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The molecular-level arrangement of the donor and acceptor (i.e. the local morphology) in organic solar cells governs 

charge separation and charge transport via its effect on the mobility of charges. However, the nanometre-scale mobility in 

such systems, which can be measured using terahertz (THz) spectroscopy, has been little investigated at relevant low 

excitation densities, due to extremely weak signals. Here, we study the mobility over short distances and at ultrashort 

times using time-resolved optical-pump-THz-probe (OPTP) spectroscopy on pBTTT:PCBM blends. This complements our 

previous results obtained with transient absorption (TA) and electro-modulated differential absorption (EDA) techniques. 

In the pBTTT:PCBM system, the co-existence of fullerene-/polymer-rich (‘neat’) and co-crystalline (‘intermixed’) regions 

can be controlled through choice of composition (weight ratio of the two components, use of processing additive). We 

demonstrate high short-range mobilities that help charges separate, and we show how this mobility of photogenerated 

charges develops in time, in particular as the charges move between different phase regions of the blend. By reducing the 

pump fluence below the threshold for nonlinear recombination mechanisms, we access these properties at solar cell 

operating conditions. Overall, we explain the necessity of different local phases through their influence on charge lifetime 

and mobility. 

 

Introduction 

Record power conversion efficiencies in state-of-the-art 

organic solar cells based on conjugated polymer electron 

donors blended with fullerene acceptors reach 10.6%,
1
 while 

polymer:NFA (non-fullerene acceptor) systems with 13% 

performance have recently been reported.
2
 Other advantages 

of using lead-free organic materials for photovoltaics include 

low-cost manufacturing, flexibility, light-weight, tunability and 

relatively good stability.
3-5

 The transport properties of 

electrons and holes in the organic semiconductor thin films 

play a primordial role in ensuring that charges reach the 

electrodes instead of recombining and hence govern the 

photovoltaic performance. Understanding transport in such 

materials is however challenging, since the accessible mobility 

of charges depends on the distance and time scale over which 

it is probed.
6-9

 For instance, charge transport is known to be 

highly dispersive: Fast and highly mobile charges are found on 

the local (< 10 nm) length scale along well-ordered polymer 

backbone segments, while the long-range mobility over 

hundreds of nanometres to micrometre distances is orders of 

magnitude lower, since deviations from the crystalline packing, 

the lack of tie molecules, grain boundaries, and other 

structural defects can lead to a drastic reduction in charge 

mobility.
10

 It has indeed been shown that charges travel 

preferentially along polymer backbones and jump between 

chains in locally well-packed aggregates.
11

 It is therefore 

crucial to investigate the short-range mobilities and their 

dependence on phase morphology.
12

  

A second reason why short-range charge mobility in organic 

semiconductors is important is its impact on charge generation 

in bulk heterojunction solar cells. Short-range mobility has 

been put forward to be one of the factors (together with 

presence of an energy cascade, charge delocalization, entropy 

effects etc.) that allows charge separation at donor:acceptor 

interfaces.
13, 14

 When introducing short-range mobilities 

(rather than long-range ones) in Kinetic Monte Carlo 

simulations, the increased number of splitting attempts of 

geminate electron-hole pairs was proposed to lead to a higher 

probability of the charges separating instead of recombining.
8
 

Charge separation also critically depends on the nanoscale 

structure and phase morphology at the interface, since the 
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ensuing energetic landscape can make it favourable for 

charges to separate. For example, the co-existence of 

relatively phase-pure (‘neat’) polymer and fullerene domains 

with intermixed polymer:fullerene regions creates 

advantageous energy cascades. The local morphology also 

limits the extent over which the charges can delocalize; 

intimate mixing of the donor and acceptor can for instance 

reduce the charge separation distance and thus hinder the 

escape from geminate recombination.
9, 15

 We expect that the 

local structure and the different phase domains in 

polymer:fullerene blends also impact the short-range charge 

mobility, but this has to our knowledge not yet been 

investigated. 

