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Abstract 

We report transient photoinduced absorption (t-PA) and magnetic field (B) dependent t-PA (t-

MPA(B)) in a pristine low bandgap -conjugated copolymer composed of donor and acceptor 

moieties, namely poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-

fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (or PTB7) used in photovoltaic 

applications, which are measured in a broad time interval spanning eleven time decades, from 10
-

13 
to 10

-2
 seconds and spectral range of 0.25-1.1 eV. Unlike traditional -conjugated polymers in 

which the primary photoexcitations are singlet excitons (SE), in pristine PTB7 we find at short 

times coexistence of two primary photoexcitation species, namely SE and triplet-triplet (TT) 

pair. Both species are photogenerated directly from the ground state, and are spin-correlated. 

Although the TT pair decomposes into two separate triplet excitons (TE) in ~100 ps, 

nevertheless the separated TE spins are still entangled up to ~6 s. At longer times, the t-

MPA(B) response of the surviving TEs shows transient narrowing effect, which is attributed to a 

distribution of the TE size. In PTB7/PCBM blend used as active layer in organic solar cells we 

show that the SE dissociates into polaron pair (PP) at the copolymer/fullerene interface in less 

than ~5 ps, while the TT pair decomposition is faster compared to that in pristine PTB7. We also 

identify a back-reaction of the PP that acts as a loss mechanism in photovoltaic applications.  
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I. Introduction 

Recent advances in material synthesis have introduced a new class of organic semiconductors for 

organic photovoltaic (OPV) applications, namely the low bandgap -conjugated copolymers 

with intrachain donor and acceptor moieties (“D-A copolymers”) which already show power 

conversion efficiency (PCE) that exceeds 10% in a single layer bulk heterojunction organic 

photovoltaic (OPV) solar cell 
1-3

.  The advent of -conjugated copolymers dates back to 2012 

when a new D-A copolymer, namely the poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-

b']dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thi-eno[3,4-b]thiophenediyl]]) that is 

known as PTB7, was introduced showing at the time a record PCE of 7.5% [1]. The field has 

evolved with a recent report of PCE approaching 11% in other D-A copolymers having similar 

backbone structure 
2, 3

. We note in passing that the concept of internal D-A structure has also 

been applied to small molecules giving rise to the process of thermally activated delayed 

fluorescence that leads to record high internal quantum efficiency for organic light emitting 

diodes 
4, 5

, thus boosting their commercialization.  

Recent spectroscopic and theoretical studies have indicated the possibility of intrachain „singlet 

fission‟ in -conjugated copolymers in the picosecond (ps) time domain
6-10

 . However, the lack 

of optical probes in the mid-IR spectral range renders the identification of the primary 

photoexcitations in this class of materials difficult, especially because of their low bandgap
6, 8, 11

 . 

Here we have conducted a comprehensive study of the primary and long-lived photoexcitations 

in thin films of pristine PTB7 using ultrafast transient photoinduced absorption (t-PA) focusing 

on the probe energy range in the mid-IR, namely 0.25-1.1 eV, in the broad time domain from 

sub-ps to millisecond, complemented by the time resolved magnetic field effect, dubbed t-MPA. 

We used these experimental methods to show that in PTB7 both singlet exciton (SE) and 

intrachain triplet-triplet (TT) pairs are simultaneously photogenerated leading to unique optical 

and magneto-optical responses. The TT pair decomposes into two separated triplet excitons (TE) 

in ~100 ps; however, the separated TE still maintain their spin entanglement up to ~6 sec at low 

temperatures. The energy levels of the three types of photoexcited species, namely SE, TT and 

TE are shown schematically in Fig. 1d together with the possible TT decomposition scenario 

TT(TE+TE)entangled(TE+TE)separated. We also studied the photoexcitation dynamics in 

PTB7/fullerene blends used as active compound in OPV solar cells. We identify the SE 
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dissociation reaction at the copolymer/fullerene interfaces in less than 5 ps, which, in turn, 

accelerates the TT decomposition reaction. In addition, we also identify a back-reaction that is a 

loss mechanism for OPV cells. The main feature that enables the SE-TT coupling is the (near) 

energetic resonance between SE and TT; this feature is common to many other members of the 

class of -conjugated D-A copolymers
12

 in which the optical gap ranges between 1.5 eV to 1.8 

eV. 

