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Abstract: High-transparency polymers, called optical polymers (OPs), are used in many thin-film
devices, for which the knowledge of film thickness (h) and refractive index (n) is generally required.
Spectrophotometry is a cost-effective, simple and fast non-destructive method often used to determine
these parameters simultaneously, but its application is limited to films where h > 500 nm. Here, a
simple spectrophotometric method is reported to obtain simultaneously the n and h of a sub-micron
OP film (down to values of a few tenths of a nm) from its transmission spectrum. The method is valid
for any OP where the n dispersion curve follows a two-coefficient Cauchy function and complies
with a certain equation involving n at two different wavelengths. Remarkably, such an equation is
determined through the analysis of n data for a wide set of commercial OPs, and its general validity
is demonstrated. Films of various OPs (pristine or doped with fluorescent compounds), typically
used in applications such as thin-film organic lasers, are prepared, and n and h are simultaneously
determined with the proposed procedure. The success of the method is confirmed with variable-angle
spectroscopic ellipsometry.

Keywords: polymeric films; optical characterization; transmission spectra; dye-sensitized polymers

1. Introduction

High-transparency polymer thin films, either pristine or doped with some other
material, are increasingly used in the fabrication of electronic and optical devices, motivated
by their low cost, easy fabrication and mechanical flexibility. Examples of such devices
are organic field-effect transistors [1], light-emitting diodes [2], solar cells [3], or thin-film
organic lasers (TFOLs) [4]. These highly transparent polymers, called optical polymers (OP)
or organic glasses (to be distinguished from inorganic optical glasses), show transmittance
values above 85% in a wide part of the visible and near-infrared (NIR) spectral region. In
order to use these OP films in a given device, the refractive index, n, and the thickness, h,
are very important parameters for optical and morphological characterization. Among
the non-destructive methods described in the literature to measure n and h, ellipsometry
and spectrophotometry are widely used. Ellipsometry is useful when high precision is
required (four decimal places in n and accuracy within less than 1 nm in h), even when
dealing with films of a few nanometers [5]. Spectrophotometry has lower accuracy, but it is
cost-effective and the analysis is simpler and requires less time [6].

The standard spectrophotometric method developed by Swanepoel [7,8] is based
on constructing the envelopes around the interference maxima and minima that appear
in the transmission spectrum. However, the number of interference extremes decreases
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with the value of h, so accuracy decreases and the method becomes inapplicable when
h < 500 nm [9]. Recently, our previous studies have proposed a spectrophotometric method
to determine h down to ~50 nm, based on the comparison, in the transparent spectral
window, between its experimental transmission spectrum at normal incidence and that
obtained by simulation [10]. Even though this procedure enables us to measure very thin
films, its application requires knowledge of the material refractive index dispersion, n (λ),
or its determination when it is unknown. This complicates the overall procedure because it
requires either the preparation of an additional film of the same material, but with h > 1 µm,
to determine n by the standard Swanepoel’s method, or to use alternative techniques, such
as Abelès, to measure n independently, for at least two different wavelengths [10].

Precise n data for OPs in the visible and especially in the NIR spectra are relatively
sparse [11,12]. Besides, the refractive index of polymers may vary from one producer to
another, since it is influenced by many fabrication factors, such as the degree of polymeriza-
tion and the processing temperature [13]. In order to obtain the n (λ) for a given material, a
general procedure is to measure n at several wavelengths and then select a proper function,
such as the Cauchy equation, to adjust the data [14]. In fact, this could be further simplified
to limit the number of required experimental wavelengths to only one value (the refractive
index, nλ0, at a reference wavelength, λ0), if it is possible to find an equation that relates
nλ0 to the index at another wavelength, nλ1. This is equivalent to finding the dependence
on nλ0 of the strength of the dispersion, quantified by ∆n = nλ1 − nλ0.

Here, a spectrophotometric method to obtain simultaneously the n and h of sub-
micron OP films (values down to a few tenths of a nm) from a single measurement of its
transmission spectrum is reported. This method is very simple, is widely available as it only
requires a spectrophotometer, and provides significant savings in work and time, compared
to the previously reported spectrophotometric methods for such a purpose. Upon the
analysis of precise experimental n data of 16 different OPs reported by Sultanova et al. [12],
an equation that relates with a good precision nλ0 to ∆n has been found, demonstrating
its validity for most OPs. Then, the simultaneous determination of h and n for a given
OP film can be reduced to a calculation problem with two variables, nλ0 and h, which
can be solved through the application of a simple program where the experimental and
calculated transmittance spectra are compared. Since nλ0 is one of the unknowns, this
procedure would also be applicable when n varies with h due to a change in its physical
properties, such as, for example, when h < 100 nm [10,15]. The validity of the proposed
spectrophotometric method is then demonstrated for OPs of various types: commercially
available polymers, natural biopolymers and polymers with a dispersed amount of an
organic active compound. As commercially available polymers, polystyrene (PS) and
polymethyl methacrylate (PMMA) have been chosen, as they are often used in plastic
optoelectronics applications. The natural biopolymer used is gelatin, the refractive index
of which depends on the amino-acid composition, and its interest is based on the use of
its dichromated version (dichromated gelatin (DCG)) to fabricate distributed feedback
polymeric resonators by holographic methods for TFOLs [4,16,17]. Finally, as dye-doped
polymers, we opted for PS films with a dispersed amount of an organic active compound,
intended to provide a certain functionality, such as light emission, for their use as active
layers of TFOLs. For this purpose, three active organic compounds have been used:
triphenyl-diamine (TPD) [18], perylene orange (PDI-O) [19], and a nanographene derivative
(FZ3) [20], which emit in the blue, yellow and NIR spectral regions, respectively. In the
case of TPD, the dye-doping rate was varied in a wide range to analyze the effect of this
on the refractive index. To confirm the results and to estimate the remaining error of the
proposed spectrophotometric method, variable angle spectroscopic ellipsometry (VASE)
is employed.
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2. Materials and Methods
2.1. Refractive Index Dispersion Analysis of OPs

Precise n data (to four decimal places), measured with a Pulfrich refractometer at
9 different wavelengths (between 435 and 1055 nm) by Sultanova et al. [12] for a set
of 16 different OPs, have been considered. They include commonly used OPs, such as
PMMA, PS, polycarbonate (PC) and the styrene–acrylonitrile copolymer (SAN); different
trademarks: CTE-Richardson, NAS-21, S-low-styrene, Optorez 1330, Zeonex E48R and
Bayer; finally, other OPs such as cellulose, polyacrylate, styrene, acrylic, EBM copolyester
and S-copolyester, produced by the USA Eastman Chemical Company (ECC, Kingsport,
TN, USA).