While several techniques exist to measure long-range charge 

transport (time of flight, carrier extraction by linearly 

increasing voltage, impedance spectroscopy, transistor 

measurements), only microwave-conductivity or terahertz 

(THz) spectroscopy allow to evaluate the short-range transport 

properties of charges, and this without contacting the active 

layer. Spectroscopy in the THz (10
12

 Hz) range accesses the 

transport of charges within the THz pulse oscillating electric 

field of 1 ps. That results in measuring short-range charge 

motion on length scales on the order of a few nanometres, 

relevant to the local phase morphology of polymer:fullerene 

blends. Moreover, only THz spectroscopy provides the 

opportunity to follow the conductivity of photogenerated 

charges with picosecond resolution following photoexcitation 

in optical-pump-THz-probe (OPTP) measurements, while 

microwave-conductivity techniques are limited to nanosecond 

time resolution. This high time resolution is important in order 

to follow the evolution of the short-range mobility on the time 

scale that the charges evolve between the different phases of 

the investigated polymer:fullerene blends. Early OPTP studies 

on organic semiconductors concentrated on comparisons of 

different polymers and their associated performance as a solar 

cell material.
16, 17

 The technique has also been used to 

investigate charges within P3HT:PCBM blends and their 

dependence on temperature (exciting either the polymer or 

the fullerene),
18

 to study molecular packing effects by 

comparing charges in films to solutions,
19

 to investigate the 

influence of regioregularity of the polymer to the 

conductivity,
20

 or to investigate the mobilities of holes and 

electrons separately.
21

 However, with a few exceptions,
22

 most 

previous OPTP studies where carried out at orders of 

magnitude higher excitation fluences than the ones 

encountered under solar illumination, making a direct 

comparison to photovoltaic device properties difficult. Indeed, 

sampling the OPTP response with pump fluences varied over 

four orders of magnitude revealed prominent non-linear 

processes (carrier-carrier scattering or bimolecular 

recombination).
23

  

Thus, although the importance of short-range charge mobility 

in organic solar cell materials has been recognized and THz 

spectroscopy provides the ideal technique to investigate it, 

there exists to date no systematic investigation linking the 

short-range THz mobility to the local phase-morphology of the 

blends, at relevant low pump fluences. Here, we have 

therefore carried out an OPTP study on pBTTT:PCBM model 

systems, where the phase morphology has been precisely 

characterized and can be controlled.
24, 25

Accepting the 

challenging low signal intensities, we have carried out all 

measurements at low fluences. This did not only allow to 

perform measurements that are relevant to solar cell 

conditions, but also to directly compare our findings to 

transient absorption (TA) and electro-modulated differential 

absorption (EDA) measurements that we had previously 

carried out on those systems.
25-29

 The former allowed us to 

determine the dynamics of the charge population, while the 

latter (a technique related to TREFISH
30

) provided the 

possibility to follow the average distance between electrons 

and holes as they drift apart in an electric field, yielding short-

range mobilities at ultrafast times and increasingly long-range 

mobilities at longer times. The OPTP experiments give access 

to valuable complementary short-range mobilities of the 

charges at different times following photo-excitation, thus 

tracking their short-range mobilities as they evolve between 

different phases of the blends regardless of the distance that 

they have travelled since their generation. We thus gain 

unique insights about the effects of the phase-morphology on 

the interplay of different short-range mobilities that govern 

charge transport and charge separation in bulk heterojunction 

organic solar cells. 

Methods 

Sample preparation 

The synthesis of poly(2,5-bis(3-hexadecyl-thiophen-2-yl)thieno 

[3,2-b]thiophene (pBTTT, Mn = 34 kDa, Mw = 66 kDa, chemical 

structure in Figure S1a), as used in this study, has been 

previously reported.
31

 We purchased [6,6]-phenyl C61 butyric 

acid methyl ester (PCBM) from Solenne, and the heptanoic 

acid methyl ester (Me7) additive from Aldrich. They were used 

without further purification. As reported in detail elsewhere,
25, 

32
 we prepared solutions of pBTTT:PCBM (1:1 or 1:4 weight 

ratio) in 1,2-ortho-dichlorobenzene. For the 1:1 pBTTT:PCBM 

blend processed with Me 7, we added 10 molar equivalents of 

the additive per monomer unit of the polymer to the solution. 

The concentration of pBTTT was 10 mg·mL
-1

 in all solutions, 

which we left stirring for more than 4 hours at 100 °C to 

ensure complete dissolution of the materials. We then 

deposited films of about 1 µm thickness by drop-casting from 

hot solutions (~85 °C) onto z-cut quartz substrates kept at 

either room temperature (Me 7 sample) or 35° C (1:1 and 1:4 

blends). 

