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Abstract

This work demonstrated the feasibility and limitations of semiconducting m-conjugated organic
polymers for fast neutron detection via n-p elastic scattering. Charge collection in conjugated
polymers in the family of substituted poly(p-phenylene vinylene)s (PPV) was evaluated using
band-edge laser and proton beam ionization. These semiconducting materials can have high H/C
ratio, wide bandgap, high resistivity and high dielectric strength, allowing high field operation
with low leakage current and capacitance noise. The materials can also be solution cast, allowing
possible low-cost radiation detector fabrication and scale-up. However, improvements in charge
collection efficiency are necessary in order to achieve single particle detection with a reasonable
sensitivity. The work examined processing variables, additives and environmental effects.

Proton beam exposure was used to verify particle sensitivity and radiation hardness to a total
exposure of approximately 1 MRAD. Conductivity exhibited sensitivity to temperature and
humidity. The effects of molecular ordering were investigated in stretched films, and FTIR was
used to quantify the order in films using the Hermans orientation function. The photoconductive
response approximately doubled for stretch-aligned films with the stretch direction parallel to the
electric field direction, when compared to as-cast films. The response was decreased when the
stretch direction was orthogonal to the electric field. Stretch-aligned films also exhibited a signi-
ficant sensitivity to the polarization of the laser excitation, whereas drop-cast films showed none,
indicating improved mobility along the backbone, but poor r-overlap in the orthogonal direction.

Drop-cast composites of PPV with substituted fullerenes showed approximately a two order of
magnitude increase in photoresponse, nearly independent of nanoparticle concentration.
Interestingly, stretch-aligned composite films showed a substantial decrease in photoresponse
with increasing stretch ratio. Other additives examined, including small molecules and co-
solvents, did not cause any significant increase in photoresponse.

Finally, we discovered an inverse-geometric particle track effect wherein increased track lengths
created by tilting the detector off normal incidence resulted in decreased signal collection. This is
interpreted as a trap-filling effect, leading to increased carrier mobility along the particle track
direction. Estimated collection efficiency along the track direction was near 20 electrons / micron
of track length, sufficient for particle counting in 50 micron thick films.
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Summary

Conductive polymers have been intensively developed over several decades and are now in use
for applications including light emitting devices, displays, and photocathodes for xerography.
This project was undertaken to investigate the feasibility of exploiting these materials for
detection of nuclear radiation. These materials typically exhibit very high resistivities and
dielectric strengths, as well as low dielectric constants, which promise low noise operation with
respect to leakage currents, breakdown, and capacitive effects, respectively. Furthermore,
because of their hydrogen content and low photoelectric cross sections for x- and gamma
radiation, they are particularly interesting as neutron conversion/detection media.

Strides have been made in the chemistry of conjugated organic systems over the years, but
questions remain about the fundamental physics of charge generation and transport in these
materials. Therefore, one objective of this work was to elucidate relationships between the
polymer molecular ordering and transport of positive and negative carriers excited by radiation.
Accurate physical models for electrical properties and their dependence on structure and
processing observables will enable prediction of device performance and could also lead to
model-informed discovery of new materials for challenging applications such as photovoltaic
power conversion.

At the outset, this project was divided into three major tasks: New synthesis of ordered
polyacetylene through ring opening metathesis polymerization (ROMP), long-range ordering of
poly(paraphenylene vinylene) derivatives (PPVSs) via phase separation techniques, and long
range ordering through stretch-orientation of PPV. The latter approach was found to be the most
viable, and relationships between structure, processing, environmental effects, and charge
collection were thoroughly investigated for this system.

Using novel methods of stretching Teflon substrates supporting thick PPV films cast from
styrene solutions, we showed a functional relationship between order measured by IR dichroism
and the fast component of the photocurrent. We also quantified large improvements in
photoconductivity by addition of fullerenes and by optical pumping with sub-bandgap light.
Proton beam studies were used to relate the photoconductive response to recoil proton response,
and to quantify tolerance of these materials to fast protons. Our results clearly showed that
proton beam dosimetry is a feasible commercial application, and that stretch-ordered PPV may
be viable for use as a neutron counting detector.
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1. Polymers for Radiation Detection
1.1 Materials selection

A single polymer was chosen for detailed studies. The selection was made on the basis of air
stability, commercial availability, dielectric properties, and resistivity. The ability to process
stretched films was also considered, and preliminary investigations were made to stretch-align a
number of polymers. The family of poly(p-phenylene vinylene)s, or PPVs, seemed to work the
best. We had also found a unique solvent enabling concentrated solutions of PPVs, and therefore
casting into thick films from solution. Very thick films would be necessary to efficiently interact
with neutrons. This was in line with other requirements, since PPVs are known to be reasonably
air stable and have mobilities in the range of 10° cm?/Vs to 1x10% cm?/Vs. To improve the
sensitivity to fast neutrons, a high ratio of hydrogen to carbon was necessary, which could be
achieved with long, hydrogenous side chains. Therefore poly[2,5-bis(3',7'-dimethyloctyloxy)-
1,4-phenylenevinylene], as shown in Figure 1, was chosen for study. This material was
commercially available from at least two suppliers and reasonably soluble in the polymer state. It
was also found to have some of the highest hole mobility for a highly branched PPV. This will
hereafter be referred to as OC10PPV.

Figure 1. Chemical structure of OC10PPV.

1.2 Figure of merit

The quality of semiconductors for radiation detectors is ranked by their pt products, with p being
mobility and t being the trapping time referred to deep states. Subscripts of e and h are
commonly used to denote electrons and holes. For a uniform electric field and negligible de-
trapping, charge collection efficiency (CCE) can be given by the Hecht equation:

ccE =2 _TekE 1—exp CE=X) | Tk E 1—exp| - 1-1
Qo L 2-e:ueE L Th/uhE

12



Q is the total charge collected, Qq is the total charge created, L is the detector thickness, X, is the
distance from the cathode to the point of charge creation, and E is the applied electric field. Due
to the low mobility of polymers, nE<< X,, and the exponential terms go to zero. Therefore for a

hole transport polymer:

E

CCE » % 1.2

This equation implies that CCE scales linearly with both field and channel width, therefore new
figure of merit can be defined by:

2
Fom = SCExL 1-3

where L is the device width and V is the applied voltage. This figure of merit has dimensions of
M, but it is not strictly a material property since experimentally it varies with device geometry,
field, and integration time. However, it affords a convenient means to rank materials and
evaluate processing effects on transport.

13



2. Conductivity Transients

2.1 Experimental Setup

OC10PPV was obtained from American Dye Source in Quebec, Canada and used without further
processing. The polymer was spun-cast or applied after stretching onto substrates of interdigital
transducer (IDT) structures with gold electrodes on glass, as shown in Figure 2. The electrode
gap could be varied from 4, 8, 16, 32, or 64 um, and the electrode width was 4 um.

Figure 2. Portion of IDT. For the one shown, electrodes are nominally 4 pm
(light) and spacing between is nominally 16 um (dark).

The electronic setup for both proton and photoconductivity testing was used as diagrammed in
Figure 3. The photoconductivity stimulus used a 337 nm nitrogen laser, shifted to 590 nm with a
rhodamine dye cell. The laser could be linearly polarized, and then rotated if chosen. It was then

focused on the back of the IDT. The charge was collected for 10 ps.

For proton exposure testing, a 3 MeV tandem accelerator was used. The pulsed beam was swept
past a variable slit in order to vary the total exposure. For proton exposure testing, the sample
was held under vacuum and for photoconductivity testing, the sample was in air. All experiments
were performed at room temperature.

14
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Figure 3. Diagram of setup for photoconductivity testing.