Since OPs are transparent and isotropic materials, these experimental n data can be
fitted in the spectral region of normal dispersion (Figure A1) by using Cauchy’s equation:

n(λ) = A + B/λ2 + C/λ4 + D/λ6 + ··· (1)

where A, B, C, D, etc. are the Cauchy’s coefficients. A possible procedure to analyze the n
dispersive behavior of OPs without the need of a large set of experimental data, but with
just three experimental data points, consists of using the so-called Abbe number, υD:

υD = (nD − 1)/(nF − nC) (2)

where nD, taken as the reference, is the index at the yellow D-line wavelength of the
sodium lamp (589.29 nm), and nF − nC is the difference between the indices at the blue
F-line and at the red C-line wavelengths of the hydrogen lamp, at 486.13 and 656.28 nm,
respectively. Therefore, to obtain the Abbe number, it is necessary to know n at three
different wavelengths. However, this method is only useful in the visible spectrum (see
Supplementary Materials Figure S1).

In order to simplify the process to obtain the n dispersion curve of a given material
by using the lowest possible number of parameters while maintaining a good precision,
a procedure consisting of finding the strength of a partial dispersion, ∆n = nλ1 − nλ0, as
a function of n at a reference wavelength, nλ0, has been considered. Remarkably, if an
equation relating ∆n with nλ0 is found, it would be possible to obtain the n dispersion
curve knowing only one n data point, using Equation (1) with two coefficients (A and
B). Besides, this equation could be used for the purpose of obtaining h and n from the
transmission spectrum. To extend the validity of the method to the NIR, λ0 = 833 nm was
selected as the reference wavelength. For the other wavelength, λ1, two spectral lines used
by Sultanova, 633 and 486 nm, were examined. Then, by selecting the experimental n data
for the whole set of OPs at these three wavelengths, the partial dispersion ∆n, i.e., n633
− n833 (or n486 − n833) was represented as a function of n833 (see Figure 1). After trying
different possible functions to fit the data (considering that polymers with higher refractive
index show larger dispersion (see Figure A1), we found that a second-order polynomial
function provided the best results (full lines in Figure 1). Assuming n833 is known, the
mean of absolute deviations from the real values, ±0.0007 and ±0.0014 at n633 and n486,
respectively, are relatively small.
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Figure 1. Partial dispersions n633 − n833 (red squares) and n486 − n833 (blue circles) as a function of
n833, for a series of OPs (n data taken from ref. [12]) fitted (solid lines) with our proposed second-order
polynomial model (Equation (3) for n633 − n833 and Equation (4) for n486 − n833). The R2 parameters
for the fits are 0.89 and 0.92, respectively).

The relationships between nλ0 and ∆n, obtained as a result of these fits, are:

n633 − n833 = 1.505574 − 1.44177 n833 + 0.49434 n833
2 (3)

n486 − n833 = 2.53646 − 3.48287 n833 + 1.20095 n833
2 (4)

The validity of Equations (3) and (4), combined with the two-coefficient Cauchy’s
equation to obtain the dispersion curve n (λ), using n833 as the only known amount, has
been verified for two of the principal polymers of the considered set, PMMA (n833 = 1.4839)
and PS (n833 = 1.5767), the data points of which are labeled in Figure 1. The dispersion
curves obtained with this method for these two polymers are very precise (Figure 2):
absolute deviations from the real values for PMMA are 0.0004 and 0.0009 at n633 and
n486, respectively, somewhat smaller than the mean of absolute deviations, and for PS are
0.0009 and 0.0018 at n633 and n486, respectively, somewhat larger than the mean of absolute
deviations. We have also considered the Zeonex E48R polymer that, from the Sultanova
set, is the one that deviates the most from the fitted curve. In this case, the differences
between the calculated index values and the real ones are ~0.001 for n633 and ~0.003 for
n486. It can also be seen that the dispersion has similar precision to that obtained when all
experimental data fit with Equation (1), as in Figure A1.
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from ECC [24], and ethylene vinyl acetate (EVA) from Bridgestone Evasky S87 [25]. The 
gelatin biopolymer Rousselot 1313, used for many years in our laboratory (measurements 
by VASE), and the synthetic polymer polyvinyl alcohol (PVA) [26], both water-soluble, 
have also been included in Table 1. The blending of polymers has also been considered 
because it is a simple way to modify the physical properties of the blend material, includ-
ing the refractive index [27]. In these cases, special care must be taken to maintain the high 
transparency inherent to � Ps. Depending on the miscibility, the blend morphology ranges 
from a single-phase system to two or multiphase systems. In binary blending, the trans-
parency of the mixture decreases as the content of the disperse phase and the difference 
between the refractive indices of both polymers increase [28]. However, it has been shown 
that the extinction coefficient is maintained at a low level (<10−5) by adding a small pro-
portion of PC to the PMMA, with indices that are appreciably different [29]. Data corre-
sponding to the blend PMMA/20%PC [30] are included in Table 1. Finally, the bisphenol 

Figure 2. Dispersion curves for polymers PS (a,b; black solid lines) and PMMA (c,d; blue solid lines), obtained with the
two-coefficient Cauchy model, assuming known n833, and with n633 (a,c) or n486 (b,d) calculated with Equations (3) or (4),
respectively. Full circles correspond to known n values (n833) and calculated n ones (n633 or n486). To illustrate the validity of
the model the precise dispersion curves of these two polymers (taken from Figure A1) are also included (red dashed lines).

