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We investigated charge-carrier dynamics in benzoporphyrin (BP) and BP-based bulk heterojunction

(BHJ) films with optical pump-broadband terahertz (THz) probe spectroscopy. In both samples, we

observed instantaneous appearance of transient THz signals, which are attributed to mobile charge

carriers that are much lower in transition energy than excitons. These carriers recombine and/or trap

at defect sites within a few ps. In the BP-based BHJ films, the decay dynamics of transient THz sig-

nals was faster relative to that in the BP films. In contrast to the BP films, approximately 10% of the

transient signal does not decay within 35 ps, indicating survival of free charge carriers. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4934690]

Conjugated organic semiconductors have been exten-

sively studied because of promising applications in field-

effect transistors and solar cells.1–3 One of the reasons for

widespread interest is that solution processing can be used for

fabrication of photovoltaic devices. Conjugated polymers

such as poly(3-hexylthiophene) (P3HT) and related com-

pounds are the most commonly used organic semiconductors.

Bulk heterojunction (BHJ) structures, where polymers are

blended with acceptor molecules, improve charge separation

and transport processes for increased power conversion effi-

ciency.1,2 Another important class of compounds includes

phthalocyanines and porphyrins, which also have excellent

optical and electronic properties.3–5 In contrast to polymers,

they have the flexibility of varying functional groups and

structures and can form thin films with a high degree of crys-

tallinity and structural order.6,7

To optimize power conversion efficiency, it is important

to understand the detailed mechanisms of charge generation,

recombination, and charge–carrier mobilities.8 Ultrafast

time-resolved spectroscopic methods probe charge-carrier

dynamics in real time. In particular, transient absorption

(TA) measurements have been used to examine fundamental

processes in organic photovoltaics. Even though TA moni-

tors charge-carrier dynamics with high sensitivity and high

time resolution, the spectral assignments are sometimes not

straightforward because the electronic transitions are not

directly related to the motion of the charge carriers.9,10

Recently, time-resolved terahertz (THz) spectroscopy

was used to quantify the complex-valued conductivity of

charge carriers.11,12 This is a non-invasive and contact-free

method that avoids electrodes and high electric fields for long

distance carrier transport. The THz region typically corre-

sponds to scattering rates in semiconductors, which provide

detailed information on both carrier density and mobility.11,12

Most time-resolved THz spectroscopic studies on organic

photovoltaic devices have been focused on charge-carrier dy-

namics in polymer-based systems and dye-sensitized solar

cells.13–21 There have been few studies on small-molecule

semiconducting systems, except for polyacenes such as penta-

cene and rubrene.22–25

Heilweil et al. have studied photoexcitation dynamics in

multi-layer films of zinc phthalocyanine and C60, and found

that decay of transient signal in the first 20 ps reflects recom-

bination dynamics.26,27 However, excitation of neat zinc

phthalocyanine films does not yield a signal, indicating that

charge transfer from zinc phthalocyanine to C60 is required

to observe carrier dynamics. Furthermore, short-lived THz

photoconductivity is the signature of hot charge carriers,

and its magnitude is sensitive to the interfacial volume

between donors and acceptors.28 Charge-carrier dynamics of

porphyrin-based organic semiconductors has not been exam-

ined with time-resolved THz spectroscopy. Furthermore, in

most of previous time-resolved THz studies observed band-

widths are limited to less than 100 cm�1. This is because the

generation and detection of the THz pulses are based on the

optical rectification and/or electro-optical sampling of ZnTe

or GaP crystals, allowing only measurements of the tails of

broad featureless spectra to resolve the carrier dynam-

ics.12–25 Here, we performed optical pump-broadband THz

probe measurements to investigate charge carrier dynamics

in benzoporphyrin (BP) films and in corresponding BHJ

films blended with [6,6]-Phenyl C61 butyric acid methyl ester

(PCBM).

