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A B S T R A C T   

Poly[2-methoxy-5-(20-ethylhexyloxy)-1,4-phenylene vinylene] (MEH-PPV) is a semiconducting optically active 
polymer widely used in optoelectronics research. MEH-PPV can be commercially acquired in a large range of 
molecular weights. However, the influence of this property on the optical performance of the polymer is often 
disregarded. In this paper, the thermal dependence of the refractive index of MEH-PPV thin films prepared from 
high and medium molecular weight polymers is investigated. Thus, monolithic Fabry-Perot (FP) microcavities 
are fabricated, in which the active polymer film is part of their defect layer. It is found that when these devices 
are used as optical temperature sensors, the position of the emission band of the microcavities excited with a blue 
diode laser shifts to lower wavelengths when temperature increases with sensitivities in the 0.2–0.3 nm/�C 
range. This effect is ascribed to the variation in the refractive index of the polymer active layer within the 
resonator with temperature. According to theoretical simulations of optical transmittance by classical transfer- 
matrix method and the evaluation of the optical eigenmodes by finite element methods of the manufactured 
FP resonator cavities, it is found that the MEH-PPV films present negative thermo-optic coefficients of about 
� 0.018 K� 1 and � 0.0022 K� 1 for high and medium molecular weight polymers, respectively, in the temperature 
range between 20 and 60 �C. These values are about the highest reported so far, to the best of our knowledge, and 
points to high performance thermal sensor applications.   

1. Introduction 

Conjugated polymers have attracted great scientific and industrial 
attention since the pioneering report of organic light emitting diodes 
[1]. Their outstanding optoelectronic properties make them appealing 
materials for a wide range of applications, such as displays, waveguides, 
lasers, and photovoltaics [2–6]. Big efforts have been devoted to 
improve synthetic organic chemistry procedures that enable the versa
tility of this kind of materials for those applications [7,8]. In particular, 
the optical properties of conjugated polymers are of the highest 
importance for their final applications [9,10]. In this regard, some re
ports on basic optical properties of conjugated polymers show signifi
cant discrepancies [10,11]. It has been demonstrated that these 
disagreements may be related to the average molecular weight of the 
polymers used in the studies. Indeed, this property has a strong influence 
on the morphology and optoelectronic properties of conjugated polymer 
thin films [11,12]. 

In particular, the temperature dependence of the refractive index of 
the components of optically active thermal sensors, described through 
their thermo-optic coefficient, is of foremost importance. However, very 
often there is lack of information about this property [13,14]. In this 
context, poly(1-methoxy-4-(2-ethylhexyloxy)-p-phenylenevinylene) 
(MEH-PPV) is one of the light emitting conjugated polymers most often 
used in academia, research activities and proof-of-concept devices, 
being considered as a model material to illustrate the underlying physics 
of these materials [15,16]. It has been reported that, when MEH-PPV is 
prepared as thin film, its molecular weight has a deep influence on the 
refractive index and birefringence of the films. 

In this paper, we report on the fabrication and thermo-optical 
response of compact monolithic 1D Fabry-Perot (FP) microresonators, 
in which MEH-PPV thin films are incorporated within the corresponding 
resonant cavities. Our results show that MEH-PPV thin films prepared 
with high molecular weight polymers have higher thermo-optic coeffi
cient than those prepared with medium molecular weight ones, 
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showing, to the best of our knowledge, the highest thermo-optic coef
ficient reported so far. 

