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Modes and Attenuated Total Reflectance Infrared Spectroscopy
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ABSTRACT: Understanding dopant diffusion within organic and
polymeric semiconductors is of great importance toward the develop-
ment of organic photovoltaic and electronic devices, many of which

require layered structures with controlled doping profiles (e.g, p—n and 8

p—i—n structures). The current paper demonstrates a new method to N\ P3HT 1L CoH
determine the diffusion and permeability coeflicients for dopant diffusion — — - :
within polymeric and small-molecule organic semiconductors using \\ “.. .ATR Cell~ ™ / f+2\
attenuated total reflectance infrared (ATR-IR) spectroscopy and taking - “a

advantage of the intense IR-active vibrational bands created when

dopants such as iodine accept charge from a semiconducting polymer to generate polaronic species. The diffusion and
permeability coefficients for iodine within poly(3-hexylthiophene) (P3HT) are determined to be 2.5 X 107" + 1.2 X 107! cm?/
sand 2.4 X 107® + 1.2 X 10™® cm?/s-atm, respectively. The approach is applied to P3HT/PCBM (1:1 mass ratio) films, and the
diffusion and permeability coefficients through these composite films are determined to be 7.8 X 10™"! + 2.8 X 107" cm?/s and
4.8 X 107® + 1.3 X 107* cm?/s-atm, respectively. Finally, the approach is extended to determining iodine diffusion within the
polycrystalline semiconductor tetraphenylporphyrin (TPP) in a bilayer film with P3HT, and the diffusion coefficient of iodine
through TPP is determined to be 7.1 X 107"* + 1.1 X 10™'* cm’/s. Although the current paper determines diffusion and
permeability for the dopant iodine, this approach should be applicable to a wide array of dopants and polymeric and small-
molecule semiconductors of interest in photovoltaic and electronic applications.
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B INTRODUCTION

Organic and polymeric semiconductors have been the subject
of intense inquiry in recent years, especially with regard to their
relevance to the development of organic photovoltaic cells.' ™
In recent years, chemical doping has been explored as an
approach to tailor and enhance the properties of organic and
polymeric semiconductors.® ' Hole doping of organic semi-
conductors can be performed using a variety of species such as
bromine, iodine, or organic molecules such as tetrafluorote-
tracyanoquinodimethane (F,-TCNQ).*"" Electron doping has
been performed with metals, such as lithium or cesium, and
organometallics.”™® Molecular precursors have also been used,
which upon thermal annealing dope their host films.”'® In
analogy to complementary metal—oxide semiconductor elec-
tronics, the development of controlled doping processes for
organic electronics is anticipated to provide a major break-
through in terms of realizing useful devices.*'®  Chemical
doping of organic semiconductors can control the charge
carrier density within devices, reduce contact resistance at
interfaces, and increase mobility through trap filling%*'*"!
Controlled doping is especially important in p—n and p—i—n
devices."? Organic light-emitting devices (OLEDs) and OPVs
have shown enhanced performance as a result of chemical
doping.®"® In the case of OPVs, a 50% enhancement in
efficiency has been reported as a result of iodine doping of
poly(3-hexylthiophene) (P3HT)/PCBM devices."® Small-mol-
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ecule dopants such as iodine and alkali metals have been
reported to lack diffusional stability.*®'>'* In order to achieve
doping with diffusional stability, larger organic molecules such
as tetracyanoguinodimethane (TCNQ) and F,-TCNQ_have
been utilized.” However, there are very few reports for the
diffusion parameters of dopants within organic semiconduc-
tors.">'® It would be valuable to understand the diffusional
properties of dopants within organic semiconductors to
determine how fabrication, processing, annealing, and operating
conditions impact the dopant distribution.

To the best of our knowledge, the diffusion constant of
iodine through P3HT films has yet to be reported. Diftusion of
gases through polymeric films is routinely measured, most often
through differential pressure experiments.'”'® The diffusion
coefficient for oxygen through P3HT films was obtained on
free-standing films by measurement of the oxygen partial
pressure differences across the film over time."® Iodine diffusion
in polymers such as polycarbonate (PC), poly(ethylene
terephthalate) (PET), and acrylonitrile—butadiene—styrene
(ABS) has been measured using positron annihilation lifetime
techniques.”” The diffusion of iodine in polycrystalline
porphyrin films has been measured electrochemically in
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Schottky barrier devices.'® However, simpler approaches to
measuring the diffusional properties of dopants within organic
and polymeric semiconductors will be valuable, especially as the
importance of these materials grows and also the importance of
understanding and controlling doping processes within these
materials grows.

