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Abstract
Optical properties in terms of the complex-valued dielectric function were determined
for spin-coated films of a Rose Bengal derivative using variable angle of incidence
spectroscopic ellipsometry in the visible and infrared wavelength regions. In addition,
the thickness and roughness of the films were determined and related to the solution
concentration of Rose Bengal. Switching between two different oxidation states of the
Rose Bengal derivative was investigated. The two states were chemically induced by
exposure to vapors of hydrochloric acid and ammonia, respectively. A substantial and

reversible change of the optical properties of the films was observed.
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1. Introduction

The possibility to change color of an object can be attractive in many disciplines and
application fields. Materials with dynamic optical properties are explored for a wide
range of applications, from printable organic electronics with electrochromic properties

[1] to heat reflecting systems and camouflage applications [2].

Optical properties can be controlled in several ways, e.g. mechanically, electrically,
thermally or chemically, giving possibilities to obtain a certain optical response in a
specific wavelength region. One example is chemically induced color changes that some
dye systems undergo due to acid or base exposure. In the work presented here, focus is
on such effects in a Rose Bengal (RB) derivative. Rose Bengal has the structure

[4,5,6,7-tetrachloro-2',4',5',7'-tetraiodo-fluorescein].

The RB molecule consists of a benzene and a xanthene moiety with substituents that
determine the photophysical properties [3]. The derivative studied in this work has the
substituent R = NH(C,Hs); attached to a negatively charged oxygen as well as to a
carboxylic group to form a salt. This form is called the quinoid (gq) form of RB and is
shown to the left in Fig. 1. When exposed to vapor of hydrochloric acid (HCI), RB
changes its conformation from its quinoid form to the lactone (I) form as shown to the
right in Fig. 1 and when subsequently exposed to ammonia (NHs) it changes back to the

quinoid form. Chemically this corresponds to that the oxygen undergoes a



protonation/deprotonation reaction [3]. In this transformation it also changes its
appearance from pink to transparent as the dominant absorption peak almost vanishes

[3] and the electron delocalization over the xanthene is broken.

Figure 1. Molecular structure of Rose Bengal salt. The molecule consists of a benzene
and a xanthene moiety which have substituents determining the photophysical
properties. To the left is the quinoid (q) form and to the right is the lactone (I) form. In
this study the substituent R = NH(CzHs)s.

There are several other substances similar to RB, such as Fluorans, which is a common
name for a type of leuco-dyes with the same basic molecular structure as RB in the

lactone form [4]. These substances have a great variety of colors, depending on their

different substituents.



RB has been used in organic electronics as an acceptor in photovoltaic devices [5].
Bi-stable organic memory devices utilizing the nonlinear conduction properties of RB
have been reported, although the origin of the switching mechanism has been debated

[6-9]. The control of layer thicknesses in these devices is crucial for the performance.

In this work we focus on determination of the optical properties and thicknesses of thin
films of a RB derivative and study how chemically induced switching influences these
properties. The studies are done using variable angle of incidence spectroscopic
ellipsometry (VASE) [10] providing the full complex-valued optical response functions
as well as structural information of the investigated samples. The information provided
in this study will be of importance for research on organic electronic devices involving

layers of RB.

2. Experimental details

Rose Bengal salt (from Sigma-Aldrich) was dissolved in 1-propanol to nominal
concentrations of 8, 12, 16 or 20 mg/ml. The solutions were then filtered through a
0.1 um filter. Thin films were formed by spin coating at 2000 rpm for 30s on
1.5x 1.5cm? as received silicon substrates with native oxide as in the work by
Jakobsson et al.[6]. All samples were prepared in a clean-room environment. A
selection of the samples was later exposed to a saturated vapor of HCI or NH; for half a

minute prior to subsequent measurements.



VASE was used to record the ellipsometric angles ¥ and A on thin films of RB in the
spectral range from infrared (IR) to near ultraviolet or more specific from 0.038 to
5.03 eV (0.246 to 33.0 um). Measurements on chemically unexposed films were done
using a VASE-system (J.A. Woollam Co., Inc.) at photon energies in the range
0.73t05.03 eV (1698 - 246 nm) in steps of 0.05eV at three angles of incidence

(50°, 60°, 70°).