Example photoconductive traces are shown in the figure below. The time base is 500 us per
division. The lower trace is the direct preamplifier output, and the upper trace is the output from
the 671 spectroscopy amplifier with a 10 us shaping time. A significant portion of the charge can
be integrated within the first 10 us, but clearly mobile charge continues to be collected over a
greater time scale. The preamp output is seen to be rising for 100 us, where the waveform is
clearly distorted by the 400 us resistive reset time constant of the amplifier, and the shaping amp
output is non-Gaussian, and does not return to baseline for several milliseconds. For particle
counting however 10 us was determined to be a practical shaping time, and this setting was used
throughout the study.
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Figure 4. Oscilloscope traces.
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2.2 Comparison of photon and proton stimuli

Transient response of spin-cast PPV films is seen below. Photoconductive (PC) response was
compared with the fast-proton sensitivity was determined using Sandia’s 3 MeV tandem proton
accelerator in Livermore, CA. A 0.6 um thick film of OC10PPV showed a distinct ion-induced
conductivity transient response, as shown in Figure 5. For comparison, the photoconductivity
transient results are also shown for a similar sample, using a 590 nm laser. The charge collection
efficiency was calculated assuming 1000 ion pairs per micron of track length, a polymer band
gap of 2.5 eV, and the observation that 3 times the gap energy is required to produce an ion pair
in typical semiconductors [4]. For photoconductivity calculations, a quantum efficiency of 0.1
was used, based on published estimates.

1.E-09 | Estimated Figure of Merit for 0.6 um spin-cast OC1oPPV

S

S PC transient

© 1.E-10 response

> /4—‘
~ /

iy P _

<

o 1.E-11 . lon transient

Q « response

o

1.E-12
1.E+04 1.E+05 1.E+06

Field, Vicm

Figure 5. Figure of merit using 3 MeV proton beam stimulus, showing
photoconductive (PC) transient with 590 nm laser for comparison, based
on a 10 us collection time.

The two curves are well correlated, indicating that the PC method can be used as a surrogate for
evaluating effects of structure and processing variables. This is beneficial as photoconductivity
testing is far less involved and less costly for routine material testing. A particle gain can be
defined for this device in terms of electrons collected per proton subtending the 0.6 um thick
film detector. This gain is plotted in Figure 6 below.

The above encourages further evaluation of this material for radiation detectors. It indicates that
direct electronic detection of single fission neutrons may be feasible in conjugated polymer-
based detectors using standard laboratory electronics at room temperature, though thicker
devices will be necessary.

16
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Figure 6. Gain as a function of bias voltage for a 0.6 pm thick film of
OC10PPV in a proton beam.

2.3 Total dose sensitivity

The polymer film was tested for ion-induced degradation of the response, and the results are
displayed in Figure 7 for two different IDTs, normalized to the maximum response for each.
Dose and dose rate were increased by a factor of two between each data point by doubling the
rep rate for a fixed period of time. The rate was then lowered to 10 Hz to test the response. The
onset of degradation appears to occur at a total absorbed dose of about 1 Mrad, which is similar
to the dose degradation that is typically seen in plastic scintillators.

Effect of Proton Dose on Spin-Cast OC10PPV film,
0.6 um thick, dE/dx = 1.3 eV/Angstrom

(D 1 ———=
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Figure 7. Proton radiation tolerance of OC10PPV device, tested in two locations.
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3. Environmental Sensitivity

Environmental characterization was done using a branched PPV, poly[2-methoxy, 5-(2-
ethylhexoxy)-1,4-phenylene vinylene], commonly referred to as MEHPPV. MEHPPV is readily
available and is the most commonly used PPV for solar applications.

Using interdigitated gold electrode structures (IDT)s similar to those used for proton exposure
testing, films were cast from a solution of 3 wt% MEHPPV onto a 32 um IDT structures to test
for electrical properties, transient effects, and environmental sensitivity. Testing was done in an
enclosed box for electrical and light shielding. Background noise for a 2 Gohm resistor was
found to be less than 100 fA. The only light included was the room light that could come ina 1
cm diameter hole in the lid of the test box, which was also closed off unless otherwise stated.
Initial testing was for sensitivity to low intensity light such as room lighting to see how much
this could affect measurements. Figure 8 shows the resistance in GQ of the same sample
measured, but once exposed to a blue LED and the other time with the LED turned off, but not
moved. Other light exposure to the sample was negligible. This effect appears to be transient,
perhaps with traps filling due to previous light exposure. The sampling rate was the same for
both tests, just one was stopped earlier. Even with a low intensity light that is not at an optimum
energy to excite the material, this is clearly an important variable to consider for electrical
testing, and future tests need to be done in complete darkness.

;
2. o
E \ . ar
o ° \
Q .
8 \
3
c \
S \
- 2
Q \
0
D 1 e ——
s 0
0 5000 10000 15000 20000 25000
Time (s)

Figure 8. Resistance across a 32 um IDT of MEHPPV, with or
without a blue LED, with 3 V bias.

The next test examined the effects of pulse frequency of the same LED, which could be related
to the trap filling and release rate. As shown in Figure 9, the resistance drops as the LED
frequency increases within the pulse frequency range that was measured, from 0.05 to 0.4 Hz.
This could mean that traps are continually being filled and that the time between pulses is not
long enough for the traps to empty to a greater degree than they are filled with each pulse. It is
also possible that the net energy given off with the LED is higher at a higher frequency and this
was not measured for control.

18
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Figure 9. Sensitivity to LED pulse frequency of 32 um IDT
of MEHPPV, with 3V bias.

It is also important to evaluate the sensitivity of the material to environmental variables such as
air, moisture, and temperature. The current was monitored over long periods of time while
monitoring or changing environmental conditions. This was again done using a drop cast film of
MEHPPV on an IDT with 32 um gap spacing and done in complete darkness. Figure 10 is quite
interesting, showing an overlay of the monitored IDT current and room temperature. The
thermostat control of the laboratory was excellent, with the total temperature varying only 1 °C
over three days, but this was still enough to cause current fluctuations across the IDT of
approximately 10 pA. This was done with a bias of only 1 V across the sample so the effect
likely could have been drowned out by high current at higher bias, but it is important to note that
the sample response is distinctly, consistently sensitive to small fluctuations in temperature.
There are literature reports of thermally activated photocurrent and increases in current with
increasing temperature in MEHPPV, which would tend to agree with this data [1, 3]. The general
trend of increasing current with increasing temperature is not surprising, but what is surprising is
the sensitivity to such small temperature changes. As the laboratory does not have a method for
such precise temperature control, this is a potential source of error in future measurements.
However, this is much less of a concern at the higher fields used for radiation detection. The
general trend of decreasing current is likely due to the slow loss of the effect of previous light
exposure as the sample was tested in darkness.
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Temperature Effects on MEHPPV IV Behavior
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Figure 10. Overlay of room temperature (blue dots) and current (pink line)
for MEHPPV 32 um IDT with 1 V bias in room air.

Next, the effects of ambient air and dry air were monitored and the results are depicted in

Figure 11 below. In order to partially reduce temperature effects, a slightly higher bias of 3 V
was used for these tests. The sample was first tested with a 3 V bias in ambient air over 60 hours
to allow the resistance across the IDT to completely stabilize in the given conditions. Dry air
conditions were then achieved by placing desiccant packs in the bottom of the electrical testing
box. After a day with the desiccant pack the test chamber was measured to have less than 1%
relative humidity. Resistance of the MEHPPV across the IDT was monitored again over 60 hours
in the dry air conditions. There is some initial transient, likely due to remaining effects of room
lighting and possible remaining humidity, so the test was repeated in the dry atmosphere without
opening the chamber. This helped assure that the sample was dry and the chamber was as dry as
possible. The resistance was very repeatable and the transient effect was reduced. The desiccant
packs were then removed and some time was allowed for the chamber and the sample to return
to ambient conditions.