In the present work, we measure iodine diffusion within
regioregular P3HT at a low concentration of iodine dopant.
This approach takes advantage of the intense IR-active
vibrational (IRAV) modes present in P3HT when it is doped
by iodine. These IRAV modes result from the polaronic or
bipolaric species generated upon charge transfer from P3HT to
iodine.”® These intense bands (present as a broad absorption at
~2500—4000 cm™" as well as structured absorptions at 900—
1300 cm™') are present in most conducting polymers (ie.,
polyacetylene and related polymers) and are particularly intense
in P3HT.>**!

In our experiment, the iodine dopant is delivered in the gas
phase to the film. The film is deposited on an attenuated total
reflectance infrared (ATR-IR) cell, and the rate of diffusion of
the analyte through the film is observed through the growth of
IRAV bands over time (see Figure 1) By plotting the intensity
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Figure 1. Scheme for the use of ATR-IR spectroscopy to detect
dopant diffusion. ATR-IR uses evanescent wave interaction to probe a
thin layer at the interface of P3HT and the germanium ATR cell. The
depth of penetration is determined by the wavelength and incidence
angle (see the text for details). The diffusion of iodine through P3HT
can be determined because iodine dopes nearby P3HT, creating a
polaron with intense IR absorption.
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Figure 2. Molecules studied: regioregular P3HT, PCBM, and TPP.

of these bands over time, we can measure indirectly the rate of
diffusion of iodine through P3HT through the growth of these
bands. (The doping of P3HT is considered fast and is observed
to be reversible.) Iodine diffusion through P3HT could occur as
an I, molecule. Diffusion could also be envisioned to occur as
an jon (I” or I;7) moving together with the polaron through
the film. Most likely, a combination of these mechanisms is
involved; however, the exact molecular mechanism of diffusion
is beyond the scope of this initial study. Using the time-lag
approach, we can calculate the diffusion coefficients for iodine
through P3HT.'>'” The slope of the IRAV intensity curves
versus time was used to calculate P3HT permeability to iodine.
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Using this approach, we have also measured the diffusion of
iodine through a composite film composed of P3HT/PCBM
(1:1 mass ratio), which is the prototypical bulk heterojunction
composition for organic photovoltaics. We have determined the
diffusion and permeability coeflicients for iodine within this
composite film.

The ATR-IR method of measuring iodine diffusion can be
extended to general organic and polymeric semiconducting
films. We have measured the diffusion of iodine through a
polycrystalline small-molecule organic semiconductor film
using a bilayer approach. In this experiment, we first deposit
a thin P3HT film (approximately 0.5 um), followed by
evaporation of a thin film of the organic semiconductor
tetraphenylporphryin (TPP; chosen because diffusion of iodine
through this film has been reported previously)."® In this
experiment, iodine diffusion through the TPP film is observed
by intense IRAV absorption, which appears as soon as the
dopant reaches the P3HT film. Using this bilayer approach, our
method for measuring diffusion can be applied broadly to any
material that can be deposited on top of our P3HT film.

Although all experiments in this manuscript are performed
for iodine, our approach can be generalized to other dopants
and, with appropriate modifications, should be applicable to
measuring the diffusion of technologically important dopants
such as TCNQ and F,-TCNQ. The diffusion and permeability
constants for iodine through P3HT will be of value in the
design of gradient-doped P3HT systems with applications in
OPV, OLED, and organic electronics.® It will also serve as a
model for diffusion of other species within P3HT, which may
be relevant for understanding of OPV stability and photo-
degradation.”>*?

B EXPERIMENTAL SECTION

Materials. Iodine, regioregular P3HT (number-average molecular
weight M,; 15—4S K), TPP, and chlorobenzene were obtained from
Sigma Aldrich and used as received. PCBM was purchased from Nano-
C. ATR measurements were made using a Nicolet Magna 560 IR
spectrometer with a multibounce germanium ATR cell (trough). Film
thickness measurements were performed using a Wycko optical
profilometer.

Sample Preparation. P3HT Films. P3HT (approximated 20—25
mg) is dissolved in 1.2 mL of chlorobenzene. This solution is heated to
40 °C to aid dissolution of P3HT. The solution is filtered through a 1
pum syringe filter and deposited onto the germanium ATR cell. The
ATR cell is slowly (~0.2 cycles/s) rotated using a spin coater, in order
to ensure an even film. Solvent evaporation takes approximately 2 h.
The resultant film (1.8—3 pm) is annealed under a nitrogen
atmosphere in a vacuum oven for 30 min at 100 °C. The resulting
film is subjected to iodine exposure within a glass enclosure that is
seated upon the ATR cell within the IR spectrometer.