II. Experimental 

The PTB7 copolymer was bought from Sigma Aldrich. Pristine (or fullerene blend) films were 

prepared by drop cast or spin coating from a solution of pristine PTB7 (or PTB7/PC71BM blend) 

with mixing ratio 1:1.5 by weight dissolved in 1,2-dichlorobenzene (10mg/ml). Pristine „isolated 

chain‟ PTB7 was prepared by mixing the PTB7 solution with polystyrene in 1,2-dichlorobenzene 

with the ratio of 1:1000 by weight. For the spectroscopic measurements the films were mounted 

inside a cryostat in vacuum of 10
-4

 torr. The external magnetic field of up to 300 mT was 

provided by an electromagnet, and the measurements were performed in the Voigt configuration, 

where the field was applied parallel to the film. Doping with iodine was accomplished by putting 

the pristine PTB7 film in a beaker having high iodine gas concentration, for about 2 minutes.       

The t-PA picosecond set-up was described elsewhere
12, 13

 ; it is a version of the well-known 

pump-probe correlation spectroscopy. The pump excitation beam was composed of pulses of 150 

fs duration, 0.1 nJ/pulse, at 80 MHz repetition rate from a fs Ti:sapphire laser that was set at 1.6 

eV photon energy. The initially photoexcited exciton density in the PTB7 copolymer film was 

adjusted to be ~5x10
16 

cm
-3

/pulse (assuming 100% photon to exciton conversion).  The 

photoexcitation dynamics was measured by the changes, T, caused by the pump excitation on 

the probe transmission, T. The probe spectral range, 0.55 eV to 1.05 eV, was generated by an 

OPO Ti:sapphire based laser (Spectra Physics) that delivers „signal‟ and „idler‟ beams. The probe 

spectral range was extended into the mid-IR from 0.25 eV to 0.43 eV by type I phase matching 

the “signal” and “idler” beams in a differential frequency crystal (AgGaS2). The pump beam was 

modulated at frequency f=50 kHz, and the photoinduced absorption (PA≡ -T/T) was measured 

using an InSb detector (Judson IR) and a lock-in amplifier (SR830) set at f. A translation stage 

was introduced to the probe beam that could delay the probe pulses mechanically (1 ps=300 m 

mechanical delay) thereby measuring the PA at time t set by the delay line. The t-PA spectrum 
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was then constructed from the t-PA measured at ~50 different wavelengths within the spectral 

range 0.25-1.05 eV. 

For the t-PA spectroscopy in the µs time domain, the pulsed excitation was an OPO laser 

(Quanta-ray Indi model) that operates at 10 Hz repetition rate with 10 ns pulse duration. The 

355nm OPA pump excited a basiScan OPO for generating pulses that are tunable across a broad 

spectral range from 410 nm to 2500 nm (0.5-3 eV). For the probe beam we have usually used an 

incandescent Tungsten/Halogen lamp followed by several band pass filters for monitoring the 

transient T. The t-PA was monitored with a fast photodiode, namely InGaAs detector  

(Thorlabs), coupled to a data acquisition card ATS9462 with 100 MHz bandwidth. For this work 

the pump beam was set at 680 nm and T(t) was measured at 980 nm using a laser diode, that 

was chosen to detect the TE species in the PTB7 copolymer. A potentiometer was set to 1 k to 

establish the detector gain. The time response of this set up was < 0.5 sec. For these 

measurements the pristine PTB7 films were mounted in a closed cycle He refrigerator cryostat, 

and the magnetic field was applied in the Voigt configuration. The transient measurements in the 

time interval of 0.5 to 400 sec  were limited to temperatures below 100 K, where the longer 

recombination times of the photoinduced species enabled reasonable magnitude for the t-

MPA(B) (t-MPA> 0.1%). However all the measurements in the ps time domain (<2ns) were 

done at ambient conditions (namely at room temperature, RT), since the there is no S/N 

improvement for low temperature measurements in the ps time domain.   

