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Abstract. Structure and stability of cadmium arachidate (CdA) Langmuir-Blodgett (LB) films on ho-
mogeneous (i.e., OH-, H-passivated Si(001) substrates) and heterogeneous (i.e., Br-passivated Si(001)
substrates) surfaces were studied using X-ray reflectivity and atomic force microscopy techniques and
compared with those of nickel arachidate (NiA) LB films. While on OH-passivated Si, an asymmetric
monolayer (AML) structure starts to grow, on H-passivated Si, a symmetric monolayer (SML) of CdA
forms, although for both the films, pinhole-type defects are present as usual. However, on heterogeneous
Br-passivated Si substrates, a combination of AML, SML, shifted SML and SML on top of AML (i.e.,
AML/SML), all types of structures are found to grow in such a way that, due to the variation of heights
in the out-of-plane direction, ring-shaped in-plane nanopatterns of CdA molecules are generated. Proba-
bly due to stronger head-head interactions and higher metal ion-carboxylic ligand bond strength for CdA
molecules compared to NiA, easy flipping of SML on top of another preformed SML, i.e. a SML/SML
structure formation was not possible and as a result a wave-like modulation is observed for the CdA film
on such heterogeneous substrate. The presence of hydrophilic/hydrophobic interfacial stress on the hetero-
geneous substrate thus modifies the deposited molecular structure so that the top surface morphology for
a CdA film is similar to monolayer buckling while that for NiA film is similar to monolayer collapse.

1 Introduction

Amphiphiles having hydrophilic heads and hydropho-
bic tails are interesting molecules, as they form order
Langmuir monolayers at the air-water interface [1]. The
ordering of such Langmuir monolayer, in general, im-
proves through metal ions-carboxylic headgroups interac-
tion, when metal ions are present in subphase water [2,3].
However, the amount of improvement depends upon the
nature of interaction, i.e. the nature of metal ions. For ex-
ample, the interaction is found to be higher for the divalent
metals having covalent nature compared to those having
ionic nature and accordingly, different ordered or struc-
tured Langmuir monolayers are observed [4–6]. Langmuir
monolayers containing metal ions can be easily transferred
to solid substrates to form ordered metal-organic multilay-
ered Langmuir-Blodgett (LB) films [2,7,8]. Such LB films
are ideal for testing physics of low-dimensional systems
and have promising applications in the field of biosensor,
catalysis and nanotechnology [2, 9–13]. However, most of
the proposed applications, arising from the unique physi-
cal properties of LB films, strongly depend on their struc-
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ture, and hence control of the specific structure through
proper understanding is important.

The structure of a LB film is strongly related to two
main factors: the structure or order of the starting Lang-
muir monolayer and the substrate-surface condition where
it is transferred. The structure of the Langmuir mono-
layer can be tuned through selection of different metal
ions, having different type and/or strength of interaction,
as mentioned before [4, 6]. This can give rise to differ-
ent structured LB films [14,15]. Similarly, it has been ob-
served that the increase in pH helps to incorporate more
metal ions in the monolayer and thereby decreases the
pinhole-like defects in the LB films [16]; also the increase
in surface pressure beyond standard monolayer formation,
either buckles [17–19] and/or collapses [20–25] the Lang-
muir monolayer and shows different structured film, when
transferred to solid substrate.

The polar-nonpolar (i.e. hydrophilic-hydrophobic) na-
ture of a substrate-surface, arising from the passivation
or termination of a surface with a foreign atomic layer
(such as hydrogen, bromine, etc.) [26–31], changes the ini-
tial attachment of the monolayer, which leads to different
structured LB films. For example, nickel arachidate (NiA)
LB films show an asymmetric monolayer (AML) structure
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on an OH-terminated surface and a symmetric monolayer
(SML) structure on H-terminated surface, consistent with
the hydrophilic and hydrophobic nature of the substrates,
respectively, while they show both AML and SML struc-
tures on Br-terminated surface i.e., AML+SML structure,
suggesting a coexisting (hydrophilic and hydrophobic) na-
ture of the substrate. Although the pH of the subphase
water (∼ 9) is high, the SML structure that is formed on
H-terminated surface is found quite disordered and un-
stable, while the Br-terminated surface shows an unusual
growth behavior, namely hydrophilic and hydrophobic at-
tachments of NiA molecules in single up stroke of deposi-
tion and growth of large heights of ring-shaped islands in
subsequent deposition. The latter arises due to flipping
of molecules to release the initially accumulated stress
in the film structures near hydrophilic/hydrophobic in-
terface, which is similar to the collapse of monolayer due
to application of pressure.

