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Capillary Waves in Langmuir-Blodgett Interfaces and Formation
of Confined CdS Layers
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Nanometer sized CdS particles can be formed by exposing cadmium arachidate Langmuir-Blodgett
films to hydrogen sulphide environment. X-ray scattering studies were performed to understand the
formation of these particles that exhibit the quantum confinement effect in band structure. It was
observed that the CdS layers remain confined within a regior bf A around metal interfaces in
these films. The sharp interfaces and the multilayer molecular stack of the films remains intact in the
process of CdS formation. Logarithmic in-plane interfacial correlation, characteristic of capillary waves
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

Langmuir-Blodgett (LB) films are being widely studied films was found to be a#55 = 5 nm indicating the
[1-3] as model systems for exploring various physical formation of nanocrystalline CdS in these films [11-13].
chemical, and biological phenomena in reduced dimensionWe performed specular reflectivity and diffuse scattering
A simple process, which involves sequential transfer oimeasurements on two of these films, namely, the as
organic monolayer spread on water or other liquids byprepared (ASP) and 60 min (60M),8 exposed films, to
repeated dipping of a substrate, is used to form LB filmsunderstand the role of LB interfaces in the formation of
In spite of extensive research, the ease of formation of thesedS nanostructures.
films having exceptionally well ordered, stable molecular X-ray specular reflectivity measurements were per-
stack remains an enigma even 80 years after the discovefgrmed on these films by keeping the angle of incidence
of this technique. It is well known from initial years of («) equal to the angle of reflectior8] while the diffuse
development of this technique that interfaces present iscattering data were taken by keeping these angles unequal
these films are quite rigid and sharp and one can deposit[d4]. The details of the experimental setup have been
film even on a wire mesh [4]. Although recent advances irdescribed earlier [15]. The incident CyKradiation was
measurement techniques, such as grazing incidence x-rapllimated by slits having horizontal and vertical apertures
scattering [5,6] and scanning probe microscopy [1,3], an@f 100 and5000 wm, respectively, with the horizontal
progress in the theoretical formalisms [7] to study theaperture determining the width of the incident beam in the
structure of surfaces and interfaces have improved ouwscattering plane. In case of diffuse scattering measure-
understanding of the structure of LB films [1,6,8—10], wements the scattered beam was defined in the scattering
still do not have a comprehensive knowledge about th@lane by a horizontal slit of apertur®0 xwm placed in
exact mechanism of formation and stability of such films.front of the detector. The vertical aperture of the detector

Understanding the formation of nanometer sized semislit was kept wide open to effectively integrate [14] the
conductor particles that exhibit the finite size effect inout of plane componeng,,, of the scattering.
band structure is of seminal importance [11]. It was For the specular reflectivity measurement we found
shown recently that by exposing a cadmium arachidatéhat the intensity of the multilayer Bragg peaks in both
(CdA) LB film in a hydrogen sulphide (}8) environment, the films increases with increasing horizontal detector slit
cadmium sulphide (CdS) nanostructures can be formedidth even beyond the beam divergence width. More-
[12,13] without much disturbance to the embedding LBover, in a log-log plot the scattered intensity was found
structure. The band structure of these CdS nanostructurés decay linearly, with a slopen(— 1), as a function of
is modified considerably due to the quantum confinementhe in-plane scattering vectqr,, wheren depends o, .
effect [11-13]. It is also evident that the longitudinal off-specular scans

