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Hybrid organic—inorganic system composed of iron porphyrin deposited on Si substrate was investigated by spectroscopic
ellipsometry. A series of samples with (100) and (111)-oriented Si wafers and various acidity of aqueous solution of iron
porphyrin deposited on Si substrates were fabricated and investigated. Experimental data were analysed in various models in
order to reveal the general regularities of the hybrid system. It was determined that in hybrid samples, the mesostructures of iron
porphyrin formed from both acid and base aqueous solutions possess similar electronic excitation bands. It was proposed that
a major part of iron oxo-dimers were destroyed on the Si surface due to formation of the chemical bonds between Si substrate

covered by native oxide and iron porphyrin.
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1. Introduction

Recently, hybrid inorganic—organic structures were
widely studied due to their potential applications in
molecular electronics [1]. In this respect, self-assembly
of organic molecules on metal surfaces was mostly in-
vestigated [2]. The chemical bonds between Si and or-
ganic molecules are assumed [3] to be stronger than
metal-molecule bonds and hence the hybrid Si-based
structures are expected to be promising in the develop-
ment of molecular electronic devices [4]. The proper-
ties of such hybrid structures can be varied by altering,
on the one hand, the dopant type, concentration, orien-
tation, and surface treatment of Si substrate and, on the
other hand, the acidity, concentration, and aggregation
state of organic compound solution.

In the development of hybrid structures, the charac-
terization of complex samples becomes an urgent prob-
lem. Along with direct structural studies, the optical
technique is widely used to characterize the chemical
composition of hybrid samples by infrared measure-
ments of vibration spectra as well as a standard UV-vis-
near-IR spectroscopy. The ellipsometric technique was
also applied for determination of thickness of thin or-
ganic layers [5] and for determination of the optical con-
stants of organic films [6], e. g., optical parameters of
porphyrin derivatives metal phtalocyanines [7]. In this
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work the optical response of hybrid structure composed
of iron porphyrin (FeTPPS) on Si substrate was anal-
ysed. Spectroscopic ellipsometry investigations have
been carried out in order to develop the model, which
could be used for analysis of the optical response of
these complex samples, and to investigate the aggre-
gation state of FeTPPS in various hybrid structures un-
der consideration by altering the characteristics of the
substrate and acidity of deposited aqueous solution of
FeTPPS.

2. Experimental

The substrates for preparation of hybrid samples
were n-type Si wafers with surface planes (100) or
(111). The Si (100)-oriented wafers (0.5 €2cm) were
degreased by boiling dimethylformamide whereas the
(111)-oriented wafers were not additionally treated.
The surface of Si substrates was covered by native ox-
ide layer, which could be detected and characterized
by spectroscopic ellipsometry [8]. The thickness of
the surface layer, which was estimated from spectro-
scopic ellipsometry measurements assuming the layer
to be composed of pure silica, was 0.8 and 2.8 nm
for (111) and (100)-oriented Si substrates, respectively.
The untreated air-exposed Si (111) surface is more
hydrophobic due to adsorption of carbon compounds.
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The degreased and ethanol-rinsed SiOs/Si(100) sur-
face should be less hydrophobic as a thicker oxide layer
containing OH™ groups is formed because of the influ-
ence of non-absolute ethanol.

Aqueous solutions of concentration 1074-10"3 M

were prepared from Fe(III) meso-tetra(4-sulfonatophenyl)

porphine chloride C44HogFeN4O12S4Cl. The acidity of
the solutions was varied in the pH range 1-12 by adding
0.1 M NaOH and 0.1 M HCI. A droplet (~0.1 ml) of
aqueous solution of FeTPPS was spotted on Si and dried
at room temperature. Control optical measurements
have also been carried out on the hybrid samples ob-
tained at the deposition of FeTPPS on glass substrates
and aqueous solutions of various acidities at different
cuvette length [.

The morphology of hybrid samples was studied by
a standard atomic force microscopy (AFM) technique
(Thermomicroscope Explorer). On the basis of these
observations, several typical structural features were
determined: (i) the presence of contact line at the
boundary of the dried drop of FeTPPS aqueous so-
lution, (ii) formation of macro- and nano-aggregates,
(iii) occurrence of micrometre-size rings typical of por-
phyrin and its derivatives [9]. The morphology of the
structures on the surface of hybrid samples was quite
similar in all the samples under consideration.

