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a b s t r a c t
We report a study of a full-coverage octadecylphosphonic acid (OPA or ODPA) self-assembled monolayer
(SAM) spin-coated on the native oxide layer (SiO2) of a single crystalline silicon (c-Si) wafer using
spectroscopic ellipsometry (SE) and reﬂectometry (SR). The OPA SAM showed characteristics of being a
dielectric ﬁlm in visible range and becoming absorbing in deep-UV range. By assuming an optical stack model
of OPA/SiO2/c-Si for the OPA monolayer system and adopting the parameterized Tauc–Lorentz dispersion
model, we obtained an excellent ﬁt of the model to the SE and SR data, from which dispersion of optical
functions as well as thickness of the OPA ﬁlm were deduced. The OPA ﬁlm thickness measured by atomic
force microscopy (AFM) on partial coverage OPA samples was used as the initial trial ﬁlm thickness in the
ﬁtting processes. The deduced OPA ﬁlm thickness from SE and SR data ﬁtting was in good agreement with
that obtained by AFM.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
Organic molecular self-assembled monolayers (SAMs) prepared
on a solid surface is a unique system for surface engineering [1].
Certain interaction strengths between the molecular headgroup and
the substrate are required for SAM formation from a solution of the
molecules of interest. This is manifested by the two predominately
studied SAMs of alkanethiol on gold surfaces and alkylsilane on oxide
surfaces [2,3], for which the strong S–Au bond and polymerization of
silanol groups are responsible, respectively. On the other hand, lack of
such interaction strengths is likely to prevent SAM formation, which
has been demonstrated in the case of octadecylphosphonic acid
(OPA or ODPA) prepared on the native oxide layer (SiO2) of silicon
wafers when using a polar solvent [4–6]. This inability to form an
OPA monolayer on SiO2 is attributed to the fact that the interaction
between the OPA headgroup and the silicon oxide is even weaker than
interactions among the OPA molecules themselves [6].
However, recently, a method that promotes exclusively the
headgroup-substrate interaction has been developed for delivery of
weakly-bonded OPA SAMs onto SiO2 covered silicon wafers via use of
appropriate non-polar solvents having a dielectric constant near 4,
such as trichloroethylene (TCE) and chloroform [6]. The driving force
behind this method appears to be the alignment and concentration of
the polar OPA molecular headgroup at the non-polar medium surface,
reducing the activation energy of OPA SAM formation on a hydrophilic
substrate. The OPA SAM formed on SiO2 is terminated by ordered
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methyl groups and closely-packed methylene chains, both of which
are similar to well known silane SAMs on an oxide surface. We have
demonstrated that the molecules in this weakly-bonded OPA/SiO2
system are liable to manipulation by a positively-biased probe tip [7];
this may lead to applications of the system as a masking ﬁlm for
nanolithography or as a patterned dielectric ﬁlm for molecular
electronics applications on a silicon wafer. Understanding the optical
properties of the OPA SAMs on SiO2 is essential for these possible
applications; however, no such data have been available for the OPA
monolayer ﬁlm.
Spectroscopic ellipsometry (SE) has proven effective for accessing
the optical properties and the thickness of a thin inorganic or organic
ﬁlm prepared on a suitable substrate in a sensitive, precise, and
nondestructive fashion [8–16]. SE measures the two ellipsometric
parameters Δ and Ψ, which represent, respectively, the phase change
of and the arctangent of amplitude ratio of the electric ﬁeld
between the components of a monochromatic light polarized parallel
(p) and perpendicular (s) to the plane of incidence. For an isotropic ﬁlm
on an isotropic substrate, these two measurable ellipsometric parameters are related to the ratio of complex Fresnel reﬂection coefﬁcients
(rp and rs) for p- and s-polarized components by ρ = rp/rs = tan(Ψ) ∙ exp
(iΔ). For optical systems of a ﬁlm on a substrate, this ratio is a function
of the optical functions of the ﬁlm and the substrate, the thickness of
the ﬁlm, and wavelength and incident angle of the probe light beam.
Therefore, ﬁtting an appropriate dispersion model to the SE data allows
a determination of the thickness and dispersion of optical functions,
i.e., index of refraction n and extinction coefﬁcient k for the ﬁlm as a
function of the probe light wavelength. Moreover, spectroscopic
reﬂectometry (SR) measures the reﬂectance [17] of a monochromatic,
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Fig. 1. Schematics for (a) an OPA molecule and (b) an OPA monolayer on the native SiO2
layer of a single crystalline silicon wafer.