2. Experimental 

2.1. Microresonator device fabrication 

Several multilayer FP microresonator cavities were built on top of 
BK7 glass substrates following the scheme drawn in Fig. 1a. They con
sisted of a spin coated MEH-PPV active polymer layer sandwiched be
tween two Bragg mirrors (BM). The BMs were designed to behave as 
short-pass filters with a sharp transition edge between the absorption 
and emission bands of the active polymer at ~550 nm, to allow the 
optical excitation of the dye for wavelength below 550 nm and, at the 
same time, to enhance and filter its emission within the designed Fabry- 
Perot microcavity above 550 nm. The lower/upper reflector BM1/BM2 
was designed with 95/99% reflectance at the 630–670 nm wavelength 
range to enhance emission through the front side of the resonator. The 
first BM1 was built by a sequence of seven periods of a LHL layered 
structure (L and H represent low and high refractive index materials, 
respectively) on top of a BK7 coverslip. As L layers we used 39 nm thick 
SiO2 (refractive index 1.45), and as H layers 88 nm thick Nb2O5 
(refractive index 2.30), both prepared by reactive magnetron sputtering. 
Then a defect layer, D, which acts as the cavity of the resonator and 
comprises the polymer thin film was deposit. This D layer consisted of 
1–3 spin coated MEH-PPV layers sandwiched between accommodation 
L1 layers made of SiO2. The total thickness of the D layer was about 600 
nm. On top of this D layer, the second BM2 consisted in a sequence of 5 
periods of LHL structure. Thus, the complete multilayer of the micro
resonator was BK7(substrate)/(LHL)7/D/(LHL)5. 

Monolithic microresonators were fabricated using two series of 
configurations for the cavity always with a total thickness around 600 
nm, where MEH-PPV polymer layers were sandwiched between SiO2 
layers. In the first one, named as conf-1H, the active layer consisted of a 
spin coated thin film of high molecular weight MEH-PPV (Mw > 100 kg/ 
mol, toluene solvent, @500 rpm during 1 min). Fig. 1b shows a cross 
section SEM image of one of these D cavities, where the polymer layer is 
placed as a central layer of about 25 nm (�2 nm errorbar) within the 
cavity. It is worth mentioning that the transmittance spectra of a single 
layer of MEH-PPV deposited on glass (see Fig. S1 in the Supporting In
formation file) was consistent with this thickness, considering the ab
sorption coefficient of 18 � 104 cm� 1 reported in the literature [12]. 
Other conf-1H samples were also produced with the polymer layer at 

different positions within the D cavity. In the second series of configu
rations, conf-2M, the active layer consisted of spin coated thin films of 
medium molecular weight MEH-PPV polymer (Mw ¼ 40–70 kg/mol, 
toluene solvent, 30 mg/ml, @ 3000 rpm during 1 min). Fig. 1c shows a 
cross section SEM image of one of these D cavities, consisting in three 
polymer layers, with ~110 nm thickness each, and two accommodation 
SiO2 layers, in between, representative of these manufactured conf-2M 
resonators. Fig. 1d shows a SEM cross section of the same complete 
conf-2M multilayer resonator. Other conf-2M resonators were also 
manufactured with different distribution of the polymer layer within the 
D cavity. The reason for the series of manufactured conf-1H and conf-2M 
samples with different polymer film distribution within the resonator 
cavity was to test the influence of electric field standing waves within 
the cavity in the thermo-optical response of the active MEH-PPV 
polymer. 

2.2. Optical characterization 

The reflectance at normal incidence of the individual manufactured 
BM1 and BM2 Bragg mirrors is shown in Fig. 2a. On the other hand, the 
absorbance (dashed line) and emittance (full line) of a single MEH-PPV 
film, expressed in arbitrary units, are shown in Fig. 2b. Note the high 
transmittance of the individual mirrors at wavelengths corresponding to 
the absorption band of the polymer. 

The emission spectra were obtained by exciting with a continuous- 
wave blue diode pumped solid state laser at 473 nm with an incidence 
angle of 30� with respect to the normal of the multilayer resonator. The 
pump beam was collimated (around 1 mm diameter). Two linear crossed 
polarizers were used to reduce the pump density to about 1 mW/mm2 to 
avoid laser induced heating. The sample was placed in thermal contact 
with a heatable plate. The temperature was varied between 20 and 60 �C 
to avoid the reported glass transition temperature for this polymer at 65 
�C [17]. It was controlled with a type K thermocouple. A transparent 
cover was used to minimize heating losses. The emission was detected at 
the normal direction of the sample using an optical fiber coupled to the 
spectrometer (Andor SR-500i-B2) and the CCD detector (Newton 
970EMCCD). Fig. 2c shows an example of the emission spectra (full red 
line) acquired in these conditions compared to the transmittance 
(dashed line) of the complete conf-1H resonator. The dotted vertical line 
in this figure indicates the excitation wavelength. On the other hand, a 
scheme of the experimental set-up is depicted in Fig. 3. The uncertainty 
of the detection system for the determination of the position of the 
emission band was 0.01 nm, experimentally evaluated as the standard 