 

Optical-Pump-THz-Probe spectroscopy 

The optical-pump-terahertz-probe (OPTP) setup was based on 

the output of a regeneratively-amplified Ti:Sapphire laser 

system with an average output power of 6 mJ at 800 nm, with 

~35 fs pulse duration at 1 kHz repetition rate (Coherent 

Astrella). Part of the beam entered an optical parametric 

amplifier (OPA, Coherent Opera Solo), whose output at 540 

nm was used as the pump. The second pump option at 400 nm 
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was generated by second harmonic generation in a BBO 

crystal. The photoexcited samples were probed by THz pulses, 

which were generated via optical rectification in a 2 mm [110] 

ZnTe crystal. Peak electric fields were around 2 kV/cm. The THz 

probe and optical pump pulses were spatially overlapped on 

the sample. The THz probe pulse was subsequently detected 

using electro-optic sampling in another 1 mm [110] ZnTe 

crystal. The OPTP measurements were done in N2 atmosphere 

to avoid oxidation of the samples and absorption of the THz 

beam by moisture. Two different measurement modes were 

employed: 1) Varying the pump-probe time delay by shifting 

the pump beam in time while scanning with the peak THz 

probe electric field yielded the photoconductivity dynamics. 2) 

Scanning the THz probe beam at a given pump-probe time 

delay measured the frequency-dependent instantaneous 

response of the THz field to the charges within the excited 

material and yielded the frequency-dependent 

photoconductivity spectrum at given pump-probe time delay. 

Results and discussion 

Photoconductivity dynamics in 1:1 and 1:4 pBTTT:PCBM blends 

One way that we selected to manipulate the phase 

morphology of the pBTTT:PCBM blends was to vary the 

polymer:fullerene ratio. PCBM intercalates between the 

sidechains of pBTTT in the 1:1 blend (by weight) yielding a 

highly intermixed co-crystal phase, while the excess PCBM in 

the 1:4 blend forms fullerene-rich clusters in addition to the 

co-crystalline polymer:fullerene regions (schematic 

representation in Figure S1b,c).
24, 26, 33

 In devices, the 1:4 blend 

shows higher solar cell efficiency than the 1:1 blend, due to 

the beneficial impact of the fullerene-rich domains.
24, 34

 The 

time evolution of the photoconductivity (measured at the peak 

THz field) upon excitation at 540 nm of the 1:1 (top) and 1:4 

(bottom) systems is shown in Figure 1. At this wavelength, 

predominantly the pBTTT is excited. The photoconductivity 

dynamics reflects the absorption of the THz pulse by the 

photogenerated charges, which is related to their short-range 

mobility, their density and their delocalization, including 

localization effects of the immediate surroundings of the 

charges (see discussion of the modified Drude Model, below). 

In previous THz studies of organic semiconductors, ultrafast 

decays of around 0.5-5 ps have been observed, which we can 

suppress by reducing the excitation density below the 

threshold of nonlinear recombination, such as carrier-carrier 

scattering and bimolecular recombination.
23

 Indeed, a 

sufficiently low fluence  ensures that the material systems are 

probed closer to device operating conditions (see Figure S2), at 

the cost of less signal intensity leading to more noise. 

Reassuringly, despite the noise, we find significant differences 

between samples of different phase morphologies and 

excitation wavelengths, while the number of exciting photons 

was kept constant at 1.14
.
10

13
 photons

.
cm

-2
. We are confident 

that we are below the threshold of nonlinear recombination 

effects because the data is in good agreement with population 

dynamics obtained from TA measurements at low fluences.  

For both systems, we find that charges are formed within a 

time scale shorter than our instrument resolution (100 fs) 

leading to the instantaneous rise in photoconductivity (Figure 

1). This is in agreement with our previous TA measurements, 

which revealed ultrafast electron transfer (ET) when pBTTT in 

the intermixed regions is excited in the 1:1 or 1:4 blends.
26, 32

 

The TA charge population dynamics, which are shown as 

dashed lines in Figure 1, indicate that in the 1:1 sample with 

540 nm excitation, 87% of photogenerated charges undergo 

geminate recombination (gCR) with a time constant of 200 ps. 

The THz photoconductivity dynamics closely follows this trend, 

showing that the THz response is dominated by the charge 

population. Indeed, as some charges undergo gCR, this leads 

to a decay in the charge density and thus reduces the 

measured THz conductivity in the 1:1 blend. In the THz 

photoconductivity dynamics, we observe this decay (fit with a 

single exponential function with a time constant of 197 ps), as 

in the TA data. The same measurement performed on the 1:4 

sample shows a slight rise in the THz absorption, while there is 

a slight 200 ps decay in the TA charge population dynamics 

due to gCR. The decay of the charge density (about 30%) in 

samples with excess PCBM is weaker than in the 1:1 blend, due 

to electrons migrating to the PCBM-rich regions, which has a 

beneficial effect on the spatial separation of charges.
26, 33, 34

 