unpolarized, light from the sample surface. Because the reﬂectance
measurement provides another set of data involving the same ﬁlm
thickness and optical functions, simultaneous SE and SR analyses thus
serve to render a more conﬁdent estimation of the optical functions
and ﬁlm thickness than does SE alone [13].
We report in this paper our results on estimating dispersion of the
optical functions and the thickness of a full-coverage OPA SAM spincoated on SiO2 covered single crystalline silicon (c-Si) wafer. In order
to lend credence to our analyses, we measured the OPA monolayer
thickness carefully using atomic force microscopy (AFM) on partial
coverage OPA samples for the initial trial ﬁlm thickness in the ﬁtting
procedures and comparisons with the deduced thickness from ﬁtting
an optical dispersion model to SE and SR data. Another step taken to
enhance the conﬁdence of the ﬁtting processes was to simultaneously
model multi-sets of data collected on different spots on both the OPA
sample and the reference substrate.
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at the same spot as for SR but with a larger area of 70 μm × 50 μm.
These changes are analyzed using a non-rotating analyzer and an
array CCD detector system. The angles of incidence for SE and SR are
65° and 11.2° with a 15× lens, respectively. Three spots on each of the
OPA sample and the SiO2/c-Si reference substrate were measured at
room temperature with a controlled relative humidity less than 50%.
SE and SR measurements were sequentially conducted within a couple
of seconds.
To deduce the optical functions (n and k) and the thickness of the OPA
ﬁlm, an appropriate optical model is adopted with trial ﬁlm thickness
and optical functions to calculate Δ, Ψ and reﬂectance to ﬁt the SE and
SR data with a regression algorithm using a software package from J. A.
Woollam Co. (WVASE32). Fitting for three sets of data (i.e., Δ, Ψ and
reﬂectance) collected from three spots on the surface of the OPA sample
were simultaneously performed assuming the same optical functions for
the OPA ﬁlm everywhere, the native SiO2 layer and the c-Si substrate.
The thickness of the SiO2 layer was deduced from the SR and SE data
from the reference SiO2/c-Si substrate and was coupled in the ﬁtting
process for the OPA ﬁlm sample. The least square regression ﬁtting
procedure was repeated until the best-ﬁt parameters were achieved in
terms of their 90% conﬁdence limits by minimizing the unbiased

2. Experimental and ﬁtting procedures
Samples of OPA [CH3(CH2)17P(fO)(OH)2] monolayer were prepared
by spin-coating a 2 mM OPA solution in TCE onto n-type Si (100)
wafers cleaned by UV/ozone treatment for one hour. As silicon
wafers inherently have native oxide layer (SiO2) covering the c-Si
substrate, the OPA monolayers were thus formed on SiO2. One of
such silicon wafers without OPA coating was used as the reference
substrate for SE and SR measurements. Schematics for an OPA molecule and the OPA monolayer on a silicon wafer are illustrated in Fig. 1a
and b, respectively. When fully extended as illustrated in Fig. 1a, OPA
molecules are believed to have a length of 2.5 nm [18]. The details for
forming full-coverage OPA SAMs including the preparation of the OPA
solution in TCE have been described elsewhere [6]. Contact mode of a
Park Systems XE-100 AFM was used to measure the thickness of the
monolayer from partial coverage samples. Silicon cantilevers with a
spring constant of ~0.1 N/m were used. All images (256 × 256 pixels)
were obtained in air at room temperature under a relative humidity
of ~ 40%.
SR and SE measurements on a full-coverage OPA on SiO2/c-Si as
well as a reference substrate (i.e., SiO2/c-Si), which was cut from the
same wafer and witnessed the surface cleaning processes, were
carried out using a Nanospec-9100DUVSE (Nanometrics, Milpitas, CA).
The SR lamps (a deuterium arc lamp and a halogen lamp covering
wavelength 192–370 nm and 370–780 nm, respectively) are focused
into array detectors to select the operating wavelengths ranging 192–
780 nm to measure the reﬂectance (ratio of the intensity of the
reﬂected light to the incident) at a 15 μm × 15 μm size spot. For SE,
however, a Xe lamp, a monochromator, a non-rotating polarizer and a
rotating compensator provide the monochromatic, polarized, light
beam with a wavelength of 245–1000 nm. This light beam undergoes
changes in polarization state upon reﬂection from the sample surface