Fig. 1. (a) Multilayer scheme of the monolithic microresonators. (b) and (c) Cross section SEM images of the D cavity of conf-1H and conf-2M monolithic resonators, 
respectively. (d) Full conf-2M resonator. 
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deviation of the spectral position distribution obtained from the fitting 
of 100 spectra acquired under the same laboratory conditions. 

3. Results 

3.1. Characterization of the temperature optical sensor 

In this section, we focus on the emission properties of the MEH-PPV 
semiconducting polymers incorporated to the microresonators and their 
temperature dependence. 

The emission of the microresonators was detected at the normal di
rection of the device under excitation at 473 nm, close to the maximum 
of the polymer absorption band. The recorded spectrum consists of 
narrow bands (FWHM 4.2 nm and 7.0 for conf-1H and conf-2M, 
respectively) as compared to the broader emission band of the native 
film (FWHM about 80 nm, see Fig. 2b). Both the narrowing of the 
emission band of the polymer and its spectral position are determined by 

the optical characteristics of the monolithic Fabry-Perot resonator. The 
multilayer structure of the device tune the position of the allowed 
transmission band within the optical gap of the BMs and, at the same 
time, the allowed optical states within the manufactured 1D photonic 
crystal. Indeed, the position of the emission bands of the MEH-PPV 
microresonators evaluated at room temperature coincide with those of 
its transmission spectrum (cf. Fig. 2c). However, their widths were 
slightly narrower than those of the corresponding transmission spectra 
(FWHM 4.9 nm and 7.6 nm for conf-1H and conf-2M, respectively). Thus, 
the Q-factor of conf-1H resonators take values around 150, while those 
of conf-2M resonators take values around 90. 

The experimental emission spectra acquired for temperatures be
tween 20 and 60 �C are shown in Fig. 4a and b for the conf-1H and conf- 
2M microcavities, respectively. A reversible blue shift of the resonant 
peaks Δλp of up to ~10 nm (conf-1H) and ~7 nm (conf-2M), was 
observed for a temperature increment of 32 �C, as it is reported in 
Fig. 4c. The resonance blue shifts were not linear with temperature 
showing higher slope at lowest temperatures. The average resonance 
shift of � 0.22 and � 0.31 nm/�C for the medium and high molecular 
weight samples, respectively, can be considered as a measurement of the 
temperature sensitivity of the microresonators acting as optical tem
perature sensors. The absolute values of this sensitivities are remarkably 
higher than those reported for other optical sensors. For example, an 
average resonance shift of 0.032 nm/�C has been reported in a glass 
based FP optofluidic microresonator [18], 0.01 nm/�C shift was found in 
whispering gallery modes (WGM) on a glass fiber [19], 0.15 nm/�C 
emission shift was detected in a near-infrared FP optofluidic micro
resonator [20], 0.11 nm/�C was reported in a small 4 μm diameter sil
icon ring resonator [21], and the highest value of 0.245 nm/�C was 
found in high-Q WGM Poly(dimethylsiloxane) microsphere resonators 
[22]. The shifts of the resonant wavelengths with temperatures found in 
the developed conf-1H and conf-2M resonators, comprising high and 
medium molecular weight MEH-PPV active polymers respectively, are 
among the highest shifts ever reported. 

The limit of detection (LOD) of the sensor, ΔTmin, also known as 
temperature resolution, is the smallest change in temperature that can 
be detected. It is given by the ratio of the uncertainty of the detection 
system for the determination of the position of the emission band (0.01 
nm in our experiments, c.f. experimental section) to the rate of change of 
the position of the resonant peak with temperature, dλp/dT. It can be 
numerically calculated from the data shown in Fig. 4c. 

