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1. Introduction

During these last years the ellipsometry–porosimetry (EP)
investigation field has been extensively prospected [1,2], leading to
commercial equipments able to analyze the pore size distribution
and density of porous low k materials [2]. In the past, high
sensitivity ellipsometry was used to study the adsorption of gas
and liquid vapors onto solid surfaces. The earlier papers [3,4]
stated most of the physics of the interactive forces. This field of
surface science is closely related to similar phenomena such as
wetting, spreading and surface melting. Adsorption effects have
been studied first in the case of gases [4]. However in the
semiconductor field, today’s nanotechnology needs are concerned
with films’ thicknesses corresponding to few molecular mono-
layers. The study of surface states becomes mandatory in most of
the epitaxial or deposition and growth processes such as in the
atomic layer deposition process (ALD).

A silicon wafer substrate with its native oxide, owns a surface
state easily altered through specific etching and/or following
various treatments: plasma deposition, or ion bias plasma
sputtering. Intrinsic surface properties are routinely observed
through contact angle measurements but such a technique is not
so compatible with clean room technology. Furthermore a surface

can be ‘‘composite surface’’, seen as a patchwork of small area
domains with specific surface activity. The control of the active
surface area (ASA) ratios between these domains turns in a near
future a key point in nanofilms deposition technology.

Within surface properties, several parameters should be
considered, however in most cases, only the surface roughness
is often reported. A surface has to be seen with a repetitive and self-
affine character. It has to be described then with fractal properties.
From atomic force microscopy (AFM) observations, the surface
peak to peak autocorrelation function H(r) can be seen as

HðrÞ ¼ 2v2 1� exp � r

j

� �2a
 !( )

(1)

where v is the surface roughness and j, a lateral correlation length.
The fractal surface dimension D appears in a, since a = 3 � D. The
X-ray reflectivity (XRR) and small-angle Neutron Scattering (SANS)
techniques yields the H(r) surface correlation function. Such
surfaces are very often revealed by AFM image such as in the case
of low temperature poly silicon surface as shown in Fig. 1.

In fact, the AFM technique correlates the scanned surfaces with
the Power Spectral density (PSD) which has to be measured from
the surface light diffusion. In none of these methods, the active
surface area (ASA) ratio between different cluster-type patched
surface areas can be given. In the adsorption mechanism on such
surfaces, the cohesion strength between adsorbate molecules or
atoms with the adsorber surface is due to both short range
interaction potentials (Van der Waals forces) and long range effects
(London interaction). The study of a surface state is done through
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the observation of specific adsorption of a molecular species (the
adsorbate) on the surface itself (the adsorber). Experimentally, a
weak inlet rate of an adsorbate molecule in a low pressure chamber
can be controlled until reaching the vapor–liquid condensation
limit. The bonding characters between adsorbate molecules or
atoms with the absorber substrate are mainly due to dipole–dipole
interactions often modeled with Van der Waals force. Main studies
with gases were performed at low temperature since the
temperature of the surface Tsurface must yield such energy being
less than the binding energy of the dipole (the molecular
adsorbate) and its image in the plane of the substrate. Adsorbate
molecules can exist in a number of different phases. Phase
transition to 2D multi-layers fluid where there are no bondings to
particular substrate sites form a ‘‘registered’’ or commensurate
structure that could be observed. The signature of this effect should
be expected and be seen as small ‘‘bumps’’ in the isotherm curve
[4]. From the experimental point of view, with gases, samples have
to be chosen with a large adsorptive area capacity. As a contrary,
several monolayer films of small organic molecules adsorbed on
surface like methanol, ethanol (Eth), benzene, isopropyl alcohol
(IPA) and therefore H2O, can be detected with in situ Spectroscopic
Ellipsometry. The SE technique is in fact one of the most sensitive
to this purpose that has already been reported [5,1]. The
ellipsometry measures the increase of each monolayer by
monolayer on top of the adsorbing surface and the results are
represented by the so-called t-curves, i.e., the layer thickness as
function of the partial pressure or the percent relative humidity
(%R.H.), in the cell. The H2O adsorption on chemically cleaned Si
surfaces at constant temperature (25 8C) was studied by Archer [6]
as function of the relative humidity, by ellipsometry. With
hydration these surfaces become hydrophilic whereas etched,
polished, they turn to a more hydrophobic behavior. Other
measurements were also reported on cleaved quartz surfaces
showing the high sensitivity of the method to very low
contaminations [7]. More recently, Arwin et al. [1] considered
the Halsey general form (FHH) [8] when the t-curve on oxidized
planar silicon is measured and recognized the London dispersion
force as the main mechanism involved in the adsorption of water
on silicon.