This has also been observed in P3HT:PCBM blends, explaining 

the superior solar cell performance of blends with excess 

PCBM.
35

 The discrepancy between the TA pure population 

dynamics and the THz photoconductivity dynamics, which 

represent a population-mobility product, suggest changes in 

the short-range effective mobility of the charges as they 

evolve from the intercalated regions to the PCBM-rich regions 

after charge separation in the 1:4 blend. We conclude that the 

mobility and localization of individual charges is affected by 

the local phase composition. This change is not observed in the 

1:1 blend, where only one phase is present and charges cannot 

migrate between different phases.  
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Figure 2 shows the time evolution of the THz 

photoconductivity for measurements with pump pulses at 400 

nm, where pBTTT is excited with excess energy and PCBM also 

considerably absorbs. In the one-phase co-crystalline 1:1 

sample, we find a decay of the THz absorption signal with 

pump-probe delay which closely follows the charge signature 

of the TA measurements and presents a pronounced gCR 

component with a 152 ps time constant. As we have previously 

reported,
26

 the charge population dynamics is comparable to 

the one at 540 nm excitation, even if part of the charges are 

now generated by ultrafast hole transfer (HT) following 

excitation of PCBM in the co-crystalline regions. The extent of 

gCR drops however from 87% to 75%  with 400 nm excitation 

(Figure S3). From the similarity of the TA and THz dynamics in 

the 1:1 blend at 400 nm, we conclude again that the 

photoconductivity is dominated by the charge density. In the 

1:4 system with PCBM-rich regions, exciting with 400 nm 

pulses also generates excitons in these fullerene domains. The 

excitons first need to diffuse to the intermixed regions before 

undergoing delayed HT. This leads to the rise over the first 50 

ps in our THz conductivity data. PCBM excitons that reach the 

co-crystalline phase are split and can be separated spatially 

with the electrons occupying PCBM-rich regions and holes 

travelling along the polymer backbones into the co-crystalline 

region. We have recently shown that significant electric fields 

must be applied via external electrodes to generate free 

charges in neat C60 and PCBM films, so that we exclude here 

direct generation of charges in the PCBM-rich regions due to 

the very weak THz probe beam.
36

 The charge population 

derived from TA measurements is shown as dashed lines in 

Figure 2. We find compelling agreement of THz absorption and 

the time evolution of charges hinting at no significant change 

in the effective mobilities. 

 

  
 

Photoconductivity spectra of the 1:1 and 1:4 pBTTT:PCBM blends 

Instead of focusing only on the THz absorption at the THz field 

maximum, we also performed frequency-dependent studies of 

the THz conductivity. As described below, analysis of this data 

gives more thorough information about the absorption and 

dispersion that the THz pulse undergoes in the photoexcited 

sample, yielding insights about the nature, short-range 

mobility and density of the charges. We have analyzed the 

complex frequency-dependent photoconductivity ���� at two 

distinct pump-probe time delays: � = 2 ps and � = 500 ps, 

respectively. The complex photoconductivity spectra are 

calculated from the Fourier transform of the response of the 

THz probe pulse to the non-excited sample and the Fourier 

transform of differential transmission of the THz pulse with 

and without excitation.
37

 From these, the real and imaginary 

parts of the spectra are extracted and shown in Figure 3. The 

real part of the measured photoconductivity spectra is shown 

with square symbols, while the imaginary part is shown using 

circles for the 1:1 co-crystal system and the 1:4 blend with 

PCBM-rich regions. The imaginary part being negative (zero at 

low frequency and decreasing at higher frequencies) is a 

typical signature of dispersive transport of somewhat bound 

charges.
38

  Therefore, the real and imaginary parts of each set 

were fit with the modified Drude-Smith Model (DSM), which is 

well established for the description of charge carriers in 

disordered media that exhibit localization on a length scale 

corresponding to several monomer units in conjugated 

polymers: 

 

��	��� � 	 	
����
1 � ��� 	�1 � c�

1 � ���� 

 

Here, the plasma frequency squared, ��� � ���/	
�� ,	scales 

with the charge density �. The result of this fitting parameter 

is represented with black diamonds in Figures 1 and 2, 

Figure 1: THz photoconductivity dynamics on the one-phase 1:1 blend only 

comprising co-crystalline regions (top) and a two-phase system with additional 

PCBM-rich regions (1:4) (bottom), excited with optical pump pulses of 540 nm at 

1.14
.
10

13
 photons

.
cm

-2
. Solid lines show the absorption of the maximum THz field 

at varied pump-probe delays. Dashed lines show the charge population 

extracted from TA measurements. Black diamonds in the lower panel show the 

normalized charge density extracted from fits of the Drude-Smith Model to 

frequency-dependent photoconductivity spectra at pump-probe time delays of 

+2 and at +500 ps, respectively. 