The main difficulty in the interpretation of experi-
mental optical results was the non-homogeneity of the
surface layer because of the occurrence of defects lead-
ing to arough surface relief. Thus, for the interpretation
of optical response it was reasonable to accept a gen-
eral common model based on the effective media ap-
proximation. It should be noted that the light beam spot
(up to 5 mm at angle of incidence ©~70°) in the set-
up used was significantly larger than the size of macro-
aggregates.

The optical response of hybrid samples was investi-
gated by spectroscopic ellipsometry. The spectral ellip-
someter with rotating analyzer operating in the range of
1-5 eV was used. In the experimental run, the complex
reflectivity p of the sample is determined,

R
p= R—H = tan ¥ exp(iA), (1)
L

where R and R are reflectance coefficients for light
polarized in parallel (||) and in perpendicular (L) to the
plane of light incidence, respectively, and ¥, A are el-
lipsometric parameters. In the case of isotropic bulk

sample, the complex reflectivity is directly related to the
dielectric function ¢ of material under consideration:

2
e =sin’0O [(1_'0> tan? © + 1] . 2)
1+p

In the case of complex sample, the dielectric function
calculated according to (2) is denoted as pseudodielec-
tric function (g). Details of the set-up and measure-
ment procedure as well as the modelling of the opti-
cal response for a multilayer system were described in
[10, 11].

The optical response of hybrid sample FeTPPS/Si
can be analysed in several models. In the empirical
three-media ambient/ film / substrate model /, the con-
tribution of FeTPPS layer to optical response of the
sample FeTPPS /Si was assumed to be equal to the ex-
perimentally determined pseudodielectric function of
the composite hybrid structure FeTPPS/SiO. In the
latter system the fine structure of the spectra of ellip-
sometric parameters is mainly caused by the FeTPPS
layer.

Figure 1(a) shows the results of modelling, in which
the thickness of the FeTPPS is considered as the vari-
able parameter. As is seen, the contribution of FeTPPS
clearly manifests itself in the spectra of pseudodielec-
tric function (¢) of composite system FeTPPS/Si. The
peak E; at 3.4 eV (A3 — A transitions) in Si [12] is
suppressed by the main Soret band in FeTPPS at 400 nm
(3.1 eV) [13]. In contrast, the contribution of the dom-
inant peak Ey at 4.2 eV (X4 — X transitions) in Si
is relatively increased in experimental spectra for hy-
brid sample FeTPPS/Si as compared to those in mod-
elled data. The analysis has shown that the shape of
the spectra for hybrid sample FeTPPS/Si is quite well
reproduced and the thickness of the complete effective
surface layer (d~30 nm for this particular sample) can
be determined. However, numerical values of experi-
mental and calculated data differ significantly for the
real part of effective dielectric function (£) because the
influence of glass substrate was neglected in the model
calculations.

In the improved version (model II) the contribution
of FeTPPS was also calculated from the optical re-
sponse of hybrid sample FeTPPS / glass. However, the
inverse problem for ellipsometric parameters of the hy-
brid system FeTPPS / Si was solved with adjustable pa-
rameters d (thickness) and w (where w is the “weight”
defined as w = 1 — P, where P is porosity, i.e. P is the
volume fraction of voids in the FeTPPS layer) for the
effective FeTPPS layer. In order to achieve a reason-
able fitting between experimental and calculated data
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Fig. 1. Experimental (points) and modelled (curves) spectra of (a) pseudodielectric function and (b) ellipsometric parameters of hybrid sample

FeTPPS /Si produced from aqueous solution of FeTPPS (1.0 mM, pH 9.0). Dielectric function of FeTPPS layer was taken to be equal to

pseudodielectric function of the system FeTPPS/SiO,. (a) Model I: the thickness of complete FeTPPS layer was a variable parameter. (b)
Model II: thickness and porosity of the FeTPPS sublayers were adjustable parameters.
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Fig. 2. Experimental (points) and calculated (curves) spectra of el-

lipsometer parameters for hybrid sample FeTPPS /Si(111) in model

111, in which the data were considered in the region of the Soret band
of FeTPPS.

in the vicinity of main optical features at 1.7-4.5 eV
(Fig. 1(b)), a three-layer stack of FeTPPS film was as-
sumed with d in the range of 45-105 nm and w varying
from 0.04 to 0.95.

A more adequate model /I was applied for hybrid
sample FeTPPS/Si when experimental data were con-
sidered in a narrow spectral range, e. g., in the vicinity
of the main absorption band of FeTPPS (Fig. 2), where
the optical response of the hybrid sample dominated.
In this model the fitting of experimental data was more
accurate (purpose function was less than 0.01). Ac-
cording to the model, the TPPS layer on Si was non-
homogeneous with dense (w = 0.93-1.5) and porous
(w = 0.03) sublayers of total thickness ~55 nm.