Now the question is if we replace Ni ions, which inter-
act electrostatically (i.e. less strongly) with the arachidic
acid headgroups to form NiA Langmuir monolayer [32],
with, say, Cd ions, which interact covalently (i.e. strongly)
with the arachidic acid headgroups to form better ordered
CdA Langmuir monolayer, then is it possible to improve
the order of the SML structure on the H-terminated sur-
face or to change the unusual growth behavior on the
Br-terminated surface? Present study of CdA LB films
on differently terminated surfaces using X-ray reflectiv-
ity (XRR) and atomic force microscopy (AFM) suggests
that better ordered SML structure and normal growth be-
havior are indeed possible. Regular ring-shaped islands of
small heights are also observed, which further suggest the
strong role of metal ions and their interaction.

2 Experiment

The preparation of CdA LB films is similar to that of NiA
LB films [30]. In brief, arachidic acid (CH3(CH2)18COOH,
Sigma, 99%) molecules were spread from a 0.5mg/ml chlo-
roform (Aldrich, 99%) solution on Milli-Q water (resis-
tivity 18.2MΩcm) containing 0.2mM cadmium chloride
(CdCl2.2H2O, Merck, 99%) in a Langmuir trough (Apex
Instruments). The pH of the subphase water was main-
tained at 8.5–9.0 using sodium hydroxide (NaOH, Merck,
98%) at the time of isotherm measurement (shown in
fig. 1) and film deposition. All isotherms and LB de-
positions were carried out at a speed of 3mm/min and
2mm/min, respectively. Film depositions were done in
solid phase (shown in fig. 1) at 30mN/m pressure and at
room temperature (22 ◦C). The deposition pressure was
maintained the same as in the case of NiA LB film de-
positions due to their similar type of isotherm behavior
which is evident from fig. 1. The drying time allowed after
each upstroke was 10min at the time of film deposition.

Prior to the deposition, Si substrates were treated
differently which lead to differently terminated sub-
strates and were kept inside Milli-Q water. Si sub-
strates were made OH-terminated after keeping them in a
mixed solution of ammonium hydroxide (NH4OH, Merck,

Fig. 1. (Color online) Surface pressure (π)-specific molecu-
lar area (A) isotherms at room temperature (22 ◦C): (a) pure
arachidic acid, (b) arachidic acid in the presence of cadmium
ions and (c) nickel ions in the subphase water. Compression
speed is 3 mm/min for each isotherm. Arrow indicates the point
of films deposition by LB method.

98%), hydrogen peroxide (H2O2, Merck) and Milli-Q wa-
ter (H2O : NH4OH : H2O2 = 2 : 1 : 1, by volume) for 5–
10min at 100 ◦C. Si substrates were made H-terminated
by keeping them in a solution of hydrogen fluoride (HF,
Merck, 10%) for 3 min at room temperature (22 ◦C). Br-
terminated Si substrates were made after the removal of
the oxide layer by HF etching and keeping them inside
the Br-methanol solution (thoroughly rinsed by 0.05% Br-
methanol solution). CdA LB films on differently termi-
nated Si substrates were deposited using different num-
bers of down and/or up strokes of substrates through
CdA Langmuir monolayers. On the OH-terminated Si sub-
strate, one CdA LB film was deposited by three strokes
(up-down-up) and labeled as 3s-CdA/OH-Si. On the H-
passivated Si substrate, one CdA LB film was deposited
by two strokes (down-up) and labeled as 2s-CdA/H-Si.
Finally on the Br-passivated Si substrate, three CdA
LB films were deposited, the first by one stroke (up),
the second by two strokes (down-up) and the third by
three strokes (up-down-up), labeled as 1s-CdA/Br-Si, 2s-
CdA/Br-Si and 3s-CdA/Br-Si, respectively. Films were
checked for reproducibility. The transfer ratios for all such
LB films depositions were varied from 0.89 to 0.93.