The transient test was then repeated to determine if the effects were reversible and indeed it does
appear do be completely reversible. The large transient present in the initial test is not present in
the repeat test. However, this is more likely due to the increased amount of time that the sample
was allowed to rest with the chamber closed and in the dark, rather than to any effect of the
humidity. The inset is shown zoomed in to better show the stabilized resistance after a long
settling time, which is the more important data. There is some instability, which could be
temperature fluctuations, but the overall trend is still quite clear, with the dry tests both showing
resistance across the IDT of approximately 0.2 G, and the ambient tests, both before and after
the dry air tests showing resistance of approximately 0.4 GQ.
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Figure 11. Resistance of 32 um MEHPPV IDT in room air (black dashes)
and dry air (pink, repeated in light blue), then returned to room air (dark red
dashes), measured with a bias of 3V (inset: close-up of stabilized
resistance at long time scale).

The sample chamber was then purged with dry nitrogen while the sample resistance was
monitored. As shown in Figure 12a, the resistance rather quickly increased over the first seven
hours, then appeared to be leveling off. Interestingly, this indicates that there is more of an effect
than just the humidity effect that was seen with the dry air test, as this is trending in the opposite
direction of the dry air, which showed lower resistance than room air. The sample was left in the
sample chamber under dry nitrogen flow and monitored for the next two weeks, and the results
are shown in Figure 12b. Note that there is some time lag between the short time scale plot in
Figure 12a and the long time scale figures, so the resistance at the start of Figure 12b is initially
higher. The large dip on day six was from an experiment with an increase in the nitrogen flow.
The nitrogen flow may have had additional effects such as altering the temperature. Other local
variations could also be due to temperature as previously discussed. Another perturbation at day
10 was tested when the nitrogen purge was briefly removed, exposing the sample to room air,
then re-inserted. This portion of the data is shown expanded in Figure 12c. Upon removal of the
nitrogen purge and exposure to ambient air, the resistance quickly decreased at a rate of 0.18
Gohms/min. The nitrogen purge was then replaced and the resistance slowly restored to previous
values at a rate of 0.05 Gohms/min. This is difficult to analyze since the concentrations of
various gases in the surrounding environment are not well known, but it is intriguing how
different the two rates of change are, indicating this may not be simple diffusion effects. The data
for Figure 12 was taken at a bias of 0.1 V except the perturbation at day 6, which was taken at
4V.
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Figure 12. (a) Short time scale resistance across a MEHPPV 32 um IDT
upon exposure to dry nitrogen. (b) Long time scale resistance under dry
nitrogen flow for MEHPPV 32 um IDT. (c) Close-up of day 10 perturbation

when nitrogen purge was removed and replaced.
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In order to best visualize the dramatic difference in the environmental impacts on MEHPPV,
Figure 13 shows an overlay of the ambient air, dry air, and dry nitrogen transient resistance data.
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Figure 13. Resistance of MEHPPV IDT in room air, dry air,
and dry nitrogen environments.

By comparison, similar tests were also performed on OC10PPV films, and the polymer was not
nearly as sensitive to environmental conditions, particularly the dry nitrogen effect seen with
MEHPPV. Figure 14 shows transient tests done on a 16 um IDT of OC10PPV with a 3 V bias
under conditions of ambient air, dry air, and dry nitrogen. The small fluctuations in each test are
likely due to room temperature changes.

Optical properties of the films were also important, and how they were impacted by the
environment. Two MEHPPV films were prepared on glass slides; one was stored in room air and
one in a nitrogen purged glovebox for several weeks. They were then tested for their excitation
and emission spectra. As shown in Figure 15, their overall spectra did not change dramatically
between the two samples, but the absolute intensities of different peaks changed significantly.
Peaks did not generally appear or disappear, but did change in relative intensities. For the sample
stored in air, the peak at 589 nm is the strongest excitation, but for the sample stored in the
glovebox, the peak at 467 nm has a stronger excitation.
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Figure 14. Transient current tests with 3V bias across 16 um OC10PPV
films in ambient air, dry air, and dry nitrogen.
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Figure 15. Excitation spectra for two films of MEHPPV, one stored in air
(green) and one in a nitrogen purged glovebox (red).
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Emission spectra were then taken, using both 467 nm and 590 nm as the excitation wavelengths.
Figure 16 shows the emission spectra excited at 467 nm. The sample stored in the glovebox
shows a higher overall intensity, which is logical since this was the wavelength of its peak
excitation. More interesting though is that the sample stored in air exhibits a shoulder and the
sample stored in the glovebox shows minimal if any sign of a shoulder. Figure 17 shows the
emission spectra excited at 590 nm. The sample stored in air is correspondingly more intense,
but this time the two samples show nearly identical shape and structure.
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Figure 16. Emission spectra for MEHPPV, excited at 467 nm, for samples
stored in air (red, bottom) and in a nitrogen glovebox (green, top).
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Emission spectra for MEHPPV. excited at 590nm 5

Figure 17. Emission spectra for MEHPPV, excited at 590 nm, for samples
stored in air (blue, top) and in a nitrogen glovebox (red, bottom).
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4. Stretch-Orientation
4.1 Experimental setup

Post-polymerization mechanical stretching was used to align bulk polymer films. The apparatus
used for stretch-alignment was designed and built by Sandia and is diagrammed in Figure 18.
Ten-mil-thick polytetrafluoroethylene (PTFE) tape was applied to the stretcher with the edges
rolled under and clamped. The tape was pre-stretched %" to provide a flat surface. The edges of
the tape were marked and measured. Solutions were drop cast onto the top (non-sticky side) of
the tape on the stretcher and the solvent allowed to evaporate until the film was just visibly dry.
The tape was then stretched using a screw mechanism and rotary motor with adjustable speed.
Because of some slipping of the tape during stretching, the markings on the tape were used to
determine the final stretch ratio, rather than the movement of the clamps. Operations were
performed in a glovebox purged with dry nitrogen.
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Figure 18. Diagram of stretching apparatus.

4.2 Method comparison

The polymer films were processed in varied ways and ordered through the stretch-aligning
process. A method was needed to quantify the order in the films, ideally without destroying the
films since the polymer is relatively expensive and it is convenient and minimizes error to
characterize the same sample over multiple tests. Therefore, several methods were examined in
order to determine what measurement technique is best suited for measuring order in these
polymer films. Polarized infrared (IR) spectroscopy has been shown to give quantitative
agreement with X-ray diffraction and birefringence methods for appropriate samples. X-ray
diffraction is non-ideal because it is not strongly sensitive to amorphous order. Differential
scanning calorimetry, or DSC, has a similar weakness, and is not ideally suited for measurement
of films. Additionally, DSC is destructive to the film.

Atomic force microscopy can show surface order, but not true bulk order of the entire film.
Scanning electron microscopy is not as quantitative and can be destructive to the sample and
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have very difficult sample preparation, especially with soft materials such as PPV. Polarized
UV-Visible spectroscopy is very similar to polarized infrared spectroscopy, but in this case the
absorption peaks are much broader and thus more difficult to quantify. Additionally, these films
are very absorbent in the visible range so using this technique would be difficult for thick films
as the absorbance would become higher than the accurate range of the spectrometer. This was
tested with several samples and found to be the case.

Due to the aforementioned weaknesses with these other methods and relative ease of FTIR,
infrared dichroism was chosen as the more ideal measurement method. Infrared dichroism is
simple and non-damaging to the film, while providing a quantitative measure of order.

4.3 Infrared dichroism background

By exposing a polymer film to polarized light, the vibrations will be preferentially excited at the
polarization that is closest to the transition dipole for that vibrational excitation. By comparing
the absorbances at orthogonal polarizations, a measure of the material order can be derived.
Since it is calculated as a ratio, the thickness does not need to be measured for each sample.