Refractive index data of some common transparent commercial polymers not con-
sidered by Sultanova, which also approximately satisfy Equations (3) and (4), are pre-
sented in Table 1: poly-N-Isopropylacrylamide (PNIPAM) [21], polyvinylpyrrolidone
(PVP) [22], polyvinylchloride (PVC) [23], polyethylene terephthalate (PET) [23], polyester
from ECC [24], and ethylene vinyl acetate (EVA) from Bridgestone Evasky S87 [25]. The
gelatin biopolymer Rousselot 1313, used for many years in our laboratory (measurements
by VASE), and the synthetic polymer polyvinyl alcohol (PVA) [26], both water-soluble,
have also been included in Table 1. The blending of polymers has also been considered
because it is a simple way to modify the physical properties of the blend material, includ-
ing the refractive index [27]. In these cases, special care must be taken to maintain the
high transparency inherent to OPs. Depending on the miscibility, the blend morphology
ranges from a single-phase system to two or multiphase systems. In binary blending,
the transparency of the mixture decreases as the content of the disperse phase and the
difference between the refractive indices of both polymers increase [28]. However, it has
been shown that the extinction coefficient is maintained at a low level (<10−5) by adding
a small proportion of PC to the PMMA, with indices that are appreciably different [29].
Data corresponding to the blend PMMA/20%PC [30] are included in Table 1. Finally, the
bisphenol A-based poly (phosphonate) (PC1) [31], with a higher refractive index than those
considered by Sultanova, has also been included in Table 1. It can be seen that the index
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values obtained by using Equations (3) or (4) have a similar precision to that obtained with
the set considered by Sultanova.

Table 1. Verification of the validity of our model to obtain n633 and n486 with equations (3) and (4), respectively, using
experimental n833 data taken from differences sources (indicated references). The calculated values are compared to the
corresponding experimental ones reported in the same sources.

Polymer Ref. n833 n633
n633

(Equation(3)) n486
n486

(Equation(4))

PVA [26] 1.470 1.477 1.475 1.488 1.482
EVASKY S87 [25] 1.488 1.492 1.493 1.500 1.501

Polyester (ECC) [24] 1.491 1.496 1.496 1.505 1.504
PNIPAM [21] 1.497 1.501 1.502 1.510 1.511

PVP [22] 1.520 1.525 1.526 1.536 1.537
PMMA/PC 20% [30] 1.520 1.524 1.526 1.533 1.537

Gelatin 8% VASE 1.535 1.541 1.542 1.552 1.555
PVC [23] 1.534 1.540 1.541 1.550 1.554
PET [23] 1.556 1.565 1.565 1.584 1.581
PC1 [31] 1.595 1.606 1.608 1.627 1.631

Finally, it should be noted that not all OPs satisfy Equations (3) and (4). In fact,
transparent polymers, such as poly (thioether sulfones) [32], and sulfur-containing poly
(meth)acrylates [33], which have been synthesized for some special applications, present a
high index maintaining a relatively small dispersion (high Abbe number).

2.2. Method for Simultaneous Determination of n and h in OP Thin Films

An OP thin film coated on a thick transparent substrate of index s has been considered.
Calculations are based on the comparison, in the transparent spectral window, between the
experimental transmission spectrum at normal incidence and that obtained by simulation.
Since the comparison takes place in the transparent window, the simulation of the spectrum
can be performed by using a relatively simple equation of transmittance [7]:

T = A/(B − C cos ϕ + D) (5)

where A = 16n2s, B = (n + 1)3 (n + s2), C = 2 (n2 − 1)3 (n2 − s2), D = (n − 1)3 (n − s2) and
ϕ = 4πnh/λ.

This equation describes the interference between the directly transmitted light and
that transmitted after two internal reflections in the film. Here, OP films are spin-coated
on 1-mm thick transparent fused silica (FS) substrates. Thus, the substrate, which has a
thickness that is several orders of magnitude larger than h, does not affect the interference
pattern. The equation corresponding to the interference-free transmission spectrum of a
thick transparent uncoated substrate:

TFS = 2s/(s2 + 1) (6)

will also be considered below.
As explained in the previous section, the knowledge of n (λ) between 400 and 1100 nm

for an OP can be reduced to the knowledge of n833 and, as a consequence, according
to Equation (5), the spectrum in the transparent window can be calculated using only
two parameters, n833 and h. The comparison between the spectrum measured in the
spectrophotometer, Texp, and those generated by Equation (5), Tcalc, can be carried out
using a simple Mathematica program (Wolfram Research, Inc.) in an iterative process until
the difference between Texp and Tcalc is minimal. In the program, the spectrum against air
provided by the spectrophotometer, and the dispersion curve of the FS, s (λ), represented
with the Malitson equation [34], are the input data. For each value of the variable n833, the
program constructs the dispersion curve, n (λ), using Equation (1) with two coefficients
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and Equation (3) or (4). In this work, calculations have been made using Equation (3)
because it is useful for the three types of OPs studied. Then, Equation (5) is tabulated for
each pair of values (n833, h), and compared in the transparent window of the material with
the experimental data. The difference between both spectra is evaluated, using as merit
function the sum of the absolute values of the deviations, R:

R = Σi |Texp(λi) − Tcalc(λi)| (7)

The minimum value of R leads to the index n833 and the thickness of the film h. Finally,
Texp and Tcalc are plotted to confirm the coincidence. This final step allows us to find out
cases, such as those cited at the end of the previous section, in which the method cannot be
applied because the equation that relates the values (nλ1 − nλ0) and nλ0 is not fulfilled. A
flowchart of the program can be seen in Figure A2

2.3. Film Preparation and Optical Measurements

For the verification of the method, films of various types of materials were prepared:
(i) commercial polymers used as received, PS (Merck, Mw = 35,000 g/mol) and PMMA
(Merck, Mw = 350,000 g/mol), of high and low n values, respectively; (ii) a biopolymer
gelatin (Rousselot 1313), with a medium n value; (iii) PS films doped with organic functional
compounds, TPD (Merck, Kenilworth, NJ, USA), PDI-O (Phiton, Tittmoming, Germany)
and nanographene FZ3 (provided by Prof. J. Wu; synthesis reported in [20]).

OP films were prepared by spin-coating (30 s, 3000 rpm) over FS substrates (size
25 × 25 × 1 mm3; Creator Optics Inc.). The solvent was toluene in all cases, except for
the gelatin, for which hot water (40 ◦C) was used. The concentration of the polymer in
the solvent (this value is used to identify a given film) was adjusted to obtain films with
different thicknesses. Films with h < 500 nm were prepared (although our method to
determine h and n is valid for films up to several microns thick) because, in this regime,
standard spectrophotometric methods are not applicable. Several films with h < 200 nm
were prepared to find the limit for method applicability.

