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a b s t r a c t

The hydrophilic/hydrophobic nature of the Cl-passivated Ge(001) surface is investigated directly by con-
tact angle (CA) measurement and indirectly by growing nickel arachidate Langmuir–Blodgett (LB) films
on the Cl-passivated Ge(001) surface. Passivation of Ge(0 01) surface by Cl atoms is confirmed by X-
ray photoelectron spectroscopy measurement. CA measurements show that the Cl-passivated Ge(0 01)
surface has intermediate wettability, i.e., the surface has intermediate hydrophilic/hydrophobic behavior.
Structural information obtained from the deposited LB films by using X-ray reflectivity and atomic force
microscopy analysis shows that the surface is homogeneous and hydrophilic (�85%), although very few
effectively hydrophobic (�15%) regions are present. Structural study in molecular level thus helps to
identify the surface nature in nanometer level, which is not possible by simple macroscopic CA measure-
ment. Specific electrostatic and dispersive effects of Cl atoms are possibly responsible for such hydro-
philic-like nature of the Cl-passivated Ge(0 01) surface.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Ge is considered as a promising material for the next generation
microelectronic circuits, device fabrication [1–4], etc. due to its
favorable electronic properties (e.g., narrower band gap, high elec-
tron and hole mobilities) compared with Si. The main difficulty for
the application of Ge is to obtain a stable and defect free oxide
(GeOx) layer on Ge surface, as thermally grown GeO2 shows poor
dielectric properties such as water-soluble character. A stable
and large defect free GeOx/Ge interface unlike SiOx/Si cannot be ob-
tained. Hence, the elimination of surface oxide from Ge, before film
deposition would be important for the utilization of Ge as device
materials. In order to do that, chemical functionalization of Ge sur-
face is essential. Passivation by wet chemical method is the best
way to restore a surface contamination-free in the ambient condi-
tions [5–10]. Although cleaning and passivation of Si surface have
been extensively studied [11–16], but little attention is paid for Ge
[5–17]. The well-established methods for cleaning Si cannot be di-
rectly applied to Ge because the oxide offers no protection in the
latter case. There are different wet chemical passivations, namely,
H- [14,15], Br- [16,17], Cl- [17–19], I-passivation [20], etc. Among
these, Cl-passivation of Ge surfaces is drawing particular attention,
because of the Ge–Cl bond strength and stability. In Cl-passivation,
coverage of Cl atom can be achieved larger compared to H in the H-
passivation of Ge surface [21]. On the other hand, Cl-passivation of
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toire de Physique de l’Etat
85 Le Mans, Cedex 9, France.
Ge surface can be done very easily in wet chemical method by
using only HCl in comparison with the chlorination of Si surface,
since GeO2 is soluble but SiO2 is inert in HCl. However, for practical
applications, a film has to be deposited on such passivated surface.
The structure of the deposited films, typically LB films, strongly de-
pends upon the hydrophilic or hydrophobic nature of the Cl-pas-
sivated Ge surface.

It is well accepted that the wetting/nonwetting i.e., hydrophilic/
hydrophobic nature of a surface is easily identified by CA measure-
ment [22,23], which is quite useful if the surface is homogeneous
in macroscopic dimensions. However, if the surface is inhomoge-
neous i.e., if both hydrophobic and hydrophilic domains coexist
and if the domain or spot size is of the order of few nanometer then
through conventional CA measurements, it is not appropriate to
estimate the overall nature of the substrate surface and not possi-
ble to investigate the nature of the individual spots. Such limitation
of CA measurement can be overcome by depositing suitable LB
films and determining its structures [24,25]. This is obviously an
indirect method but very useful to obtain the nature of the surface
domains in nanometer level. Thus, by studying the LB film struc-
ture one can predict about the homogeneity or inhomogeneity of
the surface in nanodimension. From our previous study [24,25],
the nature of the substrate surface was determined in the molecu-
lar level by depositing nickel arachidate (NiA) LB films. Moreover,
there are some controversies regarding the nature of the Cl-passiv-
ated Si surface [18,19] and as the electronegativity of Si (�1.9) and
Ge (�2.0) is nearly same then such type of controversies may arise
in case of the Cl-passivated Ge surface also which needs a clear
understanding. The structural information of the deposited LB
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films will thus help in finding the nature of the Cl-passivated Ge
surface and in addition it will be act as a passivation layer [17].