The dichroic ratio, R, is calculated separately for each absorbance peak. It is defined as the ratio
of the integrated absorbance with the sample orientation parallel to the polarization, Ay, to the
absorbance with the sample orientation orthogonal to the polarization, AL. A material that is
purely amorphous or randomly oriented will have a dichroic ratio of one, as all directions appear
the same; perfectly ordered, aligned materials will typically tend away from one. The dichroic
ratio is a function of the angle of the transition dipole for each mode relative to the chain axis, a.
A transition angle of 54° results in a dichroic ratio of 1, and as o for a specific absorbance peak
departs from 54°, the mode will show greater dichroism. An absorbance band with a dichroic
ratio of greater than one is referred to as a pi band, and a band with a ratio less than one is a
sigma band [2]. As the order of the material is increased, the dichroic ratios will change in a
quantifiable manner. From the measured dichroic ratio, it is possible to calculate the Hermans
orientation function. This calculation treats the polymers as rigid rods oriented preferentially in
the stretch direction, but with some distribution of angles about the stretch direction. The
measured dichroic ratio is first related to o and the orientation parameter, s, according to
equation 4-1.

2c0s’° a +5S
R=22 972 4-1
sinfa+s

The angle o is generally not known, but can sometimes be estimated theoretically or from
similar molecules reported in the literature. For a PPV film, the vibrational mode at 966 cm™ is
an out-of-plane CH vibration, which is expected to have a moment of 90° for a planar molecule.
Experimental results have determined the value of o to be 82° to 84°. We now have an estimate
of o for at least one absorbance peak, so s can be calculated from equation 4-1, and used to
calculate the Hermans orientation function, f, using equation 4-2.
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f= 4-2

For a completely ordered sample, the Hermans orientation function will approach one and for a
perfectly disordered sample, it will approach zero. The dichroic ratio will be different for most
peaks unless they have the same transition angle, but the orientation function should agree within
reasonable error for all peaks. Reports on PPV precursor ordering have published a Hermans
orientation function of as high as 0.96, reaching a plateau with a draw ratio of 5-7.

Kratky proposed a model for the orientation mechanism in a drawing process such as the one
reported here, beginning with an unoriented sample and ending with a distribution function about
the draw direction [3]. This mechanism assumes a constant density, and thus it has been shown to
be inaccurate for drawn PPV precursor, which loses volume as it is converted to polymer during
the thermal elimination process [5, 9]. However, since in this case there is no thermal
elimination, the stretch orientation should be close to constant density, and the Kratky model
should hold. For a constant density, the Kratky model is thought to be an upper bound, as
orientation is more often limited by melting or softening and viscous flow limiting the actual
degree of orientation [3]. The Kratky model, F, was derived from equations found in Zbinden,
section V.4 [3] to be equation 4-3, with v defined to be the draw ratio I/lo.

3 3
F :1—V3V_1+ % Xl)m cos (v 4-3

4.4 FTIR spectrum

Infrared spectra were obtained using freestanding films and a Digilab FTS 7000 with nitrogen
purge and a KRS-5 wire grid polarizer with 0.4 um spacing, when applicable. The polarizer was
obtained from International Crystal. It provides polarization in the range of 2 — 35 um, with 99%
polarized at 10 um and >88% at 3 um according to the manufacturer specifications. A sample
spectrum taken with no polarizer of a film of OC10PPV is shown in Figure 19. Table 1 lists
selected peaks and their likely origin.

Based on the absorption and likely origin, the peaks near 1256, 1206, and 966 wavenumber will
be followed for analysis. The absorbances at 1256 and 1206 cm™ are very distinct and respond in
opposite directions to polarization, making them of interest. For a PPV film, the vibrational
mode at 966 cm™ is an out-of-plane CH vibration expected to have a moment of 90°, making this
a good choice to follow [6]. Experimental values of 82° and 84° have been reported.
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Figure 19. Absorbance of a film of OC10PPV.

Table 1. Likely origin of selected peaks in OC10PPV spectrum.

Wavenumber Relative

(L/cm) Absorbance  Likely Origin

2955 2.06 Aromatic C-H Stretch

2926 2.05 Vinylene C-H Stretch

1469 0.78 C-C ring stretch

1256 0.75 C-H in-plane bend

1206 1.74 C-H bend
966 0.58 C-H out of plane wagging vinylene
856 0.35 C-H out of plane wagging phenylene

45 XRD results

X-ray diffraction scans were taken on stretched and unstretched films of OC10PPV. Both
showed a nearly identical, very broad peak centered around two theta equal to 22 degrees, as
shown in Figure 20. The location of this peak agrees well with ordered, unsubstituted PPV
previously studied by XRD [11]. It is possible that the films resulted in nearly equal intensity
because the stretched film was thinner than the unstretched film. Since the method was not
chosen as the analysis method, this was not investigated further. This would have also resulted in
the necessity to accurately measure the film thickness for each sample in order to quantify the
order, adding an unnecessary and time-consuming step. The data was taken in steps of 0.05
degrees with a 5.0 minute dwell. Although it is difficult to see, the slightly lower intensity peak,
tape 164, is actually the stretched film. Tape 17a was unstretched and is slightly higher intensity.
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Figure 20. XRD of stretched and unstretched films, overlaid.

4.6 DSCresults

Differential scanning calorimetry (DSC) was performed on stretched and unstretched films of
OC10PPV that were otherwise prepared identically. For the stretched film, there is a sharp,
exothermic peak at 119°C, as shown in Figure 21. The unstretched film exhibits a much lower
intensity peak, and a slight shift to higher temperatures. In both cases, the peak does not appear
on a second run of the same sample, nor is it present in a powdered sample. This peak is likely
due to crystallization of the polymer, with the increased order induced by stretching allowing an
increase in the amount of crystallization. Additional DSC tests performed on different equipment
on other samples have shown an upward shift in this peak to as high as 132°C.
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Figure 21. Differential Scanning Calorimetry of OC10PPV, stretched
(circles) and unstretched (squares).
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5. Processing Effects
5.1 Polymer/repeatability

Unfortunately, purity in semiconducting polymers is not anywhere near that of inorganic
semiconductors, and the impurities can affect the behavior of the polymer. To minimize the
impacts of impurities, all testing was done from one batch of polymer. While the impurities may
still be having a significant effect on the results, it should be reasonably uniform across all of the
testing. The polymer was purchased from American Dye Source in Quebec, Canada. The
supplier quoted the polymer as having an average molecular weight Mw (by gel permeation
chromatography, GPC) of 210,000, and a polydispersity of 5.9.

Perhaps due to the high molecular weight of the chosen batch, or perhaps due to some impurities,
there were often some visible chunks on films. For this reason, the solution was generally run
through a 1 um PTFE filter prior to use. Figure 22 shows representative microscope images of
the edge of drop cast films before and after filtering, taken at the same magnification. GPC data
taken in house on samples showed an Mw prior to filtration of 208,000 and polydispersity index,
PDI, of 3.97, and an Mw after filtration of 154,000 and PDI of 2.65. This indicates that the
filtration was removing some less soluble high molecular weight components. The difference in
initial measurement between the supplier and the measured value may also be due to low
solubility of high molecular weight components.

Figure 22. Microscope images showing particles in unfiltered film (left)
compared to filtered film (right) at same magnification.
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5.2 Processing variables

The primary processing variation that was examined was post-processing stretch-alignment, as
previously detailed. First, it was necessary to determine if this was indeed imparting increased
order on the films. Since the published literature generally focuses on alignment of oligomers or
alignment during polymerization, this was a break from convention. It is well known that
polymers respond to shear, but it was not known if this mechanism was imparting enough shear
on the polymer to induce order. Polarized FTIR spectra of films stretched to three times their
original length are shown in Figure 23, shown at orthogonal polarizations. For comparison with a
control, Figure 24 shows orthogonally polarized spectra of an unstretched film of OC10PPV.