Four LB films of CdA, each 9 monolayers (ML), were follow the specular profile quite closely. These results
deposited on quartz substrates at a surface pressure aridarly indicate that we are dealing with scattering which
temperature o880 mNm~!' and 10 °C, respectively. Of has a strong diffuse component around the specular ridge
these four films, three were exposed taSHgas for similar to that observed in scattering from liquid surfaces
a duration of 10, 30, and 60 mins, respectively. Thehaving capillary waves [14,16] with logarithmic height-
details of the experimental arrangement used to prepatgeight correlation [14] and multiple interfaces present in
these LB films have been described earlier [12]. Thehe system are highly correlated [17]. It is known that
ultraviolet—visible absorbance data on all these filmsbeyond a certain critical in-plane length, interfaces in
were taken and the absorption edge for the&sHxposed organic multilayer films, such as liquid crystals [18,19]
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and soap films [20], behave as a correlated system, exhe valuex, we have used as2.6 X 107> A~ (taking
hibiting a single logarithmic height-height correlation for A = 10720 J, v = 62.8 mNm™!, andd = 250 A). Itis
all the interfaces. The value af depends on the com- interesting to note in Eq. (3) that the actual roughness
pressibility of the film and decreases with decreasingf an interfaceo; is more than the measured effective
compressibility [19,20]. Hence, in analogy with theseroughnesso.sr);. However, a higher value of the van der
theoretical formulations and using our earlier expressioWaal's cutoff, used here, as compared to the gravitational
[14] for liquid surfaces we can write down the height dif- cutoff for the liquid-vapor interface [14], makes this
ference correlation function [7]g(r), for the interfaces difference marginal.
present in our LB films as In Figs. 1@) and 2@) the specular reflectivity data
gii(r) = o + U}z + Byr + BIn(xr/2), (1) along with thg fit (soli_d Iin_e) for bqth the_ fiIrn_; are shown.
The reflectivity profile fitted using simplified models
(dashed line) is also shown. In the simplified model
the number of slices used to calculate the reflectivity
is minimized. The simplified model in both the films
5 " i . [hdicates the increase in the absolute values of electron
as [21,22] k* = A/2myd", where A is the effective eongities in each bilayer as a function of depth, possibly
Hamaker constanty is the interfacial tension, and is  eqiting from increased disorder and formation of patches
the total film thickness. _ _ _ due to incomplete film coverage [27], towards the top
Usmg a Gaussian re_solutlon functhn for, obtalned_ of the film [z = 0 in Figs. 1€) and 2€)]. The electron
from direct beam profile, we can write the expressionyengit, nrofile (edp) obtained from simplified and detailed

[7,14] for the detected scattered intensifig..q:), in  mogels is shown in Figs. & and 2€) where the metal
terms of the Kummer function and gamma function as  gjies are indicated by the higher electron density boxes.

where o;, o; are the rms roughnesses of thgh and
jth interfaces,B is given by kT /7y, and k is the
low wave vector cutoff for capillary waves in LB films
decided by van der Waals interactions and can be writte

_ RB(qZ)QZ LF<1_77>F<1_77_1.Q,%L2>
92kosina /7 2 )i\ 2 v 4n? -
2
+ D, (2) g
where D is the constant background, arising mainly due [
to detector dark counts her&kz(g.) is the specular Q
reflectivity for a multilayer in the Born approximation %
[7,17,23], while the other terms are as explained in -E ’
[14]. In specular conditioffig, = 0], Kummer function Qo o L L L L L]
becomes unity andk,sina cancels withg.; Eq. (2) w %9 50 10 15 200 250
gives us effective reflectivityR.sr(g,) as given in [14]. Z (A)
In order to avoid lowg divergence, inherent in the Born
approximation formalism, we have replac®}(g;) in 109" =
Eq. (2) by Rp(g,), the reflectivity profile of a rough 1074 4
multilayer structure calculated using a slicing technique 1024 .
[24—-26] to analyze our data. 21072 1
The effective roughness$g.sr);, for each interface can 5 104 4
be written as $10°+ 1
1 1 51071 1
(et)] = o} + 5 Byve = 7 BIn@7/xkL), (3) o107 4 1
-8 E
where the true roughness is given by [14,16] 12.95 ‘ :
A IR i I i
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Equation (4) is a general expression for interfacial rough- 21
ness, wherdoy); represents uncorrelated intrinsic rough- q. (A7)

ness of t'heit_h interface, which is neglected' her.e as Werig, 1. @ Specular reflectivity, If) off-specular longitudinal,
are working in the completely correlated regian;is the  and ¢) obtained electron density (electrgls) profile for as
upper wave vector cutoff of capillary waves. prepared film are shown. The dashed line & i obtained

Specular reflectivity and transverse and longitudinaby fitting a simple model shown in solid line irc)( the solid

diffuse scattering data of both films were analyzed using?”e in (@) is a fit of a detailed model shown in open boxes in
¢). The line joining these boxes is provided only as a guide to