Therefore, one has to be aware of the possible SE applications to
develop in a near future studying surface states before and during
thin films deposition process. The paper discusses the level of
understanding surface adsorption phenomena by Spectroscopic
Ellipsometry: a complementary of the other surfaces analysis
techniques. This paper refers also to new measurements since the
availability of the Ellipsometer Porosimeter Atmospheric (EPA)

system from SOPRA. The EPA system has been designed in order to
realize easy porosimetry measurement in the case of water diluted
in an atmospheric pressure cell at room temperature.

2. The BET surfaces adsorption theories

From the equilibrium between the evaporation and condensa-
tion rate at a surface, as described earlier by Brunauer, Emmet and
Teller [9] and since the adsorbed volume tends to infinity once p

approaches p0, we may write the following equation:

V ¼ VmCm p

ð1� pþ Cm pÞð1� pÞ (2)

here, the V, Vm correspond to the surface volume on the adsorber
and the monolayer volume Vm, respectively. This later Vm is also
called the monolayer coverage capacity, and p the partial pressure
versus the adsorbate liquid saturation pressure ps.

For a constant temperature, the evolution of the surface
adsorbed layer thickness t is usually depicted in the literature as
isotherms t-curves. It can be simply related to Eq. (2) since one has

t ¼ V

Vm
d0 (3)

where d0 is the monolayer effective thickness.
The monolayer capacity coefficient rate is seen as a thermally

activated coupling and then Cm � exp �DE/kBT (kB is the Boltzman
constant).

In fact, this early theory rapidly failed. Indeed, one has to
analyze the isotherm t-curves by reference to all present surface
forces including the adsorbate themselves interactions. Beside
these classical BET equations, theories accounting with the other
surface energy interactions emerged later. One of these approaches
came from Halsey in 1948, referred as the FHH theory. The multi-
layers ‘‘build-up’’ by water adsorption on a clean surface at low
partial pressure comes from the interface intensity (and the
nature) of long (London (LD) forces), or short (Debye and Keesom
interactions) range forces between the water molecule and the
analyzed surface. The answer to their intensity could be extracted
from the isotherm data.

2.1. The BET modified multi-layer adsorption model on a fractal

surface

The fractal theories from the mathematician Mandelbrot [10]
were then extensively developed particularly for most of the
surface physical sciences topics. For a self-affine surface, it is an

Fig. 1. AFM of LTPS surface.
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extent of the basic relation n / r�D where n is the number of times
the use of the ‘‘metric’’ (or the ruler size), r is accomplished to get
(and therefore to measure), the area of a fractal object with
dimension D. This metric r, here, will corresponds to one molecule
size. Developments proposed and applied only with gases
adsorbate [11,12], have given a more clear view of the adsorption
by considering fractals surfaces and reviewing the previous BET
formalism [13,14]. The FHH equations are analyzed following the
surface dimensionality D introducing here the surface fractal
character [11].

In the case of the two theories (BET and FHH), the number of the
molecules needed to cover entirely the surface is correlated with
the surface fractal dimension itself. Fractal analysis emphasizes the
fact that when a surface is scale invariant (self-affine), the number
of molecules of same size r in the range required to cover the
surface with a monolayer is N = C�r�D where D is the surface fractal
dimension with (2 < D < 3) and C is the Hausdorf metric of the
surface.

Describing the physics, the attractive van der Waals force
potential (mostly from long range order London (LD) interaction
for a non-polar adsorbate), wants to make the film–vapor interface
to follow up and down the surface as closely as possible whereas,
the surface free potential energy of the film (surface tension
capillary forces) wants to make the film vapor interface as flat as
possible.

The measure of the film thickness, probes the geometry of the
surface over this range of scales. In the FHH case, the number of
adsorbed molecules N and the monolayer coverage Nm turns to be
related to the fractal dimension through the Minkowski dimension
with a = 3 � D and 2 � D � 3. In the second BET fractal theory [13],
the model takes into account the multi-layer filling along a Koch
curve [10]. One get the fractal dimension D from a, but also the
other corrected BET parameters, i.e., Cm (BET constant), a function
of both adsorbate and adsorber, a function of temperature T, as well
and with Vm the monolayer coverage and the partial pressure p,
p = p/ps one has a good approximation only for 0/ < a < 1 and
p < 0.75 [13]:

ln Vð pÞ ¼ lnðVmÞ þ ln
Cm p

1� p� Cm p

� �
� a lnð1� pÞ (4)

Surface adsorption could be also described adding several
contributions of composites n aggregates with respective density
ui, i = 1, . . ., n seen as a weighting distribution of the different active
surface areas (ASA).

