21 (at 27 ±C).
It may be noted here that the Kummer function in

FIG. 3. Transverse diffuse scattering data for as prepared fi
(a) and for 60 min exposed film (b) are shown along with th
fitted curves. Dashed lines in (a) indicate resolution functio
at first Bragg peak position. Filled circles in (b) represent th
transverse diffuse scan of substrate at first Bragg peak positi
All data of LB films are normalized to unity and intensity ratio
of substrate and film data are shown in proper scale. Bra
peak numbers are indicated along with the respective curv
(refer to text for details).
4619
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Eq. (2) not only gives the proper slope of the asymptot
diffuse scattering tail but also the proper branching poi
from the Gaussian shaped specular peak. This in tu
decides the ratio of specular to diffuse intensity at
qx offset. Typically, for a change inh from 0.01
to 0.1 this ratio changes by an order of magnitud
(Fig. 3), and as a result gives us the sensitivity in th
obtained value ofB. Also plotted is the transverse
scan of the bare substrate taken atqz ­ 0.107 Å21,
and the direct beam profile converted to an effectiv
transverse resolution function atqz ­ 0.108 Å21. It may
be noted (Fig. 3) that the specular reflectivity of th
substrate atqz ­ 0.107 Å21 is nearly 20 times smaller
than that of the film, while the diffuse intensity is
higher than that from the film. This is due to the hig
value of roughness of the bare substrates which w
found to be8.0 Å. Clearly the effective roughness of the
bare substrates gets modified during the deposition d
to the attachment of the initial monolayers, otherwise w
would not have observed clear total film oscillations in th
reflectivity data (refer to Figs. 1 and 2).

In Figs. 1 and 2 along with the specular data, we ha
shown the longitudinal diffuse data taken with a con
stant angular offset of 1.0 and0.7 mrad for the ASP film
[Fig. 1(b)] and for the 60M film [Fig. 2(b)], respectively.
The parameters obtained from the fitting of transverse d
fuse and specular data were used to calculate longitudi
diffuse scattering profiles shown in the respective figur
to check self-consistency of the analysis scheme. The
cellent agreement of the calculated profile with the me
sured data demonstrates the assumed conformality of
interfaces above the critical length scalerc. The esti-
mated value ofrc s­ 2pyqud from Eq. (3) comes out to
be about1000 Å. This value in turn gives us an esti-
mate of the compressibility, given by2gdyr2

c [19], of the
film as 3 3 105 N m22. Thus, the highly incompressible
and sharp interfaces in LB films confine CdS molecule
formed by chemical reaction [12,13], within a region o
thickness,14 Å, at each interface, without disturbing the
multilayer molecular stack in the film.

Size of semiconductor nanoparticles is generally es
mated from band structure using isolated cluster mode
It will be very illustrative to calculate band structure o
such conformal interfaces having14 Å layers of CdS, as
we found that CdS nanoparticles of about60 Å diameter,
estimated from isolated cluster calculation, cannot exist
56 Å thick ordered bilayers of LB films [13]. A detailed
study to understand the reason for the presence of diff
ent in-plane correlation [8–10] in LB interfaces is under
way. Our preliminary results show that films deposite
in identical conditions on silicon indicate self-affine in
plane correlation, as found earlier [10], in contrast to film
deposited on quartz substrate, presented here, exhibit
logarithmic correlation characteristic of capillary waves
4620
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as if picked up during deposition, along with the Lang
muir monolayer spread on water surface.
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