Transmission measurements on the films were performed in a double-beam spec-
trophotometer (Jasco V-650, Jasco, Tokyo, Japan) equipped with a photomultiplier tube
detector (for wavelengths below 900 nm). It is important to note that OP transmittance
variations with wavelengths between 400 and 1100 nm are often relatively low (for example,
between 0.935–0.885, absorbance 0.029–0.053, for undoped thermoplastic polymers). Thus,
it is convenient to use a spectrophotometer equipped with a high-sensitivity detector to
record low noise spectra. Measurements were taken against air at normal incidence in the
center of the sample over the area of the slit image of about 1 mm × 7 mm, between 400
and 900 nm, with light of a spectral bandwidth of 1 nm. Measurements at wavelengths
higher than 900 nm (for example with FZ3) were made with a Jasco V-670 UV-VIS-NIR
spectrophotometer (Jasco, Tokyo, Japan) to reduce the noise. VASE measurements, to
further validate our method, were performed with an M-2000 U instrument (Abbott, IL,
USA), using a film surface area of 4 × 5 mm2 in the center of the sample.

3. Results

In this section, the validity of the method for films of different OPs is demonstrated.

3.1. Commercial OPs

First, the transmission spectra for a set of PS films were measured. The percentage of
polymer in the solvent was different (ranging between 0.9 and 8 wt %) aiming to obtain
different thicknesses. Then, the analysis method previously described was used to obtain
n at the reference wavelength (833 nm) and h. The results are collected in Table 2, where
measurements made with VASE are also included for comparison purposes. It is seen that
the method has high accuracy. Remarkably, the increase in the refractive index for very
thin samples, shown in VASE measurements, is also found in measurements performed
with the proposed spectrophotometric method. It should be noted that the value of the
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n833 measured by Sultanova for the bulk of a PS sample, 1.5767, should correspond to
sufficiently thick films.

Table 2. Comparison of n and h of PS films, obtained with the proposed spectrophotometric method
(SP) and with VASE.

Sample n833 h (nm)

Polymer % in Solvent
(Spin-Coat) SP VASE SP VASE

PS 0.9% 1.595 1.598 31 31.76
PS 1.2% 1.579 1.585 48 48.62
PS 1.9% 1.576 1.581 82 79.44
PS 3.0% 1.577 1.578 162 161.6
PS 4.6% 1.577 1.575 204 210.5
PS 6.7% 1.577 1.575 335 335.9
PS 8.0% 1.576 1.574 424 427.0

Figure 3 shows experimental absorption spectra against air, and simulated interference
patterns for three of the samples considered in Table 2. As usual in organic electronics, spec-
tra are expressed using absorbance (Abs) instead of transmittance. The trace corresponding
to the substrate, according to Equation (6), has also been included. The spectral curve
should be tangent to this curve at the interference minima [7,10]. However, it is noted that
most OPs present a small absorption at short wavelengths of the visible spectrum, leading
to a decrease in transparency when h is large. Thus, the minima of the spectral curves
are no longer tangential to the substrate curve for the shorter wavelengths (see Figure 3c).
Therefore, it is suitable to apply the method in a window of wavelengths starting in 500
or 600 nm for h greater than about 250 nm. The reduced transparent spectral window
can be a problem when analyzing very thin films because the trace is very simple and the
error increases, as data can be fitted with multiple values of n and h. In this case, since
the spectral trace for these h values is sufficiently complex, a transparent spectral window
of about 200 nm is sufficient to compare the experimental and calculated data; the error
remains small as data can only be fitted by a single pair of values of n and h. Experimental
and calculated spectra corresponding to all samples in Table 2 are shown in Figure S2.

The method to determine n and h has also been used for films of two other commercial
OPs with lower refractive indexes: PMMA and gelatin. Table 3 compares the n and h values
of a set of PMMA films, obtained with the proposed method, to those measured more
accurately by VASE. The value of the n833 reported by Sultanova for the bulk of a PMMA
sample is 1.4839, slightly higher than that obtained by VASE. The results corresponding
to a Rousselot 1313 gelatin film are also included. Experimental and calculated spectra
corresponding to all samples in Table 3 are shown in Figure S3.

Table 3. Comparison of n and h of PMMA and gelatin films, obtained with the proposed spectropho-
tometric method (SP) and with VASE.

Sample n833 h (nm)

Polymer % in Solvent
(Spin-Coat) SP VASE SP VASE

PMMA 2.8% 1.492 1.480 64 67.15
PMMA 3.2% 1.486 1.478 88 89.72
PMMA 3.5% 1.484 1.479 101 105.0
PMMA 5.0% 1.484 1.480 234 236.7
PMMA 7.0% 1.483 1.479 339 344.3
PMMA 10% 1.484 1.480 529 532.0
Gelatin 4.0% 1.528 1.526 241 236.0
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Figure 3. Experimental absorption spectra against air (black solid lines) and calculated interference patterns (red thick
dashed lines) corresponding to PS films: (a) PS 0.9%, (b) PS 3.0%, and (c) PS 8.0%. The substrate spectrum Equation (6) has
also been included (red solid lines).

3.2. Dye-Doped OP

The procedure for calculating n and h was also applied to films of an inert OP doped
with an organic dye, such as those used to prepare the active layers of TFOLs. Even though
these dyes increase the absorbance over a limited interval of wavelengths, calculations can
be performed on the transparent part of the spectrum, where the proposed method is valid.
The absorption spectra of the organic dyes considered in the present research, TPD and
PDI-O, which emit in the blue and the yellow parts of the visible spectrum, respectively,
and the nanographene FZ3, which emits in the near-IR, are shown in Figure 4. In the
three cases, absorption takes place in a band of wavelengths shorter than those of the
corresponding emission so that the transparent window is located at longer wavelengths.
The method is applied in the range of 600–850 nm, using Equation (3) for samples with
TPD and PDI-O. On the other hand, polymers doped with dyes such as FZ3, which are
only transparent in the NIR spectral region (λ > 700 nm), require a new auxiliary equation.
This equation was obtained by fitting the partial dispersion n833 − n1052 as a function of
n833 for the Sultanova polymer set (Figure A1):

n833 − n1052 = 0.57101 − 0.76428 n833 + 0.25700 n833
2 (8)
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Figure 4. Absorption spectra of the organic dyes TPD, PDI-O and FZ3. Interference patterns,
which can modify appreciably the wavelength and relative intensity of absorption peaks, have been
subtracted to obtain true absorption spectra of the active materials.