3. Experimental results with nanotechnology materials

As a test from these theories, several preliminary measure-
ments were carried out with a low pressure Ellipsometer
Porosimeter (EP) [15]. This EPA system has been designed in
order to realize easy porosimetry measurement in the case of
water in N2 diluted in an atmospheric pressure cell at room
temperature. The data have been acquired with: (i) the ambient
water (H2O) adsorption technique and (ii) a low pressure analysis
cell with inlet of organic solvents like ethanol alcohol (Eth) and
isopropyl alcohol (IPA) [1,2].

The temperature is somewhat lower maintained at 15 8C,
instead of the room temperature with the EPA experiments with a
higher temperature in the range of 24–25 8C [15]. It is much easier
to mount on the attachment of a spectroscopic ellipsometer.

Several primary examples will follow hereafter, only in order to
demonstrate the use of Eq. (4) and then the interest of the
technique. A general rule for fitting in Eq. (4), is that, the Cm, Vm

parameters take effect only in the low partial pressure region (or

low R.H.), whereas the behavior is dominated by a log(1 � p) as p

approaches unity (or 100% R.H.).
A first comparison can be done as shown in Fig. 2. The SE model

used to process the C, D data at each partial pressure with a three-
layer system with a native oxide film, and the adsorbate ethanol
alcohol (Eth) layer. The adsorbate thickness can be deduced from
simulation providing the so-called t-curve. Fig. 2 shows thus the t-
curve (adsorbate multi-layer thickness t, during a desorption cycle,
layer thickness versus the partial pressure, x = p/ps (where ps is the
saturation pressure) or e.g., for H2O, R.H. (% relative humidity
percent in a dry N2), in the case of a native oxide air-contaminated
silicon wafer, film 2.0 nm-thick film). It reveals a surface state with
D = 2.

The situation becomes very different after a standard surface
clean. For example, in the case of a gold film (Au) (Table 1), the
adsorption curve reveals a very low adsorption the monolayer
coverage Vm, turns 10 times lower. The surface become hydro-
phobic (contact angle Q = 808, contact angle measurements have
been carried out with a home-made instrument), such as no
adsorption phenomena occurs at 25 8C. A larger fractal surface as
found with MFSA, demonstrates that one cannot use a simple two
layers optical model of adsorption in this case. Only low
temperature data and a cleaned surface could indicate the real
fractal character of this surface where the registered monolayer
coverage remains of the same order of magnitude as the size of the
adsorbate molecule

3.1. The effects of surface contamination and also the dimensionality

character (D value)

Surface data from three different samples are reported (in Fig. 3
together with Table 2 for comparison):

(i) A standard silicon wafer Si with its native oxide (2.5 nm-thick)
gives the most important adsorption t-curve amplitude (filled
circle in Fig. 3) but measured in fact by ethanol adsorption at

Fig. 2. Desorption process on a Si surface with their respective t-curves (nm)

(desorbed) layer ethanol alcohol (Eth) thickness t versus saturation pressure ps.

Table 1
MFSA parameters (i.e., deduced from Eq. (4)) for an Au (gold) film. The continuous

curves are calculated from Eq. (4) with a= 3�D. s is the standard root mean square

(rms) error found during the fitting procedure.

Vm Cm D s

Adsorption 3.19474 0.11395 2.6777 0.0461

Desorption 3.00895 0.16779 2.6748 0.0072

Aft. clean 0.32 7.65 2.91 0.0003
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15 8C. This explains the large value of the monolayer capacity
Cm (T). This is why experiments should be at lower
temperature because p/ps low partial pressure scale and the
t-curve magnitude are enhanced. A native oxide exposed to
ambient atmosphere, reveals a surface very hydrophilic and a
very low contact angle u � 128, with no roughness (D � 1.96).

(ii) A germanium, Ge, wafer (2 mm thick Ge slab from foundry
mechanically polished) measured only by EPA at 25 8C (the
filled squares in Fig. 3). Here the dimension is D � 2.4. This
type of wafer has a higher roughness than epitaxial the Ge
pseudo-substrate (epitaxied Ge/SiO2/Si sample) as seen with
the next case. A similar effect as in the case of Au film is
observed (Vm increased by a factor of 10), due to the removal of
an additional contaminated layer, not accounted for by the
model.