Fig. 2. AFM topographic images (scan area: 2 μm × 2 μm) for three OPA samples prepared
on the native SiO2 of a single crystalline silicon wafer with increasing coverage (a, b), up
to 100% (c). The inserted dashed lines in (a)–(c) show the location where a proﬁle is
isolated and shown in Fig. 3. Shown in (d)–(f) are friction force images corresponding to
(a)–(c), respectively. The gray scale range for the topographic image from (a) to (c) is 3.0,
2.9, and 0.7 nm, respectively.
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estimator mean squared error (MSE) of the mean square deviation
[10,11],
MSE ¼

 mod exp 2
y −yi
1
∑ i
σi
N−M

ð1Þ

where N is the number of independently measured values corresponding to different wavelengths and M the number of unknown
model parameters. Here ymod, yexp and σ refer to model calculated
values, experimental data and standard deviation of measured data,
respectively.
3. Results and discussion
Fig. 2 shows AFM topographic and friction force images for OPA
SAMs prepared on SiO2/c-Si with three different coverage, which were
obtained by applying increasing amount of OPA solution in TCE onto
the substrate. The additive nature of the OPA monolayer forming on
SiO2 can be used to control the monolayer coverage. Because only a
partial coverage ﬁlm allows AFM to measure the monolayer thickness,
we show in Fig. 2a and b two such AFM images for monolayer thickness measurement. As shown in Fig. 2d and e, the partial-coverage
samples also allow friction force imaging to distinguish the methyl
terminated, hydrophobic, OPA monolayer and the exposed, hydrophilic, SiO2 surface. Those friction force images show that the exposed
SiO2 surface has stronger interactions with the AFM tip, which
is hydrophilic as the silicon tip is covered by its native oxide. For a fullcoverage monolayer, as shown in Fig. 2c and f, the surface is featureless both in morphology and friction force, because now the surface is
terminated by methyl groups. The average surface roughness for the
full-coverage OPA ﬁlm is ~0.06 nm; this is comparable to that of the
underlying SiO2 surface of the mirror-polished silicon wafer. Such a
full-coverage OPA monolayer sample was used for the SE and SR
experiment.
Shown in Fig. 3 are proﬁles isolated from the AFM images shown in
Fig. 2a–c as indicated by the inserted dashed lines. These OPA
monolayer samples were imaged immediately after OPA SAMs were
prepared on the substrate to minimize possible adsorption of airborne
contamination such as hydrocarbons onto the exposed SiO2 surfaces,
which is hydrophilic and has high surface energy. Apparently, there is
no such a problem for a full-coverage OPA SAM sample, where the
high surface energy SiO2 surface becomes unavailable. These OPA

Fig. 3. Proﬁles a, b, and c isolated form images shown in Fig. 2a–c, respectively, for the
three OPA samples with increasing coverage.

Fig. 4. One of the three sets of (a) Δ and Ψ data measured from a probe light beam with
wavelength ranging from 245 to 1000 nm and (b) reﬂectance data measured from a
different probe light beam with wavelength ranging from 192 to 780 nm on a fullcoverage OPA sample (black) and a reference silicon wafer (grey).

