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Determination of photocarrier density under continuous photoirradiation
using spectroscopic techniques as applied to polymer: Fullerene blend films

Katsuichi Kanemoto,? Hitomi Nakatani, and Shinya Domoto
Department of Physics, Osaka City University, 3-3-138 Sugimoto, Sumiyoshi-ku, Osaka 558-8585, Japan

(Received 30 April 2014; accepted 14 October 2014; published online 27 October 2014)

We propose a method to determine the density of photocarrier under continuous photoirradiation in
conjugated polymers using spectroscopic signals obtained by photoinduced absorption (PIA)
measurements. The bleaching signals in the PIA measurements of polymer films and the steady-
state absorption signals of oxidized polymer solution are employed to determine the photocarrier
density. The method is applied to photocarriers of poly (3-hexylthiophene) (P3HT) in a blended
film consisting of P3HT and [6,6]-phenyl C61 butyric acid methyl ester (PCBM). The photocarrier
density under continuous photoirradiation of 580 mW/cm? is determined to be 3.5 x 10'®cm .
Using a trend of the carrier density increasing in proportion to the square root of photo-excitation
intensity, we provide a general formula to estimate the photocarrier density under simulated 1 sun
solar irradiation for the P3HT: PCBM film of an arbitrary thickness. We emphasize that the method
proposed in this study enables an estimate of carrier density without measuring a current and can

be applied to films with no electrodes as well as to devices. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4899609]

I. INTRODUCTION

The photophysics of conjugated polymers has been
intensely studied for the past three decades to understand
their intriguing photophysical properties such as photolumi-
nescence (PL) and photoconductivity.lf3 The excitons and
photocarriers generated by photoexcitation are responsible
for the photophysical properties and their photophysics have
remained important subjects for study. The photophysics of
photocarriers has particularly been intently studied because
bulk-hetero junction (BHJ) organic solar cells based on poly-
mer:fullerene films have attracted much attention as promis-
ing low cost solar cells. For enhancing the performance of
BHIJ solar cells towards practical applications, a deep under-
standing of the nature and dynamics of the photocarriers is
required.*” Particularly, although theoretical approaches to
explain the photophysical properties of the BHJ system have
recently been developing,®'° providing reliable experimen-
tal data to characterize the photocarriers in the BHJ structure
are still key elements toward understanding the nature of the
photocarriers.

Spectroscopic techniques are straightforward for charac-
terizing the photophysical properties of photocarriers. They
are particularly effective to examine the microscopic nature
of photocarriers.'' The primary information provided by spec-
troscopic measurements is a spectrum and a lifetime of photo-
excited states, and such data are used to analyze the electronic
structure and dynamics of photocarriers. However, to our
knowledge, a general method to estimate the density of photo-
carriers directly from spectroscopic measurements has not
been proposed for solid conjugated polymers, even though
this quantity is a very important parameter when discussing
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the photophysics. For polymers in solution, the number of car-
riers (cations) generated by oxidation can be counted by
assuming that all the oxidants added to the reaction are con-
sumed.'? In this respect, the quantification of photocarrier
number in a solid state polymer might also be regarded as
possible simply by comparing the spectral intensities of car-
riers between the solution and solid polymer samples.
However, such a procedure cannot be applied to conjugated
polymers because their electronic structure is usually different
between the solid and liquid phases due to interchain interac-
tions in the solid phase, making direct comparison of the spec-
tral intensities of carriers difficult. Deriving a relation
between the density and spectral intensity of carriers in solid
polymers is, thus, essentially difficult.