The time-resolved THz spectrometer was based on a

femtosecond laser-induced plasma and air-biased coherent

detection.29–31 Details are presented in the supplementary

material.32 Time dependence of transient conductivity was

determined by the change in peak amplitude of the THz

waveform as a function of the optical pump-THz probe

delay. Transient complex conductivity spectra were acquired

by scanning time delays between the optical pump and the

THz detection pulses synchronously at a fixed THz probe

delay. As shown previously, the time resolution of this scan

mode does not depend on the duration of the THz probe

0003-6951/2015/107(18)/183302/5/$30.00 VC 2015 AIP Publishing LLC107, 183302-1

APPLIED PHYSICS LETTERS 107, 183302 (2015)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions.  IP:  133.30.52.203 On: Mon, 22 Feb 2016 02:05:38

http://dx.doi.org/10.1063/1.4934690
http://dx.doi.org/10.1063/1.4934690
http://dx.doi.org/10.1063/1.4934690
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4934690&domain=pdf&date_stamp=2015-11-02


pulse but on the duration of the optical pump pulse and disper-

sion in both the generation and detection media.33 The BP and

BP:PCBM (1:1) BHJ films were fabricated on 0.3 mm thick

fused silica substrates, as described.7

Figure 1 plots the UV-visible absorption spectra of

BP and BP:PCBM BHJ films along with their molecular

structures. In the BP film, Soret and Q bands are located at

450 nm and 640–700 nm, respectively. In particular, the

strong Q band at 690 nm is indicative of crystallinity.5

According to wide-angle X-ray scattering experiments, BP

crystals have p-p stacking along a direction nearly parallel

to the substrate.5 In contrast, the BP:PCBM BHJ film has a

weaker Q band at 675 nm, suggesting disordered p-p stack-

ing of the BP.

Figure 2 plots a typical THz electric field transmitted

through a sample in the absence of photo-excitation, together

with an optical pump-induced differential field. With 400-nm

photoexcitation, the amplitude of the photo-induced differen-

tial signal is generally less than 1% of the peak transmission

of the THz probe pulse. Figure 3 displays the photo-induced

change of the THz electric field amplitude as a function of the

optical pump/THz probe delay time measured at the peak of

the THz transmission and for a 530-lJ/cm2 excitation inten-

sity. The transient signal instantaneously decreases, followed

by signal decays with time constants of 0.5 6 0.1 ps and

6.0 6 1.6 ps.32 In this scan mode, the signal time dependence

reflects the average BP photoconductivity. (In the supplemen-

tary material, we examined the excitation fluence-dependence

of the photo-induced change in the THz electric field at the

peak of the THz transmission.32) The frequency-dependent

conductivity was extracted from the temporal profile of the

THz electric field at a specific pump delay, with and without

photoexcitation. In the thin film approximation, the sheet pho-

toconductivity spectrum is given by

~r x; Tð Þ
Nex

¼ � nair þ nquartz

Z0

D ~E x; Tð Þ
~E0 x; Tð Þ

; (1)

where Z0 is the impedance of free space (377 X), and nair (1)

and nquartz (1.95) are the THz refractive indices of air and

quartz, respectively.11,34 It should be noted that the sheet

conductivity is that value induced by a single photon and

does not depend on the sample depth.18

Figure 4 plots the transient complex conductivity spectra

measured at 0.4-ps and 1.2-ps delay times. The real parts of

the spectra increase at high frequencies and have positive

values at low frequencies, which suggest that the mobile

charge carriers dominate the response in the THz region. The

imaginary part of the conductivity is negative and

approaches zero at a low frequency, which is different from

that expected from the classical Drude model. Generally, the

conductivity spectra in disordered systems can be described

by the Drude–Smith model35,36

~rDS xð Þ ¼ xp
2e0s

1� ixs
1þ c

1� ixs

� �
; (2)

FIG. 1. (a) Molecular structures of benzoporphyrin (BP) and [6,6]-Phenyl

C61 butyric acid methyl ester (PCBM). (b) Absorption spectra of BP film

(blue) and BP:PCBM (1:1) bulk heterojunction (BHJ) film (green).