samples were imaged with contact mode AFM, immediately upon
preparation of the OPA ﬁlm using applied forces of ~1 nN. Under those
careful arrangements, the height for the partial-coverage OPA SAMs
freshly prepared on a SiO2 substrate is estimated to be 1.9 ± 0.1 nm. As
a fully extended OPA molecule is 2.5 nm in length [18], OPA molecules
in the SAM on SiO2 must be tilted, as schematically illustrated in
Fig. 1b.
We noticed that for aged samples the OPA monolayer height
becomes less than that of the fresh ones, most likely due to adsorption
of airborne contaminants on the exposed SiO2 surface. Furthermore,
because AFM is a mechanical probe technique relying on interactive
forces between the probe tip and the sample surface to image the
surface morphology, forces applied to the sample surface may impact
the outcome of the height measurement, especially for ﬂexible
organic molecular layers like the OPA SAMs. When operated under
large amplitudes, the dynamic force mode AFM could underestimate
the height of the OPA monolayer as the tip-sample interaction is
strong enough to deform the ﬂexible hydrocarbon chains of the OPA
molecules [19,20]. Therefore, in order to estimate the height of the
ﬂexible organic monolayer, care should be taken as not to impose
forces to the ﬂexible OPA SAMs that might deform the molecular
chains too much.
SE and SR data were collected from three spots each on the surface
of a full-coverage OPA sample and a reference SiO2/c-Si substrate,
respectively. Fig. 4 shows one set of the data of Δ, Ψ and reﬂectance
spectra obtained on the two samples. Note that the wavelength of
the light source for SE and SR is 245–1000 nm and 192–780 nm,
respectively. As clearly shown in Fig. 4a, there is a signiﬁcant decrease
in Δ from the OPA sample compared with that from the reference
SiO2/c-Si sample, indicating that SE has ample sensitivity for the OPA
monolayer ﬁlm to be detected. In contrast, there is little change in Ψ
observed between the two samples. This is actually a typical case for
an extremely thin dielectric ﬁlm on a dielectric substrate, as the
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change in ρ for such a system becomes imaginary, requiring change in
Ψ to be near zero [9]. Therefore, the observed behaviors of Δ and Ψ
suggest that the OPA monolayer ﬁlm is extremely thin (as it should be)
and transparent (i.e., non-absorbing) in visible range. In fact, as shown
in Fig. 4b, there is no change in the reﬂectance between the OPA and
the reference SiO2/c-Si samples in visible range.
On the other hand, a decrease in reﬂectance for the OPA ﬁlm
sample compared with the reference SiO2/c-Si sample is observed in
Fig. 4b for light having wavelengths near 200 nm, suggesting that the
OPA ﬁlm becomes absorbing in deep-UV range. Those observations
show that the presence of OPA monolayer on the SiO2/c-Si substrate is
readily detectable through the signiﬁcant changes in Δ and that the
OPA monolayer is a dielectric ﬁlm with a possible optical band gap
energy lying in deep-UV range.
Our OPA monolayer sample is modeled as stacks of OPA/SiO2/c-Si.
The SiO2 thickness was deduced from Δ, Ψ and reﬂectance data
measured on the reference SiO2/c-Si substrate by adopting the optical
functions from literature for the SiO2/c-Si optical model [10], in which
the only unknown was the thickness of the native oxide layer SiO2.
The thickness of the SiO2 layer deduced from ﬁtting the Δ, Ψ and
reﬂectance data obtained on three spots of the reference silicon wafer
using tabulated values [10] of n and k are 2.12, 2.09 and 2.15 nm,
respectively (all of which have uncertainty less than 0.5%). Those values
were coupled as inputs to represent the thickness of the SiO2 layer in the
optical stacks OPA/SiO2/c-Si for the three sets of Δ, Ψ and reﬂectance
data collected from three spots on the OPA sample. The advantage of
using a silicon wafer as the substrate for an organic monolayer lies in the
fact that optical properties of both the native oxide layer SiO2 and the cSi substrate are known so that the SiO2 layer thickness can be precisely
deduced from the Δ, Ψ and reﬂectance data [8,10].
Based on the observations of the dielectric nature of the OPA ﬁlm in
visible range and its becoming absorbing in deep-UV ranges, we adopt
Tauc–Lorentz (TL) dispersion model developed by Jellison and Modine
for parameterizing the dispersion of optical properties [21]. This
dispersion model enforces the Kramers–Kronig (KK) consistency
between n and k, which states that for physical properties that can
be described with a complex function, the real and the imaginary
parts are not independent to each other, but related through the KK
integration. The TL model combines the Tauc joint density of states
and a single transition Lorentz oscillator to account for interband
absorption and bounded electron absorption, respectively. Dielectric
function ε = ε1 + iε2 and photon energy E are used in the TL dispersion
model. The following equation of the TL dispersion model is for the
imaginary part ε2 accounting for the interband transition [21],
"
#