Generally, in photoinduced absorption (PIA) measure-
ments, the absorption signals induced by photoexcitation are
used to discuss the photophysics of photo-generated species.
However, in the measurements, bleaching signals, defined by
loss of the absorption signals in the ground state, can also be
detected and provide information about the ground state com-
ponents consumed by photoexcitation. In particular, bleaching
signals have, recently, been employed to identify the ground
state components consumed by photoexcitation'*'* or those
by charge-injection'>~"” for conjugated polymers. In this arti-
cle, we propose a method to determine the density of photo-
carriers in polymer films under continuous- photoirradiation
directly from PIA measurements. The method utilizes the
bleaching signals from PIA measurements and the steady-
state absorption signals induced by chemical oxidation in
solution. The method is applied to regioregular poly(3-hex-
ylthiophene) (P3HT), a representative conjugated polymer
used for BHJ solar cells. P3HT is known to form solid films
that have self-organized microcrystalline domains composed
of polymer chains with strong interchain couplings.'®'? The
interchain couplings cause the electronic states to differ

© 2014 AIP Publishing LLC
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between solid versus solution samples,19 and the difference
manifests when comparing the spectral structure and absorp-
tion cross section between the samples. Such differences are
indeed shown in Fig. 1, which displays the steady-state
absorption spectra for a film and solution of P3HT that con-
tain the same number of polymer chains per unit area.

The method we propose is used to determine the photo-
carrier density of P3HT under continuous photoirradiation in
a blended film of P3HT and methanofullerene, [6,6]-phenyl
C61 butyric acid methyl ester (PCBM), which is one of the
most studied and used films for BHJ solar cell applications.
The photocarrier density in the film is first determined for
conditions of continuous laser irradiation at 473nm. The
method is further extended into the conditions of simulated 1
sun solar irradiation and identified to give an appropriate
value. The method in this study is based on a simple theory
focusing on the proportion of reduction in spectral intensity
involved by carrier generation. The method can also be easily
applied to films and devices of other materials. Determination
of carrier density via the method must be effective to evaluate
a device performance and discuss the photophysics of conju-
gated polymers.

Il. METHODOLOGY FOR DETERMINING
PHOTOCARRIER DENSITY

The methodology used to determine the density of the
photocarriers in the solid film using PIA measurements is
described in this section. Briefly, the photocarrier density is
determined by converting the spectral intensity of the car-
riers in solution into those in the film through the bleaching
signals. This procedure consists of three steps and is
described here for a case of hole (cation) carriers: (i)
Examine the relationship between the spectral intensity and
the number of carriers generated by chemical oxidation in
solution. (ii) Examine the relationship between the spectral
intensity of the carriers in the solution and film samples. (iii)
Convert the spectral intensity of the carriers in the solution
into those in the film.

For the first step, the changes in the absorption spec-
trum induced by chemical oxidation must be quantified.
Conjugated polymers can be oxidized in solution using

'l-l-l-l-l-l-l-l-l-l-l-l-l-l-l-l-l-l-l-l-l-“
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FIG. 1. Absorption spectra of a poly (3-hexylthiophene) (P3HT) solution
and film divided by the product of the density or concentration p of P3HT
and path length / for the absorption measurements: p = 1.15 g/em® was used
for the film. The result demonstrates that the absorption cross section is dif-
ferent between the solution and film samples.
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chemical reagents to generate cations.'****! For the oxida-
tion reaction, it can be assumed that all added oxidants are
consumed unless the reagent is added in excess. The num-
ber of cation-carriers in solution is therefore quantified
using the amount of added reagents. The changes in the car-
rier number are then monitored by observing the reduced in-
tensity of the absorption signals in the ground state.

