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Abstract: Laser beam diffraction by a patterned surface has been investigated theoretically and
experimentally for the determination of the thermal expansion coefficient (o) of polymeric
materials. By tracking the deviation of the first order diffraction mode from surface-patterned
polymers, expansion coefficients in a range 107 to 10* K can be measured by temperature
changes less than 100 °C. A set-up of laser diffraction (SLD) was made, using a He-Ne laser (A =
632.8 nm) and thin film casting technique. The results of measurements on the SLD system for
polymers like PVK polycarbonate, PDMS, organic complex (chitosan) and conducting polymer
(P3HT) showed that SLD technique can be applied to determine thermal expansion coefficients of
different polymeric materials with a considerably small volume. Especially, the fact that o of
P3HT-composite films was found to be much lower than that of the pure P3HT suggests a
potential application of polymeric composites for organic devices working at elevated temperature,
for organic solar cells (OSC) in particular.
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1. Introduction

Conducting polymers and polymer-based devices have been increasingly studied due to their
potential application in optoelectronics, such as field emission transistors (FETs), organic light
emitting diodes (OLED), organic solar cells (OSC), etc [1-4]. Comparing with inorganic devices, the
performance efficiency and service durability of organic devices until now are considerably low. In
OSC this limitation is usually attributed to the strong decay of the excitons which are generated in the
donors/acceptors junctions owing to the illumination of solar radiation. The excitons decay can be
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diminished by the creation of either appropriate heterojunctions or nanocomposite layers. This results
in the charge separation, i.e. generated electrons and holes move in opposite directions, and
consequently the luminous quenching occurs [5]. Thus, by embedding inorganic nanocrystalline
oxides into polymer matrices one can enhance the efficiency and service duration of the devices. The
embedded oxides can substantially influence both the electrical, and optical properties of the polymer,
for instance, nanocrystalline TiO, (nc-TiO,) particles in poly(3-hexylthiophene) (P3HT), abbreviated to
P3HT + nc-TiO, composite thin films were studied as a photoactive material [6]. It is very important
to improve the thermal stability of the device performance under operating conditions. For OSC, the
thermal stability is strongly dependent on the thermal expansion of the polymeric active layer.
However, until now as so far, from references we have not found yet the data of the thermal expansion
coefficient (o) of the conjugate polymers like poly[2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-
phenylenevinylene] (abbreviated to MEH-PPV) and (P3HT). Thus to determine o of these conjugate
polymers is necessary for characterizing the stability of the device performance.

Methods for measuring thermal expansion coefficient (o) of materials often rely on electro-
mechanical techniques such as capacitance changes [7], strain gauges and push rods [8]. Measuring
displacement with a mechanical device introduces difficulties with regard to calibration and thermal
isolation of the sample from the push rod and sensors. To avoid these difficulties, optical techniques
based on the Michelson interferometry with a resolution on the order of the wavelength are commonly
used [9-12]. On the other hand, the propagation of laser beams in media with varying temperature
introduces phase shifts which need to be calibrated and corrected.

In this paper, we demonstrate a non-contact optical method to achieve high-accuracy thermal
expansion measurement using a single laser beam. Contrary to interferometric techniques, the optical
technique is less affected by the temperature gradient of air ambience. An advantage over
conventional methods is that, by using non-contact optical method one can determine ¢ for very thin
samples, consequently a small volume of the materials investigated is required.

2. Determination of thermal expansion coefficient

2.1. Principles of measurement technique

A Gaussian laser beam with a width w and wavelength 4 radiates to a diffraction grating with a
slit separation I'. Suggest that angles & and &= represent, respectively the incident and diffracted
angles relative to the normal of the grating. Both the incident and diffracted beams lie in the plane
normal to the ruling of the grating. According to Bragg’s condition for diffraction, there is:

mA = I'(sinB,, - sinb; ) (mis order, I' is split separation) (D)

If slit separation of the grating I" changes as a result of thermal expansion (or stress), the diffracted
angle 0,, is expected to change accordingly. Arcording to Eq. 1, it is possible to obtain the thermal
expansion coefficient of the grating by measuring the location of diffraction beam after increased
temperature. Assuming the grating is made of a material with a linear expansion, we can calculate the
linear expansion coefficient (a), as follows.

[(T) = Ty (1 + 0.AT) 2)
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where 5 is slit separation of the grating at room temperature (RT); T'(T) - slit separation of the
grating at the measuring temperature and AT =T - Tgr.