Measurements of n and h are presented in Table 4. The amount of dye that can be
usefully introduced for PDI-O and FZ3-doped PS films is limited to low concentrations
(1 wt %) due to photoluminescence quenching [19,20]. On the other hand, active layers of
lasers based on TPD can be doped with a dye concentration that is considerably higher [18],
so that the limitation of the proposed method to these materials could be studied. As
expected, in this case, the refractive index increases proportionally to the dye concentration,
according to the Arago–Biot equation [10]. The comparison with the data measured by
VASE indicates that i), the accuracy of the method is maintained even if the transparent
window is as small as 200 nm, and ii), the method can be applied to dye concentrations up
to 30 wt %. Experimental and calculated spectra, corresponding to all samples in Table 4,
are shown in Figure S4.

Table 4. Comparison of n and h of dye-doped PS films, obtained with the proposed spectrophotomet-
ric method (SP) and with VASE. The fitting for PDI-O and TPD was made in the range of 600–850 nm,
and FZ3 was fitted in two ranges: 750–850 nm and 750–1500 nm (using data from the Jasco V-670
UV-VIS-NIR spectrophotometer).

Sample n833 h (nm)

Polymer/Dye (Dye wt % in
Polymer) SP VASE SP VASE

PS/PDI-O (1%) 1.580 1.581 522 521.9
PS/TPD (2.5%) 1.581 1.581 374 378.9
PS/TPD (5%) 1.580 1.583 352 349.7

PS/TPD (15%) 1.592 1.594 347 344.0
PS/TPD (30%) 1.607 1.609 324 316.9
PS/FZ3 (1%) 1.575 1.579 643 647.9

PS/FZ3 (1%) V-670 1.579 1.579 647 647.9

4. Discussion

An important aspect to discuss is the accuracy of the method. We note that n values
depend mainly on the difference (contrast) between the refractive index of the film (n)
and the substrate (s), that is, (n − s), while h values depend mainly on the period of the
interferences. This is illustrated qualitatively in Figure 5, which shows absorption spectra
for selected films of PS, gelatin and PMMA, for which the (n − s) values are different. It is
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seen that a decrease in (n − s) leads to a decrease in the interference contrast (absorbance
difference between maximum and minimum). As a consequence, when (n − s) decreases
(in Figure 5, when moving from PS to gelatin, and to PMMA), the interference fringes are
less defined; therefore, the accuracy also decreases. In fact, the substrate index s, here,
that of FS (n833 = 1.453), is one theoretical limit of the proposed method. One way to
increase the accuracy of the method would be to use a lower index substrate, such as
polydimethylsiloxane (PDMS), the refractive index n833 of which is 1.40. However, this
possibility first requires the development of a strategy to improve the compatibility of
this material with nonpolar solvents [35]. Since the index of the substrate can be lower or
higher than that of the polymer, another, simpler option that could be explored is to use a
substrate, such as a dense flint glass, with n > 1.63.
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Figure 5. Experimental absorption spectra corresponding to PS (n833 = 1.575), gelatin (n833 = 1.526)
and PMMA (n833 = 1.484) films with h in the range of 200–250 nm. The theoretical absorption
spectrum calculated with Equation (6) has also been included (red solid line).

It is also important to discuss the instrumental systematic errors associated with
the use of the proposed method. Even though these errors can be reduced by regular
calibration and maintenance, we found that the comparison of the spectrum of a clean
uncoated substrate with the theoretical spectrum obtained from Equation (6) is a good
test, in order to incorporate, if necessary, a correction factor in measurements. So, in our
case, we have observed that residual systematic deviations of absorbance are in the order
of ±0.0001. Changes in n and h for absorbance increments of this order in the whole
spectrum are shown in Figure 6. It can be seen that the errors of n and h increase rapidly
for small thicknesses. Besides, the error of h increases faster than that of n in the case of
PMMA, for which (n − s) is small. So, we determined that the lowest film thickness values
that could be accurately measured (∆h < 5 nm) were around 30 and 60 nm for PS and
PMMA, respectively. Above these limits, the remaining errors were estimated through a
comparison of the results with those obtained by VASE, which were taken as a reference.
According to the results in Tables 2 and 3, the means of absolute deviations in the n833 and
h values are 0.003 and 2 nm for PS, and 0.006 and 4 nm for PMMA, respectively. Thus,
in our experimental conditions, accuracy for PMMA films decreases by a factor of about
2 relative to PS films.
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5. Conclusions

The proposed method for the simultaneous determination of n and h of OP mate-
rials represents a significant improvement over previously reported spectrophotometric
procedures, particularly for measuring h < 500 nm, due to the savings in work and time
involved. The novelty of the method is the finding of an optical general behavior of OPs,
derived from the fact that higher refractive index polymers show larger dispersion. This
allows us to obtain an equation relating ∆n with an index value nλ0, and, in the last term, to
determine the n and h of an OP thin film by comparing the experimental with the calculated
transmission spectrum. The method has also been extended to dye-doped OP films, making
the comparison in a transparent part of the spectrum where the proposed procedure is
valid. This important application is possible because the accuracy is maintained, even if
the transparent window is as small as 200 nm.

Precise dispersion curves between 400 and 1100 nm for the transparent OP materials
can be obtained by taking n833 as the reference index, and the index variation n633 − n833
as the magnitude of the dispersion. For most OP materials, n633 can also be related with
n833 by a second-order polynomial equation, so it is enough to determine n833 to obtain
the dispersion curve by using the two-coefficient Cauchy’s formula. Thus, the spectrum
of an OP film can be expressed by an equation with two unknowns, the index n833 and
the thickness h, which values can be simultaneously determined by comparison with the
experimental spectrum.

Accuracy decreases as the difference between the index of the film and that of the
substrate decreases. Considering that the polymers PS and PMMA have indices around
1.59 and 1.49, respectively, and the FS substrate has an index around 1.45, the minimum
measurable thickness is approximately 30 nm for PS films and 60 nm for PMMA films.
Above these minimum thicknesses, errors of index and thickness were estimated to be
0.003 and 2 nm for PS, and 0.006 and 4 nm for PMMA.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13152545/s1. Figure S1: Abbe number as a function of nD for the set of OPs considered in
Figure 1. Figure S2: Experimental absorption spectra against air and simulated interference patterns
corresponding to PS films in Table 2 of the main text. Figure S3: Experimental absorption spectra
against air, and simulated interference patterns corresponding to samples in Table 3 of the main
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text. Figure S4: Experimental absorption spectra against air, and simulated interference patterns
corresponding to doped PS films in Table 4 of the main text.