P3HT/PCBM Films. A total of 12.5 mg of P3HT and 12.5 mg of
PCBM are dissolved in 0.8 mL of chlorobenzene with slight heating
(40 °C). The resulting solution is filtered through 1 ym syringe filter
and deposited onto the germanium ATR cell. The films are annealed,
and iodine diffusion is measured in a manner analogous to P3HT films
(vide supra).

TPP/P3HT Bilayer Films. P3HT (14 mg) is dissolved in 0.8 mL of
chlorobenzene at 40 °C. Approximately 0.08 mL of this solution is
deposited onto the germanium ATR cell to generate a thin film (~500
nm; annealed as described above). TPP is deposited on top of the
P3HT film by thermal evaporation using an Edwards Auto 306
thermal evaporator (base pressure 5 X 107° Torr; rate 0.5 A/s).

ATR-IR Spectroscopy. The P3HT film on the germanium ATR
cell is placed within the IR spectrometer. A homemade glass enclosure
is place on top of the cell. I, is heated to 50 °C in a vial under N, and
placed under the glass enclosure. Measurements of IR spectra are
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taken immediately after iodine exposure and at intervals for a period of
approximately 2000—4000 s. All diffusion experiments are performed
at room temperature.

For experiments with P3HT and P3HT/PCBM, a normal curve is
made to determine the amount of I, introduced to the film (see Figure
5). Quantitative solutions of I, in chlorobenzene are made. P3HT is
dissolved in a separate chlorobenzene solution. The P3HT and I,/
chlorobenzene solutions are mixed in ratios to create the appropriate
concentrations (measured as I,/P3HT w/v). These films are deposited
without filtering because I,/P3HT precipitates to varying extents
depending on the iodine concentration presumably because of the
lower solubility of the charge-transfer complex of I, and P3HT. The
I,/P3HT films are permitted to dry under ambient conditions.
Thicknesses (~5 um) are obtained that are much thicker than the
pentration depth of ~500 nm for ATR measurement. A normal curve
is generated for P3HT/PCBM using the same procedure.

B RESULTS

Figure 1 illustrates the ATR-IR spectra for P3HT films
deposited on germanium that has been exposed to iodine
vapor. The spectrum for pristine P3HT is the black spectrum in
Figure 1. In addition to the peaks in the CH stretch region
(2800—3000 cm™), there are three characteristic peaks at
1350—1510 cm™" and another characteristic band at 819 cm™.
Assignments for P3HT IR spectra have been published.** The
peak at 1510 cm™" has been assigned to the asymmetric C=C
ring stretch. The peak at 1456 cm™' is assigned to the
symmetric C=C ring stretch. The peak at 1378 cm™' is
assigned to the deformation/vibration of terminal methyl in the
hexyl side chain. The absorption at 819 cm™ is assigned to the
out-of-plane distortion of C—H on the ring.*®

Upon introduction of iodine vapor to the sample, an increase
in the IRAV mode intensity over time is plotted. Several bands
are observed in the IR spectra including a broad absorption
between 1500 and 4000 cm™" and several strong IRAV bands
between 1000 and 1500 cm™" associated with the polaronic
charge carrier.””*' These polaronic bands are induced by iodine
present within the film as a result of electron transfer from the
P3HT film to iodine. This process is facile and reversible.”**!
Because the iodine concentration is linearly related to the
strength of the polaronic band (see Figure 3), the polaronic
IRAVSs can be used to quantify the iodine diffusion rates within
the P3HT films. Because there is a broad increase in the IR
spectra as a result of the iodine dopant, we can monitor the
diffusion at several wavelengths and have independent
measurements to calculate the diffusion constant. As can be
seen in Figure 3, we have calculated diffusion using absorption
values averaged between 1280 and 1340 cm™), 3100 and 3200
cm™, and 3900 and 4000 cm™" because these windows capture
the broad hump of the polaronic absorption as well as the
narrow feature of the absorption. The further advantage of this
approach is that the penetration depth for the ATR
measurement is dependent on the wavelength, and the
measurement performed at 3900—4000 cm™' penetrates a
shorter distance into the P3HT film than the measurement at
1280 cm™), as defined by eq 1.*°