2
AE0 C E−Eg
1

; ENEg ;
ɛ2 ðEÞ ¼ 
2
E2 −E02 þC 2 E2 E
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We treat our OPA SAM as an isotropic molecular ﬁlm based on the
fact that the molecules are dominated by methylene chains, which are
unlikely to produce in-plane optical anisotropy as does a molecular
ﬁlm with unsaturated (π) bonds rich in the molecules [27]. We have
examined octadecyltrichlorosilane SAM (this molecule has a silane
headgroup and the exact same methylene chain as does an OPA
molecule) prepared on a silicon wafer and found no sign of difference
due to different headgroups. This experimental result suggests that
phosphonic acid headgroup does not contribute much towards the
monolayer's optical properties as accessed from ellipsometry and

ð2Þ

and ε2(E) = 0, E ≤ Eg. The real part ε1 is obtained by way of the KK
integration,
2
ɛ2 ðÞ
d;
ɛ1 ðEÞ ¼ ɛ1 ð∞Þ þ P∫E∞g 2
π
 −E2

ð3Þ

where P represents the Cauchy principal part of the integral, for which
Jellison and Modine have shown a close solution [21,22]. The ﬁve
parameters in Eqs. (2) and (3) are transition matrix element A, peak
transition energy E0 and broadening factor C of the Lorentz oscillator,
the optical band gap Eg and a constant ε1(∞) at high energy. With the
OPA ﬁlm thickness, we have six unknown parameters to deduce by
ﬁtting calculated values of Δ, Ψ and reﬂectance from the TL dispersion
model to the data collected on the OPA sample surface. This dispersion
model has been successfully applied to different types of ﬁlms, both
amorphous and crystalline [23–25]. Von Blanckenhagen et al. have
demonstrated that the TL dispersion model can also be used to optical
coating materials of dielectric metal oxides [26].

Fig. 5. Comparisons between one set of the data (black) and the calculated values (grey)
of (a) Δ and Ψ and (b) reﬂectance based on the stack optical model of OPA/SiO2/c-Si. Note
that the black squares are plotted larger than the grey ones for clarity. The deduced
thickness of OPA ﬁlm and SiO2 layer is shown in (c) with assumed c-Si substrate
thickness. The dispersion of n and k deduced from multi-sample ﬁtting on three spots for
the OPA ﬁlm is shown in (d).
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reﬂectometry. With the TL dispersion model implemented in
WVASE32, we deduce the ﬁve ﬁtting parameters and the thickness
for the OPA ﬁlm through the best ﬁtting to Δ, Ψ and reﬂectance data.
For the OPA sample modeled as stacks of OPA/SiO2/c-Si, the TL
dispersion model calculated Δ, Ψ and reﬂectance values accounting
for contributions from the OPA ﬁlm, along with the trial OPA ﬁlm
thickness, the predetermined SiO2 thickness, the contributions from
SiO2 and c-Si as calculated from their known tabulated values of
n and k, as well as the thickness for those two stacks are ﬁtted
simultaneously to the three sets of Δ, Ψ and reﬂectance data obtained
on the three spots on the OPA sample. An excellent ﬁt was achieved
with an MSE of 4.68. Comparisons between SE data obtained on one of
the three spots on the OPA sample surface and the simulated values of
Δ and Ψ are shown in Fig. 5a. The comparison between the reﬂectance
simulation and the data from the same spot is shown in Fig. 5b. As
clearly shown in Fig. 5a and b, we obtained excellent ﬁtting between the
simulation and the data. No surface roughness layer was necessary in
our ﬁtting since the silicon wafer and the OPA ﬁlm possessed a
roughness of only ~0.06 nm. The ﬁve ﬁtting parameters are A = 5.56 eV,
E0 = 6.68 eV, C = 0.73 eV, Eg = 6.11 eV and ε1(∞) = 2.59. Dispersion of n and
k are calculated from that of the dielectric function by ε1 +iε2 = (n +ik)2.
Note that we adopted the multi-sample ﬁtting approach so that the
parameters for n and k dispersions are the same for all of data from the
three different spots on the OPA surface.
Another ﬁtting parameter, the thickness of the OPA ﬁlm, is
deduced to be 2.22 nm (Fig. 5c) for one of the three spots. The other
two values for the OPA ﬁlm thickness deduced from the other two
spots are 1.97 and 1.99 nm, respectively. Uncertainty for those
estimated OPA thickness is less than 0.5%. The average OPA monolayer
thickness (2.06 ± 0.14 nm) deduced from ﬁtting the TL dispersion
model to the Δ, Ψ and reﬂectance data collected on three different
spots agrees quite well with that (1.9 ± 0.1 nm) measured by AFM
on partial coverage OPA samples. The thickness of OPA monolayer
deduced from the SE and SR data suggests OPA molecules are tilted
approximately 35° away from normal direction as the molecule is
believed to be 2.5 nm in length when fully extended [18]. Also shown
in Fig. 5c is the thickness of SiO2, which is deduced from the SE and SR
data obtained on one of the three spots on the reference silicon wafer
sample and used here as a ﬁxed input. The c-Si layer is assumed to be
1 mm so that the light reﬂected from its backside is ignored.
Shown in Fig. 5d is deduced dispersion of n and k for the OPA
monolayer ﬁlm from SE and SR data with the TL dispersion model. It is
clear that n of the OPA ﬁlm comprised of hydrocarbon chains is
featureless and k is zero in visible range, which is characteristic for
transparent dielectric materials. The abrupt increase in k in deep-UV
range for the OPA ﬁlm hints that the ﬁlm becomes absorbing in that
photon energy range, which also results in an increase in n as required
by the KK consistency. The deduced dispersion of k from the TL model
for the OPA ﬁlm appears to be typical for dielectric ﬁlm [26]. The
increase of k shown in Fig. 5d could be attributed to absorption of
photon energy by the hydrocarbon chains of the OPA molecules
through an electronic transition within the fundamental absorption
band [28], which is 6.11 eV as deduced from the TL dispersion model.
It is known to be challenging to use the ellipsometric approach to
deduce both the optical properties and thickness because they may
display correlation. In order to assess the degree of correlation
between the ﬁlm thickness and the ﬁlm optical properties, we tried
purposely changing the OPA ﬁlm thickness to test the ﬁtting results.
When inputting falsiﬁed OPA ﬁlm thickness values of 1.0, 1.5, 3.0 and
4.0 nm, the ﬁtting resulted in MSEs of 11.91, 6.72, 7.52, and 18.81,
respectively. These MSE values obtained from falsiﬁed values for OPA
ﬁlm thickness deviate signiﬁcantly from the MSE of 4.68 when the
OPA ﬁlm thickness is deduced from the best ﬁt. It thus becomes clear
that in the ﬁtting process the correlation between the OPA ﬁlm
thickness and the optical properties is relatively weak. For example,
the correlation coefﬁcient between A (a measure of optical properties