XRR measurements [33, 34] of the LB films were car-
ried out using a versatile X-ray diffractometer (VXRD)
setup. VXRD consists of a diffractometer (D8 Discover,
Bruker AXS) with Cu source (sealed tube) followed by
a Göbel mirror to select and enhance Cu Kα radiation
(λ = 1.54 Å). The diffractometer has a two-circle goniome-
ter (θ-2θ) with quarter-circle Eulerian cradle as sample
stage. The latter has two circular (χ and φ) and three
translational (X, Y , and Z) motions. Scattered beam was
detected using NaI scintillation (point) detector. Data
were taken in specular condition, i.e., the incident an-
gle (θ) is equal to the reflected angle (θ) and both are
in a scattering plane. Under such condition, a nonvan-
ishing wave vector component, qz, is given by (4π/λ) sin θ
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with resolution 0.0014 Å−1. XRR data essentially provides
electron density profile (EDP), i.e. in-plane (x-y) average
electron density (ρ) as a function of depth (z) in high res-
olution [35], from which the structure of the LB film can
be obtained [30]. Analysis of X-ray reflectivity data was
carried out using Parratt’s formalism [36]. In this formal-
ism the reflectivity as a function of qz for a thin film of
finite thickness d over a substrate, is given as R(qz) = rr∗,
where

r =
r12 + r23

1 + r12r23
, (1)

with r12 and r23 being the reflectance for the vacuum-film
and film-substrate interfaces, respectively. The above cal-
culation can be extended for n such thin stratified layers
of thickness d and one arrives at a recursive formula in
terms of Fresnel reflectance given by

rF
n−1,n =

rn,n+1 + Fn−1,n

1 + rn,n+1Fn−1,n
e(−iqz,n−1dn−1), (2)

where

Fn−1,n =
qz,n+1 − qz,n

qz,n+1 + qz,n
(3)

In the n-th stratified layer the corresponding wave vec-
tor is defined as qz,n = (q2

z − q2
c,n)1/2. The Fresnel re-

flectance for the interface between n-th and (n − 1)-th
stratified layer is modified to include the roughness σn

of the n-th stratified layer and one can finally write the
reflectance of a rough surface as

rn−1,n = rF
n−1,ne(−

1

2
iqz,n−1qz,nσ2). (4)

In general, the electron density variation in a specimen
is determined by assuming a model and comparing the
simulated profile with the experimental data. EDP is ex-
tracted from the fitting of the experimental XRR data.
For the fitting each film was divided into a number of
layers including roughness as each interface [37]. The chi-
square values for XRR data fitting vary from 9.4 × 10−3

to 1.0 × 10−3.
The topography of the CdA LB films on differently

passivated Si(001) substrates was mapped through atomic
force microscopy (AFM) technique in different length
scales and in different portions, few days after deposition.
AFM images were collected in tapping mode to minimize
the silicon-tip–induced damage of the soft film. Repro-
ducibility of an image was verified by repeated scans over
the same area to exclude any kind of artifacts. WSXM
software [38] was used for image processing and analysis.

3 Results and discussion

3.1 Structure and stability of CdA LB films

3.1.1 X-ray reflectivity and electron density profile

XRR data of the 3s-CdA/OH-Si sample collected initially
and after 21 days are shown in fig. 2, which are nearly

−

ρ
 [

.
−

Fig. 2. Time evolution XRR data (different symbols) and an-
alyzed curves (solid line) of CdA LB film on OH-passivated
Si substrate, deposited by three strokes. Data and curves are
shifted vertically for clarity. Inset: corresponding EDPs show-
ing a possible structure.

identical. Both data were analyzed considering a thin ox-
ide layer on top of the Si substrate followed by two layers
of CdA molecules: AML first and SML on top it. Best-
fitted XRR curves thus obtained are shown in fig. 2 and
corresponding EDPs are in the inset. EDPs show that the
AML/SML structure of the film is near perfect, compact
(∼ 95% coverage, considering the electron density of the
tail portion (ρtail) of a perfect and compact structure (ei-
ther AML or SML) is about 0.32 e Å−3) and stable in am-
bient condition. Also compared to the film substrate in-
terfacial roughness (σin ≈ 5 Å), the top surface roughness
of the film (σtop ≈ 3 Å) is found to be quite small and

decreases further (to σtop ≈ 2 Å) with time. The width
of the head portion of the SML structure (dH), obtained
from the FWHM of the peak is ∼ 8 Å.