A
n

dp (depth of penetration) =
27r[sin2 0 - (1

,L/2
"1) ] (1)
The refractive indices n; and ng are the refractive indices for
germanium (n; = 4) and P3HT (n, = 1.7), respectively. The
refractive index at IR wavelengths is obtained by extrapolation
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Figure 3. IRAV bands in P3HT activated upon iodine exposure. The
black spectrum is the ATR-IR spectrum of the P3HT film prior to
iodine exposure. The gray curves are spectra of P3HT after various
times of iodine exposure. Times range from 0 to 2870 s. Data for
kinetic analysis of iodine diffusion within the P3HT film are taken at
1280—1340, 3100—3200, and 3900—4000 cm ™.

from published values of ny for P3HT in the visible to near-
IR.*” The angle = 45° and is the incidence angle for the ATR
cell.

For 3900 cm™, the depth of penetration is approximately
180 nm, whereas for 3100 cm™}, it is 224 nm, and for 1280
cm™, it is 537 nm. This difference in penetration depth for the
ATR cell results in a different effective thickness, which is
experimentally observed in Figures 3 and 4 as a difference in
the time lag before a steady-state increase in the iodine
concentration is observed versus time.

The average absorption over the bands specified above was
plotted versus time for each sample measured, and a
representative sample is presented in Figure 4. The overall
profile of absorption increase versus time is presented in the
inset, and the main figure highlights the linear portion of the
increase and the time lag before this linear increase. The time
lag, or x-intercept value, is used to calculate the diffusion
coefficient for iodine through the P3HT sample, and these
values are presented in Table 1. Equation 2 is used to relate the
time lag to the diffusion constant.'>"”

12
) ©)

The value of | is determined to be the film thickness measured
using optical profilometry with the penetration depth
subtracted. Using this approach, we can calculate the diffusion
constant for iodine at different wavelengths (with correspond-
ing penetration depths). By utilizing multiple penetration
depths, we can be more confident that we are measuring iodine
diffusion through the film and not other processes such as
iodine absorption or polaron movement.*’

In order to determine the permeability from our IR data in
Figure 3, the relationship between the absorption data and
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Figure 4. Monitoring the increase in IRAV band absorption versus
time for P3HT upon exposure to iodine. Absorption monitored at
1280—1340, 3100—3200, and 3900—4000 cm™'. Linear portion of
growth fit to determine the x intercept to calculate the diffusion
constant within iodine. The inset shows the entire time span
investigated, showing saturation of absorption at long exposure times.

iodine concentration needs to be known. We have done this by
depositing films of P3HT/I, solutions in which the iodine
concentration is known. These films exhibit the same IRAV
absorptions as those seen in P3HT doped with iodine vapor,
and the relationship between the iodine concentration and
absorption is linear. The data for absorption at 1280 cm™ are
presented in Figure S. Although this is not an extinction
coefficient for iodine or for the polaron, it can be used as an
effective extinction coefficient for iodine in our vapor-doping
experiments because the iodine concentration in the film is
linearly related to IRAV absorption. Because we are performing
an ATR experiment, the path length and penetration depth are
dependent on the wavelength chosen, and so the data
presented in Figure S are only applicable to 1280 cm™.

We used the coefficient of 11.317 (mmol/mL)™" to convert
data in Figure 3 into the concentration versus time data
presented in Figure 6. These data were used to determine the
permeability of the P3HT film to iodine. Figure 6 is
representative of the multiple samples tested and tabulated in
Table 1. The slope in Figure 4 (d[M]/dt) is used to calculate
the permeability using eq 3, which is derived for permeability
calculations in gas diffusion experiments, and dp/dt is the
pressure differential.'”
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Figure S. Calibration of iodine response. Measurement of the IRAV
intensity in ATR-IR spectra induced by specific concentrations of
iodine in P3HT and P3HT/PCBM films. Average absorption of
1280—1340 cm™" for P3HT. Average absorption of 1300—1325 cm™
for 1:1 P3HT/PCBM.
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Figure 6. Iodine concentration within the P3HT film probed by ATR-
IR experiment at 1280—1340 cm™'. The slope is related to the
permeability of iodine within P3HT.