For the steady state PA measurements (ss-PA) a laser diode at 660 nm was used as a cw pump 

and an incandescent light (Tungsten Halogen) was used as a probe. The pump beam was 

modulated with a chopper at 300 Hz that was referenced to a lock-in amplifier. The probe beam 

was focused on the sample film, dispersed by a monochromator and detected by several 

semiconducting detectors such as Si, Ge and InSb. The PA was calculated as -T/T after 

subtracting the photoluminescence emission from the sample. The measurements were 

performed at RT for the pristine copolymer films and at 40 K for the copolymer/fullerene blend.     

III. Results and discussion 

The chemical structure of PTB7 (see Fig. 1a inset) contains two different organic moieties, an 

electron rich (effectively acting as a “donor”) and an electron “acceptor” in each unit cell
1, 14, 15

 , 
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which may slightly break the backbone inversion symmetry
6, 7, 9, 12

 . The conjugation of D-A 

moieties leads to lower bandgap, extending to the near-IR range of the solar spectrum (<1.8 eV), 

and consequently improving the solar flux absorption, which is one ingredient that improve the 

OPV solar cell efficiency based on the PTB7 copolymer
1, 14, 16

 . Figure 1a shows the absorption 

and photoluminescence spectra of pristine PTB7 film, that peak at 1.8 eV and 1.5 eV, 

respectively, with an apparent Stokes-shift of ~300 meV. The unusually large Stokes-shift, also 

found in other copolymers
12

 , is bigger than that of traditional -conjugated polymers such as 

DOO-PPV (a soluble derivative of the polymer poly-(p-phenylene-vinylene); PPV) and 

polythiophene derivatives, P3HT
17

 .  

To identify the lowest SE energy, ESE, in the absorption spectrum we used the electro-absorption 

(EA) spectroscopy, since this type of modulation spectroscopy is more suitable to accurately 

determine transition energies. The PTB7 film in this case was deposited on interpenetrating gold 

electrodes, 50 m apart, subjected to a 300 V voltage that was modulated at frequency f =500 

Hz
18

 ; whereas the EA was measured at 2f Figure 1(b) shows the EA spectrum of pristine PTB7 

measured at 40 K. Two features dominate the EA spectrum. (i) The EA feature at low photon 

energy resembles the first derivative of the absorption spectrum at the band-edge, with a zero 

crossing energy at 1.8 eV, which is therefore assigned to the first excited state, S1, of the 

copolymer. This is similar to the lowest SE, 1
1
Bu, in traditional -conjugated polymers, and thus 

the lowest SE energy in PTB7 is set at ESE=1.8eV. (ii) The second dominant EA feature is an 

induced absorption band at 2.2 eV, which we assign to the m
1
Ag state in the singlet manifold (see 

Fig. 1(d)). The m
1
Ag is a dark, dipole forbidden, state in the absorption, which becomes 

accessible due to the electric field induced symmetry breaking. The energy difference, SE = 

EmAg-ESE= 0.4 eV is traditionally taken to be the lower bound of the exciton binding energy, Eb, 

in -conjugated polymers; and we adopt this interpretation here for PTB7. We note that Eb of 

~0.4 eV is much lower than Eb values in traditional polymers such as MEH-PPV and P3HT 

(~0.9eV)
13, 17, 19

. The lower Eb value here helps the exciton dissociation process, which facilitates 

charge photogeneration in this compound.  

For identifying the long-lived photoexcitations in PTB7 such as TE and charge polarons, we 

have utilized the ss-PA
13, 20

 . The ss-PA spectrum of the PTB7 film measured at 40 K is shown in 

Fig. 1c. The spectrum is dominated by a PA band, PAT at 1.1 eV. We assign PAT to optical 
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transitions in the triplet manifold of the PTB7 chain, namely the transition 1
3
Bu  m

3
Ag. This 

assignment is supported by the optically detected magnetic resonance response of the PAT band, 

namely PADMR
21

 , measured on the same film (see S.I. Fig. S1). Specifically, the PADMR(B) 

response of PAT (where B is the magnetic field strength) exhibits typical triplet powder pattern 

which includes both full-field and half-field signatures
9, 12, 22

 . 