FIG. 2. THz electric field transmitted through a BP film without photo-

excitation (blue), and the optically pumped induced differential THz electric

field measured at a 0.4 ps time delay (red).

FIG. 3. (a) Photo-induced change of THz electric field amplitude in BP films

as a function of optical pump/THz probe delay time, measured at the peak of

the THz transmission. (b) Same as (a), except longer time scale. The excita-

tion wavelength is 400 nm. Blue solid lines with filled circles and red lines

represent the experimental results and double-exponential fits, respectively.
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where e0 is the vacuum permittivity, xp is the plasma frequency,

and s is the carrier momentum relaxation time. (Note that this

equation is expressed in terms of volume conductivity.) The

effect of the disorder is described by the parameter c, which is

related to the memory effect during the carrier scattering pro-

cess. When c¼ 0, Eq. (2) describes the Drude model, where the

carriers lose memory of the velocity and the momentum is

randomized during scattering. For c< 0, the backscattered car-

riers are localized. To fit the data, we used the following equa-

tion by taking the excitation density into account:18,34

~rDS xð Þ
Nex

¼ xp
2e0

Nex

s
1� ixs

1þ c

1� ixs

� �

¼ ue2

m�d

s
1� ixs

1þ c

1� ixs

� �
; (3)

where u is the carrier quantum yield of the photon, m* is the

effective mass of the charge carrier, and d is the absorption

depth. Since u and m* are unknown, we treat the first factor

of the last expression in Eq. (3) as a proportional constant.

Thus, we can only determine c and the carrier momentum

relaxation time s. We found that s and c at 0.4 (1.2) ps

are 21 6 1 (6 6 2) fs and �0.83 6 0.01 (�0.89 6 0.01),

respectively.

Figure 5 shows the photo-induced change of the THz

electric field amplitude in BP:PCBM BHJ films and the

transient complex conductivity spectra for a 880-lJ/cm2

excitation fluence and a 0.4-ps delay. The photo-induced

change in the BHJ film is smaller than that in the BP film,

even at higher excitation fluence, because PCBM itself

absorbs 400 nm photons. Similar to the BP films, the tran-

sient signal decays with time constants of 0.2 6 0.1 ps and

2.9 6 0.5 ps. About one-tenth of the signal does not decay

within 35 ps. The s and c parameters in the Drude–Smith

model for a 0.4-ps delay are 9 6 1 fs and �0.87 6 0.01,

respectively.

As in Fig. 3, the THz transients show up immediately

after photo-excitation because of the instantaneous appear-

ance of mobile charge carriers. Exciton absorption is not

possible, because it requires much higher transition energy

(mid-infrared to visible), which does not appear in the THz

transients. Previous studies suggested that the excess

energy of hot excitons facilities charge separation that pro-

duces hot charge carriers very efficiently.37,38 The energy

gap between the highest occupied molecular orbitals and

the lowest unoccupied molecular orbitals for BP is approxi-

mately 1.7 eV. Thus, photoexcitation at 400 nm (3.1 eV)

produces an excess energy of 1.4 eV that may induce exci-

ton dissociation into charge carriers.7 Generated electrons

and holes are separated but initially close to each other.

The rapidly decaying components in the observed signals

have several possible origins because the sheet photoconduc-

tivity spectra are products of the charge carrier densities and

their mobility spectra.18 First, we note that early THz transi-

ents result from a reduction in carrier mobility as hot carriers

thermally relax. Lane et al. reported that short-lived compo-

nents of THz signals are caused by decreasing mobility as the

carriers localize.28 This is consistent with the transient com-

plex conductivity spectra observed at 0.4 ps delay, because

FIG. 4. Transient complex conductivity spectra of BP films measured at (a)

0.4 ps and (b) 1.2 ps. Blue (red) open circles are the real (imaginary) parts of

the experimental transient conductivity. The corresponding solid lines are

fits to the Drude–Smith model.