as shown in Eq. (2)) and OPA ﬁlm thickness is estimated to be r = −0.73
or r2 = 0.53, when the falsiﬁed values of OPA ﬁlm thickness were used
in the ﬁtting process as described above.
For our system of an OPA monolayer delivered on the native
SiO2 surface of a silicon wafer, we have been cautious in deducing
the optical functions and ﬁlm thickness. The steps we have taken
to ensure the credibility of our analysis include (i) using the OPA
thickness measured by AFM as the initial trial value for the OPA ﬁlm
thickness in ﬁtting process; (ii) simultaneous SE and SR simulations on
multi-sets of data obtained on OPA/SiO2/c-Si sample to impose as
many restrictions as possible to ﬁtting conditions. Along with the AFM
data for the ﬁlm thickness, the well-known optical properties of
silicon wafer and its native oxide layer are helpful in ensuring an
accurate estimation of the optical properties of the OPA monolayer.
4. Conclusions
We have deduced optical functions and the thickness of a fullcoverage OPA SAM spin-coated on the native SiO2 surface of a single
crystalline silicon substrate by adopting the TL dispersion model for
the OPA monolayer ﬁlm in optical stacks of OPA/SiO2/c-Si for the
sample system and ﬁtting the model to multiple sets of SE and SR data
collected on both the OPA/SiO2/c-Si sample and the reference SiO2/c-Si
sample. The OPA monolayer is a dielectric ﬁlm with an index of
refraction of 1.61-1.62 in visible range and has an optical band gap of
6.11 eV in deep-UV range. The OPA thickness deduced (2.06 ± 0.14 nm)
from the dispersion model ﬁtting is in good agreement with that
measured by AFM (1.9 ± 0.1 nm) on partial OPA monolayer samples.
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