Figure 1 shows a set-up of thermal expansion measurements by laser diffraction. A red He-Ne
laser beam (632.8 nm) was collimated to a width of 3 mm (FWHM) and focused to the sample. The
sample was heated from room temperature up to 200 °C by a heater controlled via computer. Using a
thermocouple to feedback the control unit, temperature is stabilized to within 0.2 °C. A silicon CCD
camera with 720 pixel in x and 576 pixels in z, for a resolution of 6.65 pm per pixel, was positioned at
the minimum waist of the focused diffracted beam. The detector can be moved to capture various
diffraction orders (m = 1, 2, 3,...). The distance from sample to camera (f) can be adjusted from 10
to 500 mm, howerver in our experiments, the most suitable value of f was fixed at 150, 250 or
300 mm for polymeric materials like chitosan, PDMS, PVK and P3HT.

At the different temperature of sample, the beam location on the camera is analyzed by computer
in real time by mean of a Gaussian profile fitting algorithm. From measured data, one can determine
the thermal expansion coefficient of the samples.

Fig. 1. Schematic of the linear thermal expansion coefficient measurement linear thermal expansion coefficient
using laser beam diffraction.

The samples studied included various types of already patterned surfaces using casting or
stampling technique. Among prepared samples, polymer grating films were made by casting polymer
solutions over diffraction grating preformed. The ruled grating has a slit separation I" = 1600 £ 100
nm. Polydimethylsiloxane (PDMS), conducting polymer P3HT and organic complex like chitosan
with a thickness lees than 100 pm were patterned by the casting method, whereas other kind of
polymers like polycarbonate (PVK), poly(vinyl chloride) (PVC), etc. with thickness over 250 pm were
prepared by applying pressure on a flat substrate lying in contact with a preformed grating.

From equation (1) and (2) one can set-up a relationship of thermal expansion coefficient (), the
diffraction angle and sample temperature in case 6;= 0:

o= 1 . sinf | 3)
AT | sin(6 £ A0)
where A8 is angular resolution of diffraction beam at different temperature via the resolution of the
beam position calculating from pixel position on the camera:
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Dx Ax

AG = (in radian) 4

where D is a pixel size along x-axis. In our experiments D is fixed at 6614 nm; Ax is a pixel-shift
(the multiple number of D) and and f - distance between sample and camera. Thus from experimental
data obtained for Ax one, can determine AO by Eq. 4, consequently thermal expansioncoefficient (o)
by Eq. 3.

2.2. Determination of thermal expansion coefficient of some polymers

From thermal expansion coefficient references the thermal expansion coefficient some kinds of
popular materials was charcterized and reported. For instance, for used for polycarbonate o0 = 65 to
70 x 10°K™ [9], for PDMS @ =300 to 320 x 10° K [10] and for chitosan o = - 2.5 x 10° K" [11]. In
our experiments we also used these materials for the determination of o by the SLD technique,
consequently to compare its accuracy with the one of the traditional methods. Further, by the same
SLD technique we carried-out measurements of thermal expansion coefficient of two types of
samples: pure conjugate polymers P3HT and composite of P3HT and nc-TiOs.

a. Polycarbonate.

This is a popular polymer that is used for the thermal isolation or optical compact disk. By melting
polycarbonate at 160 °C then cast on diffraction grating, we can obtain the film of polycarbonate. The
set-up parameters in measurement process are f = 300 mm, first order diffraction angle 24.5° and AT =
75° C. The difracted beam location on the camera is analyzed by computer in real time by mean of a
Gaussian profile fitting algorithm (Fig. 2), and the pixel-shift was of Ax = 99. Using Eq. 4 with data of
D (6614 nm or 6.614x10° mm) and (f = 300 mm), A® was found to be ca. 0.002 (rad) or 0.126°. Then
the thermal expansion coefficient calculated from Eq. 3 was determined at ~ 64 x 10° K. This result
is quite close to the value reported in [9]. In a repeated experiment with AT = 67° C, the received o
was 70 x 10° K" which is similiar to the one that was reported in [13]. A neglegible difference in the
values of o that were determined by either the traditional [9, 13] or SLD techniques reflects the
different errors of each measuring method. Thus the thermal expansion coeeficient of polycarbonate is
approximately equal to (67+3) 10°K™.
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Fig. 2. Pixel shift of PVK-polycarbonate (a) and time-temperature dependence of heating (b).
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b. Polydimethylsiloxane (PDMS)