XRR data of the 2s-CdA/H-Si sample collected ini-
tially and after 33 days are shown in fig. 3. Small changes
in the XRR data are observed with time, namely slight
smearing of the peak at qz ≈ 0.3 Å−1 and marginal right
shift in the position of the dip at qz ≈ 0.4 Å−1 and peak
at qz ≈ 0.5 Å−1. In order to understand the structure of
the film and its evolution with time, both reflectivity data
were analyzed considering a thin layer on top of the Si
substrate followed by SML of CdA molecules. Best-fitted
XRR curves thus obtained are shown in fig. 3 and cor-
responding EDPs are in the inset. It is clear from the
EDPs that the structure of the film remains almost un-
changed with time. What is changed is the film-substrate
interfacial region, namely the decrease of electron density
due to the formation of oxides at the Si surface. Interest-
ingly, such change in the interface cannot disturb the quite
perfect and compact (∼ 80% coverage) SML structure of
the film. The top surface roughness of the film (σtop ≈

4 Å) is found quite small compared to the film-substrate
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Fig. 3. (Color online) Time evolution XRR data (different
symbols) and analyzed curves (solid line) of CdA LB film on
H-passivated Si substrate, deposited by two strokes. Data and
curves are shifted vertically for clarity. Inset: corresponding
EDPs showing a possible structure.

interfacial roughness (σin ≈ 8 Å), indicating the tendency
of CdA molecules to form an ordered SML structure. This
tendency continues with time and improves the ordering
even after the formation of oxides at the interface, which
is evident from the further decrease of the top surface
roughness (to σtop ≈ 3 Å). The value of dH is ∼ 8 Å, which
means that the ordering of the head-groups of this film is
comparable to that of the 3s-CdA/OH-Si sample.

XRR data and analyzed curves of 1s-CdA/Br-Si, 2s-
CdA/Br-Si and 3s-CdA/Br-Si samples are shown in fig. 4.
EDPs obtained from the analysis of XRR data are in-
cluded in the insets of fig. 4. EDP suggests that the
AML structure with reduced thickness is formed on Br-
terminated Si surface by single up stroke of deposition.
The reduced thickness probably indicates the imperfect
nature of the film. In the XRR data of 2s-CdA/Br-Si and
3s-CdA/Br-Si samples, a small hump near qz = 0.18 Å−1

is observed initially, which vanishes with time. However,
from the EDPs not much change is observed in the films
with time. The structure of the 2s-CdA/Br-Si sample is
AML+SML, i.e. both AML (of height ≈ 2.2 nm) and SML
(of height ≈ 4.2 nm) structures are present on the sub-
strate surface side by side (in-plane). The reduced thick-
ness observed for both kinds of layers is related to their
imperfect nature. The amount of SML molecules is rel-
atively small compared to AML molecules. The amount
of the latter seems to be comparable to that in the 1s-
CdA/Br-Si sample. Due to the imperfect nature of the
film, some heads are always contributing in the electron
density of the tail portion. Considering ρtail ≈ 0.4 e Å−3

for full coverage with imperfect structure, the coverage of
1s-CdA/Br-Si sample with AML structure is about 75%.
The coverage of 2s-CdA/Br-Si sample with AML struc-
ture is again 75%, which increases marginally with time

Fig. 4. (Color online) Time evolution XRR data (different
symbols) and analyzed curves (solid line) of CdA LB films
on Br-passivated Si substrates, deposited by (a) one and two
strokes and (b) three strokes. In each panel, data and curves
are shifted vertically for clarity. Inset: corresponding EDPs,
indicating possible structures.

and the rest with SML structure decreases accordingly.
This indicates that the imperfect structures are quite sta-
ble.