Figure 2: THz photoconductivity dynamics on the 1:1 blend (top) and the two-phase-

system with additional PCBM-rich regions (1:4) (bottom), excited with optical pump 

pulses of 400 nm at 1.14
.
10

13
 photons

.
cm

-2
. Solid lines show the absorption of the 

maximum THz field at varied pump-probe delays. Dashed lines show the charge 

population extracted from TA measurements. Black diamonds in the lower panel show 

the normalized charge density extracted from fits of the Drude-Smith Model to 

frequency-dependent photoconductivity spectra at pump-probe time delays of +2 and 

at +500 ps, respectively. 
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normalized at short times. The excellent agreement with the 

TA population dynamics is a clear indication of the robustness 

of our analysis, in spite of the noisy data at low excitation 

fluences. Moreover, the scattering time � in the model can be 

connected to the THz mobility via ���� � ��/�∗. The effective 

mass �∗ � 1.7 ⋅ ��  of the charges in our systems is assumed 

to be similar to P3HT:PCBM blends, since P3HT and PBTTT 

have the same �∗.
39

 The THz mobility can be considered as 

resulting from very local (few nanometre) ballistic transport in 

polymer chain segments or local aggregates over which the 

charges can delocalize. The extent of delocalization is typically 

limited in organic semiconductors, for example due to the 

finite polymer chain length, disorder, or coupling of electronic 

states to nuclear modes.
40-42

 This localization leads to energy 

barriers and backscattering in the transport, which therefore 

occurs by incoherent hopping of the charges even on a 

relatively short length scale. In the DSM, this is described by 

the localization parameter #�. It ranges from #� � �1 for 

perfect backscattering at boundaries, to #� � 0 which recovers 

the unperturbed Drude model. In the case of organic 

semiconductors, this measure of localization can be 

interpreted as how weakly bound charges are. Perfect 

backscattering is expected for charges that are trapped on a 

short polymer segment without sufficient delocalization over 

extended %-orbitals. Since the THz mobilities calculated from 

the scattering times inside the DSM ignore the localization, we 

introduce the effective THz mobility as �&'' � ���� ⋅ �1 � #��.
38

 

We note that the effective mobilities obtained in our THz 

experiments still correspond to a short-range mobility and 

therefore differ from true DC mobilities measured from time 

of flight or transistor measurements that involve longer length 

scales dominated e.g. by grain boundaries. Charges travel at 

their drift velocity () � �*, with * being the applied electric 

field. In our experiments, this field is on the order of 2 kV/cm, 

leading to drift velocities of nm/ps. Since the period of the 

probing THz electric field is close to 1 ps, we probe the charges 

on the nanometer length scale and therefore at the length 

scale of local phase environments. Another aspect of our THz 

measurement geometry is that the probed sample area is on 

the order of 1 mm. Therefore, we cannot selectively target 

local phases, but average over all domains and defects when 

calculating the effective values for the delocalization and 

scattering times. Finally, it is not possible to distinguish 

between hole and electron mobility, because there is no 

selectivity between them in THz spectroscopy. In a previous 

report, the authors varied the molecular weight of the polymer 

or used the equivalent monomer and showed that typically the 

hole mobility is higher and therefore dominates the THz 

response in polymer:PCBM blends.
21

 

 

 

 
 
Table 1: Fit results of the modified DSM on the frequency-dependent 

photoconductivity of the 1:1 and 1:4 blends at 400 nm and 540 nm excitation. 

 

 
540 nm c1 

ττττ  

[fs] 

µ THz 

[cm
2
/Vs] 

µeff 

[cm
2
/Vs] 

ωp
2
  

[THz] 

1:1 2 ps -0.99 26.0 26.3 0.3 39.9 

1:4 2 ps -0.98 36.0 36.4 0.7 40.3 

 500 ps -0.95 45.2 45.7 2.3 34.4 

 400 nm c1 
ττττ  

[fs] 

µ THz 

[cm
2
/Vs] 

µeff 

[cm
2
/Vs] 

ωp
2 

 [THz] 

1:1 2 ps -0.93 27.0 27.3 1.9 29.5 

 500 ps -0.85 42.8 43.3 6.5 13.7 

1:4 2 ps -0.86 32.0 32.4 5.5 14.4 

 500 ps -0.88 43.6 44.1 5.3 19.1 

 

 