In the IR spectral region measurements were performed on a selection of unexposed
samples with an infrared spectroscopic ellipsometer (IRSE, J.A. Woollam Co., Inc.) at
photon energies in the range 0.038 - 0.62 eV (33 — 2 um) with resolution 2.48-10™eV

(2 cm™) at three angles of incidence (50°, 60°, 70°).

The chemically exposed samples were necessary to measure within minutes after
exposure. A real-time dual rotating compensator ellipsometer (RC2, J.A. Woollam Co.,
Inc.) was therefore used with the range 0.73 to 5.03 eV (1698 — 246 nm) at an incident

angle of 70°,

Analysis of the ellipsometric data was made with the WWVASE32 software
(J.A. Woollam Co., Inc.) [10]. The optical properties in terms of the complex-valued
dielectric function e=¢; + ie, were modelled by combining several dispersion models.
Cauchy dispersion [11] with an Urbach absorption tail was used to describe the optical
background whereas resonance peaks were described using Lorentz oscillators [12].
Three parameters were used to describe the peaks; the amplitude A, the energy En and

the broadening Br. A total of four oscillators were used. Two of them are near-lying and



were modelled using a Gauss-Lorentz Asymmetric Doublet oscillator feature (GLAD)
included in the WVASE software [10]. Values of all parameters are presented after
rounding off to the number off significant digits defined by 90% confidence intervals in

the fitting procedure.

The sample model consists of a number of isotropic and homogeneous layers
representing the substrate, films and ambient. The model parameters of interest to
determine were fitted using the Levenberg-Marquardt algorithm to match model data to
experimental - and A-data using the mean square error (MSE) [13] as a measure of the
goodness of fit. The sample model used was either a four-phase (substrate / overlayer /
film / ambient) system or a five-phase (substrate / overlayer / film / roughness /
ambient) system. The silicon substrate and overlayer were represented by well defined
optical reference data for Si and SiO,, respectively [14]. The roughness was described
using a common approach [15] with a Bruggeman effective medium approximation
(EMA) layer with 50% void and 50% of the underlying Rose Bengal film properties.

All measurements were performed in an air ambient.

When several variables are varied there are multiple solutions and data correlation can
be high. A multiple sample analysis (MSA) [16] was therefore used to reduce
correlation problems and served as an initial starting point in the analysis. In the MSA,
data recorded from several samples were fitted simultaneously assuming the same
optical properties for the RB layer in all samples, but with each layer having different

thicknesses.



The results from the MSA were then used as input values in the analysis of each sample.
The output from the optical characterization were the optical properties & = g;+ig, as

well as the thickness and roughness of the RB films.

3. Results and Discussion

The thickness of the overlayer on the substrates was determined on a silicon sample
form the same wafer as those used for the RB spin coating which was performed in a
clean room atmosphere. The resulting thickness of 1.7 nm was used as a fixed value in
the optical modeling.

Modeling using a four-phase system and MSA gave film thicknesses of the RB layer
between 15.6 nm and 38.6 nm depending on the solution concentration as shown in
Table 1. Separate analysis of the four samples gave similar thicknesses as also shown in
Table 1 but the resulting optical properties of the RB layers showed differences
motivating an improved model. Therefore, a five-phase model was applied with an
added EMA-layer representing surface roughness. The four samples where analyzed
separately giving film and roughness thicknesses according to Table 2. The thickness of
the roughness layer and the RB layer add up to a total thickness in agreement with the
previous analysis especially when considering the lower density of the roughness layer.
The fraction of the roughness thickness compared to the total thickness (RB layer and
roughness layer) decreases with concentration. The absolute value of the roughness is
however similar for the three thickest RB layers. These results indicate that the RB
films prepared with lower concentrations (8 mg/ml), besides being thinner, most

probably also have a more dense structure which can not be resolved from the present



data. Possible mechanisms could be that the near-substrate part of the RB-layer, due to
substrate interaction, is different in terms of density and may even show anisotropic
effects. Furthermore, for this low concentration the possibility that the film is
discontinuous can not be excluded and will be a topic in future studies. It should also be
noted that RB is known to aggregate at high concentrations which can influence the
formation of thicker films [17]. The thickness results can be compared with single
wavelength ellipsometry and Atomic Force Microscopy (AFM) measurements on

similarly prepared RB films giving thicknesses between 10 and 30 nm [6].