For the second step, a method to associate the carrier
density of film with that of the solution is examined. The
electronic states in conjugated polymers are usually different
between the liquid and solid phases, and these differences
appear in their absorption spectra. However, despite the dif-
ferences in the electronic structure, the total number of elec-
trons constituting the polymers is conserved between the
liquid and solid phases as long as the number of polymer
chains present in the solid and liquid phases is the same. We
then consider the case in which the same number of carriers
is generated in the liquid and solid phases with the same
polymer number per area, as illustrated in Fig. 2. In this
case, the proportion of polymers converted into carriers for
all of the polymers is the same between the liquid and solid
phases. Subsequently, we can obtain the next relationship
—AOD,\  (—AOD, 1)

op, | \ op, |’

s

where OD, is the optical density of the ground state absorp-
tion and the indexes s and f are used for the solution and
film, respectively. The quantity —AOD, corresponds to the
intensity of the bleaching signals and is proportional to the
number of polymers converted into carriers. In this relation-
ship, only the spectral intensity of the ground state absorp-
tion is used; the intensity of generated carriers is not used.
The relation is based on the simple theory that the proportion
of decrease in ground state absorption signals is the same
throughout solution and film samples when the numbers of
polymer chains and carriers are the same. The relation, thus,
holds true regardless of degree of inter-chain interaction in
the solid film. Moreover, it can be used for a case that tem-
perature of samples varies by photoirradiation, as long as the
ground state absorption is properly measured under the same
photoirradiation intensity. However, it is noted that this
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FIG. 2. Schematic drawings of the solutions and films of polymers with the
same number of polymer chains and carriers per unit area.
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treatment is valid when the cause of the ground state- bleach-
ing is attributable only to generation of carriers in the chemi-
cal oxidation and photoexcitation. Additionally, even if
some morphological components coexist in the film, Eq. (1)
is valid when carriers are equally generated from each mor-
phological component; this factor can be judged by compar-
ing a line shape between the bleaching and steady-state
absorption spectra.

As the final step in determining the carrier density of
film, the spectral intensity between the film and solution
samples that have the same number of polymer chains per
unit area is compared. The next relationship holds between
the film and solution samples

prly = Cyll, @)

where pr and C; are the polymer density for the film and the
polymer concentration in the solution, respectively.
Additionally, /; is the film thickness and /; is the optical path
length during the absorption measurements in solution.

In the actual measurements, the quantity (—AOD,/OD,),
is measured from the PIA measurements for a film, whose
photocarrier density is unknown. As described above, solu-
tions and films with the same number of carriers give the
same values of —AOD,/OD, when they have the same num-
ber of polymer chains. We then define a virtual solution that
is supposed to give the same value of —AOD,/OD, and have
the same number of polymer chains per unit area as the
actual film. Finally, by calculating the carrier number of the
virtual solution from the relationship obtained in step (i) and
converting it to the film, the carrier density of the film is
determined. The actual determination of the density is shown
in Sec. IV based on experimental results.

lll. EXPERIMENTAL

P3HT was purchased from Merck Chemicals (Lisicon
SP001: Regio-regularity 94%) and was used as received. The
chemical oxidation of P3HT was performed using anhydrous
FeCl; (Aldrich) as an oxidant. The solutions of P3HT and
FeCl; were prepared in anhydrous dichlorobenzene. The oxi-
dation reaction was enacted by adding the FeCl; solution to
the P3HT solution, and the subsequent changes in the
absorption spectrum were recorded immediately after adding
the FeCl; using a commercial ultraviolet-visible absorption
spectrometer. The number of cations in the P3HT generated
by the oxidation reaction was calculated from half of the
amount of FeCl; added because two equivalents of FeCl; are
necessary for a one-electron oxidation.”* >

The P3HT:PCBM film was fabricated by spin-casting a
17mg/ml dichlorobenzene solution with a 1:1 mass ratio.
The film was then annealed at 130 °C for 25 min under vac-
uum. The PIA measurements were performed using a diode-
pumped solid-state (DPSS) laser with a cw- 473 nm output
(CNI) for excitation (beam size: 2 mm). The probe light was
produced using a tungsten/halogen lamp and measured with
a Si photodiode. The intensity of probe light hardly changed
by irradiation of the excitation laser under intensities used in
this study, suggesting that changes in the ground state

J. Appl. Phys. 116, 163103 (2014)

absorption spectrum by the photoirradiation are negligible.
The PIA setup detected small PL signals as a background.
The contribution of PL was evaluated by measuring signals
without the probe beam. The laser output was modulated
with an acoustic-optic (AO) modulator at 700 Hz, and the
components of the probe light synchronized with the modu-
lator were detected using a phase-sensitive lock-in technique.
The intensity dependence of PIA and PL signals was meas-
ured by changing a bias for the AO modulator. All measure-
ments were performed at room temperature under an inert
atmosphere.