Author Contributions: Conceptualization, J.A.Q. and M.A.D.-G.; methodology, V.B., J.A.Q., J.M.V.,
R.M.-M., P.G.B. and M.A.D.-G.; software, V.B., J.A.Q. and J.C.M.-M.; investigation, V.B., J.A.Q., J.M.V.,
R.M.-M., J.C.M.-M., P.G.B., M.E.C., Y.C. and M.A.D.-G.; writing—original draft preparation, J.A.Q.
and M.A.D.-G.; writing—review and editing, V.B., J.A.Q., J.M.V., R.M.-M., J.C.M.-M., P.G.B., M.E.C.,
Y.C. and M.A.D.-G. All authors have read and agreed to the published version of the manuscript.

Funding: Spanish Ministry of Economy and Competitivity (MINECO) and European Community
(FEDER) through grant no. MAT2015-66586-R.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the findings of this manuscript are available from
the corresponding authors upon reasonable request.

Acknowledgments: We thank V. Esteve and I. Garcés for technical assistance, and J. Wu for FZ3 supply.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

The proposed method for simultaneous determination of n and h of OP materials is
based on the fact that in this group of materials, higher refractive index polymers show
larger dispersion, so that an equation relating ∆n with an index value nλ0, which is taken
as a reference, can be obtained. Figure A1 shows dispersion curves for a set of 16 different
polymers which show such a behavior.
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Figure A1. Dispersion curves for 16 OPs (see legend), obtained by fitting experimental n data
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The flowchart of the program for calculating the refractive index n and thickness h of
optical polymer (OP) films from transmission spectra in the visible and NIR is shown in
Figure A2.



Polymers 2021, 13, 2545 14 of 15
Polymers 2021, 13, x F� R PEER REVIEW 15 of 17 
 

 

 
Figure A2. The flowchart of the program for calculating the refractive index n and thickness h of 
optical polymer (� P) films from transmission spectra in the visible and NIR. The program can also 
be applied to doped � P films since the accuracy of the method is maintained, even if the transparent 
spectral window is as small as 200 nm. The numbers of equations and references correspond to those 
in the main text. The computation time depends on the range and accuracy of the variables consid-
ered. However, with a little practice, it can be reduced to a few seconds. It is useful to carry out a 
first test with low accuracy, to obtain approximate values of n and h. Thus, in a second test, the range 
can be reduced and the accuracy can be increased. 

References 
1. Yu, K.; Park, B.; Kim, G.; Kim, C.H.; Park, S.; Kim, J.; Jung, S.; Jeong, S.; Kwon, S.; Kang, H.; et al. � ptically transparent semi-

conducting polymer nanonetwork for flexible and transparent electronics. Proc. Natl. Acad. Sci. USA 2016, 113, 14261–14266, 
doi:10.1073/pnas.1606947113. 

2. Thejo Kalyani, N.; Dhoble, S.J. � rganic light emitting diodes: Energy saving lighting technology-A review. Renew. Sustain. En-
ergy Rev. 2012, 16, 2696–2723. 

3. Chen, K.; Hu, Q.; Liu, T.; Zhao, L.; Luo, D.; Wu, J.; Zhang, Y.; Zhang, W.; Liu, F.; Russell, T.P.; et al. Charge-Carrier Balance for 
Highly Efficient Inverted Planar Heterojunction Perovskite Solar Cells. Adv. Mater. 2016, 28, 10718–10724, 
doi:10.1002/adma.201604048. 

4. Quintana, J.A.; Villalvilla, J.M.; Morales-Vidal, M.; Boj, P.G.; Zhu, X.; Ruangsupapichat, N.; Tsuji, H.; Nakamura, E.; Díaz-García, 
M.A. An Efficient and Color-Tunable Solution-Processed � rganic Thin-Film Laser with a Polymeric Top-Layer Resonator. Adv. 
Opt. Mater. 2017, 5, 1700238, doi:10.1002/adom.201700238. 

5. Logothetidis, S.; Laskarakis, A. Spectroscopic Ellipsometry for Functional Nano-Layers of Flexible � rganic Electronic Devices. 
In Ellipsometry at the Nanoscale; Springer: Berlin/Heidelberg, Germany, 2013; pp. 529–556. 

6. Pourjamal, S.; Mäntynen, H.; Jaanson, P.; Rosu, D.M.; Hertwig, A.; Manoocheri, F.; Ikonen, E. Characterization of thin-film 
thickness. Metrologia 2014, 51, S302–S308, doi:10.1088/0026-1394/51/6/S302. 

7. Swanepoel, R. Determination of the thickness and optical constants of amorphous silicon. J. Phys. E 1983, 16, 1214–1222, 
doi:10.1088/0022-3735/16/12/023. 

nfilm for an OP and nsubs in the transparent spectral window 
 
n633 = f(n833); Eq.(3) 
                                                                                nfilm (n833, λ) 
Two-coefficient Cauchy model; Eq.(1) 
                                                                                nsubs (λ) 

Merit function minimization 

R =∑i |Texp (λi ) – Tcalc (λi )| 
Rmin         (n833, h) 

Yes 

Variation ranges 
Transparent spectral window: λlow and λhigh 

Parameters 
n833low, n833high and n833increment 
hlow, hhigh and hincrement 

Transmittance 
 in the transparent spectral window 

Tcalc (λ) = f (nfilm, nsubs, h); Eq.(5) 

Verification 
Plot   Texp (λ), Tcalc (λ) and TFS (Eq.(6)) 

Experimental spectrum 
in the transparent spectral 
window 

Texp (λ)   

Change variation ranges? 

No 
Output 

n(λ), h 

Input 
Spectrum against air at normal incidence (0.4-1.1 μm) 
Malitson model for nsubs (λ) of FS: Ref [34] 

Figure A2. The flowchart of the program for calculating the refractive index n and thickness h of
optical polymer (OP) films from transmission spectra in the visible and NIR. The program can also
be applied to doped OP films since the accuracy of the method is maintained, even if the transparent
spectral window is as small as 200 nm. The numbers of equations and references correspond to
those in the main text. The computation time depends on the range and accuracy of the variables
considered. However, with a little practice, it can be reduced to a few seconds. It is useful to carry
out a first test with low accuracy, to obtain approximate values of n and h. Thus, in a second test, the
range can be reduced and the accuracy can be increased.