Clearly, post-polymerization substrate stretching can induce order into the polymer. It was then
necessary to determine which processing variables impact the order. However, in order to know
if a variable has impacted the order, one must first have an idea of the sample to sample variation
in dichroism. Four samples were processed similarly to a stretch ratio of three and tested for
infrared dichroism. Since the infrared spectrometer does so much sample averaging, the same
sample variation tested on different days is negligible compared to sample to sample variation.
Figure 25 shows the averages and range of the dichroic ratio for the samples for the three
absorbance peaks that were chosen to follow. Samples stretched to a lower value may vary
slightly less, but when looking at variables other than stretch, samples were generally either drop
cast or stretched to 1/10=3.
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Figure 23. Infrared spectra for I/l0=3, solid line AL, dashed line A||.
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Figure 25. Dichroic ratio average and range for 4 samples stretched to 3x.
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The next control test was to verify that the material is modified by the actual stretching, and this
is not simply induced order from the ordered substrate, as has been reported for a rubbed
polyimide substrate. Films were drop cast onto three different substrates of varying order.
Substrates used were a standard PTFE substrate with very little order, a skived PTFE substrate
with some degree of order, and a PTFE tape that had been pre-stretched to the equivalent of a 3x
film, which had a high degree of order. As shown in Figure 26, no dichroism was observed with
any of the unstretched films, even from a substrate that was highly ordered. In all cases, the
dichroic ratio is within error of one. It is clearly the actual act of stretching that is ordering the
polymer, not simply the order in the substrate.

W 1254
@ 1205
B 966

Effects of Substrate

Dichroic Ratio

standard substrate skived substrate 3x stretched
substrate

Substrate

Figure 26. Dichroic ratio of unstretched OC10PPV films
cast onto different substrates.

The most likely processing variable to have a significant impact on order is the stretch ratio.
With all other variables held constant, the stretch ratio (I/lo) was varied from one (unstretched) to
four, and the dichroic ratio was measured for the three absorbances being followed, as shown in
Figure 27. The dichroic ratio for the absorbance at 1254 cm™ (a pi band) increases from
essentially one to a high of 2.13 at a stretch ratio of 3.7. The absorbance at 966 and 1205 cm™ are
both sigma bands and decrease from one to minimums of 0.28 and 0.33, respectively.
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Figure 27. Dichroic ratio as a function of stretch ratio.

Using this data, the orientation function was calculated as previously detailed, and this is plotted
in Figure 28. Calculations were based on the absorbance peak at 966 cm™, and an estimated
angle of 84°. The values are plotted as a function of stretch ratio /1, increasing from zero for an
unstretched sample, I/1,=1, indicating negligible order, to 0.66 at I/l, = 3.7, near the elongation
limit of the stretching apparatus, where the order parameter appears to approach a limiting value.
Published reports from other groups who aligned PPV precursor without side chains show
similar plateau behavior. For visual reference, the range of the repeats at I/lo=3 is shown on the
plot. The Kratky model is depicted as the solid line on the plot.

The orientation function is approaching the values predicted by the Kratky model, thought to be
a theoretical limit for orientation of a polymer without a change in volume. Some additional
optimization of parameters may get the orientation function closer to the Kratky line, but this
indicates that for this case, in which the sample is likely operating at nearly constant density, the
orientation is approaching the theoretical limit of the orientation parameter. At this point, the
data appears to plateau, so additional improvements by stretching are minimal. This stretch ratio
is also nearing the limits of the current stretching apparatus.
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Figure 28. Hermans orientation parameter as a function of stretch ratio,
based on 966 1/cm. The solid line represents the Kratky model.

More importantly, the stresses on the film at high stretch ratios become important and the films
become thinner so the film quality starts to become problematic, particularly since this is for
electrical applications. At a stretch ratio of four, small pinholes were sometimes developing in
the films, which depending on the design of the electrical device could easily result in electrical
shorts. Even for less demanding electrical applications, the mechanical integrity of the films was
less impressive at higher stretch ratios. Increasing the initial volume of solution deposited
seemed only partially able to compensate for this.

The next obvious variable to test was the stretch rate. Samples were all stretched to a final stretch
ratio of three, but at jaw movement rates varying from 0.28 to 3.8 inches per minute. As
previously noted, there is some slippage during stretching, so the sample does not experience that
exact rate, but it did experience a rate change of roughly an order of magnitude. The dichroic
ratio for the three chosen absorbance peaks was monitored and is plotted in Figure 29. There is
no clear trend with stretch ratio in this range of stretch rates. Unless otherwise noted, all other
tests were performed at a jaw movement speed of approximately one inch per minute.

An interesting variable to examine that is perhaps not as obvious is light. Since we know these
materials absorb visible light, some experiments were performed to see if light had any impact
on the stretch alignment. Stretch alignment was performed in nearly complete darkness, in
standard room lighting, and with a high intensity flashlamp shined onto the film. Interestingly,
those stretched with the flashlamp almost completely delaminated from the tape before
completion of the stretching, those in room lighting may have had some very slight delamination,
and those in darkness had essentially no delamination.
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Figure 29. Dichroic ratio as a function of stretch rate, with 1/10=3.

It is possible that the films were partially crosslinking due to the high intensity light, but it is also
likely that the light may have just increased the speed of solvent evaporation and the solvent acts
as a plasticizer during stretching. Although the films were stretched once visibly dry, there was
certainly residual solvent at this point. These films were not tested for dichroism since
delaminated films do not experience the stretching, but from this point, films were stretched with
minimal room lighting on.

Another relevant processing variable is temperature. Unfortunately, the laboratory did not have
the ability to controllably alter the temperature while stretching, which could have been very
interesting. However, based on the DSC results, and published literature reporting interesting
results with post-processing annealing, this was examined. Films were stretch-aligned and tested
for dichroism, then annealed at 135°C for 10 minutes in a vacuum oven. The same samples were
then tested again for dichroism. Because this was done with the same samples, rather than
samples processed similarly, the error is much lower. It should also be noted that the films
appeared somewhat damaged by the heating, so perhaps a slightly lower temperature could be
tried in the future. A matrix of time and temperature variables was not examined. The results are
shown in Figure 30 for three samples with different stretch ratios. For each sample, the
dichroism appears to decrease very slightly after annealing (approach one). The solid colors in
the figure are prior to annealing, and patterned are after annealing.
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Figure 30. Dichroic ratios before (solid) and after (patterned) 135 °C anneal.

5.3 Additives

A number of additives were investigated, but the most significant was a nanoparticle additive
known as [6,6]-PCBM, or simply PCBM, introduced in Chapter 1. As will be shown in the next
chapter for electrical tests, this could be mixed up to 50 percent by weight with OC10PPV.
However, these films were of poor physical quality and could not support themselves for infrared
testing. The highest PCBM concentration that could be mixed in and still achieve a freestanding
film of sufficient quality for infrared examination was 20 % by weight. All composites were
achieved by mixing separate solutions of PCBM in solvent with polymer in solvent in proper
proportions. The composite films were stretch aligned similarly to pure polymer films, as
previously discussed. As shown in Figure 31, 15 % and 20 % by weight PCBM did not appear to
interfere with the bulk alignment of the polymer during stretch alignment, as the dichroic ratios
appear to be within error of the pure polymer for samples stretched to I/l0=3. Again, the average
and range is depicted for the pure polymer sample. This result is actually somewhat surprising as
one might expect that the pure mechanical interference may have caused a slight decrease in the
effectiveness of the ordering, but perhaps due to the small size of the particles, this does not
appear to be the case.
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Figure 31. Dichroic ratio of polymer and composites with 15% and 20%
nanoparticles by weight stretched to 1/10=3.