FIG. 5. (a) Photo-induced change of

THz electric field amplitude in BP:

PCBM BHJ films measured at the peak

of the THz transmission. (b) Same

as (a), except longer time scale. (c)

Transient complex conductivity spec-

tra of BP:PCBM BHJ films measured

at 0.4 ps delay. Blue (red) open circles

are the real (imaginary) parts of experi-

mental transient conductivity. The

corresponding solid lines are fits using

the Drude–Smith model.
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the charge carriers undergo backscattering according to the

Drude–Smith model. A second scenario is that the decay com-

ponents derive from exciton formation, as reported for P3HT/

PCBM BHJ films.39 Further investigations of the excitation

wavelength dependence will help to understand the origins of

the sub-ps decaying components. In contrast, the slower

decaying components in the THz transients are from recombi-

nation, and/or trapping at defect sites, of mobile charge car-

riers, that occur at the ps time scale.

In previous studies of pentacene and its derivatives,

Ostroverkhova et al. observed Drude-like photoconductivity

in both single crystals and thin films.22,24 This differs from

our observations. The average grain size in pentacene thin

films was approximately 0.7–1.2 lm, depending slightly on

the substrate.25 Lima et al. reported that the grain sizes are

about 150–200 nm in width and 150–1000 nm in length for

thermally converted BP thin films.5 It is therefore important

in future work to see how crystal sizes and morphologies

affect photoconductivity in BP thin films.

Jepsen et al. used time-resolved THz spectroscopy

with broadband THz probe pulses to observe formation of

mobile charges in P3HT:PCBM BHJ films.39 Furthermore,

they used the Drude–Smith model to fit the transient

photoconductivity on a 200 fs time scale. Their s and c pa-

rameters are similar to ours, even though the electronic

structures are very different. Monomer units in conjugated

polymers bond covalently and electrons delocalize along

the p-conjugated backbone. Thus, conformational disorder

affects the degree of exciton localization. In BP films,

however, variations in the crystal structure and local morphol-

ogy affect charge-carrier transport. In contrast to time-of-flight

techniques that use electrical contacts, time-resolved THz

spectroscopy can monitor the carrier mobility over nanometer

length scales.11,40,41 Thus, it may not be as sensitive to

BP-films crystal sizes and grain boundaries.

Compared with the BP films, we observed faster (ps

timescale) decay dynamics in the BP:PCBM BHJ films. This

may be because they are less crystalline, they have smaller

crystal domain sizes, and they have more defect sites based

on the results of surface morphology by atomic force micros-

copy.7 Therefore, charge carrier localization and recombina-

tion, and/or trapping, of mobile charge carriers can be faster.

However, because 10% of the transient signal does not decay

within 35 ps, a small portion of mobile charge carriers

appears to survive. This is not consistent with the very low

(0.02%) power conversion efficiency of the BP:PCBM BHJ

film.7 It should be noted that our sample preparations for the

above measurements are different from those used for device

characterization.7 For current measurements, we have to

increase the concentration of the BP:PCBM blends and

change the temperature of the thermal conversion process of

the precursor molecules to measure transient signals with a

good signal-to-noise ratio. To determine the internal photon-

to-carrier quantum yields for the BP and BP:PCBM

BHJ films, it is necessary to know the effective mass of the

carriers. Further studies concerning the above issues would

provide more detailed insights on the formation and recom-

bination dynamics of the charge carriers generated by photo-

excitation.

In summary, we performed optical pump-THz probe

measurements of charge-carrier dynamics in BP and

BP:PCBM BHJ films. We found that the transient signals in

BP films decay with time constants of 0.5 ps and 6.0 ps.

Rapidly decaying components show up because of either

reduced charge-carrier mobility or exciton formation. Slower

decays originate from mobile charge carrier recombination

and/or trapping at defect sites. Conductivity spectra can be

fit by the Drude–Smith model, indicating that charge carriers

localize within a picosecond. From comparison of the

dynamics between the BP and BP:PCBM BHJ films, we con-

sider that the degree of crystalline may affect charge carrier

localization and recombination, and/or trapping, of mobile

charge carriers.
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