IV. RESULTS AND DISCUSSION

First, the relationship between the concentration of cat-
ion carriers generated by chemical oxidation and the reduc-
tion in the spectral intensity of the ground-state absorption is
examined for a P3HT solution. The absorption spectra of
P3HT solution before and after adding FeCl; used as an oxi-
dizer are shown in Fig. 3. The absorption peak at 2.7eV of
the P3HT solution decreases after adding FeCl;, and a new
peak appears at approximately 1.5eV. The new peak is simi-
lar to that of the P3HT cations in solution reported previ-
ously’ and assigned to the cationic carriers. Fig. 3 also
displays the absorption spectrum of the FeCl; solution with
the same concentration as that of the P3HT solution after
adding FeCls. The absorption peak at approximately 3.7 eV
observed from the FeCl; solution is absent in the P3HT spec-
trum after adding FeCls. Therefore, the added FeCl; can be
regarded as being completely consumed by oxidation reac-
tions. From the amount of consumed FeCls, cation carriers
generated were calculated to be approximately one per 10.5
thiophene rings. By analyzing the change in the spectral in-
tensity after the oxidation, the next equation was obtained

17¢, —AOD,
ns:oncNA < 10) é) . )
N

M wu oD g

Here, ng is the concentration of carriers in solution, N, is
Avogadro’s number, and My, is the molecular weight per
one molecular unit of P3HT chain (ca. 166). This equation
represents the relationship between the carrier concentration
and the spectral change for the P3HT solution.

0.6
0.5
0.4
0.3
0.2
0.1

0.0 b=y i B
1.5 2.0 2.5 3.0 3.5
Photon energy (eV)

= Neutral
= Oxidized
— FeCly

oD
1

FIG. 3. Absorption spectra of the P3HT solution before (blue) and after
(red) adding FeCl; used as an oxidant. The green curve is the absorption
spectrum of the FeCl; solution with the same concentration as the P3HT so-
lution after adding FeCls.
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Subsequently, we define a virtual P3HT solution with the
same number of polymer chains and carriers per unit area as
the P3HT film used in the PIA measurements. The virtual solu-
tion is combined with the film by Egs. (1) and (2) and satisfies
Eq. (3). Therefore, using a value of (~AOD,/OD,); obtained
from PIA measurements for the film, the carrier concentration
of the virtual solution n;, is given by the next equation

~ 0.17p;Ns I, (—AOD,
- M, I\ OD, ’

“)

Ny,

Finally, ny, is converted to the density of carriers for the
film n¢. The number of carriers per unit area in the solution is
given by n,,l;. When the solution and film have the same
number of carriers per area, the relation n; /5 = n¢y is valid.
Therefore, n; is obtained by the next equation

0.17p;Ns (—~AOD,
=k . 5
YT M, ( oD, );- ©)

The treatment described above is actually applied to the
P3HT: PCBM blend film. For the blend film, we can assume
that excitons generated in P3HT by photoexcitation are all
converted into carriers due to highly efficient charge-
separation at the interface of P3HT and PCBM when the film
is annealed.*>'” The PIA spectrum for the P3HT: PCBM
blend film under photoexcitation of 580 mW/cm? is dis-
played in Fig. 4(a). The spectrum exhibits upward and down-
ward —AOD peaks that are assigned to the photoinduced
bleaching and absorption signals, respectively. The absorp-
tion signals arise from the photocarriers generated through