Solvent vapors were not screened in depth, but dry methanol vapor was examined. If only one
solvent were to be chosen for maximum possible effect, this would probably not be it, but it was
available in a dry form so the moisture would not contaminate the glovebox and would
minimally solvate the polymer, perhaps opening up the chains enough to plasticize the polymer
and increase the effectiveness of the stretching. While the polymer solution was drying and while
the film was being stretched, large quantities of dry methanol were evaporated in the glovebox in
the vicinity of the film in an effort to expose the film to as much methanol vapor as possible. The
film was stretched to a final stretch ratio of three and tested for dichroism. Figure 32 shows the
average and range of the dichroic ratio for the standard film repeats and for the film stretched
while exposed to methanol vapor, which is within the range of the standard samples. Other
solvents may work better, but it is important to choose a solvent that does not act as any form of
ionic dopant, increasing the conductivity of the film. This was not pursued in greater depth due a
few reasons. The first was a perceived lack or reproducibility of the experimental method of the
solvent exposure. The second was a concern of exposure of other samples in the glovebox to
potentially harmful solvents and moisture.
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Figure 32. Dichroic ratio for OC10PPV films with and without exposure to
methanol vapor before and during stretching.

This section demonstrates a useful, non-destructive method for measuring order in amorphous
conjugated polymer films. Using post-polymerization stretch alignment, bulk order was
successfully induced into films of OC10PPV, resulting in a Hermans orientation function as high
as 0.66, as measured by polarized FTIR, approaching the Kratky model. The stretch ratio was a
dominant factor in the dichroism, but the stretch rate had no substantive effect, nor did a
methanol vapor exposure during stretching. Post-stretching annealing caused a possible, though
very slight decrease in order in the films. PCBM nanoparticles up to 20% by weight did not
interfere with the ordering in the polymer.

43



6. Structure—Property Relationships

The bulk order induced by various processing parameters on OC10PPV films was discussed
above. This section will show the effects of the processing parameters on the electrical
properties. Several additional processing parameters will also be shown that were not screened
for order, but only for electrical effects.

6.1 Experimental setup

Unless otherwise noted, experiments were performed on IDT array structures with a 16 um gap
spacing and 4 um electrodes. A 3 Hz pulsed nitrogen laser tuned to 581 nm was directed through
the back of the device. Amplification was performed with an Ortec 142A charge sensitive pre-
amplifier and an Ortec 570 shaping amplifier with 10 us shaping time, averaged over at least 100
pulses. The laser was linearly polarized and the polarization could be rotated with a quarter-wave
plate. Charge collection was calculated based on a 10% quantum efficiency, as found by Moses.
Imposed fields were used in the range of 104-105 V/cm.

Testing for dark current and transients were performed in a separate testing station in a semi-
sealed box. Tests could be performed at ambient conditions, with desiccant packs to test in dry
air conditions, or under slow flow of dry nitrogen. The box could be sealed to test in complete
darkness, or a microscope illuminator could be inserted through a hole in the center of the lid.
Unless otherwise noted, the center hole was covered with metal tape and tests were done in
complete darkness. The sweep rate is generally noted separately for each test. High bias
measurements were taken with a Keithley 6517A electrometer and programmed manually. For
measurements up to 10 V, a Keithley 6487 picoammeter was used, controlled by ExceLINX, an
add-in to Microsoft Excel written by Keithley. In both cases, the bias was supplied by the
instrument.

Stretch-aligned films were peeled from the PTFE tape and applied gently to the IDT test
structure. A drop of isopropyl alcohol was used to flatten and smooth the film using a paintbrush
as the alcohol evaporated. The alcohol does not dissolve the polymer. The IDT was then clamped
to a glass slide covered in PTFE and placed in a nitrogen purged drybox to allow full drying of
the sample for at least 24 hours after stretching prior to any additional testing. Unless noted, the
stretch direction was applied parallel to the field direction.

6.2 Stretched films

Since noise in a radiation detector is dramatically increased by dark current, initial tests were to
ensure that the processing is not significantly increasing the dark current in stretched films. If the
mobility is increasing, as desired, then some increase is expected, but this should be checked.
Current-voltage sweeps were performed on IDTs of drop cast films and films stretched to I/lo=3
and the results are shown in Figure 33. A sweep rate of 0.2 VV/ 300 s was used. This relatively
slow sweep rate was used to minimize the effects of the long transients as commonly seen with
these films. In fact, even at this slow rate, there are still likely some transient effects.
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Figure 33. IV sweep with 16um IDT of drop cast and 3x films,
at a rate of 0.2V/300s.

Sweeps were done from zero out to plus or minus bias, then plotted together. The samples were
allowed to settle in the dark before the sweeps were started to minimize any transient effects
from room lighting. The 3x film has higher current than the drop cast film, but it is still in the
nanoamp range, which should be low enough for reasonable operation.

Photoconductive response was also tested on similarly prepared samples. Samples stretched to
I/lo= 2.2 and 3, with the stretch orientation parallel to the field orientation, exhibited an increased
photoconductive response and increased charge collection efficiency as compared to a drop cast
sample with no orientation. The two stretched samples show similar photoresponse, within
experimental error, which agrees with the plateau behavior seen for the Hermans orientation
function. A sample with the applied field oriented orthogonally to the stretch direction shows a
decreased photoresponse compared to a drop cast sample. Even when the polarization of the
excitation source is rotated by 90° to align with the maximum photoresponse, the photoresponse
is still weaker than in an unordered sample. Literature reports on ordered conjugated materials
vary widely on electrical anisotropy ratios, from only a few to over 100, depending on material,
doping, ordering method, measurement parameter and method, but with consistently improved
transport in the aligned direction. It is interesting to note that decreased charge collection was
observed compared to the drop cast film. The hypothesis had been that stretching would improve
transport most in the stretch direction, but would improve transport also in the orthogonal
direction by increasing the pi overlap between chains. It is possible that the long side chains are
preventing sufficient overlap between chains to allow efficient transport in the orthogonal
direction (see Figure 34).
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Figure 34. Charge collection efficiency for drop cast (squares) and stretched films
oriented parallel (solid) and orthogonal (open) to the field direction.

6.3 Nanoparticle additives

PCBM nanoparticles were shown in Chapter 4 to not interfere in the ordering process, so next it
is important to know the effects on the electrical properties. First, it is important to check that
they are not acting as a dopant and significantly increasing the dark current in the material so the
IV behavior was tested in complete darkness. As shown in Figure 35, the PCBM additive seems
to actually slightly decrease the dark current in the material. This was tested with drop cast films
at a rate of 0.1 VV/ 200 s. There is some variance in the measurement so this small increase is
relatively insignificant. The dark current is small enough that it should be acceptable for
radiation detection purposes.
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Figure 35. Dark current for films with and without PCBM.

Drop-cast films loaded with PCBM were then tested for photoconductive response. Since these
were drop-cast films and not free-standing films, PCBM content as high as 50% by weight could
be tested. Films with 20% and 15% were also tested, as well as drop cast films with no PCBM.
The results are shown in Figure 36. The apparent discontinuity in signal for the 50% sample was
caused by a change in the laser filter. At the high field, the same filter was used for all three
nanoparticle samples so this is the best comparison range. This was adjusted for by using a ratio
of the measured signal with the different laser filters, but there is some error in this adjustment.
This should also be pointed out as an error in the true difference between the signal from the
composite samples and the pure polymer sample. The composite samples used a high density
filter and the polymer sample had no laser filter in place. The signals were adjusted by using a
ratio of the measured intensities to account for this, and the difference is obviously so large that
there is still a very dramatic effect, but there could be some absolute error due to this fact. All
three samples with PCBM content showed an increase in signal of roughly two orders of
magnitude over the OC10PPV film without PCBM. However, there was no apparent order to the
increase in signal with the amount of PCBM content. The 50% by weight PCBM showed the
highest signal, then followed by the 15% sample and the 20% sample had the lowest signal of the
composite samples. This could be a morphological effect, balancing charge transfer and phase
separation. The electrical performance of this composite is known to be very sensitive to
morphological variations.
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Figure 36. Photoconductive signal response from dropcast samples with different
weight percentages of PCBM, from zero (open squares) to 50% (solid diamonds).