In this article, using X-ray photoelectron spectroscopy (XPS), CA
measurement, X-ray reflectivity (XRR) and atomic force micros-
copy (AFM) techniques we have investigated the wettability of
the Cl-passivated Ge surface. Our analysis suggests that although
the surface shows an intermediate wettability behavior but the
surface is effectively homogeneous and hydrophilic (�85%) along
with very few hydrophobic (�15%) regions. The electrostatic and
dispersive contributions of Cl atoms are possibly responsible for
such surface nature.
Fig. 1. XPS spectra taken on Cl–Ge surface: (a) The Cl 2p core-level spectrum. The
open circles are experimental data. The dashed lines are two components of
Cl 2p3/2, 2p1/2 spin–orbit doublet. The dotted line is from Ge 3s plasmon loss. (b) The
Ge 2p3/2 core-level spectrum. The open circles are experimental data. The dashed
line and the dash-dot line represent the contribution from bulk Ge(–Ge) and surface
Ge(–Cl), respectively. In both cases, the solid line represents the sum of their
corresponding two components.
2. Experimental

Ge(001) substrates were cut into pieces (of size
20 mm � 10 mm) and were sonicated, first in the presence of tri-
chloroethylene (for about 10 min) and followed by methyl alcohol
(for �10 min), to remove organic contaminants. Then the sub-
strates were dipped into dilute (10%) HCl solution for 10 min in or-
der to do the chlorination of the Ge(001) substrates and resulting
substrates were labeled as Cl–Ge. NiA LB films were deposited by
one (up) and two (down-up) strokes on Cl–Ge surfaces and were
referred as 1s-NiA/Cl–Ge and 2s-NiA/Cl–Ge, respectively.

Arachidic acid [CH3(CH2)18COOH, Sigma, 99%] molecules were
spread from a 0.5 mg/ml chloroform (Aldrich, 99%) solution on
Milli-Q water (resistivity 18.2 MX cm) containing nickel sulphate
(NiSO4�2H2O, Merck, 99%) in a Langmuir trough (Apex Instru-
ments). The pH of the water subphase containing 0.2 mM nickel
sulphate was maintained at 8.5–9.0 using sodium hydroxide
(NaOH, Merck, 98%). No buffers were used to maintain the pH of
the subphase. Nearly 8 h were spent for pH stabilization including
initial magnetic stirring. Prior to deposition, surface pressure-spe-
cific molecular area (p � A) isotherm of NiA Langmuir monolayer
on water surface was recorded. p was measured with a Wilhelmy
plate and the monolayer was compressed at a constant rate of
3 mm/min. All depositions were done at p = 30 mN/m and at room
temperature (22 �C). Depositions were carried out at a speed of
2 mm/min.

Cl-passivation of the Ge surfaces was verified by XPS measure-
ments. XPS measurements were performed at base system pres-
sure of 1 � 10�9 mbar in a multiprobe chamber (Omicron
NanoTechnology) equipped with an Al Ka (1486.6 eV) source and
a hemispherical analyzer (EA 125).

CA measurements were carried out using home built setup to
verify the hydrophilic or hydrophobic nature of the Ge(001) sub-
strate before and after the chlorination. A drop (4 ll) of Milli-Q
water was placed on the sample surface using a micro syringe.
The image of water droplet on the substrate surface was captured
by a traveling microscope followed by a digital camera. The images
were analyzed using IMAGEJ software. The experiment was re-
peated at different regions over the sample surface.