Our experimental quantity d[M]/dt can be related to dp/dt, as
illustrated in eq 4

Table 1. Diffusion, Permeability, and Solubility Coeflicients for Iodine in P3HT

data set Dy, p3ur (ecm?/s) film thickness (cm)
1 3.90 x 1071 23x 1074

2 175 x 1071 3.0 x 1074

3 1.83 x 1071 1.8 x 107
average 25 x 107" £ 1.2 x 107"

penetration depth (cm)

P (cm?/s-atm) S (ecm®/cm>-atm)

537 X 107° 3.80 x 1078 975
537 X 107° 1.63 x 1078 932
537 x 107° 1.82 x 1078 992

242%x 108 £ 12 x 1078 966 + 31
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Table 2. Iodine Diffusion, Permeability, and Solubility Coefficients through the P3HT/PCBM Composite Film (1:1 by Mass)

data set Dy paur (cm?/s) film thickness (cm) penetration depth (cm) P (cm?/s-atm) S (cm®/cm-atm)
1 5.5 x 1071 32x107% 537 x 107° 415 x107* 754
2 11x 107" 4.0 x 107 537 x 107° 7.09 x 107° 644
3 7.0 x 107" 4.0 x 107 537 x 107° 571 x 107 816
Average 7.8 x 107" £ 2.8 x 107! 565 % 107 + 1.5 x 107* 738 + 87
0.35 4
P _ ﬂ(ﬂ) = My ap)RT
dt dt\ Vv dt (4)
0.30 —
P= d[M] ( 273Rldp ] P3HT:PCBM Film 1:1
m 13001325 cm
dt p ©) 025 O 3100-3200 cm’”
where dn/dt = flux of molecules (units: mol/s), which is related ® 3900-4000 o
to the slope obtained from Figure 4, which is the flux (units: . 020
mols/L-s) multipled by the volume being probed by the ATR ‘é
experiment (area X depth of penetration = Adp). Using these g 015
relationships (eqs 3—5), we can obtain values for the '
permeability, which are presented in Table 1.
Finally because the permeability and diffusion coeflicient are 0.10
related by the solubility parameter, we can calculate this
parameter S using eq 6. 0.05 -
S=P/D (6)
Results for P3HT/PCBM. P3HT/PCBM (1:1 by mass) was 0.00 —Llr"..' | [ , |
dissolved in chlorobenzene and deposited as a film onto the 0 500 1000 1500 2000

germanium ATR cell. Film thicknesses ranged from 3 to 4 ym
(see Table 2). The IR spectra for the P3HT/PCBM film before
doping and later into doping are presented in Figure 7. The

0.6 7 = P3HT:PCBM 1:1 Film before doping
== P3HT:PCBM 1:1 Film after doping
0.5
0.4
s PCBM
g carbonyl
§ absorption
024 1740 cm!
0.1
0.0

I 1 T 1 T T
4000 3500 3000 2500 2000 1500
Wave No. (cm")

I
1000

Figure 7. ATR-IR spectra for P3HT/PCBM films deposited on a
germanium substrate before and after iodine doping.

main feature of PCBM is the carbonyl absorption observed at
1740 cm™".** The polaronic absorption appears more or less
the same in the composite as in neat P3HT films with a broad
absorption band from 2000 to 4000 cm ™" and narrower features
in the 800—1400 cm™ range, with a notable band at 1280—
1340 cm ™. An absorption from PCBM at 1260 cm™" overlaps
with the polaronic absorption. For this reason, a narrower
window of 1300—1325 cm™" is used to probe diffusion (see
Figure 8).

The time lag approach was used to calculate diffusion
coefficients, permeability, and solubility parameters for P3HT/
PCBM films. A normal curve for the 1:1 P3HT/PCBM film
was made in a manner analogous to neat P3HT films (see
Figure S). The iodine concentration is related to polaronic
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Figure 8. Monitoring the increase in IRAV band absorption versus
time for P3HT/PCBM (1:1) films upon exposure to iodine.
Absorption monitored at 1300—1325, 3100—3200, and 3900—4000
cm™". Linear portion of growth fit to determine the x intercept to
calculate the diffusion constant within iodine.

absorption through the extinction coefficient of 3.87 (mmol/
L)™', which is slightly less than half of the extinction coefficient
for neat P3HT, as expected because P3HT is diluted because of
the presence of PCBM. Using this value, we can calculate the
concentration of iodine that arrives at the penetration depth for
1300—1325 cm™' and use this to determine the permeability
and solubility parameters, as specified previously for neat P3HT
(see Table 2).