As determined from the PTB7 EA spectrum, the m
1
Ag energy is E(m

1
Ag)2.2 eV. Since in -

conjugated polymers the m
3
Ag state is approximately 0.2 eV below that of the m

1
Ag 

20
, we adopt 

this trend here and thus infer that E(m
3
Ag)2 eV.  Consequently, the TE lowest energy, ETE can 

be determined from the relation ETE≡E(1
3
Bu)=E(m

3
Ag)–PAT. Using PAT=1.1 eV from the ss-PA 

spectrum and E(m
3
Ag)2 eV, we estimate ETE  2-1.1= 0.9 eV (see Fig. 1(d)). We therefore 

conclude that the lowest SE energy (ESE =1.8 eV) is about twice that of the TE (ETE=0.9 eV), 

paving the way for a resonant coupling between the SE and TT pair. Figure 1d shows the 

experimentally extracted energy diagram of SE, TE, and TT pair, in which the SE and TT 

energies are at resonance.  

As shown previously
7, 12

 , the TT state with an overall spin singlet but even orbital character 

could be directly photogenerated if the strict inversion symmetry in the copolymer is relaxed. 

Owing to the intrinsic D-A structure of the copolymer this condition may occur in PTB7 to some 

extend 
7
. In the following we reveal the photogeneration process of the TT state.  

The ps t-PA spectrum measured at RT in isolated chains of pristine PTB7 (0.1% of PTB7 

embedded in polystyrene matrix by weight) is shown in Fig. 2a at various delay times, t. The 

spectrum is dominated by two PA bands peaking at PA1=0.4 eV and PA2=0.95 eV. This is in 

contrast to the t-PA spectrum of more traditional  polymers such as DOO-PPV and P3HT, which 

show at t=0 only a single PA band that peaks at 0.95 eV (see Fig. S2). The low energy band, PA1 

was previously identified as due to the photogenerated SE absorption (PASE), since it is close to 

the energy difference SE = EmAg-ESE 
20

. Recall also that from the EA spectrum (Fig. 1(b)) we 

estimated above SE = EmAg-ESE=0.4 eV, thus we assign PA1 to the absorption from the 

photogenerated SE in PTB7. However, the high energy band, PA2, does not match any optical 

transition neither from the SE nor from TE (i.e. PAT) which is 1.1 eV (Fig. 1c). In addition, at 

longer times, as PA2 decays within 500 ps, it reveals a PA band very close to PAT measured by 

ss-PA (Fig.2b). We therefore ascribe PA2 in the t-PA spectrum of PTB7 to an optical transition 



7 

 

within the TT pair manifold, and mark it as PATT. Therefore, the blue-shift observed in the high 

energy PA delayed spectrum is due to spin conserving dissociation of the TT species into two 

separate TEs, namely 1 1 ( )TT TE TE  , where PATT of TT-pair transforms into PAT of two 

separate TEs.   

To better spectrally resolve the fast PA dynamics for energies around PA2, the overlapping t-PA 

spectrum was decomposed into three PA bands, namely PASE, PATT, and PAT for the 

photogenerated SE, TT pair and TE, respectively, using the generic algorithm (GA) method
23, 24

 . 

Figure 2(b) shows the three decomposed PA bands and their associated dynamics (Fig. 2(b) 

inset). It is seen that the SE and TT species are instantaneously photogenerated within 300 fs 

time resolution, and their similar decay within ~200 ps generates the TE species. We therefore 

conclude that the TE in the ps time domain is in fact a by-product of the correlated TT and SE 

species. In the following, the t-MPA measurement in the ps time scale further strengthens this 

claim by revealing the spin correlation of these three species. 

It might be argued that the 0.95 eV PA2 band is the second optical transition of the SE species, 

provided that the rising and decay times of this band are the same as that of the 0.4 eV PASE. 

However, we show here that PA2 in the picosecond timescale is highly susceptible to an applied 

magnetic field, B, suggesting that this band does not originate from a pure spin singlet state per-

se. Rather, due to the resonant SE-TT coupling it is a nonzero spin species that may interact with 

the B field, resulting in a nonzero t-MPA response (see below for details). This strongly supports 

the assignment that PA2 is due to instantaneous TT pair excitations, namely PATT. 