Table 1. Results from the four-phase system modeling

Concentration [mg/ml] 8 12 16 20
Thickness of RB layers (MSA) [nm] 15.6 23.7 25.7 38.6
Thickness of RB layers (separate analysis) [nm] 15.7 24.2 25.9 38.6

The five-phase model data fit the experimental data very well for both of the

ellipsometric parameters ¥ and A and for all angles as seen in Fig. 2.

Table 2. Results from the five-phase system modeling

Concentration [mg/ml] 8 12 16 20
Thickness of RB layers [nm] 10.0 20.7 23.2 36.2
Thickness of roughness layer [nm] 6.5 3.9 3.2 3.6
Roughness / total thickness [%] 39 16 12 9




90 . . . ; 180

A gy,
..I""'fq-,.' . T X .
"ln-h |
oy,
e
;‘.".‘
T -,“‘ N,
\‘!~ T -~ o O
- 50
-~ -
S N e,
""q.\ ’\‘ I".
60 ~ S w120
~ L %
“‘hf\I-’“.‘”*.‘ iy - . 60
- o
oy ~,
~ M,
Q \\ M , O
&J“\, ~2
o M T4 <
‘~h-. - A
T ||1|||||i||l|"ﬂ“: -~ ‘,
w” g SN
. P N\ ‘o
30 B =Jﬂﬂ‘|Il;ﬂnl-nl|--II||l|rk|iIII.Ir||!-|L||||l||l||||.l|ll-|.‘l"“‘ "‘.l"-f"” o \‘ n 60
-
50 ’.-"' ’f’ 70 A
e g ‘,e" \'h
- ," "'h
”»
s}
60 ",....,a-»f"’ A
-
—-'".
--'l'".- -
-
700 ¥
1 1 1 1
1 2 3 4 5

Photon Energy [eV]

Figure 2. A representative model fit to experimental ¥ and A data for a RB sample
prepared from a 12 mg/ml solution.

The resulting optical properties of RB layers in terms of € = g;+ig, obtained using a
five-phase model are shown in Fig. 3. The properties of the three thicker films are close
to each other whereas the properties extracted from the sample with the thinnest RB
film differ. This film also has higher roughness then the rest of the films. The location
(En;) and the broadening (Br;) of the different absorption peaks for each of the samples

can be found in Table 3.



Table 3. Results from the five-phase system modeling. For each of the four resonances (i =1, 2,
3, 4) En; is the position of the peak, A, is the amplitude and Br; is the broadening.

Conc. [MSE|En, A, Bri |Emo A, Br, [En, A; Br; |[En, A, Bn
[mg/ml] [eV] [eV] [[eV] [eV] | [eV] [eV] | [eV] [eV]
8|10 [218 247 013 |[235 076 013 |48 087 075 [555 21 133
12|15 |218 206 013 [235 071 013 |479 064 060 [549 1.8 1.22
16|18 |217 215 013 [235 073 013 |478 065 064 [560 20 1.19
2050 |[217 236 013 |236 077 013 |475 048 050 |562 24 123
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Figure 3a and b. Optical properties extracted from ellipsometric data from samples with
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RB-films prepared from different solution concentrations.




The double resonances En; and En, were modeled using a GLAD model, which gave
lower parameter correlation. In the GLAD model broadening values Br; and Br, can not

be determined individually and are set equal.

In Fig. 4, representative optical properties of RB from 5.03 eV extended into the
IR-region (0.038 eV) are presented. The dielectric function values were extracted from
the sample with a RB film made from a solution concentration of 12 mg/ml. The
prominent resonances in the wavelength region at 2.18 eV (560 nm) and 2.35eV
(520 nm) and the broader features seen above 4 eV are given in Table 3. The resonance
can be compared with the absorption spectra in the literature [3, 18, 19] . The resonance
energies are dependent on the solvent. [18, 19] It can be noticed that no dominant
absorbance peaks are found in the infrared wavelength region even though several
characteristic carbon-oxygen groups usually are seen in this range [20]. The absence of
absorption bands from C-H, C-Cl, C-O and C-I bending and stretching vibrations in the
0.1-0.5 eV (12.4 — 2.48 pm, 807 - 4033 cm™) region of the ellipsometrically determined
spectra can be explained by the small sensitivity of the ellipsometric set-up for the low
cross section absorption bands in thin films. Since ellipsometry also has a relatively low
out-of-plane sensitivity, an orientation effect might also conceal bands if the molecules
lie parallel to the surface with the dipole moment of a vibration perpendicular to the

surface normal [21].