Measuring Diffusion through TPP. An adaption of the
time-lag approach is used to measure diffusion of iodine
through the polycrystalline thin film TPP. For these experi-
ments, a thin layer (~500 nm of P3HT is deposited onto the
germanium ATR cell, followed by thermal evaporation of
TPP). The ATR-IR spectra for TPP and the P3HT/TPP
bilayer are presented in Figure 9. The depth of penetration at
1300 cm™" is approximately S00 nm, and for this reason, P3HT
absorption dominates the ATR-IR spectra for the bilayer. (At
higher wavelengths, the depth of penetration is even less.)
Furthermore, as a control, a 150 nm TPP thin film evaporated
directly onto the germanium ATR cell and was subjected to
iodine exposure, and no significant changes are observed in the
IR spectrum on the time scale of our doping experiments.
Exposure of the bilayer to iodine does result in an absorption
change consistent with the P3HT polaron (see Figure 9).
Representative data are presented in Figure 10. An initial linear
slope is observed from the onset of iodine exposure. We
observe further increases in the polaronic signal superimposed
on this linear signal. The immediate onset of the linear signal
suggests to us rapid diffusion through defects, grain boundaries,
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Figure 9. IR spectra for TPP (150 nm) and a P3HT (500 nm)/TPP
(150 nm) bilayer deposited on ATR cell. The bilayer spectra are
dominated by the P3HT signal because the depth of penetration for
the germanium cell ranges from 180 to 537 nm across the wavelength
range.
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Figure 10. Measuring the diffusion of iodine through a polycrystalline
TPP thin film deposited on top (0.5 ym P3HT film). Iodine diffusion
observed via an increase in IRAV mode absorption in P3HT (filled
squares: raw data). Defects and grain boundaries in the thin film result
in immediate linear response upon exposure to iodine. Absorption
resulting from diffusion through TPP superimposed on this linear
background signal. The linear background subtracted out yields
corrected data (open squares). A fit to the linear growth of this curve
yields diffusion parameters for iodine through TPP.

imperfections, and pin holes within the 100—150 nm TPP film.
Iodine diffusion through these defects would be very fast, and
near-immediate interaction with the underlying P3HT film
would register as a polaronic absorption because the P3HT
thickness is smaller than the penetration depth. This linear
response can be subtracted out (see Figure 10) to reveal the
absorption profile, which results from diftusion through the
polycrystalline TPP film. Application of the time-lag approach
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to this data allows calculation of the diffusion constant for
iodine through TPP. Measurement was performed for films of
three different thicknesses, and the diffusion coeflicients
determined by this approach were 7.1 X 107" + 1.1 X 107**
cm?/s.

B DISCUSSION

Film deposition of regioregular P3HT (Aldrich; 15—45 K) was
performed from a chlorobenzene solvent, via dropcasting. The
films once deposited were annealed at 100 °C under a nitrogen
atmosphere for 30 min. Deposition and annealing were
performed in an attempt to standardize the resultant film and
conform these film properties to those typically obtained.”**’
Annealing is expected to increase the crystallinity within the
P3HT film.” Although annealing was performed under a
nitrogen atmosphere, film deposition was performed in an
ambient atmosphere, and the humidity was not controlled.
Furthermore, it is well-known that P3HT film morphologies are
typically far from equilibrium,”® so small changes in the process
temperature or history could result in variations in the
measured parameters obtained between different samples
reported in Table 1.

Diffusion, permeability, and solubility coefficients were
obtained using the time-lag approach.">'”'® In this approach,
the x intercept of the linear portion of the curve is used to
calculate the diffusion coefficient using eq 2. The slope of the
linear portion of the curve is used to calculate the permeability
using eq 5. As can be seen in the inset for Figure 2, the
absorption signal for the polaron saturates over time. In Figure
2, deviation from linearity occurs at an optical density of 0.6
(corresponding to an iodine loading of approximately 0.06
mmol/mL). These deviations from linearity could result from
possible repulsive interactions of P3HT polarons at higher
density. The reduced mobility has been reported for P3HT
samples under exposure to high oxygen pressures (4—10 atm),
where increased carrier concentration may have similar
effects."®

Oxygen diffusion constants have been measured for P3HT
and determined to be 1.2 X 10~% cm?/s.!> These values were
determined by measuring the pressure of oxygen diffusing
through a thick P3HT film. The low diffusion rate was
considered to be, in part, due to the semicrystalline nature of
P3HT, which is believed to retard diffusion. Our iodine
diffusion constants are measured to be ~500X slower than
those for oxygen, and this difference is consistent with the size
difference between I, and O, (the kinetic radius for O, is 3.45
A, whereas I, has a kinetic radius of 6.5 A).>**!