References
1. Yu, K.; Park, B.; Kim, G.; Kim, C.H.; Park, S.; Kim, J.; Jung, S.; Jeong, S.; Kwon, S.; Kang, H.; et al. Optically transparent

semiconducting polymer nanonetwork for flexible and transparent electronics. Proc. Natl. Acad. Sci. USA 2016, 113, 14261–14266.
[CrossRef] [PubMed]

2. Thejo Kalyani, N.; Dhoble, S.J. Organic light emitting diodes: Energy saving lighting technology-A review. Renew. Sustain. Energy
Rev. 2012, 16, 2696–2723. [CrossRef]

3. Chen, K.; Hu, Q.; Liu, T.; Zhao, L.; Luo, D.; Wu, J.; Zhang, Y.; Zhang, W.; Liu, F.; Russell, T.P.; et al. Charge-Carrier Balance for
Highly Efficient Inverted Planar Heterojunction Perovskite Solar Cells. Adv. Mater. 2016, 28, 10718–10724. [CrossRef] [PubMed]

4. Quintana, J.A.; Villalvilla, J.M.; Morales-Vidal, M.; Boj, P.G.; Zhu, X.; Ruangsupapichat, N.; Tsuji, H.; Nakamura, E.; Díaz-García,
M.A. An Efficient and Color-Tunable Solution-Processed Organic Thin-Film Laser with a Polymeric Top-Layer Resonator. Adv.
Opt. Mater. 2017, 5, 1700238. [CrossRef]

5. Logothetidis, S.; Laskarakis, A. Spectroscopic Ellipsometry for Functional Nano-Layers of Flexible Organic Electronic Devices.
In Ellipsometry at the Nanoscale; Springer: Berlin/Heidelberg, Germany, 2013; pp. 529–556.

6. Pourjamal, S.; Mäntynen, H.; Jaanson, P.; Rosu, D.M.; Hertwig, A.; Manoocheri, F.; Ikonen, E. Characterization of thin-film
thickness. Metrologia 2014, 51, S302–S308. [CrossRef]

http://doi.org/10.1073/pnas.1606947113
http://www.ncbi.nlm.nih.gov/pubmed/27911774
http://doi.org/10.1016/j.rser.2012.02.021
http://doi.org/10.1002/adma.201604048
http://www.ncbi.nlm.nih.gov/pubmed/27748987
http://doi.org/10.1002/adom.201700238
http://doi.org/10.1088/0026-1394/51/6/S302


Polymers 2021, 13, 2545 15 of 15

7. Swanepoel, R. Determination of the thickness and optical constants of amorphous silicon. J. Phys. E 1983, 16, 1214–1222.
[CrossRef]

8. Poelman, D.; Smet, P.F. Methods for the determination of the optical constants of thin films from single transmission measurements:
A critical review. J. Phys. D Appl. Phys. 2003, 36, 1850–1857. [CrossRef]

9. Minkov, D.A.; Gavrilov, G.M.; Angelov, G.V.; Moreno, J.M.D.; Vázquez, C.G.; Ruano, S.M.F.; Márquez, E. Optimisation of the
envelope method for characterisation of optical thin film on substrate specimens from their normal incidence transmittance
spectrum. Thin Solid Films 2018, 645, 370–378. [CrossRef]

10. Bonal, V.; Quintana, J.A.; Muñoz-Mármol, R.; Villalvilla, J.M.; Boj, P.G.; Díaz-García, M.A. Sub-400 nm film thickness determination
from transmission spectra in organic distributed feedback lasers fabrication. Thin Solid Films 2019, 692, 137580. [CrossRef]

11. Lytle, J.D. Polymeric optics. In Handbook of Optics. Volume II. Devices, Measurements, and Properties; Bass, M., Van Stryland, E.W.,
Williams, D.R., Wolfe, W.L., Eds.; McGraw-Hill Inc.: New York, NY, USA, 1995; pp. 34.1–34.21. ISBN 0-07-047974-7.

12. Sultanova, N.G.; Kasarova, S.N.; Nikolov, I.D. Characterization of optical properties of optical polymers. Opt. Quantum Electron.
2013, 45, 221–232. [CrossRef]

13. Sultanova, N.; Kasarova, S.; Nikolov, I. Refractive index considerations of polymers for optics. In Proceedings of the AIP
Conference Proceedings; American Institute of Physics Inc.: University Park, MD, USA, 2019; Volume 2075, p. 30008.

14. Sultanova, N.; Kasarova, S.; Nikolov, I. Dispersion Properties of Optical Polymers. Acta Phys. Pol. A 2009, 116, 585–587. [CrossRef]
15. Han, Y.; Huang, X.; Rohrbach, A.C.W.; Roth, C.B. Comparing refractive index and density changes with decreasing film thickness

in thin supported films across different polymers. J. Chem. Phys. 2020, 153, 044902. [CrossRef] [PubMed]
16. Bonal, V.; Quintana, J.A.; Villalvilla, J.M.; Boj, P.G.; Díaz-García, M.A. Controlling the emission properties of solution-processed

organic distributed feedback lasers through resonator design. Sci. Rep. 2019, 9, 11159. [CrossRef] [PubMed]
17. Bonal, V.; Villalvilla, J.M.; Quintana, J.A.; Boj, P.G.; Lin, N.; Watanabe, S.; Kazlauskas, K.; Adomeniene, O.; Jursenas, S.; Tsuji,

H.; et al. Blue and Deep-Blue-Emitting Organic Lasers with Top-Layer Distributed Feedback Resonators. Adv. Opt. Mater. 2020, 8,
2001153. [CrossRef]

18. Calzado, E.M.; Villalvilla, J.M.; Boj, P.G.; Quintana, J.A.; Díaz-García, M.A. Concentration dependence of amplified spontaneous
emission in organic-based waveguides. Org. Electron. 2006, 7, 319–329. [CrossRef]