(iii) An epitaxied layer on oxide SiO2 (100 nm-thick) on a Si
substrate (filled triangles in Fig. 3, provides the lowest
adsorption rate Cm � 40, with values for D � 2 (1.9 which is
within the order of these parameters determination accu-
racy)). The comparison, finally between two hafnia (HfO2),
MOCVD deposited, thin oxides as deposited at low tempera-
ture, 400–550 8C is very promising since the comparison of the
t-curve leaves a quite unexpected behavior. The results are
reproduced in Fig. 4 together with Table 3. These isotherms are
clearly different and demonstrate that a drastic change in the
surface properties occurred. If the thinner sample (2 nm-thick)
has a quite classical behavior, the 6 nm-thick HfO2 film shows
a definite tri-dimensional character possibly more seen as a
volume than as a surface adsorption. This indicates the
presence of open micro-porosity in the film. To our knowledge,
this assumption has not been yet verified. Both the contact
angle, the monolayer coverage and monolayer capacity
increase (Table 3). Another, but very promising explanation,

could be due to the two different HfO2 structural phases
present in these samples: one is amorphous with inclusion of
tetragonal nanocrystallite (the thin sample (2 nm-thick) and
the other one is polycrystalline monoclinic, i.e., the thicker
sample (6 nm).

4. Conclusions

With the high sensitivity of today’s SE instruments, the
fractal surface analysis appears as a new potential development
orientation to characterize in a near future, a surface modifica-
tion during a process (etching, plasma, epitaxial films, etc). The
basic system remains an adsorbate versatile, low pressure,
temperature-controlled in situ SE ellipsometer. However, to
another extent, the use of water molecule as adsorbate with a
refined version of the actual atmospheric water adsorption
system EPA could be an easy analysis method in the case
investigation of many inert hydrophilic surfaces. Attempt has
been made to show that this technique of Molecular Surface
Fractal Analysis (MFSA) is highly sensitivity and can be
performed with the high speed of today’s SE instruments. It
yield a new potential development orientation for surface,
modification during a process (etching, plasma and epitaxied
films) with the understanding of fundamental adsorption
mechanism. Surface molecular orientation can also be studied
by polarimetry but basic MFSA remains more versatile adjusting
molecular metrics within low pressure, temperature-controlled
needs and with fast in situ SE ellipsometer. Ethanol, or H2O,
refined EPA version are an easy method in the case of many inert
hydrophilic surfaces of the nanotechnology.
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Fig. 3. t-Curves for a native oxide Si (filled circles), a Ge (filled squares), with an

epitaxial Ge (filled D).

Table 2
The parameters extracted from Eq. (3) from a nonlinear curve fit. Please note that

the contact angle (u) was not measured for the Ge material.

Material Sample Vm Cm D s u

SiO2 eth 15 8C 0.445 88.48 2 0.0022 12

GeSiO2 Clean 0.043 60.58 1.9 0.0002

Ge/SiO2 0.055 45.69 1.8 0.0019 28

Ge 0.392 16.71 2.2 0.0004 (?)

(?) = Unknown.

Fig. 4. The comparison between two hafnia films, 2 and 6 nm-thick oxide on silicon

wafer respectively deposited at temperatures of 400 and 550 8C.

Table 3
Best model parameters in the case of HfO2 high k materials. s is the fit mean square

error (MSE) and u is the measured contact angle.

ID Vm Cm D s u

HfO2 2 nm 0.772 0.128 2.402 0.003 <20

HfO2 6 nm 0.924 2.62 2.999 0.001 66

F. Ferrieu et al. / Applied Surface Science 256S (2009) S96–S100 S99



Author's personal copy

References

[1] C. Wongmanerod, S. Zangooie, H. Arwin, Appl. Surf. Sci. 172 (117) (2001).
[2] M.R. Baklanov, et al. JVST B.18 3 (1385) (2000).
[3] D. Beaglehole, Physica A 244 (40) (1997).
[4] J.G. Dash, Phys. Rev. B 15 (3136) (1977).
[5] R.M.A. Azzam, N.M. Bashara, Ellipsometry and Polarized Light, N.H. Elsevier,

Amsterdam, 1996.
[6] R.M.A. Azzam, N.M. Bashara, Ellipsometry and Polarized Light, N.H. Elsevier,

Amsterdam, 1996, p. 435.

[7] R.M. Ashley, J.A. Kitchener, J. Colloid Interface Sci. 71 (491) (1979).
[8] T.L. Hill, J. Chem. Phys. 14 (268) (1946).
[9] S. Brunauer, P.H. Emmett, E. Teller, J. Am. Chem. Soc. 60 (309) (1938).

[10] B.B. Mandelbrot, The Fractal Geometry of Nature, Freeman San Francisco,
1982 .

[11] P. Pfeifer, Y.J. Wu, et al. Phys. Rev. Lett. 62 (17) (1989) 1997.
[12] D. Avnir, D. Farin, Peter Pfeifer, Nature 308 (261) (1984).
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