Figure 2(c) shows the RT t-MPA(B) responses of both PASE and PATT bands, defined as t-MPA 

= [PA(t,B)- PA(t,0)]/PA(t,0), where PA(t,B) is the, SE or TT, PA(t) at field B, measured at t=200 

ps. The ps resolved t-MPA(B) data shown in Fig. 2(c) is limited to Bmax=0.3 T; it is thus 

sensitive to mechanisms for which the zero field splitting (ZFS) parameters of the system energy 

levels is  <BBmax 
25

 , but larger than ħ/t, where B is the Bohr magneton. Such ZFS energies are 

typical 
26

 to TE and TT that are the main subject matter here. At larger fields, mechanisms 

caused by ZFS << BBmax saturate and mechanisms such as the g spin-mixing process take 

over
27, 28

 . The t-MPA experiment was also attempted on the PASE band in DOO-PPV polymer. 

However, we found that there is no magnetic field effect within our 0.2% resolution at any t (see 

Fig. S2 inset). The null result shows that the SE in traditional -conjugated polymers is not 
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susceptible to magnetic field, since it is not composed of non-singlet spin components. In 

contrast, the nonzero t-MPA for the PASE and PATT bands here show that both PA bands are 

susceptible to magnetic field. Importantly, PATT increases with B, whereas PASE decreases with 

B while having the same dynamics. The similar t-MPA time and field responses indicate that 

these two PA bands are correlated; namely B induces population increase of the TT excitation 

which comes at the expense of population decrease in the SE population. We therefore conclude 

that the t-MPA response of the PASE in PTB7 is a unique feature of the D-A copolymer with 

bandgap <2 eV
12

 ; its correlated response with that of PATT is due to a resonance interaction 

between the SE and TT species.  

This interaction was recently explained by a „SE-TT model‟ using a spin Hamiltonian in 10-

dimensional Hilbert space, where the Hamiltonian matrix is composed of 9x9 TT-pair matrix, 

1x1 SE matrix, and coupling terms between various TT spin sub-states and the SE state
12

 . The 

magnetic field changes the spin content of each of the 10 Zeeman separated levels. If the decay 

rates are spin dependent, then the spin densities of the SE and TT states change with time and 

field, which consequently induce the t-MPA(t,B) response. Figure 2d shows the t-MPA(t) 

evolution of the PASE and PATT bands at fixed field of B=300 mT; the two responses with 

opposite polarity increase with B up to 300 ps in the same manner. Importantly, there is no field-

induced change of the initial population with B, namely t-MPA(t=0, B)=0, since the spin 

dependent recombination rates do not have the time to change the various SE and TT populations 

which induce t-MPA(B) response. As t increases, magnetic field dependent population variation 

due to spin dependent recombination rates gradually sets in, which leads to growing t-MPA 

response. 

We also studied the photoexcitations dynamics in the microsecond to millisecond time domain 

using the sec t-PA setup, which is based on transient electrical detection as described above. 

Figure 3(a) shows the t-PA dynamics at 980 nm up to 500 µsec at two fields: B=0 and B=180 mT 

measured at 40 K. We note that the B=0 dynamics cannot be fitted with a single exponential 

decay function. This indicates that the decay dynamics contains a distribution of recombination 

rates. A distribution in recombination rate is common to organic polymers having 

inhomogeneous structure.
29, 30

  To show the influence of a distribution of recombination times on 
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the decay dynamics, we have succeeded in fitting the t-PA decay using a stretched exponential 

function, 

0( ) ( ) exp( ( / ) )effPA t N t N t      ,        (1) 

with eff = 6 ns and =0.12 as shown in Fig. 3(a) inset. Such a function is typical to disordered 

systems with broad (~power law) recombination time distribution
31-34

 . 

As is clearly seen in Fig. 3(a) the applied magnetic field dramatically changes the t-PA 

dynamics; it increases the PA at early times but decreases it at later times starting from ~6 µsec. 

In order to trace the t-PA evolution with B, we measured the t-MPA(B) response at various delay 

times, as seen in Fig. 3(b). The t-MPA(B) response evolves from the non-saturated line shape 

that is similar to that of TT pairs in the ps time domain, to the line shape of individual, 

uncorrelated TE (Fig. 3(b)) that shows decrease at small B but saturates above a threshold B  
35

. 