6.4 Filtered nanocomposites

In the previous chapter, analysis was shown using a 1 um filter to remove un-dissolved polymer
in order to be able to form better quality films. It was shown that this alters the average
molecular weight and polydispersity of the polymer. Molecular weight and polydispersity can
impact electrical properties of conjugated polymers, so this may be a relevant electrical variable
both with the pure polymer and as a factor with nanocomposites. The improvement in film
quality could also impact electrical properties. For the nanocomposites, the polymer was filtered
separately, and then combined with nanoparticles. The nanoparticle solutions were not filtered.

First, dark current tests were done with pure polymer and with 10% by weight PCBM content on
16 um IDTs. As shown in Figure 37, both samples without PCBM had higher dark current than
those with PCBM, and the unfiltered polymer sample showed higher dark current than the
filtered polymer sample. This is a good sign for the use of filtration for the application of
radiation detection. However, again, the change between filtered and unfiltered samples is not
large and could be within the sample variation of the test. Sweeps were taken at 0.1 \V// 200 s.
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Figure 37. Dark current of filtered and unfiltered samples
with no PCBM and 10 % PCBM.

Since filtration was determined to look promising from the microscopy and not be detrimental
from the dark current tests, photoconductive tests were done using the same samples as the dark
current tests. To minimize any differences due to laser alignment, the tests were run over two
days and the test setup was not moved between tests. The results are shown in Figure 38.
Although it is difficult to see in this figure, even for the samples with no PCBM, the filtered
sample did show a slight increase in photoconductivity. For the samples with PCBM the
difference is much more pronounced, resulting in a roughly 3x increase in photoconductive
response compared to the unfiltered response. Filtering results in a lot of lost polymer which
significantly increases cost, but based on this result, future solutions were filtered prior to use.
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Figure 38. Photoconductive response comparing filtered and unfiltered
samples with no PCBM or 10% PCBM.

6.5 Stretch-aligned nanocomposites

Next, the photoconductive signal response was examined from stretch-aligned samples with
PCBM additives. Using a solution of 10% by weight PCBM, samples were stretch aligned to
I/lo= 2.2 and 2.7. A drop of the same solution was cast onto an IDT for comparison with the
stretch aligned films. Stretch aligned pure polymer films had shown roughly a doubling of
photoconductive response with stretching, and since the nanoparticles did not impede the
ordering of the polymer, one would anticipate seeing similar behavior in the nanocomposites for
photoconductive testing. However, such was not the case. As shown in Figure 39, the stretch
alignment actually decreased the photoconductive response significantly. The photo response for
a sample stretched to I/10=2.2 decreased by roughly 5x and for a sample stretched to I/lo =2.7
decreased about an order of magnitude.
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Figure 39. Photoconductive response of stretch-aligned nanocomposites.

As shown in the summary plot, Figure 40, the stretch-aligned composite still does have higher
photoconductive response than the maximum response achieved with a stretch-aligned polymer
without any nanoparticle additive. In order to make the testing as quantitatively comparable as
possible for this plot, all samples were re-tested on the same day with the same laser alignment
setup.
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Figure 40. Photoconductive response summary of films stretched to different
ratios with no PCBM (solid symbols) or 10% PCBM (open symbols).

The most likely explanation of this effect is the composite morphology, as this was likely
significantly altered during the stretch alignment process. The polymer was still increasing in
order, and likely still increasing in its own photoresponse, but not enough to compensate for the
decreasing efficiency of the composite morphology. It is possible that the forces on the
composite during the alignment are breaking apart some of the nanoparticle phases, or otherwise
altering the two-phase morphology of the composite, making it less ideal. Scanning electron
microscopy (SEM) analysis done of the top surfaces was inconclusive in this regard. All four
samples, stretched and unstretched, with and without nanoparticles looked similar, with no
striking differences in morphology at the nanoscale. There was some large scale (several um)
topography visible in the stretched samples, but this looked similar in both polymer and
composite samples. SEM analysis done on samples sectioned horizontally or vertically may
prove more informative. Unfortunately, there was not sufficient time and resources to investigate
this further and this could be quite time consuming to investigate properly. Some representative
SEM images are shown in Figure 41 and 42.
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Figure 41. SEM images of (a) drop cast polymer (b) drop cast composite.
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Figure 42. SEM images of (a) stretched polymer and
(b) stretched composite.

The photoconductive response was also tested for its sensitivity to polarization of the excitation
source. Drop cast films showed no response to polarization of the laser light, while stretched
films showed a very significant change with the polarization of the laser. The laser energy was
measured as a function of polarization and it changed less than a few percent over 180 degrees
polarization, with 90 degrees rotation on the polarizer actually rotating the polarization 180
degrees. Figure 43 shows a summary of drop cast and stretched films with no PCBM and with
10% PCBM by weight and their sensitivity to polarization of the laser excitation. Each signal
was normalized to its own maximum. The signals do not correlate particularly well with the
stretch ratio, other than stretched or unstretched, and instead are all clustered together pretty
closely. Readings were taken from zero degrees to 180, and some signal degradation over time is
apparent which was recoverable after a few minutes with no bias and no laser, then resuming
testing. This confirms an electrical impact of the order and also points to some potentially
interesting applications such as possible directional sensitivity for a sensor, with the correct
sensor design.
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Figure 43. Photoconductive response to polarization of excitation source,
OC10PPV with PCBM (open symbols) and without (solid symbols).

6.6 Other additives

Additional additives were screened for their effects on electrical properties. A similar polymer
was used for initial screening efforts until promising additives were found. The polymer used
was poly(2-Methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylenevinylene), referred to as
MDMOPPV, obtained from Aldrich and used without further processing or filtering. This is
essentially an asymmetric version of OC10PPV.

6.7 Co-solvent

The first additive screened was actually a co-solvent with a higher volatility, which could alter
the drying rate of the film, having a significant effect on electrical properties in fullerene
composites. This has been shown by other authors, but mostly with polythiophenes. A small
amount of tetrahydrofuran (THF) was added to the existing mixture. This also serves to make the
mixture much more workable with a lower viscosity, but it was necessary to ensure that this
would not have any negative impacts on the properties. As shown in Figure 44, a dark current
sweep at 0.5 V' / 60 s showed essentially no difference with or without the volatile solvent added.
To clarify the possible slight difference, this test was repeated with illumination in the same test
box and same test parameters, and is shown on the same plot.
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Figure 44. IV sweep of MDMOPPYV in dark and illuminated
with and without THF added.

The difference was enhanced and this time it does look like the sample with THF added may
possibly have slightly higher dark current, but this is probably within error, particularly since the
illumination conditions added some error. Once it is considered that this is under illumination,
this current is still very low, and quite acceptable for radiation detection.

The IDTs were then tested for photoconductive response, as shown in Figure 45. The THF co-
solvent appeared to have no significant impact on the photoconductivity of the MDMOPPYV film.

The same procedure was then done with MDMOPPV/PCBM composites. THF was added and
the IV behavior was analyzed under both dark and illuminated conditions. The data is shown in
Figure 46. For both dark and illuminated, the THF appears to have essentially no effect on the IV
behavior of the sample. The photoconductive response was tested with the same IDTs and also
showed no sensitivity to the co-solvent, as shown in Figure 47. Although this did not improve the
properties of the material, it also did not damage the properties, and it did decrease the viscosity
of the solution, making it easier to work with, and thereby improving it from a processing
standpoint.
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Figure 46. IV behavior for MDMOPPV/PCBM composites with and without THF.
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Figure 47. Photoconductive response of MDMOPPV/PCBM
composites with and without THF.