XRR measurements were carried out using a versatile X-ray dif-
fractometer (VXRD) setup to investigate the structure of NiA LB
films deposited on Cl–Ge(001) substrates. VXRD consists of a dif-
fractometer (D8 Discover, Bruker AXS) with Cu source (sealed
tube) followed by a Göbel mirror to select and enhance Cu Ka radi-
ation (k = 1.54 Å). The diffractometer has a two-circle goniometer
(h–2h) with quarter-circle Eulerian cradle as sample stage. The lat-
ter has two circular (v and u) 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 angle (h) is equal to the reflected angle (h) and both are
in a scattering plane. Under such condition, a non-vanishing wave
vector component, qz, is given by (4p/k)sinh with resolution
0.0014 Å�1. XRR technique essentially provides an electron density
profile (EDP), i.e., in-plane (x � y) average electron density (q) as a
function of depth (z) in high resolution [9,10]. From EDP it is pos-
sible to estimate film thickness, electron density, and interfacial
roughness. Analysis of XRR data was carried out using Parratt’s for-
malism [26]. For the analysis, the films were divided into a number
of layers including roughness at each interface.

The topography of the LB films on the Cl–Ge substrate was
mapped through AFM technique (Beam-deflection AFM, Omicron
NanoTechnology) in different length scales and in different por-
tions of the samples, after completion of XRR measurements.
AFM images were collected in noncontact mode using silicon can-
tilever (dimensions � 125 lm � 30 lm, spring constant � 42 N/m,
resonance frequency � 320 kHz) and sharp niddle like tip and in
UHV (�10�9 mbar) conditions to minimize the tip induce modifi-
cation of the LB films and to get clean images, respectively. WSxM
software [27] was used for image processing and analysis.
3. Results and discussion

3.1. X-ray photoelectron spectroscopy study

The Cl 2p and Ge 2p3/2 core-level spectra of the Cl–Ge sample
are shown in Fig. 1a and b. All the XPS data were taken just after
the surface chlorination. The two peaks (indicated by dash and
dash-dot lines) shown in Fig. 1a, at � 200 eV and � 201.8 eV
represent the two Cl 2p spin–orbit split peaks i.e., p3/2 and p1/2

respectively. The broad peak positioned at � 200.3 eV, shown by
dash-dot line, is attributed to the Ge 3s plasmon loss peak. The so-
lid line, which is the fit of the raw data, is the sum of the p3/2 and
p1/2 peaks of Cl 2p. The Ge 2p3/2 spectrum (shown in Fig. 1b) is
clearly seen to have two components. The slightly higher intense
component at � 1218 eV (indicated by dashed line) is coming from
the bulk Ge 2p3/2 contribution. The second component (indicated
by dashed line) at � 1219.7 eV with a chemical shift of 1.7 eV with
respect to the previous one, is attributed to the surface Ge atoms,
which are bonded to the more electronegative Cl atoms [5]. This
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Fig. 2. XRR data (open circles) and analyzed curves (solid line) of 1s-NiA/Cl–Ge
(upper panel) and 2s-NiA/Cl–Ge (lower panel) LB films. Insets: Corresponding EDPs
and cartoons of film structures.
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peak may represent a convolution of multiple peaks originated by
Ge–Cl, H–Ge–Cl and H2–Ge–Cl bonding. Although the formation of
Ge–Cl bond is energetically favored that will be discussed later in
detail.

3.2. Contact angle measurements

The wettability of the Ge substrate after ultrasonic cleaning and
after Cl-passivation (i.e., Cl–Ge) was investigated by CA measure-
ments. The CA of water on the ultrasonic cleaned Ge surface is
�51� and on the Cl–Ge surface is �39�. It suggests that due to
the immersion of Ge substrate into HCl solution, i.e., after the Cl-
passivation the surface wettability is increased. The h value of
Cl–Ge surface implies that the resulting surface cannot be called
as completely hydrophilic or hydrophobic surface, rather it will
be more appropriate to called it as a ‘‘hydrophilic-like’’ surface.