Eq. (2) with congtant backgroudd as 0.035 counysec. the eye and does not provide roughness. The solid lindd)n (
Although there is an uncertainty in the value of thejs the calculated profile for longitudinal scattering as described
effective Hamaker constant [22] and hence, in our casen text.
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RS T s AR aan in the electrons per unit area, for each bilayer, between
. the ASP and 60M films is-1 electrorA2. By taking the
] area per molecule to b&s A% [1,6] we find that there
] are effectively 18 excess electrons in the 60M film as
] compared to the ASP film, per bilayer. This is equal to
the total electrons in a 46 molecule. In view of the
above result and the fact that the molecular stacking is

----- e not disturbed, due to % exposure, we conclude that
0 S0 10 150 200 250 the CdS nanostructures formed remain confined within
the interfacial regions of the LB films around the metal
sites and that there is still one metal atom withideaA
cylinder of cross sectioh8 A2, as indicated earlier [6].

The three sets of transverse scans (each at constant
q,) for the ASP and 60M films are shown in Fig. 3.
For both the films the scans were performed at the
first, second, and third Bragg peaks. For the ASP film
these scans were done at values of 0.108, 0.228,
0.340 A™', respectively, while for the 60M film these
scans were done at 0.107, 0.219, 0.333 Aespectively.
The obtained value foB was 2.1 = 0.2 A? for both
ASP and 60M film, givingy as62.8 mNm~! (at27 °C).

It may be noted here that the Kummer function in

Electron Densit
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FIG. 2. @ Specular reflectivity, If) off-specular scattering,
and €) obtained electron density (electrok’) profile for
the 60 min exposed film are shown. Other details are as
described in the caption of Fig. 1.

100-5 TTTTY

In the detailed model of ASP film 49 slices 6fA and
one slice of2.5 A, near the substrate were used. For the
60M film we used 36 slices each having a thickness of
7 A. 1t is interesting to note that the simple model for
both unexposed and exposed films generates the essential
features, the reflectivity profiles, while the detailed model
takes care of finer details by variation of electron densities
around the simple model. Using a box size lef A,
which is a quarter of the bilayer thickness, at the metal
sites in the 60M film the simple model correctly brings
out the most prominent feature in the measured reflectivity
profile, i.e., vanishing of the fourth Bragg peak. The
values ofo.¢s obtained from the fitting of the simplified
model for both the films ar@.1 = 0.1 A for the air-film
interface and2.0 = 0.2 A for the buried interfaces and ;
corresponding true roughness values are 2.4 AAdA. A P A SO A
The smearing of edp across the interfaces occurs due to ' ’ 2 '
interdiffusion of CdS nanoparticles confined witHi# A, Ay (A™)
as shown in Fig. 2y, an.d Caplllary wave roughrjess. FIG. 3. Transverse diffuse scattering data for as prepared film
Both these effects are included in the calculation of(a) and for 60 min exposed film (b) are shown along with the
Rg(q;) in EQ. (2). fitted curves. Dashed lines in (a) indicate resolution function
The total film thickness (bilayer thickness) for the at first Bragg peak position. Filled circles in (b) represent the
9 ML ASP and 60M film was found to b247.5 A (55 A) transverse diffuse scan of substrate at first Bragg peak position.

. . . All data of LB films are normalized to unity and intensity ratio
and 252 A (56 A), respectively. By integrating the edp ot gbstrate and film data are shown in proper scale. Bragg

over the total film thickness, for both the ASP [Figcll(  peak numbers are indicated along with the respective curves
and 60M [Fig. 2€)] flms, we notice that the difference (refer to text for details).

Intensity (normalised)
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Eq. (2) not only gives the proper slope of the asymptoticas if picked up during deposition, along with the Lang-
diffuse scattering tail but also the proper branching poinmuir monolayer spread on water surface.

from the Gaussian shaped specular peak. This in turn It is our pleasure to acknowledge the help of Professor
decides the ratio of specular to diffuse intensity at aS.S. Major, and N. Prashanth Kumar and Dr. Alokmay
g, oOffset. Typically, for a change inmp from 0.01 Datta for their help in preparation of the samples and
to 0.1 this ratio changes by an order of magnitudefor valuable discussions. We also thank Professor Bikash
(Fig. 3), and as a result gives us the sensitivity in theSinha for his continuous support in this activity.

obtained value ofB. Also plotted is the transverse
scan of the bare substrate taken g@t= 0.107 A~!,
and the direct beam profile converted to an effective
transverse resolution function @t = 0.108 A~!. It may
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