EDPs of the 3s-CdA/Br-Si sample (inset of fig. 4) are
slightly different from those of 3s-CdA/OH-Si sample (in-
set of fig. 2), which indicates the presence of some other
structures apart from the AML/SML structure. To find
out all the structures along with the individual contribu-
tions (roughly), EDPs of the 3s-CdA/Br-Si sample were
deconvoluted which is shown in fig. 5. It is found that ini-
tially the film consists of mainly two different structures:
AML/SML and SML, of which AML/SML is the major-
ity. In SML structure not all molecules lie in same vertical
position, some are attached directly to the substrate (la-
beled as B1 type) and others are slightly shifted upwards
(labeled as B2 type). Shifting of SML (B2 type) in the
upward direction does not necessarily take place to a par-
ticular height, rather it is reasonable to consider a distri-
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Fig. 5. (Color online) Deconvolution of EDP of 3s-CdA/Br-Si
sample suggests that the film consists of three different struc-
tures, i.e., ∼ 11% SML (B1 type), ∼ 9% SML (B2 type) and
∼ 80% AML/SML. Adding these structures a EDP is gener-
ated which is very similar to the experimental EDP.

bution in shifting which reveals itself as a broadening of
the head part with a low ρ value (fig. 5). Initially no AML
structure is observed in fig. 5, but finally after reorgani-
zation with time few AML structured molecules are ob-
served along with other structures (not shown here). The
increment of the ρ value of the lower tail part of thickness
2 nm indicative of the formation of the AML structure.
However, the deconvoluted EDP (fig. 5) indicates that the
LB film initially consists of ∼ 11% SML (B1 type), ∼ 9%
SML (B2 type) and ∼ 80% AML/SML structures. Finally
few SML structured molecules (both B1 and B2 types)
flip to form the AML structure whose coverage is found
to observe ∼ 10%. The coverage of AML/SML structure
remains nearly the same around 80%. Thus the deconvo-
lution of EDP clearly monitors the changes happening in
the film quantitatively. Still, there may be some errors in
estimating the coverage of individual structures as those
are not perfect structures.

3.1.2 Atomic force microscopy and topography

Typical AFM images of CdA LB films deposited on dif-
ferently treated Si(001) substrates are shown in fig. 6.
The corresponding model structures are also shown in
fig. 6. The AFM image of 3s-CdA/OH-Si sample (fig. 6(a))
shows that it consists of pinhole-type defects, which are
large in number but small in size. Otherwise the surface is
very smooth. The maximum depth of the defects is about
8 nm, which corresponds to the Si surface relative to the
AML/SML structured smooth film. Considering the XRR
results, pinhole-like defects cover about 5% of the sur-
face. Figure 6(d) schematically shows the structure of the
film. AFM image of 2s-CdA/H-Si sample (fig. 6(b)) shows
that the top surface of the film is quite smooth, which is
consistent with the XRR results. However, AFM images
collected in larger length scale (not shown here) indicate

Fig. 6. (Color online) AFM images showing the topography of
CdA LB films (a) on OH-terminated Si substrate, deposited by
three strokes, of scan size 2×2 µm2, (b) on H-passivated Si(001)
substrate, deposited by two strokes, of scan size 1× 1 µm2 and
(c) on Br-terminated Si substrate, deposited by three strokes,
of scan size 1×1 µm2. Inset: magnified image of scan size 200×
200 nm2. (d)-(f) Model structures of the films corresponding to
the AFM images (a)-(c).

the presence of some line-strip–like scratches in smooth
film. Although the origin of such scratches is not clear,
their presence probably lowers the coverage of the film to
∼ 80%, as predicted by EDP. Also, such scratches help
to estimate the film thickness, and hence the structure of
the film, which is SML as shown schematically in fig. 6(e).
The AFM image of the 3s-CdA/Br-Si sample (fig. 6(a))
is quite interesting. It shows the presence of ring-shaped
islands having size of about 70 nm and an annular width
about 25 nm. However, the ring-shaped islands do not lie
on a flat surface, which is clear from the magnified view
as shown in the inset, rather the depth inside (∼ 9 Å)
is higher compared to the depth outside (∼ 3 Å). Con-
sidering the XRR results, the structures corresponding to
the inside and outside portions of the ring-shaped island
are SML and AML/SML, respectively. The structure of
the island itself is also AML/SML, but such structure is
probably more compact and ordered compared to that
of the outside portion, which gives rise to a small height
difference. This is shown schematically in fig. 6(f). It is
necessary to mention that no such ring-shaped islands are
present in 1s-CdA/Br-Si and 2s-CdA/Br-Si samples.