Fig. 4d shows the LOD of the microcavities acting as optical tem
perature sensors with high and medium average molecular weight MEH- 
PPV polymer layers incorporated to conf-1H and conf-2M structures. The 
combination of relatively high sensitivities together with the small un
certainty in the determination of the peak resonance provides the LOD 
values reported in Fig. 4d. These values are smaller than those found 
using other techniques, such as fluorescence intensity ratio [23–25]. 
Conventional optical fiber temperature sensors are grounded on light 
interference and typical temperature resolution below 1 �C was reported 
[26]. A very small value of temperature resolution, about 10� 4 �C, was 
reported for high-Q PDMS WGM resonators [22]. However, in that case 
a tunable, narrow linewidth external-cavity laser is used to analyze the 
PDMS microspheres and the laser light had to be coupled into the 
microsphere through a fiber taper. On the other hand, in our experi
mental setup the microcavity can be interrogated with a cheap diode 
laser and the response is collected at the normal direction without 
evanescent coupling to tapered fibers. 

Interestingly, there exists a meaningful difference in the response of 
the high and medium molecular weight MEH-PPV polymers imple
mented in conf-1H and conf-2M microcavities. Thus, their temperature 
sensitivity is higher and temperature resolution lower in the high mo
lecular weight polymer based devices. This dependence will be dis
cussed in the next section. 

Fig. 2. (a) Reflectance of the individual BM1 and BM2 Bragg mirrors. (b) 
Absorbance (dashed line) and emission (full line) expressed in arbitrary units of 
a single MEH-PPV film. (c) Transmittance (dashed line) and emission (full line) 
spectra of the complete conf-1H resonator. The dotted vertical line indicates the 
excitation wavelength. 

Fig. 3. Scheme of the setup used for the temperature dependent emission 
experiments. 
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3.2. Optical modeling and thermo-optic coefficient determination 

To simulate the large thermal wavelength shift of the emission band 
observed in the microresonators, we have used two different and inde
pendent approaches, namely, the classical transfer-matrix method to 
analyze the propagation of plane waves through a multilayer system 
using WVASE32 software package (J.A. Woollan Co.) and the finite 
element method for the evaluation of optical eigenmodes of the struc
ture using COMSOL Multiphysics® software package. In both cases, the 
basic assumption in the performed analyses is that the wavelength po
sition of the emission peak of the luminescent polymer incorporated to 
the FP cavity shifts mostly by the changes of the temperature dependent 
refractive index of the polymer layer incorporated to the resonator. To 
justify this assumption note that thermal expansion coefficient of the 
inorganic materials incorporated into the resonator are in the range of 
10� 6-10� 7 K� 1 and their thermo-optic coefficient is positive and in the 
order of ~10� 5 K� 1 [27]. On the other hand, the thermal expansion 
coefficient of polymers is in the range of 10� 4-10� 5 K� 1, while their 
thermo-optic coefficient is in general negative with values in the range 
of � 10� 4 K� 1 [28]. In particular, the linear thermal expansion coeffi
cient reported for MEH-PPV is 3.2 � 10� 4 K� 1 [29] thus we expect a 
thickness expansion of about 1% for an increase of 30 K. Thus, it is a 
reasonable assumption to justify the observed resonant peak shifts re
ported in Fig. 4 to variations of the polymer refractive index with 
temperature. 

3.2.1. Microresonator optical transmittance by classical transfer-matrix 
method 

We have fitted the transmission spectra acquired at room tempera
ture of the multilayer structure of the FP resonator within the transfer- 
matrix method traditionally used to study the propagation of electro
magnetic waves through a stratified medium using WVASE32 software 
package. Within the fitting procedure, we have fixed the thickness of the 
polymer layer to the values observed by cross sectional SEM images, and 
the refractive index of MEH-PPV at 20 �C to 1.80, according to the re
ported values of the literature. This fitting procedure allows getting 
precise thickness and refractive index evaluation of all the layers within 
the resonators. 