3.3. Structural study of LB films grown on Cl–Ge surface

LB films are usually made by amphiphilic molecules where
hydrophilic ‘head’ and hydrophobic ‘tail’ parts are present
[28,29]. Depending upon the nature of the substrate surface such
molecules after deposition, i.e., in LB film, take the favorable struc-
ture. On the hydrophilic substrate, molecules attach the substrate
surface through the hydrophilic ‘head’ and the hydrocarbon ‘tails’
remain towards the air to form asymmetric molecular layer
(AML) or conventional monolayer in one (up) stroke, while on
the hydrophobic substrate, molecules attach the substrate surface
through the hydrophobic ‘tail’ and they remain both sides of the
‘head’ to form symmetric molecular layer (SML) or conventional bi-
layer structure in two strokes (down-up) [24]. As the XRR tech-
nique provides EDP along depth in Å level, it is possible to find
out the structures (AML or SML) of the NiA molecules in the LB
films. By knowing these out-of-plane structures, the hydrophilic/
hydrophobic nature of the Cl–Ge substrate surface can be obtained
as the specific structure formation is strongly related with the
hydrophilicity/hydrophobicity of the substrate [24,25]. Though LB
transfer is complex as it depends on various factors like, pH of sub-
phase water, deposition pressure, monolayer compression rate, etc.
however, a suitable choice of those parameters can bypass the
complexity. In our study, we have standardized those parameters
to get a good LB film on a particular substrate and indeed, we have
become successful in achieving very good films on substrates
[24,25]. A particular choice of the above mentioned parameters en-
able us to form LB films on completely hydrophilic, completely
hydrophobic and coexisting surfaces. Moreover, we did not ob-
serve any appreciable defects other than the ‘‘pinhole’’ type de-
fects, which are the characteristics of LB film. In our previous
works [24,25], we have successfully shown that the LB structure
on a substrate surface is exactly following the hydrophobic and
hydrophilic nature of the surface. For homogeneous natured
surface (H- and OH-passivated Si surface) a perfect LB film with
suitable structure was formed but for inhomogeneous surface
(Br-passivated Si surface), where hydrophobic and hydrophilic
domains coexist, an imperfect LB film was formed. From these con-
sequences, it can be conclude that the idea about the homogeneity
or inhomogeneity of a surface can be predicted from the nature of
the LB film growth and the deposited film structure.

The XRR profiles of 1s-NiA/Cl–Ge and 2s-NiA/Cl–Ge samples
(shown in Fig. 2) show a significant difference in the oscillations
which are more distinct in latter case. It implies that the interfaces
of different layers in 1s-NiA/Cl–Ge sample are rougher than that of
2s-NiA/Cl–Ge sample. A low density layer above z = 3 nm is clearly
seen in the EDP (inset of Fig. 2) of 2s-NiA/Cl–Ge sample unlike to
the 1s-NiA/Cl–Ge sample. It suggests that for both the samples,
surfaces are effectively covered by the AML structure of NiA mole-
cules although few SML molecules are observed only in the 2s-NiA/
Cl–Ge sample (shown by cartoon pictures in the EDP). From the
EDP we have roughly quantified the coverage of individual struc-
tures considering the maximum tail density 0.33 e/Å3 as 100% cov-
erage. The q value of the top tail part of 2s-NiA/Cl–Ge sample,
which is nothing but the SML structural contribution, is 0.05 e/
Å3. Thus, the coverage of SML structure is �15%. As the overall
LB film is compact, the rest of the �85% area is covered by AML.
Higher roughness and less upright length of SML structures
(�15%) in 2s-NiA/Cl–Ge sample indicate the randomly tilted orga-
nization of molecules. The EDP of 2s-NiA/Cl–Ge sample (shown in
Fig. 2) suggests the AML structures (�85%) are untilted. The reason
for which the SML molecules are tilted and the others i.e., AML
molecules remain untilted can be explained as follows. The Cl-pas-
sivated Ge surface is not completely hydrophilic rather it is more
likely to be hydrophilic-like as observed from the CA. Thus it is
highly possible to attach of the tail part of the molecules with
the weakly hydrophilic surface at the time of down stroke in order
to form SML structure on the surface. Some of SML molecules may
form due to the presence of the hydrocarbon contaminations on
the substrate surface. At the time of down stroke �15% area is cov-
ered by the SML structure but rest of area i.e., �85% area remains
vacant which is filled by the AML molecules in the up stroke. Those
SML molecules are tilted whereas the AML molecules remain until-
ted. The SML molecules that are attached therefore have an excess
surface area and can easily tilt [30]. In the up stroke the AML mol-
ecules that attached in the remaining vacant area, do not have
much freedom, which essentially force them to remain untilted.
Thus, the initial attachment of the molecules with the substrate
is controlling the growth or arrangement of the rest of the film.