In order to find out the role of Br concentration in such
a type of pattern formation we also prepared another two
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Fig. 7. (Color online) AFM images showing the topography of CdA LB films on Br-passivated substrates prepared in three
different concentrations of Br: (a) 0.025%, (b) 0.05% and (c) 0.1% by volume in Br-methanol solution. (d) Number of rings (per
µm2 area) for the three different concentrations of Br.

Table 1. Different layered structures for CdA and NiA LB films on differently passivated Si substrates deposited by different
number (n) of strokes and relevant parameters such as film-substrate interfacial roughness (σin), top surface roughness of the
film (σtop), and head width (dH) corresponding to the SML structure obtained from the analysis of XRR data and AFM images.

OH-Si H-Si Br-Si

σin σtop dH σin σtop dH

LB film n Structure (Å) (Å) (Å) Structure (Å) (Å) (Å) Structure

CdA 1 AML – AML

2 – SML 8–12 4–3 8 AML+SML

3 AML/SML 5 3–2 8 – AML+SML+AML/SML

NiA 1 AML – AML+SML

2 – SML 6–10 9–14 11 AML+SML

3 AML/SML 6 7 10 – AML+SML+AML/SML+SML/SML

LB films in three strokes by using two different Br con-
centrations, which are ∼ 0.1% and 0.025% by volume, for
Br-passivation. The AFM images of these two films along
with the previous sample (∼ 0.05% Br concentration) are
given in fig. 7. The same ring-shaped nanopattern is ob-
served, but there is a drastic difference in the number of
ring-shaped islands as shown in fig. 7(d). In comparison
with the medium concentration of Br (0.05%), very few
ring-shaped islands were observed in higher (0.1%) and
lower (0.025%) Br-concentrated sample.

3.2 Structure formation mechanism of LB films

In order to understand the mechanism behind the forma-
tion of different structures of CdA LB films on differently

passivated Si surfaces, let us first compare the structures
of the present films with those of the NiA LB films stud-
ied earlier [30]. Table 1 summarizes different structures
present in CdA and NiA films on three differently passi-
vated Si surfaces deposited in different number of strokes.
Also different parameters, such as film-substrate inter-
facial roughness (σin), top surface roughness of the film
(σtop) and head width corresponding to the SML struc-
ture (dH) for LB films on OH-Si and H-Si substrates are
included in table 1, which will be important in under-
standing the differences in the structures. Similar to the
CdA films, the values of these parameters for the NiA LB
films are estimated from the EDPs in ref. [30].

On OH-terminated Si substrates, both CdA and NiA
LB films form an AML structure in single up stroke of
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deposition and an AML/SML structure in three strokes
of deposition, which are consistent with the hydrophilic
nature of the OH-terminated Si substrate. Film coverage
(∼ 95%) and film-substrate interfacial roughness of the
3s-CdA/OH-Si sample are found similar to those of the
3s-NiA/OH-Si sample, indicating that these two parame-
ters are film- (i.e. head-groups) independent and mainly
related to the nature of the substrate. The values of σtop

and dH for the 3s-CdA/OH-Si sample are found smaller
compared to those for the 3s-NiA/OH-Si sample, suggest-
ing better ordering of the Cd head-groups compared to
the Ni head-groups. With time, such ordering either re-
mains the same (for the NiA LB film) or even improves
(for the CdA LB film). The latter is evident from the de-
crease (whatever small) in the value of σtop (from 3 Å to

2 Å) with time.