Table 1 shows the fit results obtained with the DSM, including 

the effective mobilities. For the  1:1 one-phase-sample, we 

find that at short times (2 ps) after photoexcitation, the THz 

mobility is similar at 400 nm and 540 nm excitation 

(comparable scattering times), while the effective mobility 

differs due to the stronger localization when exciting at 540 

nm. In this case, exciting with higher excess energy leads to 

slightly more delocalization consistent with previous studies of 

more localized charges closer to the band gap. The underlying 

mechanism is the stronger influence of vibrations on states 

closer to the cut-off in the density of states.
43

 Comparing the 

plasma frequencies at 2 ps we find significantly more charge 

population when exciting at 540 nm, simply because the 

sample absorbs more at this wavelength and we used similar 

pump fluences.
32

 A determination of the precise yield of 

charge carriers s is however not possible since we could not 

account for losses due to reflection and residual transmission 

of the pump. At a longer time delay of 500 ps, most charges in 

the 1:1 blend have recombined due to gCR (see strong 

reduction in the plasma frequency), explaining why the 

photoconductivity dynamics are dominated by the charge 

density in Figures 1 and 2. Considering the DSM parameters for 

the 1:1 blend excited at 400 nm in Table 1, it is moreover 

Figure 3: Complex photoconductivity spectra (squares for the real part and circles for 

the imaginary part) and Drude-Smith Model fits (solid lines) for the 1:1 and the 1:4 

systems at 400 nm and 540 nm excitation show the difference of the short range 

mobility at a pump-probe delay of +2 ps versus +500 ps. Fit results and a detailed 

description of the model are found in the main text. 
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obvious that the localization parameter significantly decreases 

over time, and that both the terahertz and effective mobilities 

increase. This shows that the small population of charges that 

can separate and does not undergo gCR, in spite of the strong 

intermixing of the donor and acceptor, is characterized by a 

particularly high short-range mobility and delocalization. This 

is facilitated by the high local order that is present in the co-

crystalline regions of pBTTT:PCBM blends, where fullerenes 

intercalate in a regular fashion in the polymer sidechains. The 

high short-range mobility stems likely from holes on the 

polymer backbones. This is because in this system electrons 

cannot delocalize over many fullerenes, since there are no 

fullerene-rich regions available. 

For the two-phase 1:4 sample containing co-crystalline regions 

as well as fullerene-rich clusters, we observe a similar strong 

localization (and only slightly higher THz mobility) as in the 1:1 

blend, 2 ps after exciting the polymer in the intercalated 

regions at 540 nm (Table 1). At longer time delays, there is a 

slight decrease in the localization parameter and increase in 

the THz mobility, leading to an overall increase in the effective 

mobility. This justifies the deviation of the THz 

photoconductivity dynamics from the TA and DSM population 

dynamics, which reflect only the slight decrease in charge 

density due to gCR (Figure 1). The increase in the short-range 

mobility is due to a combination of those charges not 

undergoing gCR having a higher mobility, and of electrons 

reaching the PCBM-rich clusters, which occurs on the tens of 

ps time scale.
26

 We find initially more delocalized charges 

when exciting the 1:4 blend with 400 nm pulses, but a THz 

mobility similar to the 1:1 systems (Table 1). The higher 

delocalization is due to both the excess energy and the fact 

that a significant fraction of the excitation occurs in PCBM-rich 

domains. This implies that upon exciton splitting at the 

interface between fullerene rich and co-crystalline regions, the 

electrons are directly formed in the fullerene-rich clusters and 

not within the intermixed domains. When going to 500 ps for 

the 1:4 blend with 400 nm excitation, we notice a relatively 

small evolution of the effective mobility, as most of the 

electrons and holes are already separated between the PCBM-

rich and the co-crystalline regions from early times on. 

Therefore, the THz photoconductivity dynamics (Figure 2) is 

dominated by the charge population, namely their increase 

due to delayed HT. In general, we find comparable THz 

mobilities in the 1:1 and 1:4 systems and at both excitation 

energies at the long 500 ps time delay. The differences in the 

photoconductivity that we observed in the THz dynamics stem 

therefore from the charge density and their localization, which 

are strongly dependent on the phase morphology. 