Then we have varied the refractive index of the polymer layer to 

reproduce the observed wavelength shifts of the resonant peak with 
temperature. Fig. 5a shows the result of this analysis. The simulations 
indicate that there is a linear correlation between the required refractive 

Fig. 4. Temperature evolution of normalized emission spectra of high (a) and medium (b) molecular weight MEH-PPV films within conf-1H and conf-2M micro
resonators, respectively. (c) Resonant peak shift Δλp vs temperature (dots: experimental points; lines: least squares fits to experimental points) and (d) corresponding 
limit of detection of the microresonators acting as temperature sensors. 

Fig. 5. (a) Refractive index variation Δn in the polymer layer within the 
resonator configurations considered in this work required to fit the observed 
resonant peak shift Δλp. (b) Correlation between Δn and temperature for conf- 
1H (squares) and conf-2M (circles) resonator configurations. (c) Thermo-optic 
coefficient dn/dT of the polymer layer incorporated in conf-1H and conf-2M 
resonators, according to the data above. The lines in (a) and (b) are least 
squares fits to the experimental data points. 
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index variation of the polymer layer and the position of the resonant 
peak, that takes the Δλp/Δn values of 19.2 nm/RIU and 102 nm/RIU for 
conf-1H and conf-2M configurations, respectively. On the other hand, 
Fig. 5b shows the correlation between the obtained refractive index 
changes with respect to the temperature. Note that the slope of the 
regression of the experimental points included in this figure represent 
the thermo-optic coefficient of the polymer layer under analysis. Thus, it 
is found that dn/dT takes values reported in Fig. 5c, that, as average 
correspond to � 0.018 K� 1 and � 0.0022 K� 1 for the polymer layers 
incorporated in the conf-1H and conf-2M resonators, respectively. 

3.2.2. Microresonator optical eigenmodes by finite element methods 
Determination of the optical eigenmodes of the multilayer micro

resonators was performed by frequency domain analysis using finite 
element methods (FEM) with COMSOL Multiphysics® software package. 
Simulations of a nearly unidimensional model of the system considering 
the multilayer structure depicted in Fig. 1a, including the BM1 and BM2 
Bragg mirrors and the defect layer comprising the MEH-PPV polymer 
film, were used to obtain the allowed optical states of the system for a 
range of polymer refractive index values. The assumption in this analysis 
is that the computed eigenmodes and the wavelength shifts of the stored 
energy profiles in a lossless cavity (i.e., without considering any loss in 
the elements of the multilayer structure) will correspond to those of the 
emission band of the resonator. Thus, there will be a correlation between 
the wavelength shifts of the allowed optical states in the microcavities 
and the refractive index change of the polymer within the multilayer 
structure. 

In close agreement with the classical transfer-matrix analysis 
described above, the FEM simulations showed the same linear correla
tion between the refractive index change of the polymer layer and the 
position of the optical eigenmodes of the resonators, thus, confirming 
the dependence of the refractive index changes with respect to the 
temperature. 

4. Discussion 

As already mentioned, the position of the transmission band or 
allowed optical state within the resonator depends on the design of the 
multilayer structure, i.e., the thicknesses and the refractive indices of all 
the layers comprising the resonator, included the active polymer layer 
incorporated in the defect of the microcavity. A change in temperature 
of the system may produce a variation of both of the layer thicknesses 
and refractive indices of the resonator layers. Thus, an increase in 
temperature produces a positive thermal expansion and an increase of 
the refractive index of all the inorganic SiO2 and Nb2O5 layers within the 
resonator. Both effects may produce a red shift on the emission of the 
resonator, as temperature increase, that is not observed experimentally. 
On the other hand, although an increase in temperature also produces a 
positive thermal expansion on the polymer film, the blue shift of the 
emitted radiation is only consistent with a strong decrease of the 
refractive index of the active polymer, as temperature increases, i.e., 
with negative thermo-optic coefficients for the polymer layers, as it is 
often the case when dealing with polymer thin films [28,30]. Besides, 
their absolute values are significantly higher than those reported for 
other polymers, and at the same time, it is found that they are strongly 
dependent on the molecular weight of the active polymer. 