In the last model 1V, a stack of layers simulated by
three Lorentzian lines represented the effective FeTPPS
film on Si (Fig. 3). As is seen from Fig. 3(a), the cal-

culation results fit perfectly the experimental data for
hybrid sample FeTPPS/Si(100) produced from aque-
ous solution of FeTPPS of concentration 1-1072 M
and pH 9.0. The energy of simulated absorption
bands in sublayers of surface film for hybrid sample
FeTPPS/Si (Fig. 3(b)) agrees well with Soret bands for
both FeETPPS monomers (at 392 nm, pH 3.3) and O-
(FeTPPS)5 dimers (415 nm, pH 11.2) [13]. In contrast,
dimers are mainly responsible for the optical absorp-
tion of FeTPPS with high pH values in aqueous solu-
tion and in hybrid sample FeTPPS/glass. Figure 3(b)
shows also the E; peak of Si which can influence on the
shape of the optical response in FeTPPS / Si.

The analysis of various models has shown that spec-
troscopic ellipsometry can be effectively used in the
studies of hybrid systems like FeTPPS deposited on Si
and in determination of regularities of the interaction
between surface layer and substrate. However, a uni-
fied model should be applied for the series of samples
under consideration.

3. Results and discussion
3.1. Influence of Si-substrate orientation

As noted above, thin (1-3 nm) film of native silica
oxide layer occurs on Si wafers masking the influence
of the substrate orientation. Nevertheless, the effec-
tive dielectric functions representing the contribution to
optical response originating from FeTPPS on Si (111)
(Fig. 3(b)) and Si (100) (Fig. 4) are somewhat different.
As is seen from Fig. 4, two surface sublayers of 3 nm
(upper) and 25 nm (lower) thickness were determined
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Fig. 3. (a) Experimental (points) and calculated (curves) spectra of pseudodielectric function for sample FeTPPS/Si(111) simulated by
Lorentzian-type lines (model IV). (b) Modelled spectra of Im(e) of the porphyrin upper (4 nm, /) and lower (26 nm, 2) sublayers in
FeTPPS/Si, absorption of surface layer in FeTPPS / glass (3) and in FeTPPS aqueous solution (1 mM, pH 9.0, [ = 0.12 mm, 4), and Im(¢)

of Si (5).
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Fig. 4. Spectra of imaginary part of pseudodielectric function Im(e)

for upper (/) and lower (2) surface sublayers calculated for hybrid

sample FeTPPS /Si(100) processed from aqueous solution with pH
8.7.

from fitting of experimental data in model /V. From the
location of the absorption bands it was reasonable to
suggest that the bands were caused by electronic excita-
tions attributed mainly to monomers of FeTPPS, though
some contribution from dimers could not be excluded in
the formation of the broad second band.

The optical data for FeTPPS in aqueous solution with
high pH values and in hybrid samples with differently
oriented Si substrates are presented in Fig. 5. Experi-
mental data were analysed in the model of one effective
layer on substrate. The spectral dependence of dielec-
tric function for a single effective surface layer was sim-
ulated by a set of three Lorentzian-type lines. As is seen
from Fig. 5, the absorption bands were almost identical

Fig. 5. Spectra of Im(e) calculated in the one-layer model for

FeTPPS deposited on Si (111) (/) and (100) (2) and absorp-

tion spectra of aqueous solution (I = 0.12 mm) with pH 9.0 (3)
and 8.7 (4).

for FeTPPS in aqueous solutions with pH values equal
to 8.7 and 9.0. However, a slight shift should be no-
ticed for the FeTPPS films of 10 and 27 nm thickness,
respectively, on (100) and (111)-oriented Si substrates.
It was possible to assume that for two studied orienta-
tions of Si substrate, the main contribution to the op-
tical response originated from electronic excitation of
monomers. The difference in the spectra for samples
on Si (100) and Si (111) could be caused by a strain in-
duced in the surface layers of porphyrin. It should be
noticed that from general considerations it follows that
Si (100) surface is more active than Si (111).
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Fig. 6. Spectra of Im({e) for FeTPPS in hybrid sample on Si (111)
(1), absorption spectra for hybrid sample FeTPPS/glass (2), and

two components (3, 4) of Soret band in aqueous solution of FeTPPS
(pH 9.0, = 0.12 mm).