AFM images of 1s-NiA/Cl–Ge and 2s-NiA/Cl–Ge samples are
shown in Fig. 3a and b respectively. Topography of 1s-NiA/Cl–Ge



Fig. 3. AFM images in length scale 1000 � 1000 nm2 of (a) 1s-NiA/Cl–Ge and (b) 2s-
NiA/Cl–Ge samples. (c and d) Represent height profiles of the drawn lines 1 and 2
respectively along with the AML and SML cartoons.
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sample is similar to that of a standard homogeneous NiA mono-
layer (AML) LB film, which is obtained from the AFM line profile
and is supported from the EDP (shown in Fig. 2). However, in 2s-
NiA/Cl–Ge sample, apart from the single height (� 3 nm), i.e., of
AML structure, few large height (� 6 nm) islands, which corre-
sponds to SML structure, are present. Typical line profiles shown
in Fig. 3c and d represents the film heights. The presence of such
islands of SML structure in 2s-NiA/Cl–Ge sample is also identified
from XRR analysis. From the AFM image (shown in Fig. 3a) analysis
we have calculated the SML coverage by selecting only those hills
whose heights are greater than the AML height i.e., � 3 nm. The
coverage obtained is similar to that of obtained from the EDP. In
1s-NiA/Cl–Ge sample, SML could not formed and those regions re-
main vacant which is evident from few small sized holes of depth
<2.5 nm, one of them is shown in the AFM topography (Fig. 3a and
c). Moreover, the molecules of AML structure will be tilted towards
the adjacent uncovered hydrophobic regions, which results in
more roughened AML structure compared to that of 2s-NiA/Cl–Si.
Strong hydro

Intermediate

Strong hydro

Inhomogeneous surface

θWater

AW

AD

AWAD < 

Fig. 4. Side view of a sessile liquid drop on inhomogeneous and homogen
Accordingly the film-substrate interfacial roughness, which is cal-
culated from the EDPs (shown in Fig. 2), is greater for 1s-NiA/Cl–
Si sample (� 11 Å) than that for 2s-NiA/Cl–Si sample (� 8 Å).

In our previous study [24], we have shown that SML structure
can form not only in two strokes but also in single up stroke if
there are relatively strong hydrophobic regions within hydrophilic
surface. Here, we observed that the SML structure is only formed in
two strokes. This indicates that the hydrophobicity is not so strong.
Thus, the structures of the LB films signify the uniform hydrophilic-
like nature of the Cl–Ge surface. XRR data from both the samples
also were taken nearly after 30 days and no appreciable change
were observed in reflectivity profiles and hence in EDPs. It reflects
the good stability of the LB films on Cl–Ge surface.
3.4. Nature of Cl-passivated Ge surface

From XPS study, it is clear that the Ge surface is well passivated
by Cl. In HCl treatment, initially oxide is removed by Cl atoms and
the resulting surface is terminated by Cl. The passivation reaction
ends here, which is unlike to the H-passivation by HF treatment
[21]. In HF treatment, the surface is first terminated with F upon
removal of native oxide layer. However, the eletronegativity differ-
ence between Ge–F (1.97) is greater than the Ge–Cl (1.16). Further-
more, compared with the Ge–F bonds (bond strength � 470 kJ/mol,
bond length � 168 pm), Ge–Cl bonds (bond strength � 349 kJ/
mole, bond length � 210 pm) have a weaker bond strength and a
longer bond length. As a result, Ge–F bonds become more polarized
than Ge–Cl bonds and hence the Ge–F bonds will be further at-
tacked by the HF in order to form mostly H-passivated surface
although some of the bonds are still terminated by F atoms.
Whereas, Ge–Cl bonds become resistant to further attacking of
HCl, which helps the Cl atoms to remain on the Ge surface by ter-
minating the dangling bonds. It suggests the possibility of homoge-
neous and stable passivation of Ge surface by a single chemical
species Cl.