We attribute this line shape evolution to the loss of spin entanglement between the two geminate 

TEs born from the same TT photoexcitation species. As discussed above, the TT pairs are 

generated immediately following photon absorption. At longer time, of the order of ~100 ps, the 

TT pairs dissociate into „spin-entangled‟ but separated intrachain TEs that keep their spin 

coherence up to ~6 µsec at low temperatures. At t>6 µsec the entanglement is gradually lost, 

even though the TEs recombine at much longer time, of the order of millisecond. At room 

temperature the spin lattice relaxation time is in general shorter (5-10 times shorter in polymers 

such as P3HT 
36

), we therefore anticipate that the separated TEs would lose their spin 

entanglement at shorter times.  

Surprisingly, the t-MPA(B) line-width of the non-entangled TEs (for t>6 µsec), as defined by the 

half width at half maximum (HWHM, ), also evolves with time (Fig. 3(b)). At t=20 sec  ~20 

mT; however with increasing t,  slowly decreases reaching ~6 mT at t =400 sec (Fig. 3(c)). 

We found that (t) dynamics are similar at 40K and 100K (Fig.3c); this indicates that motional 

narrowing mechanism is not the underlying mechanism for the  narrowing and we may find a 

different explanation. It is known 
37

 that  in MPA(B) responses is proportional to the TE‟s ZFS 

parameter, D, which in turn is determined by the e-h magnetic dipole-dipole interaction within 

the TE; namely D=A/r
3
. In this way the narrowing in t is related to having more TEs with 

larger size, r at longer times. This unexpected dynamics can be explained by the TE size 
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distribution. From the distribution of the TE recombination times, discussed above, we infer that 

the TE size is also subjected to the inhomogeneity and disorder in the sample film. This 

correlation leads to a transient TE size, r=r(t) for the surviving TEs, which may have longer 

recombination time that scales with r. As time progresses, the surviving TE population having 

longer recombination time also have larger size r, which, in turn shows narrower t-MPA 

response. This explains the observation of the narrowing t-MPA(B) response with time, 

validating our TE size distribution approach.  From the measured t) dynamics presented in Fig. 

3(c) we estimate that decreases by only a factor of three as the delay time changes by a factor 

of 20 (namely from 20 to 400 s), implying a very slow r(t) increase. We therefore try a 

logarithmic behavior; we assume that for t>t0 the TE size r(t) depends logarithmically on time, 

                       0 0( ) (1 ln( / ))r t r t t  ,                                                         (2) 

where t0<20 sec,  and r0=r(t=t0) and  are sample specific parameters. Equation (2) is expected 

to be valid for t<tmax, beyond which r remains constant. Figure 3(c) shows that the measured t) 

can be simulated using Eq. (2) and assuming that 
3D r  ; this fit supports our 

conjecture that the TE size of the surviving TEs grows slowly with time.   

 

It is interesting to understand the role played by the TT photoexcitation species in the charge 

photogeneration process in PTB7/PC71BM blend, where the copolymer acts as a donor and the 

fullerene molecule is an acceptor. For studying the charge photogeneration process we first 

identify the absorption characteristics of the charge photoexcitations in the copolymer by 

measuring the absorption spectrum of the pristine PTB7 film doped with iodine vapor. The 

absorption spectrum of the iodine doped film, namely doping induced absorption or DIA, 

measured at RT using a CARY 17 spectrophotometer, is shown in Fig. 4(a). It consists of two 

dominant DIA bands at 0.3 eV and 1.1 eV, respectively, which are equivalent to the two optical 

transitions P1 and P2 of charge polarons
12

 ; these bands are accompanied by DIA of IR-active 

vibrations with large oscillator strength. Figure 4(b) shows the ss-PA spectrum of a 

PTB7/PC71BM blend film measured at 40 K. The PA spectrum shows two bands at 0.35 eV and 

1.1 eV that are characteristic of the polaron bands P1 and P2 seen in the DIA spectrum. However, 

since the PAT band is also peaked at 1.1eV (Fig. 1(c)), the 1.1 eV PA band here may have two 
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separate contributions from two different photoexcitation species, namely PAT from TEs and P2 

from charge polarons; whereas the 0.35 eV PA band is assigned only to the lower P1 transition. 