-5 '
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—— Quadrature
0.5
[
-~
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0.0
-0.5
1 " | . | " 1 " | . 1 " 1 . |
1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
Photon energy (eV)
5 I T [ ' I I T [ T
1.0x10 —(b) — 0.25
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S S
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0.0 |=—rmm T 0.00
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Photon energy (eV)

FIG. 4. (a) PIA spectrum for the P3HT:PCBM film measured under a 580
mW/cm? photoexcitation density. The excitation energy was 2.62eV
(473 nm). (b) Comparison of the in-phase PIA spectrum and the ground state
absorption spectrum for the P3HT:PCBM film.
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charge transfers from the P3HT excitons into the PCBM.
The absorption peaks observed at approximately 1.3 and
1.8 eV are assigned to the localized and delocalized positive
polaron carriers, as previously reported.”*>® The bleaching
signals occur due to loss of ground state absorption induced
by photoexcitation. In this case, the bleaching signals are
regarded as resulting from the generation of positive carriers
in P3HT because all of the photoexcitations can be assumed
to be converted into photocarriers in the film.

The ground state absorption spectrum for the
P3HT:PCBM film is presented in Fig. 4(b). Comparing the
absorption spectrum with the PIA-bleaching, one reveals that
both spectra have three vibronic peaks at similar energy posi-
tions between 2.0 and 2.5 eV and exhibit similar line shapes
except that above 2.7 eV, where the ground state-absorption
could be dominated by contributions of unaggregated mole-
cules or short oligomers® and bleaching signals are usually
not observed.'*'* The similarity in the line shape below
2.7eV suggests that, even if there exist some morphological
components in the film, carriers are equally generated from
each morphological component. Therefore, the factor
(=AOD,/OD,); determined from the results in Fig. 4 prop-
erly represents the proportion of carriers generated by photo-
excitation and can be applied to Eq. (1).

By comparing the intensity of the ground state-absorption
and bleaching spectra, (—AOD,/OD,); was calculated to be
4.1 x 107>, We here note that, to obtain the carrier density
under continuous photoirradiation, the PIA intensity after
reaching the steady-state must be used. The observed PIA sig-
nals exhibited nearly a square-wave response in time-domain
signals for the modulation at the measured frequency
(700Hz). The above value of (—AOD,/OD,); was obtained
using the magnitude of raw lock-in output for —AOD, and
thus corrected by calibration data for square-wave voltages.
After the correction, the (—AOD4/OD,,); was determined to be
1.0 x 10~*. This value indicates that the proportion of P3HT
converted into photocarriers during continuous photoirradia-
tion is approximately 0.01% under the used photoexcitation in-
tensity (580 mW/cm?). Using the value of (=AOD,/OD ,); and
pr~0.61 gem > estimated by assuming the density of P3HT
and PCBM in films to be 1.15 and 1.3 g cm ™2, respectively,®
the photocarrier density n; under the photoexcitation intensity
is finally determined to be 3.5 x 10'®cm ™ using Eq. (5).

We have now determined the photocarrier density under
monochromatic photoexcitation at 473nm based on the
method developed here. Hereafter, we shall propose a proce-
dure to estimate the photocarrier density under simulated so-
lar irradiation from the determined density and compare the
estimated density with that reported previously from another
method.

Generally, the generation process of photocarrier is
described by the following bimolecular rate equation with n
being the carrier density:

dn

—=G-pn’ 6
T pr, (6)
where G and f§ are the generation rate and bimolecular
recombination rate constants of the photocarrier, respectively.
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In the steady state, the carrier density n is given by (G/f)"?
and corresponds to 7. In the polymer: fullerene blend system,
photocarriers are generated via singlet excitons in polymers
generated by photoexcitation. G is then expected to increase
linearly for the increase of photoexcitation intensity /, since
the density of singlet excitons is proportional to /. Therefore,
ng is expected to scale with / 2 unless f§ depends on the pho-
toexcitation intensity.