CA measurements show the intermediate wetting behavior of
Cl–Ge surface. However, from structural study we observed that
such intermediate wetting behavior of Cl–Ge surface is not coming
due to the coexistence of hydrophobic and hydrophilic domains.
Intermediate wetting behavior or intermediate CA can form on sur-
faces for two different situations, which are shown schematically
in Fig. 4. The first situation arises when the surface is inhomoge-
neous, i.e., strong hydrophilic and strong hydrophobic domains,
whose size AD < size of water droplet AW, coexist [23] and the
philic region
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eous surfaces. h is the contact angle of a liquid drop on such surfaces.
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second situation arises when the surface is homogeneous (AD > AW)
but the intensity of hydrophilicity or hydrophobicity is less. The
former case i.e., coexistence of hydrophobic and hydrophilic do-
mains (size � few nanometer) was observed for Br-passivated Si
surface [24] and also for H-passivated Si surface after immersed
into high pH subphase water [25]. The nature of such domains,
whose size AD < AW, was extracted by studying the growth of the
NiA LB film as the growth occurs molecule-by-molecule. In Br-pas-
sivated Si surface, the surface is fractionally terminated by Br-
atoms, which is hydrophobic in nature and the rest of the portion
is covered by native oxide, which is hydrophilic in nature [24].
Hence, the CA of water on Br-passivated Si surface becomes
�55�. In case of H-passivated surface, which is originally hydro-
phobic, strong hydrophilic regions (OH-terminated regions) are
incorporated by immersion into high pH water. As a result H-pas-
sivated Si surface after immersion into high pH water shows mixed
behavior i.e., some portions are strongly hydrophobic and some
portion becomes strongly hydrophilic [25]. The CA of water on
such surface becomes �34�. Thus, intermediate wettability indi-
cates the coexistence of hydrophilic and hydrophobic domains of
such passivated Si surfaces. However, the details about the cover-
ages of hydrophilic and hydrophobic domains are obtained from
the structural study after depositing the NiA LB films on such sur-
faces. The coverages of AML and SML structures, which usually
form on hydrophilic and hydrophobic surfaces, give the corre-
sponding domain coverages. Thus, Br-terminated Si has �60%
hydrophilic and �40% hydrophobic domains, whereas H-passiv-
ated Si surface after immersed into high pH subphase water has
�80% hydrophilic and �20% hydrophobic domains.