This explains the different relative strength of the 1.1 and 0.35 eV bands in the DIA and ss-PA 

spectra, when comparing Figs. 4(a) and 4(b), respectively. 

Next, we probe the photoexcitation dynamics in the PTB7/PCBM blend using the t-PA 

technique. Figure 4(c) illustrates the t-PA spectrum at various time delays in the 

copolymer/fullerene blend in the ps time domain measured at RT. At t=0 the t-PA spectrum is 

similar to that in the pristine PTB7 film that consists of the two PA bands PASE at 0.4 eV and 

PATT at 0.95eV. At t>0 the t-PA spectrum evolves, showing a blue-shift of the PATT towards 

PAT + P2 bands, and red-shift of the PASE towards P1. As seen in Fig. 4(d), the TT band decays 

quickly within 20 ps into a plateau, whereas at the same time the PAT + P2 bands increase.  We 

therefore attribute the blue-shift of the TT band to the decomposition of the TT pair into separate 

TEs, which occurs much faster in the blend compared to the pristine PTB7 film. Meanwhile, the 

decay of PASE that leads to the formation of the P1 band shows the dissociation of the SE into PP 

(SE
1
PP) across the interface of the PTB7/PCBM.  

The t-PA dynamics however continues to evolve after the TT2TEs decomposition. In fact, 

PAT increases from t=20 ps up to t=1 ns, as seen in Fig 4(d). We interpret this increase due to PP 

„back-reaction‟ into TE on the copolymer chains
23

. Since the TE in the copolymer is quite stable 

in the blend film, this back-reaction channel is one of the main loss mechanisms for charge 

extraction in OPV devices based on the -conjugated copolymers, which may limit the PCE of 

the solar cell devices. Alas, we anticipate that this back reaction loss would be more effective in 

copolymers with smaller energy gap, since the lowest TE state in such copolymers would 

increase, and thus the PPTE reaction may be more effective.   

Our spectroscopic study of PTB7 copolymer and its blend with PCBM fullerene may help 

designing other copolymers which may improve the PCE of OPV solar cells, since we identified 

loss channels for charge photogeneration and extraction. First, the long lived (up to hundreds of 

microseconds) TEs in the copolymer chains need be considered as a loss for efficient solar cells. 

Second, the early photogeneration of the TT state might not be beneficial to the photocurrent as 

the TT dissociation into TEs is accelerated in the blend, and this is another loss channel. We 

note, however that the main loss channel due to PPs back recombination into TEs in the 



12 

 

copolymers may be controlled by adding a small fraction of spin ½ radical additives as reported 

in ref. 
22

.   

IV. Conclusions 

In summary, we used the t-PA and t-MPA responses in a broad spectral range and time domain 

for studying the photoexcitations dynamics in pristine PTB7, a low band-gap -conjugated 

copolymer, as well as in PTB7/PCBM blend. We identified a second mid-IR PA band in the ps 

time domain that originates from TT-pair species, which is unique to -conjugated copolymers. 

It is instantaneously photogenerated, simultaneously with that of the singlet exciton, but its decay 

dynamics are correlated with the generation of triplet excitons. This indicates that the 

decomposition reaction, namely intrachain singlet fission, TT TE + TE occurs within ~100 

ps. Moreover, due to the resonance between the SE and TT-pair energies, there is a spin-

correlation between the two species which leads to t-MPA in the ps time domain. When using 

the t-MPA technique in the sec time scale, we showed that the decomposed geminate TEs are 

still spin-entangled up to ~6 sec at low temperatures < 100 K. We anticipate shorter spin 

coherence duration at room temperature due to shorter spin lattice relaxation times.  In addition, 

we measured a transient narrowing effect for the surviving TEs t-MPA(B) response, that we can 

explain by a distribution of TE decay times in the disordered film, which leads to slight 

expansion of the surviving TEs size with time. In the PTB7/PCBM blend we identified the SE 