19. Calzado, E.M.; Villalvilla, J.M.; Boj, P.G.; Quintana, J.A.; Gómez, R.; Segura, J.L.; Díaz García, M.A. Amplified spontaneous
emission in polymer films doped with a perylenediimide derivative. Appl. Opt. 2007, 46, 3836–3842. [CrossRef]

20. Bonal, V.; Muñoz-Mármol, R.; Gordillo Gámez, F.; Morales-Vidal, M.; Villalvilla, J.M.; Boj, P.G.; Quintana, J.A.; Gu, Y.; Wu, J.;
Casado, J.; et al. Solution-processed nanographene distributed feedback lasers. Nat. Commun. 2019, 10, 3327. [CrossRef]

21. Brasse, Y.; Müller, M.B.; Karg, M.; Kuttner, C.; König, T.A.F.; Fery, A. Magnetic and Electric Resonances in Particle-to-Film-Coupled
Functional Nanostructures. ACS Appl. Mater. Interfaces 2018, 10, 3133–3141. [CrossRef]

22. König, T.A.F.; Ledin, P.A.; Kerszulis, J.; Mahmoud, M.A.; El-Sayed, M.A.; Reynolds, J.R.; Tsukruk, V.V. Electrically tunable
plasmonic behavior of nanocube-polymer nanomaterials induced by a redox-active electrochromic polymer. ACS Nano 2014, 8,
6182–6192. [CrossRef] [PubMed]

23. Zhang, X.; Qiu, J.; Li, X.; Zhao, J.; Liu, L. Complex refractive indices measurements of polymers in visible and near-infrared bands.
Appl. Opt. 2020, 59, 2337. [CrossRef]

24. Kasarova, S.N.; Sultanova, N.G.; Petrova, T.; Dragostinova, V.; Nikolov, I. Optical properties of thin polymer films. In Proceedings
of the International Conference on Ultrafast and Nonlinear Optics 2009; SPIE: Bellingham, WA, USA, 2009; Volume 7501, p. 75010P.

25. Vogt, M.R.; Holst, H.; Schulte-Huxel, H.; Blankemeyer, S.; Witteck, R.; Hinken, D.; Winter, M.; Min, B.; Schinke, C.; Ahrens,
I.; et al. Optical Constants of UV Transparent EVA and the Impact on the PV Module Output Power under Realistic Irradiation.
In Proceedings of the Energy Procedia; Elsevier Ltd.: Amsterdam, The Netherlands, 2016; Volume 92, pp. 523–530.

26. Schnepf, M.J.; Mayer, M.; Kuttner, C.; Tebbe, M.; Wolf, D.; Dulle, M.; Altantzis, T.; Formanek, P.; Förster, S.; Bals, S.; et al.
Nanorattles with tailored electric field enhancement. Nanoscale 2017, 9, 9376–9385. [CrossRef]

27. Shen, M.; Kawai, H. Properties and structure of polymeric alloys. AIChE J. 1978, 24, 1–20. [CrossRef]
28. Maruhashi, Y.; Iida, S. Transparency of polymer blends. Polym. Eng. Sci. 2001, 41, 1987–1995. [CrossRef]
29. Nahida, J.H.; Marwa, R.F. Study of the optical constants of the PMMA/PC blends. In Proceedings of the AIP Conference

Proceedings; American Institute of PhysicsAIP: University Park, MD, USA, 2011; Volume 1400, pp. 585–595.
30. Soave, P.A. Refractive index control in bicomponent polymer films for integrated thermo-optical applications. Opt. Eng. 2009, 48,

124603. [CrossRef]
31. Hifumi, R.; Tomita, I. Synthesis and high refractive index properties of poly(thiophosphonate)s. Polym. J. 2018, 50, 467–471.

[CrossRef]
32. Okutsu, R.; Suzuki, Y.; Ando, S.; Ueda, M. Poly(thioether sulfone) with high refractive index and high Abbe’s number. Macro-

molecules 2008, 41, 6165–6168. [CrossRef]
33. Okutsu, R.; Ando, S.; Ueda, M. Sulfur-containing poly(meth)acrylates with high refractive indices and high Abbe’s numbers.

Chem. Mater. 2008, 20, 4017–4023. [CrossRef]
34. Malitson, I.H. Interspecimen Comparison of the Refractive Index of Fused Silica. J. Opt. Soc. Am. 1965, 55, 1205–1209. [CrossRef]
35. Kim, M.; Huang, Y.; Choi, K.; Hidrovo, C.H. The improved resistance of PDMS to pressure-induced deformation and chemical

solvent swelling for microfluidic devices. Microelectron. Eng. 2014, 124, 66–75. [CrossRef]

http://doi.org/10.1088/0022-3735/16/12/023
http://doi.org/10.1088/0022-3727/36/15/316
http://doi.org/10.1016/j.tsf.2017.11.003
http://doi.org/10.1016/j.tsf.2019.137580
http://doi.org/10.1007/s11082-012-9616-6
http://doi.org/10.12693/APhysPolA.116.585
http://doi.org/10.1063/5.0012423
http://www.ncbi.nlm.nih.gov/pubmed/32752678
http://doi.org/10.1038/s41598-019-47589-4
http://www.ncbi.nlm.nih.gov/pubmed/31371733
http://doi.org/10.1002/adom.202001153
http://doi.org/10.1016/j.orgel.2006.04.002
http://doi.org/10.1364/AO.46.003836
http://doi.org/10.1038/s41467-019-11336-0
http://doi.org/10.1021/acsami.7b16941
http://doi.org/10.1021/nn501601e
http://www.ncbi.nlm.nih.gov/pubmed/24870253
http://doi.org/10.1364/AO.383831
http://doi.org/10.1039/C7NR02952G
http://doi.org/10.1002/aic.690240102
http://doi.org/10.1002/pen.10895
http://doi.org/10.1117/1.3275452
http://doi.org/10.1038/s41428-018-0032-z
http://doi.org/10.1021/ma800797p
http://doi.org/10.1021/cm800432p
http://doi.org/10.1364/JOSA.55.001205
http://doi.org/10.1016/j.mee.2014.04.041

	Introduction 
	Materials and Methods 
	Refractive Index Dispersion Analysis of OPs 
	Method for Simultaneous Determination of n and h in OP Thin Films 
	Film Preparation and Optical Measurements 

	Results 
	Commercial OPs 
	Dye-Doped OP 

	Discussion 
	Conclusions 
	
	References