Iodine diffusion has been measured in PET, ABS, and PC
using the positron anniliation lifetime technique.'” Non-Fickian
diffusion was observed in ABS and PET, but Fickian diffusion
was observed for PC. Diffusion coeflicients for the Fickian
component of diffusion in ABS and PET were found to be 1.55
and 1.59 X 107% cm?/s, and in PC, a diffusion coefficient of 5.7
X 107 cm?/s is reported. In the case of crystalline solids
(MTPP, where M = Mg, Cu, Zn, H,, and Ni), diffusion
coefficients ranging from 1.1 to 82 X 107" have been
reported.'® Compared to these reported values, our measured
diffusion coeflicient for iodine within P3HT appears to be
reasonable (2.5 X 107" cm?/s) because P3HT is a semicrystal-
line polymer that has properties intermediate between those of
the crystalline porphyrins (~107"° cm?/s) and thermoplastic
polymers (107—107? cm?/s).
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Although all films were handled and processed using the
same procedure, there is some variability in the measured
values for diffusion. A comparison of data set 1 with 2 and 3
shows a deviation in the measured diffusion coefficient (see
Table 1). Because this deviation is also observed in the
permeability (see below) and because the solubility parameter
obtained (S) is relatively constant (see Table 1) for all
measurements, we do not think the difference in the measured
mobility is a random error but rather is due to the subtle
difference in morphology and processing history as discussed
above, which could result from the fact that these P3HT films
are deposited and annealed far from equilibrium.*®

In contrast to reports on the permeability of oxygen within
P3HT," the permeability of iodine that we measure is much
higher (2.4 X 107® vs 3.4 X 10™"! cm®/s-atm). The interaction
of iodine appears to be much stronger with P3HT than the
interaction of oxygen, and this is consistent with the large
solubility parameter of iodine within P3HT. Oxygen has a
solubility parameter reported to be 0.2, which is several orders
of magnitude lower than that of iodine.'> However, oxygen is
also reported to only form very weak complexes with P3HT"
and, in its ground state, is not efficient in doping P3HT.?® The
relationship between the permeability and diffusion is inverted
for iodine and oxygen within P3HT. Iodine diffusion is slow
because of its large size, but the iodine permeability is large
because of the strong interaction of I, and P3HT, which is
further evidenced by the high solubility parameter. In
comparing iodine permeability within P3HT, we can consider
permeabilities for other small molecules through polymers.
Values for the permeability of methane within natural and
synthetic rubbers range from 0.6 to 12.5 X 107® cm?/s-atm.
Methane has a kinetic radius that is slightly smaller than that of
iodine (4 as opposed to 6.8), but the permeability values are in
roughly the same range.”’ It was somewhat surprising to obtain
a very high value of the solubility coefficient (966 + 31 cm?/
cm*atm). In all of the samples tested, we obtained a very
consistent value for S, as calculated from eq 6, which suggests
that although some variability in the diffusion and permeability
are present in the different P3HT films, the ratio of these as
determined by the solubility parameter is fairly constant for
these different P3HT films. The very high value is similar to the
solubility coeflicients for water within hydrophilic polymers
such as water in poly(ethyl methacrylate) (S = 236 cm®/cm*
atm), cellulose nitrate (S = 1824 cm?®/cm®-atm), and Kapton (S
= 2168 cm?®/cm*atm).>* The large solubility coefficient
calculated from our data is consistent with iodine doping
studies on other organic semiconductors such as pentacene in
which very high ratios of I,/pentacene (6:1) are achievable by
exposure of pentacene to iodine vapor.®> P3HT is similar to
pentacene as a conjugated 7 system, and this 7 system appears
to have a great affinity for iodine via charge-transfer
interactions.

When we measured diffusion in P3HT/PCBM composites,
we observed a roughly 3-fold increase in diffusion within the
composite as opposed to that of neat P3HT (7.8 vs 2.5 X 107"
cm?/s). P3HT/PCBM composites are believed to be composed
of neat P3HT domains, P3HT/PCBM mixed domains, and also
small PCBM domains.**** The results suggest that dopant
diffusion through the mixed domain is faster, possibly because
of a reduced crystallinity in these regions and a greater free
volume. The solubility parameter for the composite is slightly
lower than for neat P3HT, which suggests that I, is less soluble
within PCBM than P3HT. Because the permeability is the
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product of the solubility parameter and diffusion coefficient, the
values for P3HT/PCBM turn out to be lower than those for
neat P3HT. The increased diffusion in the composite film and
the reduced solubility in the PCBM domain suggest that
diffusion is occurring primarily through the P3HT phases. This
diffusion is occurring faster as a result of the greater disorder
and likely greater free volume in the P3HT phases of the
composite.