1
PP dissociation reaction at the copolymer/fullerene interfaces. This reaction may accelerate the 

parallel TT decomposition rate into separate TEs. In addition, some fraction of the 

photogenerated PP species density undergoes a back-reaction process of 
3
PPTE, which is 

considered to be a loss mechanism to OPV solar cells. Our results should not be unique to PTB7 

copolymer; in fact similar photoexcitations dynamics may occur for other -conjugated 

copolymers having energy gap < 2 eV. 
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Figure 1| (color online): Steady state optical spectroscopies of pristine PTB7. (a) The absorption 

and photoluminescence spectra of the PTB7 film at RT; the inset shows the copolymer chemical 

structure. (b) The electroabsorption (EA) spectrum of PTB7 film measured at 40 K; the EA 

features 1Bu and mAg are denoted. (c) Steady state photoinduced absorption (ss-PA) of PTB7 

measured at RT, where the TE band, PAT is assigned. (d) Energy diagram of SE, TT, and TE 

manifolds, where various optical transition bands are denoted. The dissociation reaction of TT 

into two geminate spin entangled TEs in the picosecond time domain, and the gradual loss of 

spin coherence of the geminate TEs in microsecond time is also indicated.   
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Figure 2| (color online): Room temperature transient picosecond photoinduced absorption (t-PA) 

and magneto photoinduced absorption (t-MPA) spectroscopies of PTB7 isolated chains in 

polystyrene, excited at 775 nm. (a) The ps t-PA spectrum evolution of the isolated chain PTB7 

where two PA bands are assigned. (b) Upper panel: three decomposed spectra PASE (red 

rectangles), PATT (blue dot), and PAT (magenta triangle) using the GA method (see text). The 

steady state PAT band (black dashed curve) is also shown for comparison. Lower panel: time 

evolution of the SE, TT, and TE bands, respectively. (c) t-MPA(B) responses of PATT and PASE 

bands measured at t = 200 ps delay time. (d) t-MPA responses of PATT and PASE measured at a 

fixed field B = 300 mT.     

  

0.2 0.4 0.6 0.8 1.0
0

1

2

3

(b)

PATT

1
0

4
(-


T
/T

)

Photon Energy (eV)

PASE

(a)

0-1 ps

100ps

200ps

300ps

500ps

0.2 0.4 0.6 0.8 1.0 1.2

0.0

0.5

1.0
PATT

PAT

P
A

 N
o
rm

.

Photon Energy (eV)

PASE ss-PAT

1 10 100

0.1

1

1
0

4
(-


T
/T

)

Time (ps)

-400 -200 0 200 400

-2

-1

0

1

2

3

t-MPASE

(d)(c)

t-
M

P
A

 (
%

)

Magnetic Field (mT)

t-MPATT

t-MPATT

t-MPASE

0 100 200 300

-3

-2

-1

0

1

2

3

t-
M

P
A

 (
%

)

Time (ps)



17 

 

 

 

Figure 3| (color online): t-PA and t-MPA dynamics of PTB7 pristine films excited with 10 ns 

pulse at 660 nm and probed at 980 nm measured at 40 K. (a) µs dynamics at B=0 (black) and 

B=180 mT (red). The zero field dynamics seen in the inset is fitted using a stretched exponential 

decay function (inset, red line through the data). (b) µs t-MPA(B) responses at different delay 

times measured at 40 K. (c) The HWHM of the t-MPA response as a function of delay time 

measured at 40 K and 100 K, and a fit (black curve) based on a model discussed in the text.  
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Figure 4| (color online): Photoexcitations dynamics in PTB7/PC71BM blend. (a) Doping induced 

absorption spectrum of PTB7 doped with iodine vapor for two minutes measured at RT. Two 

electronic bands, P1 and P2, and vibrational bands (IR-active vibrations; IRAV) are assigned.  (b) 

Steady state PA of PTB7/PC71BM blend film measured at 40 K. Two PA bands due to polarons, 

P1, P2, and PAT of TE are assigned. (c) Picosecond transient PA spectral evolution at various 

delay times‟, measured at RT. Various PA bands are assigned. (d) RT decay kinetics measured at 

0.38 eV and 0.95 eV probes that show two different processes as denoted. (i) TT decomposition 

into TEs for t<5 ps; and (ii) back-reaction of PPTE for t>50 ps.   
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