The I-dependence of PIA and PL intensity was examined
and is shown in Figs. 5(a) and 5(b), including the results of fit
using a function of /“. The best-fit result for the PL intensity
was a= 1.2, indicating an almost linear increase of singlet
excitons for increasing /. In contrast, the PIA intensity meas-
ured at 1.30eV was proportional to /7. This demonstrates
that P3HT carriers generated by photoexcitation increase
approximately in proportion to /'2. This relation also indi-
cates that f§ is almost independent of the excitation intensity
under continuous photoirradiation. Fig. 5(b) shows that
bleaching signals measured at 2.48 eV increase in proportion
to 1°°°, quite similar to the /-dependence of the carrier signals.
The similarity in the /-dependence indicates a complete corre-
spondence between the carrier and bleaching signals, suggest-
ing that the final nature of photo-generated species in P3HT
can be entirely regarded as carriers, due to very high conver-
sion efficiencies in the annealed P3HT:PCBM film.

The observed similarity in /-dependence between carrier
and bleaching signals allows us to calculate the /-dependence
of photocarrier density in P3HT under continuous photoirra-
diation. The result of calculation is shown in the right axis of
Fig. 5(b). The calculated I-dependence of photocarrier

REEE SRR e e
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FIG. 5. (a) Photoexcitation intensity (/)-dependence of the PIA signals
measured at 1.30eV (carrier absorption) and PL signals. Fitted curves are
results of fit using a function of /“. The best fit results were @ =0.57 and 1.2
for the PIA and PL signals, respectively. (b) /-dependence of the PIA signals
at 2.48 eV (bleaching). The best fit result was a =0.56. The right axis indi-
cates the photocarrier density calculated from the PIA signals.
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density was obtained from the P3HT:PCBM film with a
thickness of 32nm. We here attempt to obtain a formula to
calculate the photocarrier density for arbitrary thickness of
film using the result of the 32 nm-film. In the observed trend
of the photocarrier density being proportional to I'/?, the den-
sity of absorbed photon in the film is expected to simply
increase linearly depending on /. It can thus be assumed that
the photocarrier density is proportional to the square root of
the density of absorbed photon in the film. Using the relation
for the absorbed photon, the photocarrier density n. of
annealed P3HT:PCBM films for arbitrary photoexcitation in-
tensity / (Wem ™ 2) and thickness I (cm) is given as follows:

ne=15x 1014\/]{ 1 —exp(~1.1x 10°k)} [em™3]. (7)

ly

This formula was obtained for monochromatic excitation at
473 nm. The same procedure can be generalized for simu-
lated solar light under Air Mass (AM) 1.5 (1 sun) conditions
(100 mW/cm?), by using the relation of photocarrier density
being proportional to the square root of the density of
absorbed photons for the sun light. The spectrum of incident
photon number per area calculated from the solar power
spectrum under the 1 sun condition is shown in Fig. 6(a).
Use of the photon number spectrum and the ground state
absorption spectrum enables to calculate the spectrum of
density of absorbed photons per second. The result of calcu-
lation for the 32nm- P3HT: PCBM film is shown in Fig.
6(b). Moreover, the integral of the spectrum gives the total
photon density per second, which was determined to be
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FIG. 6. (a) Comparison of the steady-state absorption spectrum of the
P3HT: PCBM film (left axis) and spectrum of incident photon number per
area calculated from the solar power spectrum under the 1 sun condition
(right axis). (b) The density spectrum of absorbed photons per second for the
P3HT: PCBM film (left axis) and integral of the density spectrum (right
axis).
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9.9 x 10*'em 2 s . The density of absorbed photons for the
580 mW/cm?- excitation at 473nm is calculated to be
4.3 x 102 cm ™ s~ ! for the film. From these results, the pho-
tocarrier density under the 1 sun condition is determined to
be 2.0 x 10">cm ™. This result can be extended into cases of
films of arbitrary thickness as follows:

1-exp(—4.1><105g)[

em . (8)
ly

n. = 6.6 x 10'?