In order to generalize our method to address diffusion
measurements within a general organic or polymeric semi-
conductor, we developed a bilayer approach. In this approach,
we deposit a thin P3HT layer onto our germanium ATR cell,
which will serve as a reporter for iodine diffusion. The thickness
of this film (~500 nm) is chosen such that it is less than the
penetration depth probed by the ATR-IR method. At 1300
cm™’, this penetration depth is 537 nm. As a test molecule we
have chosen TPP because iodine diffusion through this
semicrystalline polymer has been reported (5.2 X 107"* cm?/
s).'° TPP is deposited using thermal evaporation, and films of
100—150 nm are deposited to make the diffusion times
tractable. TPP itself does not show any observable IRAV modes
as a result of iodine exposure, and as such, the appearance of
the IRAV is an indicator of iodine diffusion through the TPP
film to the underlying P3HT film (see Figure 10). We observed
with these thin semiconductor films that P3HT IRAV
absorption increases immediately upon exposure to iodine
vapor, and the initial response is linear. At later times, we see an
acceleration in the absorption increase. We interpret the initial
linear response as being due to rapid diffusion of iodine
through defects and grain boundaries in the thin TPP films.
This fast diffusion, which is several orders of magnitude faster
than diffusion through the TPP crystal itself, manifests in the
linear response. If we subtract this initial linear response, we
recover a IRAV absorption increase, which represents diffusion
through the crystal itself. The time-lag method can be applied
to these data to determine the time-lag ® for iodine diffusion
through the TPP crystal. These data are presented in Table 3.

Table 3. Diffusion of Iodine through TPP: Summary of the
Results

sample ©® (s)  TPP thickness (nm) diffusion coefficient (cm?/s)
1 276 100 6.0 x 107
2 320 125 82 x 107"
3 520 150 72X 1074
average 71X 107" £ 1.1 x 107

Three experiments were performed and provided consistent
data for diffusion through TPP obtained at three different film
thicknesses (100, 125, and 150 nm). The value we obtained
using our methods is 7.1 X 107* + 1.1 X 10™'* cm?/s. The
value we obtained is roughly 1 order of magnitude larger than
the value of 5.2 X 107'5 cm?/s reported previously by Nevin.'®
In Nevin’s approach, the conductivity of a porphyrin film is
measured, and a model is used to relate this to the dopant
(iodine concentration). The conductivity profile over time is
used to determine the diffusion constant of iodine within the
porphyrin film. Measurements were made at 20 °C compared
to our measurements at 25 °C. Film deposition in our samples
was performed at 0.5 A/s, whereas deposition in Nevin’s work
occurred at a much faster rate (6 A/s), which could result in
differences in film morphology. Considering these differences
in the measurement methods, temperature, and film deposition
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conditions, some differences in the measured diffusion
coefficients can be expected. However, the values that we
obtain are reasonable, and the reproducibility of our measure-
ments provides confidence in our approach.

H CONCLUSION

In summary, the intense IRAV bands of the P3HT polaron
provide a very sensitive probe for diffusion of dopants within
P3HT when coupled with ATR-IR spectroscopy. We have
demonstrated the use of these IRAV absorptions to determine
the diffusion, permeability, and solubility coeflicient of iodine
within P3HT and P3HT/PCBM composite films. We have
generalized this approach to determine the diffusion of iodine
through a polycrystalline TPP thin film, demonstrating that the
approach can be applied to almost any small molecule or
polymeric film deposited on P3HT. Most semiconducting
polymers exhibit IRAV modes when doped, as a result of
mobile polaronic species, and as such, many could be studied
using this technique.”® Diffusion of other dopants and impurity
molecules could also be studied using this approach. Of special
interest would be the application of this approach to study the
diffusion of larger molecular dopants such as TCNQ or F,-
TCNQ. Although at room temperature diffusion of these
dopants may be relatively slow within a polymeric or crystalline
semiconductor host, these materials may be subjected to
diffusion at even slightly elevated temperatures. For example, it
is well-known that the large fullerene PCBM is not diffusionally
stable within P3HT films at elevated temperatures, and
interdiffusion of PCBM is observable at temperatures as low
as 50 °C.** Modifications of our approach utilizing a heated
ATR cell and also adaption of the time-lag approach to measure
diffusion from a bilayer containing a thin film of dopant and
P3HT could be envisioned to address diffusion for this
important class of dopant molecules. Because the approach is
quite simple to implement using instrumentation available in
most laboratories, it should find broad applicability in studies of
dopant diffusion within these scientifically and technologically
important materials.
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