3.2. Influence of substrate type

As followed from Fig. 3(b), the contribution of
FeTPPS (pH 9.0) layer on substrate in the multilayer
model /V was characterized by dominating peaks at 390
and 410 nm for hybrid samples on Si (111) and glass
substrates, respectively, in the case of porphyrin with
high pH values. In Fig. 6 the contribution of a single
FeTPPS surface layer for a hybrid sample on Si (111)
is shown. In a single layer model, the blue shift of
the FeTPPS band in hybrid FeTPPS/Si sample with
respect to that in FeTPPS/glass is clearly seen. In
the aqueous solution, the most intensive broad absorp-
tion band of FeTPPS (pH 9.0) was observed at 410 nm
and it was decomposed into components at 405 and
415 nm. The results of experimental optical investiga-
tion can be interpreted as the redistribution of oscilla-
tor strength with enhanced monomer and dimer com-
ponents for samples of FeTPPS (high pH values) de-
posited on Si (111) and glass substrates, respectively.

A similar set of experimental data was obtained for
samples produced from aqueous solution of FeTPPS
of high acidity (Fig. 7). The optical parameters of
the modelled FeTPPS layers deposited on Si (100) and
glass from acid aqueous solution (pH 1.8) are presented
in Fig. 7. As is seen from Figs. 6 and 7, the main reg-
ularities are similar for FeTPPS aqueous solution with
both low and high pH values: the shorter wavelength
component is stronger for hybrid samples with Si sub-
strate.

3.3. Influence of acidity of FeTPPS aqueous solution

In Fig. 8 the data for two hybrid samples FeTPPS / Si
and the corresponding aqueous solutions of FeTPPS are

1.6 —T
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Fig. 7. Spectra of Im(e) for FeTPPS in hybrid sample on Si (100)

(1), absorption spectra for hybrid sample FeTPPS/glass (2), and

two components (3, 4) of Soret band in aqueous solution of FeTPPS
(pH 1.8,1 =0.12 mm).
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Fig. 8. Main Soret band in hybrid FeTPPS/Si samples (/, 3) and

FeTPPS aqueous solutions (2, 4) with pH values equal to 1.8 (/, 2)
and 8.7 (3, 4).

presented. As is seen, the blue shift of the Soret band
in FeTPPS in hybrid sample with respect to FeTPPS
aqueous solution with pH 8.7 is clearly seen. In con-
trast, the location of the main band is close for both
FeTPPS aqueous solution at pH 1.8 and hybrid sample
FeTPPS/Si.

The location of the main Soret band in FeTPPS/Si
hybrid samples indicates that similar mesostructures of
porphyrin were formed from both acid and base so-
lutions. These dominant optical features correspond
mainly to monomers in acid FeTPPS aqueous solu-
tions. However, it is worthwhile to note that weak bands
at ~600 nm typical of dimers in solution [13] were
observed in FeTPPS/Si samples formed from near-
neutral and base aqueous solutions (Fig. 9). On the ba-
sis of the observations it is reasonable to suggest that
a major part of oxo-dimers have been destroyed on the
surface of Si substrate, most probably because of the
formation of chemical bonds Si—O-FeTPPS.
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FeTPPS/Si with thick (/) and thin (2) layers produced from
FeTPPS aqueous solution (pH 6.5).
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HIBRIDINIU GELEZIES PORFIRINO ANT Si DARINIU) ELIPSOMETRINIS APIBUDINIMAS

G.J. Babonas, 1. éimkiené, A. Réza, J. Sabataityté

Puslaidininkiy fizikos institutas, Vilnius, Lietuva

Santrauka

Spektroskopinés elipsometrijos metodu buvo tiriama hibridiné
organiné—neorganiné sistema, sudaryta i§ geleZies porfirino, nuso-
dinto ant Si padeékly. Buvo pagaminta ir iSnagrinéta serija bandi-
niy ant Si (100) ir (111) plokStumomis orientuoty padékly su nuso-
dintais ant jy ivairaus rogstingumo geleZies porfirino vandens tir-
palais. Siekiant iSrySkinti bendrus hibridinés sistemos désningu-

mus, eksperimentiniai duomenys buvo analizuojami, panaudojant
ivairius modelius. Nustatyta, kad hibridiniuose dariniuose tiek i§
ragstiniy, tiek i§ Sarminiy tirpaly susidaro geleZies porfirino dari-
niai su panaSiomis elektroniniy suZadinimy juostomis. Manoma,
kad didZioji gelezies okso-dimery dalis ant Si pavirSiaus yra suar-
doma, formuojantis cheminiams rySiams tarp Si padéklo, padengto
savuoju oksido sluoksniu, ir geleZies porfirino.