The thermal expansion of PDMS is higher than of polycarbonate. The thin PDMS grating was
performed by casting method on the reference ruled glass grating with I'y = 1600 nm. The set-up
parameters in measurement process are f = 150 mm, first order diffraction angle 24.5° and AT =
72° C. The pixel-shift was of 234, consequently the thermal expansion coefficient was found to
be ca. 320 x 10°° K_1 that was analyzed in real time by mean of a Gaussian profile fitting
algorithm (Fig. 3). In a repeated experiment with AT = 70° C and f = 250 mm, the obtained result
was of almost the same value as 320 x 107 K_l. These results are close to the value reported in
[13].

100 -
o

. 80
Q
5
E

@ 60 A
[=1
=
3

40

0 100 200 300 400 500
Time (S)
(a) (b)

Fig. 3. Pixel shift of PDMS (a) and time-temperature dependence of heating (b).
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Fig. 4. Pixel shift of chitosan (a) and time-temperature dependence of heating (b).
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c. Chitosan

Chitosan, a derivative of chitin, a biopolymer found in insects and crustacean shells that are
applied on water filter, anti-bacteria and medicine. Chitosan have the negative thermal expansion
coefficient. A solution of 1% chitosan in water and acetic acid was dropped on the surface of grating
with density 625 grooves/mm (I'y = 1600 nm), and then heated at 50-60°C to evaporate the solvent
slowly. Then, the dried film was peeled off and used as a self-supported sample. The set-up
parameters in measurement process are f = 250 mm, first order diffraction angle 24.5° and AT= 9° C
and the thermal expansion coefficient is calculated about -1.6 x 10° K (Fig. 4). In the repeated
experiments with AT= 10°C and f = 250 mm, the received result is -1.4 x 10° K. The absolute values
are not much larger than -2.5 x 107 K™ as reported in [11] and this difference is due to the derivative
technique.

d. P3HT

For measurering the thermal expansion coefficient of the pure P3HT and PTC, a solution of 10 mg
of P3HT and PTC in chloroform was dropped on the surface of glass grating with density 625
grooves/mm (I'o= 1600 nm), and then slowly heated at 70-80°C in vacuum to evaporate the solvent.

The set-up parameters in measurement process are f = 250 mm, first order diffraction angle 24.5°
and AT = 27° C and the thermal expansion coefficient was calculated about 71 x 10° K™ for P3HT and
8.5 x 10° K'! for the PTC composite. In the repeated experiments with AT= 10°C and f = 250mm, the
obtained results for P3HT and PTC samples were of 76 x 10° K" and 9.1 x 10°® K™, respectively (Fig.
5). This demonstrates that both the P3HT and PTC composite have positive thermal expansion
coefficients. Moreover, the polymeric composite film possesses much smaller thermal expansion
coefficient than that of the pure polymer. As seen in [14], changing of the thermal expansion of
polymer composites was successfully carried-out by blending with a negative thermal expansion
material. Table 1 lists values of the thermal expansion coefficient of the measured polymers at room
temperature.
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Fig.5. Pixel shift of P3HT (a) and time-temperature dependence of heating (b).
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Table.1. Thermal expansion coefficient of some polymers

Polymers a (Kh a, K' (from Ref.)
Polycarbonate (64 —70)x 10° (65 —70)x 10° [9]
PDMS (310 - 320) x 10°® (300 — 320) x 10°[10]
Chitosan -(14-1.6)x10? -2.5% 107 [11]

P3HT (71-76) x 10 Unknown
P3HT+nc-TiO, (8.5t09.1)x 10° Unknown

3. Conclusion

By using a He-Ne laser (A = 632.8 nm) and casting polymer technique, a set-up of laser diffraction
(SLD) was made for measurements of thermal expansion coefficient of polymers. Measurement
results obtained on the SLD for polymers like PVK, PDMS, chitosan, conducting polymer P3HT and
composite of P3HT+nc-TiO, allowed to apply SLD technique for determining thermal expansion
coefficients of different polymeric materials with a considerably small volume. The fact that the
thermal expansion coefficient of P3HT composite films is much lower than that of the pure P3HT
suggests a useful application of polymeric composites for producing organic devices, especially
organic solar cells working at elevated temperatures.
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