It should be mention here that in LB deposition, single up stroke
is generally used for the deposition on hydrophilic substrate sur-
face whereas two strokes i.e., down-up sequence is used for the
deposition on hydrophobic surface. At the time of upstroke, sub-
phase water wets the hydrophilic substrate and hence amphiphilic
molecules are attached with the substrate surface through the
head by head-substrate hydrophilic interaction (Ehead-sub) in order
to form AML structure. This Ehead-sub is relatively stronger than
the head-subphase water hydrophilic interaction (Ehead-water),
which tries to keep the amphiphilic molecules on the water sur-
face. It is also possible to form SML structure in coexistence with
the AML, in single up stroke, provided strong hydrophobic domains
are present along with the hydrophilic domains that we have ob-
served previously in case of Br-passivated Si and for H-passivated
Si dipped in water subphase of elevated pH [24,25]. On the other
hand, in down-up cycle, at the time of down stroke effective trans-
fer of amphiphilic molecules depends upon the competition be-
tween Ehead-water and Etail-sub, where the later is the tail-substrate
hydrophobic interaction which tries to transfer the molecules from
water to substrate surface. If Ehead-water > Etail-sub, then ideally no
transfer of molecules occurs, which happens for hydrophilic sur-
faces. Whereas, if Ehead-water < Etail-sub, transfer will take place and
the molecules will be attached with the substrate through tails
to form SML structure. This situation is generally observed for
hydrophobic surfaces. Presence of only AML structure in 1s-NiA/
Cl–Ge sample suggests that the Cl–Ge surface is hydrophilic and
strong hydrophobic domains of appreciable size are absent.
Whereas in 2s-NiA/Cl–Ge sample, very small amount (�15%) of
SML structure along with mostly (�85%) AML structure again ver-
ifies that Cl–Ge surface has a hydrophilic-like tendency. Absence of
native oxide and presence of mostly AML structure suggests that
the Cl–Ge surface is effectively homogeneous, i.e., covered by only
one type of domain which is hydrophilic, although very less (�15%)
hydrophobic regions are present. The information obtained from
the CA measurements and LB film growth suggests that although
the surface is homogeneous hydrophilic but this hydrophilicity is
intermediate, or more precisely relatively weak.
The weak hydrophilicity of Cl–Ge surface can be attributed to
the nature of the Cl atoms placed on the Ge matrix. Owing to lower
electronegativity of Cl atoms (�3.16 in Pauling scale) in compari-
son with O atoms (�3.44), it has a less affinity to the water mole-
cules and as a result, the Cl-passivated surface is expected to
behave as a less hydrophilic surface. The electronegativity differ-
ence between Cl and Ge is not so high and accordingly it assesses
the formation of weak H-bond between the Cl atoms and the polar
molecules (i.e., water, head part of amphiphilic molecules). Apart
from that, there are another two interactions namely, electrostatic
and dispersive interactions, which are also to some extent, estab-
lish the hydrophobic or hydrophilic character of the substrate sur-
face [19]. In case of Cl, these two interactions are likely to be strong
due to the presence of large number of electrons, which may be
responsible for the hydrophilic-like character of Cl–Ge surface.
On the other hand, the electronegativity of Cl is more than Br
(�2.96). Br–Si surface shows towards hydrophobic character [24]
as Br could not form the H-bond with the polar molecules due to
the relatively small electronegativity difference between Br and
Si atoms. Probably a fine-tuning of the electronegativity value of
the passivated atoms is responsible for the hydrophilic or
hydrophobic nature of the substrate surface. Moreover, no appre-
ciable change in the structure of the NiA LB film grown on Cl–Ge
surface is observed with time (shown in Fig. 2) indicating quite sta-
ble interface, which perhaps due to unpolarized and strong bond
strength effect of Ge–Cl bonds. Furthermore, owing to have the
large atomic size the Cl atoms (covalent radii � 0.99 Å) and hence
the Cl-passivating layer may provide a strong steric barrier for the
oxygen molecules in reaching the underlying Ge(001) surface [31].
Perhaps such properties are responsible for the better stability of
the homogeneously passivated Cl–Ge surface. Although the long-
term exposure of the bare Cl–Ge surface under ambient condition
may slightly oxidize the surface due to the reaction with ambient
oxygen and water molecules. The presence of the overlayer com-
pact NiA LB film may inhibit the oxidation by blocking the open ac-
cess of oxygen to the Cl–Ge surface which further improves the
stability of the Cl–Ge surface. It offers the possibility of using these
passivated semiconductor surfaces in the fabrication of organic de-
vices for some novel applications.
4. Conclusion

We have performed XPS, CA and LB film growth studies to
investigate the wettability of Cl-passivated Ge(001) surface. XPS
results confirm the well passivation of Ge surface by Cl atoms.
CA measurements indicate the intermediate wettability of that
surface, whereas structural study of the LB films deposited in one
stroke (�100% AML) and in two strokes (�85% AML and �15%
SML) show that the Cl–Ge surface is effectively homogeneous
and hydrophilic-like in nature. Such intermediate or hydrophilic-
like behavior possibly comes due to the presence of specific
electrostatic and dispersive contributions of Cl atoms. Moreover,
stability of the LB films on such Cl–Ge substrate implies that such
passivated substrate will be useful for the fabrication of organic
devices for future applications.
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