The CdA LB film forms an SML structure on H-
terminated Si substrate in two strokes of deposition sim-
ilar to the NiA LB film, which is well understood from
the hydrophobic nature of the H-terminated Si substrate.
Comparison of different parameters, namely σtop and dH

for the two films suggests that the ordering of the Cd head-
groups is better compared to the Ni head-groups, while the
AFM images and the EDPs suggest that the structure of
the CdA LB film is more compact. However with time,
oxides grow on the Si substrate, which increases the film-
substrate interfacial roughness. Oxide growth destabilizes
and deteriorates the structure of the NiA film, which is
evident from the increase in the value of σtop (from 9 Å to

14 Å) with time. However, unlike NiA film, oxide growth
does not deteriorate the structure of the CdA film, rather
improves the ordering, which is evident from the decrease
(whatever small) in the value of σtop (from 4 Å to 3 Å)
with time.

CdA and NiA LB films on Br-terminated Si sub-
strate deposited by two (down-up) strokes, show simi-
lar (AML+SML) structure. This is consistent with the
coexisting (hydrophilic-hydrophobic) nature of the Br-
terminated Si surface, where the SML structure is formed
on the hydrophobic portion during down-up stroke and the
AML structure is formed on the hydrophilic portion dur-
ing up stroke only. Due to the inhomogeneous and unsta-
ble nature of the Br-terminated Si surface, it is expected
that prior to the deposition, oxide layer might have grown
in some portion of the surface replacing the Br atoms [30].
Large coverage of AML structure compared to SML struc-
ture suggests that the Br-terminated Si surface is mostly
(∼ 75%) composed of hydrophilic portion and remains
unchanged, while the imperfect nature of both AML and
SML structures indicates that the hydrophilicity and hy-
drophobicity of the respective portions of such Si surface
are weak.

Structures of CdA LB films on Br-terminated Si sub-
strates deposited by an odd number of strokes are quite
different from those of NiA LB films. In single up stroke
of deposition, the CdA LB film forms an AML struc-
ture with partial coverage, while both AML and SML
structures are observed for the NiA LB film. Due to the
coexisting (hydrophilic-hydrophobic) nature of the Br-

terminated Si surface, growth of AML structure on the
hydrophilic portion of the substrate in single up stroke of
deposition is quite natural, which is the case for the CdA
LB film. Also this suggests that during up stroke of de-
position, continuous diffusion and configurational change
(or flipping) of molecules from hydrophilic to nearly hy-
drophobic portion, which was proposed for the unusual
AML+SML structure of the NiA LB film [30], do not take
place in case of CdA molecules.

In three stokes of deposition, a CdA LB film forms an
AML+SML+AML/SML structure on Br-terminated Si
substrate, unlike NiA LB film, which forms AML+SML+
AML/SML+SML/SML structure. The formation of the
structure for the NiA LB film has been understood con-
sidering further growth on AML+SML structured LB
film having stress across the hydrophobic/hydrophilic in-
terface (that developed in one stroke of deposition), by
down-up stroke of deposition [30]. Release of stress also
takes place in subsequent down-up stroke of deposition,
which allows some molecules to flip off from the substrate
and dump across the hydrophobic/hydrophilic interface
to form large-heights ring-shaped islands. On the other
hand, the SML+AML/SML structure, with AML/SML
as majority (∼ 80%) is expected for CdA LB film. In fact,
that is what we observed initially, with slight modification,
namely all molecules of the SML structure do not lie in
the same vertical plane. Molecules close to the hydropho-
bic/hydrophilic interface detach from the substrate and
shift upwards (B2 type) with respect to the rest (B1 type).
Probably, oxide growth at the initial stages has a weak hy-
drophilicity and can only shift SML structured molecules
slightly upwards, but cannot change the configuration of
the molecules. With time, hydrophilicity increases and a
change in the configuration of molecules (from SML to
AML) takes place, which creates in-plane pressure. This
pressure is mostly exerted on the AML/SML structured
molecules close to the hydrophobic/hydrophilic interface
making the molecules compact and straight compared to
the rest and showed up as small-heights ring-shaped is-
lands. It can be noted that unlike NiA LB film, dumping
of molecules across the hydrophobic/hydrophilic interface,
by flipping up from the substrate to release the stress,
never occurs in the CdA LB film. A number of such ring-
shaped islands strongly depends upon the number of hy-
drophilic/hydrophobic domains, which becomes maximum
at 0.05% Br concentration, as this concentration may be
the most favorable for Br-passivation [39].