6.8 Low molecular weight additive

The next additive investigated was stilbene. Stilbene is somewhat similar in structure to PPV, but
with low molecular weight, so it tends to crystallize and form ordered structures. The question
was if a small amount of stilbene added to PPV could act as a template to help induce order into
the PPV as well. Two compositions were tried, with 10% and 20% by weight stilbene in
MDMOPPV, combined from separately dissolved solutions, and drop cast onto both plain glass
slides and IDTs. The drops from the 10% mixture appeared completely homogeneous to the
naked eye, and no different than a pure polymer drop. However, the drops from the 20% solution
were distinctly crystallized into quite large crystals. This was not entirely expected, as similar
work done with a similar system of poly(3-hexylthiophene) and the small molecule dihexyl-
quarterthiophene (DH4T) reported a critical concentration of 29% DH4T above which it would
crystallize [8]. This was also the point at which they report a significant increase in mobility.
This indicates the critical concentration for this PPV/stilbene system to be somewhere between
10% and 20% stilbene. Figure 48 shows optical microscope images of the films cast from the
10% and 20% stilbene solutions.
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Figure 48. Optical microscope images of films cast from solutions of
10% (top) and 20% (bottom) stilbene in MDMOPPV.

The same solutions were also drop cast onto 16 um IDTs and tested for their IV behavior under
both dark and illuminated conditions and the results are shown in Figure 49. Interestingly, the
two concentrations had negligible differences in their response. This could mean that the stilbene
that is crystallizing is crystallizing out only on the top surface of the sample, which is not seen by
the IDT and therefore not significantly altering the electrical properties.
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Figure 49. IV behavior of MDMOPPV with 10% and 20% stilbene.

The photoconductivity was tested on the same IDTs, and the results are shown in Figure 50. As
might be expected from the IV data, the two samples showed essentially no difference. However,
the literature cited saw dramatic increases in mobility above the point at which the small
molecule started to crystallize within the blend, so it was unclear what to expect. The IV
behavior had been essentially the same so the conductivity was not altered, but it may have been
possible that some small changes were templated close enough to the electrodes to have altered
mobility and affected the photoconductive response.

Figure 51 shows a summary of the photoconductivity data for the additive screening with
MDMOPPV and MDMOPPV/PCBM blends. The PCBM blends show a much higher
photoresponse than the MDMOPPV films without fullerenes, but this was previously shown.
Interestingly, the increase is a bit less than it was for OC10PPV. Other variables showed no
significant increase in photoresponse that is likely to be worth further investigation. Therefore,
none of these was investigated with OC10PPV or pursued further.
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Figure 50. Photoconductive response for MDMOPPYV with 10% or 20% stilbene.
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7. Particle Track Effect

Additional proton beam experiments were performed to estimate charge collection efficiency,
and investigate angular response of film detectors. The experimental setup is shown in Figure 52
below. From our initial measurements it was known that subtle changes in response could be
comparable to beam current variations; therefore a dual detector arrangement was built, as seen
in the figure. This system employed a fixed free-standing PPV film detector in front, with a
rotatable planar cast film detector in back. The fixed detector response was assumed proportional
to the beam current, and the ratio of this signal to that of the device under test was used to
determine the response variation with angle.

e Proton Energy — 3 MeV
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Figure 52. Experimental setup for angular response.

Results are seen in Figure 53 below. It was found that, contrary to the expected result, the signal
strength decreased as the angle deviated from normal incidence. This is reasonable if it is
assumed that a high mobility path is created along the particle track (i.e., traps are saturated near
ionization path). In this case the charge motion will be fastest along ionization track, where the
electric field component is reduced to exactly offset the increased carrier number. The signal
strength is reduced, however, because only carrier motion in the z direction contributes to signal,
resulting in the observed signal proportional to cos().
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Figure 53. Results of proton beam experiments to estimate charge
collection efficiency.
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8. Conclusions

Conjugated polymers in the family of substituted poly(p-phenylene vinylene)s were investigated
as detectors for ionizing radiation, primarily fission energy neutrons (0.1- 2 MeV).
Semiconducting organic materials can have a high ratio of hydrogen to carbon, allowing for
neutron sensitivity with no moderator, while the low Z provides minimal gamma interaction.
These wide bandgap semiconductors can be selected to have high resistivity and high dielectric
strength, allowing operation at high bias with low background noise. The materials can also be
solution cast, allowing very different detector forms than currently available with crystalline
semiconductors. Significant increases in size and reductions in cost are also possible with scale-
up considerations. However, initial inquiries showed that improvements in charge collection
efficiency were necessary in order to achieve the desired single particle detection with a
reasonable signal-to-noise ratio. This work examines processing variables and additives to
achieve that increase, as well as relevant environmental considerations.

This work demonstrated the viability of using w-conjugated organic materials for semiconducting
neutron detection based on their proton-induced conductivity transient response. This further
showed that the material property improvements can be tested via photoconductive response,
which can be correlated to the proton response. IDT devices exhibited turn-on at biases of only
50 V, and did not show significant signal degradation until a total dose of 1 Mrad. Modeling
showed that thicker films are necessary to be able to absorb much of the energy, but this is
difficult to optimize with charge collection.

Films of substituted PPV, OC10PPV, were exposed to a 3 MeV proton beam and showed ion-
induced transients. This showed similar shape to photo-induced transients from laser excitation.
Due to the greater ease of experimentation, the laser excitation was used for further experiments.
The proton exposure was also used to verify radiation hardness to a total exposure of
approximately 1 Mrad, and viability of use at a bias of only 50 V. Modeling showed that the film
used for testing was far too thin to include the Bragg peak of the beam, but charge collection
would be difficult across such a thickness and this parameter should later be optimized for a
final device.

The substituted PPV, MEHPPV, was shown to exhibit electrical sensitivity to temperature
fluctuations as small as one degree Celsius. Films also showed electrical sensitivity to
environmental differences of ambient air, dry air, and dry nitrogen. After storage in
environments of ambient air or dry nitrogen, the excitation and emission spectra differed in
intensities between the two samples, and the sample stored in air gained a significant shoulder in
the emission spectrum.

Polarized FTIR was used to quantify the order in films using the Hermans orientation function.
Drop cast films were found to be completely amorphous with an orientation function of zero, and
films stretch-aligned post-polymerization to a ratio of 3.7 had an orientation function as high as
0.66. These values approached the theoretical Kratky function, thought to be a limiting value for
constant density polymer alignment. Post-stretching annealing, at the conditions tested, did not
improve alignment. The stretch rate appeared to have no impact, nor did exposure to dry
methanol vapor prior to and during alignment. Addition of up to 20% by weight of PCBM
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nanoparticles did not interfere with the polymer alignment. Greater amounts of nanoparticles
resulted in a polymer of insufficient quality to support a freestanding film for FTIR testing. Post-
polymerization alignment methods have rarely been attempted, but are appealing for scale-up.

The photoconductive response approximately doubled for stretch-aligned films with the stretch
direction parallel to the electric field direction, when compared to as cast films. The response
was decreased when the stretch direction was oriented orthogonally to the electric field. Stretch-
aligned films also exhibited a significant sensitivity to the linear polarization of the laser
excitation, whereas drop-cast films showed none. This indicates improved mobility along the
backbone, but poor w-overlap in the orthogonal direction, as was hoped for.

Drop-cast composites of PPV with PCBM nanoparticles showed approximately a two order of
magnitude increase in photoresponse, nearly independent of the amount of nanoparticle content.
Interestingly, stretch-aligned composite films showed a substantial decrease in photoresponse
with increasing stretch ratio. Other additives examined, including small molecules and co-
solvents, did not cause any significant increase in photoresponse.

Finally, we discovered an inverse-geometric particle track effect wherein increased track lengths
created by tilting the detector off normal incidence resulted in decreased signal collection. This is
interpreted as a trap-filling effect, leading to increased carrier mobility along the track direction.
Estimated collection efficiency along the track direction was near 20 electrons / micron of track
length, sufficient for particle counting.
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