At this point, it is worth noting that within our experimental 
approach, the obtained values for the thermo-optic coefficient of the 
active MEH-PPV layers incorporated to the microresonators are inde
pendent of the refractive index considered for the active polymer layer 
at room temperature, or the initial position of the resonant peak of the 
FP resonator within the emission band of the active polymer. The 
evaluation of this parameter is based only on the relative wavelength 
shift of the emitted peak, within the assumptions described above for the 
two different optical modelling considered in section 3.2. 

To justify the obtained strong dependence of the thermo-optic 

coefficient of MEH-PPV with temperature, other effects related to the 
light confinement in the FP resonator might not be discarded. Note that 
we have incorporated the active polymer layer within a cavity of a 
photonic crystal with significant Q-factor for the cavities. Thus, the Q- 
factor of conf-1H resonators have values around 150, while that of conf- 
2M resonators takes values around 90. Note, that higher quality factor 
for a resonant cavity are linked to stronger electric field localization 
within the photonic structure. Although it is not clear at the present 
moment for the authors if the presence of localization of electric fields 
within the FP resonator may affect the determination of the thermo- 
optical response of the polymeric film, it might not be discarded that 
the classical interpretation of thermo-optical response of the polymer 
considered in this work may be affected by them, especially if this 
localization effects are enhanced at the defect layer of the resonator, as it 
is the case in this study. To investigate if the space distribution of the 
electric field in the cavity of the microresonator has an influence on the 
thermal response of the devices, other microresonators with different 
locations of the MEH-PPV polymer layer within the defect D layer were 
built and their thermo-optical response was analyzed in similar condi
tions than in the other cases described below. A scheme of the series of 
manufactured resonators and the evaluated spatial electric field distri
butions within the multilayer devices are reported Fig. S2 of the sup
porting information file. It was found that, independently of its location 
within the D cavity (i.e., either at a maximum or a minimum of the 
electric field intensity evaluated at the wavelength of emission of the FP 
resonator), the blue shift of the resonant emission of the manufactured 
devices with the same molecular weight MEH-PPV polymer was nearly 
identical, thus supporting that the thermo-optical response of the 
polymeric films is not affected by the standing waves stablished within 
the FP resonator. 

To sum up, the experimental results show a strong blue shift of the 
resonance emission mode of MEH-PPV microresonators when temper
ature increases. This blue shift has been interpreted because of the large 
thermo-optic coefficient of MEH-PPV layers. Therefore, the reported 
results indicate that this material could be interesting for thermal sensor 
applications. Moreover, as it has been already mentioned, MEH-PPV 
microresonators show high performance as compared to other optical 
sensors, in particular in terms of thermal sensitivity [17–21] and LOD 
[21–25]. Additionally, MEH-PPV microresonators show the advantage 
of monolithic integration capability on planar substrates, which is 
desirable for miniaturization processes. Besides, a high spatial resolu
tion can be achieved if position microstages are implemented in the 
optical setup. Nevertheless, a limitation of MEH-PPV microresonators as 
temperature sensors is the temperature range and external conditions. 
The luminescence quenches at high temperature and under intense 
irradiation, which is common for most organic polymers, as opposed to 
inorganic optical sensors [31]. 

5. Conclusions 

In this paper, it is reported that MEH-PPV films incorporated to the 
cavities of FP microresonators show negative thermo-optic coefficient of 
about � 0.018 K� 1 and � 0.0022 K� 1 for high and medium molecular 
weight polymers for the 20–60 �C temperature range. These values are 
consistent with theoretical simulations of optical transmittance by 
classical transfer-matrix method and the evaluation of the optical ei
genmodes by finite element methods of the manufactured FP resonator 
cavities. These values are about the highest reported so far, to the best of 
our knowledge, and point to high performance optical thermal sensor 
applications. In particular, when acting as optical temperature sensors, 
the manufactured monolithic FP resonators show sensitivity of � 0.22 
nm/�C and � 0.31 nm/�C for the medium and high molecular weight 
samples, respectively. 
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