Photoconductivity dynamics and spectra in a partially phase-

separated 1:1 pBTTT:Me7:PCBM blend 

So far, we have discussed the role of co-crystalline regions and 

PCBM-rich clusters. To further investigate the influence of the 

presence of pBTTT-rich domains, we performed the same 

experiments with excitation at 400 nm on a partially phase-

separated 1:1 blend, processed with the additive Me7 (see 

Methods). This leads to the formation of a three-phase system 

(with co-crystalline regions, PCBM-rich and polymer-rich 

domains, Figure S1d), and to enhanced solar cell efficiency 

compared to the one-phase 1:1 blend.
25

 In our previous 

investigations of such three-phase systems, we have shown 

that gCR is reduced compared to the one-phase 1:1 blend 

(49% instead of 87%), that the co-crystalline phase is 

preferentially excited at 400 nm, and that holes from the 

intermixed regions move to the polymer-rich domains on an 

extremely fast, 200 fs time scale.
26

 The solid line in Figure 4 

shows the THz absorption time trace, the dashed line shows 

the TA dynamics, while the black diamonds show the data 

extracted from DSM fits at four pump-probe delays: 2, 5, 90 

and 500 ps, respectively. We find a slight rise in THz 

photoconductivity on the first 100 ps followed by a rather 

constant conductivity (Figure 4). This is in contrast to the TA 

and DSM population dynamics that show a decay due to gCR, 

indicating that changes in the effective mobility after 

excitation have a strong influence on the THz dynamics.  

 

 

 
 

Fit parameters from the DSM to the frequency-dependent 

photoconductivities in Figure 5 are given in Table 2. Compared 

to the 1:1 and 1:4 blends, the THz mobility at the 2 ps time 

delay is higher in the 1:1 blend with Me7. Since the latter is in 

principle comparable to the 1:4 blend, but with additional 

pBTTT-rich regions, this difference must stem from this 

additional third phase. Indeed, holes are already expected to 

have reached this phase within 2 ps, explaining the high THz 

mobility. At subsequent time delays, the THz mobility slightly 

decreases, which might be due to traps formed by the Me 7 

additive, in agreement with our previous observations using 

EDA spectroscopy.
26

 On the other hand, there is an impressive 

increase in charge delocalization with time (as shown by the 

evolution of the c1 parameter), which leads to very high 

effective mobilities after 90 ps, even higher than the ones 

found for the 1:4 blend. The smaller imaginary part 

contribution to the conductivity spectra of the Me 7 blend also 

clearly indicates a more efficient delocalization of charges. 

Overall, for the three-phase system produced with Me 7, we 

find the charge density to decay less prominently than in the 

Figure 4: THz photoconductivity dynamics on the three-phase 1:1 blend with Me 7, 

comprising co-crystalline, PCBM-rich and polymer-rich regions, excited with optical 

pump pulses at 400 nm. Solid lines show the absorption of the maximum THz field 

at varied pump-probe delays. Dashed lines show the charge population extracted 

from TA measurements. Black diamonds in the lower panel show the normalized 

charge density extracted from fits of the Drude-Smith-Model to frequency-

dependent photoconductivity spectra at various pump-probe time delays. 
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one-phase 1:1 blend, while observing mobilities comparable or 

higher than those of the 1:4 blend with PCBM-rich regions. 

Separating the long-lived charges (which do not undergo gCR) 

into neat fullerene-rich and  polymer-rich phases thus has a 

very beneficial impact on their short-range mobility and 

delocalization. Together with the favourable energy cascade in 

the three-phase system produced with Me7, this contributes 

to the superior device performance of this ternary blend 

compared to the one-phase one, that is dominated by the co-

crystalline phase.
25

 High delocalization is also a sign of long-

range free charge transport at high THz mobility, leading to the 

high effective mobility which is crucial for efficient device 

performance.
44, 45

  

 

 

Table 2 Fit results of the modified DSM on the frequency-dependent photoconductivity 

data on the three-phase system with Me7. 

Me7 

400 nm 

c1 ττττ    

[fs] 

µ THz 

[cm
2
/Vs] 

µeff 

[cm
2
/Vs] 

ωp
2
 

[THz] 

2 ps -0.91 47.5 48.1 4.3 16.0 

5 ps -0.92 43.7 44.2 3.5 15.7 

90 ps -0.80 44.1 44.6 8.9 13.1 

500 ps -0.72 41.5 42.0 11.8 10.1 

 