This equation enables a simple estimate of mean photocarrier
density of P3HT generated in annealed P3HT: PCBM film. It
corresponds to half of the maximum photocarrier density
that can be used in solar cell operation when assuming that
P3HT and PCBM provide the same density of photocarriers.
The carrier density of annealed P3HT: PCBM solar cells was
recently measured by charge extraction measurements.”'?
From the reported results, the photocarrier density under the
1 sun condition for the cells with about 200 nm thickness of
films is estimated to be approximately 3—4 x 10'>cm . Half
of the value, corresponding to the density of P3HT, is very
close to the photocarrier density calculated from Eq. (8) for
[;=200nm: 1.4 x 10" cm . This indicates that the method
used in this study gives an appropriate value of photocarrier
density consistent with previous reports. In the present
method, all photocarriers including non-mobile carriers can
be counted in the estimate because the method is based on
the PIA signals, whereas the charge extraction measurements
count the carrier density of mobile carriers. Therefore, the
close value of photocarrier density suggests that the photo-
carriers generated in annealed P3HT: PCBM films are
mostly used as mobile carriers.

We finally emphasize that the equations and procedures
obtained in this study can also be applied to estimating the
carrier density in transient absorption (TA) measurements
and spectroscopic measurements of charge injection when
the bleaching signals are properly measured. The intensity of
TA signals at 970 nm (1.28 eV) for the P3HT: PCBM film
was previously converted to the photocarrier density based
on the magnitude of extinction coefficient estimated consid-
ering the magnitude of transient photocurrent data.*?
However, we note that there are two types of carriers in
P3HT films, DPs and LPs, as shown in the PIA spectrum in
Fig. 4(a), and they are regarded as independent of each other.
Both carriers can contribute to a photocurrent, and hence the
proportion of carriers responsible for the TA signals must be
properly estimated when comparing the carrier signals with
the photocurrent data: particularly, the relative ratio of car-
rier signals in the two types of carriers cannot be simply esti-
mated. Therefore, determination of carrier density directly
from carrier signals in spectroscopic measurements is essen-
tially difficult to P3HT. In the present research, we used
bleaching signals to estimate the photocarrier density. The
bleaching signals include both contributions of DPs and LPs
and are not affected by the composition ratio of them.
Therefore, the method in this study can give a reliable esti-
mate from spectroscopic signals and can also be applied to
other materials with two or more types of carriers as in
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P3HT. Moreover, the advantageous point of the present
method is that it enables an estimate of carrier density inde-
pendent of current measurements. Therefore, combined
applications of the present method and methods via current
measurements can be applied to studying roles of non-
mobile carries such as trapped carriers and charge-transfer
carrier pairs.

V. CONCLUSIONS

We proposed a method to determine the density of pho-
tocarriers generated under continuous photoirradiation from
spectroscopic measurements using PIA measurements. The
bleaching signals from the PIA measurements and the
absorption signals of the cations generated by chemical oxi-
dation in solution were employed to determine the photocar-
rier density. This method was applied to P3HT in a
P3HT:PCBM film. The photocarrier density was determined
to be 3.5 x 10'"°cm ™ in the steady state under the applied
photoexcitation intensity (580 mW/cm?). The carrier density
was identified to increase nearly in proportion to the square
root of photo-excitation intensity. Using the relation, we
determined a formula to estimate the photocarrier density
under simulated 1 sun solar irradiation for the P3HT: PCBM
film of an arbitrary thickness. The equations determined here
can also be applied for transient absorption measurements
and spectroscopic measurements of charge injection when
the bleaching signals are properly measured. Combined
applications of the present method and methods via current
measurements can lead to revealing roles of non-mobile car-
ries such as trapped carriers and charge-transfer carrier pairs.
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