It is clear from the observed structures that the LB
films with Cd head-groups are more ordered compared to
those with Ni head-groups although they have deposited
in the same solid phase condition (fig. 1). This can be
understood considering the interaction (E) between the
head-groups [40] and the bond strength (D) between the
metal ion and carboxylic ligand (CL) [32]. The interaction
between the head-groups becomes stronger in the presence
of Cd ions rather than Ni ions (i.e. ECd-Cd > ENi-Ni). A
strong interaction between Cd head-groups holds the ad-
jacent molecules rigidly and makes them ordered. Also the
metal ion-ligand bond strength is stronger in the case of
Cd ion compared to Ni ion (i.e. DCd-CL > DNi-CL) [32].



Page 8 of 9 Eur. Phys. J. E (2012) 35: 79

Such bond strength difference is found to influence the
patterns of the amphiphilic molecules, which lie horizon-
tally on the HOPG substrate in the head-to-head and
tail-to-tail configuration [32]. Metal ion specific bonding
effect is also observed in the structure of the vertically
aligned Langmuir monolayers or films [3, 5]. The differ-
ence between the structures of CdA and NiA LB films
observed here clearly suggests that the bond strength for
the CdA molecules is better compared to that for the NiA
molecules. Accordingly (considering both head-head in-
teraction and metal ion-carboxylic ligand bond strength),
CdA molecules are well ordered, coupled and cannot flip
easily, while NiA molecules are relatively flexible and can
flip. The growth of the LB films depends on the status
of the passivated Si surfaces at the time of LB deposition
and its stability depends on the further reactivity of the Si
surface with the environmental oxygen. It is reported that
if free metal ions are present on the Si surface, they can
weaken the Si-Si bond in order to react with the Si [41–44].
Even metal bearing head-group of amphiphilic molecules
can react with the underlying substrate as we have ob-
served in our previous study on Ni ion [45]. Such reaction
of LB films with the passivated Si surface was not ob-
served in the case of Cd ion-bearing head-group [46]. The
evolution of the grown CdA LB films on the passivated Si
surfaces with time is mainly related with the long-term re-
activity of the passivated Si with the atmospheric oxygen
which is the most favorable reaction as they form highly
stable silicon oxide compounds. No such enhanced oxida-
tion of passivated Si surfaces after the attachment of the
CdA LB films was observed [46]. A probable reason is the
strong covalent bonding between Cd ion and ligand which
does not allow to disrupt the bonding between passivating
element and the Si atom.

4 Conclusions

Structure and stability of CdA LB films on homoge-
neously and heterogeneously passivated Si surfaces were
studied using XRR and AFM techniques and compared
with those of NiA LB films. Hydrophilic, hydrophobic and
coexisting natures of the OH-, H- and Br-passivated Si
surfaces, respectively, are clearly evident from the struc-
tures of the CdA LB films, similar to those observed from
the NiA LB system. The order of the Cd head-groups
in the SML structure, formed directly on the hydropho-
bic Si surface or through the AML structure on the hy-
drophilic Si surface, is found to be far better compared
to that of the Ni head-groups. This clearly suggests that
ECd-Cd > ENi-Ni, i.e. the interaction between Cd head-
groups is stronger compared to that between Ni head-
groups and/or DCd-CL > DNi-CL, i.e. the bond strength
between the Cd ion and the carboxylic ligand is better
compared to that between the Ni ion and the carboxylic
ligand. The influence of such effects is also observed for
the LB films on the Br-terminated Si surface. For exam-
ple, CdA molecules show that they are coupled and cannot
flip easily, while NiA molecules show that they are flexible

and can flip easily either from hydrophilic to nearby hy-
drophobic portion of the Si surface during a single stroke of
deposition or from the substrate and dumping of molecules
across the hydrophobic/hydrophilic interface to release the
stress in the structure of the film during three strokes of
deposition. Ring-shaped islands are also observed in the
CdA LB film, across the hydrophobic/hydrophilic inter-
face, which are quite regular but small in heights and the
effect is more like buckling, rather than collapse.
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