When studying the switching properties of RB films it is clear that the optical properties

of RB before and after exposure to HCI and NH3 vapor show substantial differences in

the visible range. This is presented in Fig.5 and Table. 4 for real time measurements on

11
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Figure 4. Optical properties of a 20.7 nm layer of RB in terms of the real (—) and
imaginary (---) part of the dielectric function in the range 0.038-5.03 eV.

Table 4. Thicknesses of an RB layer prepared from a 12 mg/ml solution in the pristine state (q),
after HCI exposure (1) and after NH; exposure (q).

Conformational state Pristine (@) | HCI(I) | NHs(q)
Thickness of RB-layers [nm] 21.8 19.8 23.8
Thickness of roughness layer [nm] 2.2 5.2 1.8
Roughness / Total thickness [%] 9.3 20.9 7.1

a film prepared from 12 mg/ml solution. The film is the same as presented above. The
switching studies were done, as soon as access to spectroscopic real time measurements
was possible, five months after the initial studies on pristine material. After HCI
exposure of a pristine quinoid film, the pronounced peaks between 2 and 3 eV were

heavily suppressed but the low-energy part of the double resonance is still visible. This

12
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Figure 5a and b. Optical properties of a RB film before and after chemical exposure of
HCIl and NH3 with thickness 21.8 nm in the pristine state.

is observed as a color change of the RB film from pink to transparent. In addition, a

small peak appears at 2.9 eV. This indicates that the film is not in a pure I-form but

13



rather an intermediate state. A subsequent exposure to NH3z vapor reverses the process
making the optical spectra to return close to those for the pristine quinoid state. The

peaks above 4 eV are less affected by the HCI/NH3 exposure.

In the switching studies it was found that the total thicknesses including surface
roughness essentially was the same after chemical exposure (Table. 4) except for a
small increase in the RB-thickness. Larger thickness changes are not expected since it
has been shown [4, 18] that the aromatic ring is perpendicular to the xanthene in both
the g- and the I-form of RB. The lactone is connecting the chromophore and xanthene
moieties locking the molecule and preventing conformational changes [18]. It is
therefore most likely that there will be no rotation of the molecules during switching
which could have caused a large change in thickness [22]. In addition to the small
thickness increase of the RB-layer there is a decrease in g; which indicates a less dense
film after the HCI/ NH3 exposure. The thickness of the modeled roughness layer of the

I-form is also found to be larger (Table 4).

Preliminary long time studies showed that the prominent ¢,-peak about 2.18 eV in the
pristine quinoid state became less pronounced with time. The time difference between
the basic characterization studies and the switching studies is a probable explanation for
the difference in optical properties as seen in Fig. 4 and Fig. 5 (pristine). In addition, the
switching properties in terms of the effects of exposure to HCI and NH3; were degraded
and the prominent peak did not completely recover after exposure and did after some
time decrease even more. Peaks also appeared in the assumed lactone state, which

already were observed in the switching studies (see Fig. 5).
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The long-time behavior could be explained in terms of transformations between
intermediate states due to changes in the surrounding hydrogen bonding environment,
which strongly influences the spectral properties [18, 23], and in terms of endeavor for
equilibrium between the original specimen and the intermediate that will be formed over
time [19]. Another effect that can impair the photochemical response is aggregation
[17, 19]. A lower level of the shoulder to the right of the main peak can be caused by

this as discussed by Lamberts et al [18].

In conclusion we have used variable angle of incidence spectroscopic ellipsometry to
provide optical reference data for thin spin-coated films of a Rose Bengal derivative for
photon energies from 0.038 eV to 5.03 eV. In addition typical film thicknesses and
surface roughnesses were related to the solution concentration of RB in the spin coating
process. For preparation of spin coated RB-films with low roughness it is important to
use sufficiently high solution concentration of RB. The optical properties before and

after chemically induced switching upon exposure of HCI and NH3 were also presented.
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