Short-range mobility and charge separation 

As mentioned in the introduction, the short-range charge 

mobility in polymer:fullerene blends plays an important role in 

helping the dissociation of geminate electron-hole pairs from 

charge transfer (CT) states.
8
 In all blends, we find high THz 

mobilities at short times (around 30-40 cm
2
/Vs). This assists 

the efficient charge separation, due to a higher rate of CT state 

splitting with higher scattering times.
8
 Since this more ballistic 

and very local THz mobility is expected to be high in all 

conjugated systems, it does however not allow to differentiate 

samples with high or low gCR loss. We therefore suggest that 

the short-range effective mobility, which includes both the THz 

mobility and hopping of the charges between localized sites, 

might be a better parameter to evaluate how much the 

mobility helps the separation of charges. Indeed, with 400 nm 

excitation, the early µeff (at 2 ps) of 1.9, 4.3 and 5.5 cm
2
/Vs  for 

the 1:1 blend, the 1:1 blend with Me 7 and the 1:4 blend, 

respectively, follows the trend of reduced gCR and higher solar 

cell efficiency.  Moreover, the higher effective mobility with 

400 nm compared to 540 nm excitation agrees with the 12% 

higher yield of free charges in the 1:1 blend at 400 nm (Figure 

S3). It somewhat contradicts the reported observation that 

OPV solar cell efficiency is generally independent on the 

excitation energy, yielding flat internal quantum efficiency 

(IQE) spectra.
46

 Nevertheless, IQE curves are typically reported 

on a logarithmic scale and do not reflect the small changes in 

gCR that we see here. Kinetic Monte Carlo simulations have 

shown that for a reasonable CT state lifetime of 10 ns, the 

initial short-range mobility defines the effectiveness of charge 

separation for a given size of the intermixed region.
8
 In our 

case, the co-crystalline domain size is expected to be within 

the typical 2-15 nm range of the intermixed phase in bulk 

heterojunctions,
27, 47

 and therefore the required short-range 

mobility must be on the order of 2-7 cm
2
/Vs, which is clearly 

achieved in the more efficient blends. In addition to the high 

short-range mobility, other factors such as the presence of an 

energy cascade due to the co-existence of phase-pure and 

intermixed regions, influence the charge separation. An energy 

cascade is only present here in the Me7 and 1:4 blends, also 

explaining the reduced gCR in these systems. We find 

consistently increased effective mobilities at long times for all 

blends, showing that, even if charges with different properties 

are initially generated, only the ones exhibiting large short-

range mobility prevail and survive gCR. 

Comparison to EDA transport measurements 

Finally, we compare our findings using THz spectroscopy to the 

ones we previously reported for the pBTTT:PCBM systems 

using EDA spectrocopy, in order to highlight the 

complementarity of the two techniques. In EDA, the sample in 

solar cell device configuration is subjected to a static electric 

field and the distance between the photogenerated electron 

and hole is deduced from the residual electric field between 

the electrodes as the charges move apart.
26

 Figure 6 shows the 

average electron-hole distance + and the associated EDA 

mobility from: 

�,)- � .
/ ⋅ 0

01 +, 

where .	is the device thickness	and / the applied voltage.
48

 

For the average electron-hole distance, we find a higher initial 

separation within the 1:1 blend treated with Me 7, consistent 

with the high initial THz mobility and the ultrafast transport of 

holes into the neat pBTTT regions. At long time delays, the 

greatest electron-hole separation is achieved in the 1:4 blend 

(where the electrons travel in the neat fullerene clusters), 

while the weakest separation occurs in the one-phase 1:1 

blend (in the absence of fullerene- and polymer-rich regions). 

The three-phase blend processed with Me7 shows an 

intermediate electron-hole separation at long time delays (in 

spite of the presence of neat pBTTT and PCBM regions), which 

we have attributed to traps formed by the Me 7 additive.
26

 

Figure 5: Complex photoconductivity spectra (squares for the real part and circles for 

the imaginary part) and Drude-Smith-Model fits (solid lines) for the partially phase-

separated 1:1 blend with Me 7 at 400 nm excitation at pump-probe delays of +2 ps, 

+5 ps, +90 ps and +500 ps.  
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When considering the evolution of the EDA mobility with time, 

there is a continuous decrease of the mobility over four orders 

of magnitude within 1 ns. This is due to the dispersive nature 

of the transport, since EDA probes increasingly long distances 

at longer time delays.
9
 In contrast, THz spectroscopy always 

probes the short-range mobility of the charges in the region of 

the blend where they are found at a given pump-probe delay.   

 

 

 
 

In Figure 6, triangles depict the effective mobilities deduced 

from the THz photoconductivity 2 ps after photoexcitation. It is 

comparable to the EDA mobility at the same time delay, at 

which the electron-hole separation of a few nanometers 

indicates that a similar transport distance is probed. The fact 

that the THz mobility is slightly higher than the EDA mobility 

can be attributed to the different nature of the electric field in 

which the charges drift. With the EDA technique, the applied 

field of 600 kV/cm is constant throughout the migration of 

charges and is applied unidirectionally between external 

electrodes, so that only the projection of the electron-hole 

separation in this direction is seen (the actual motion of the 

charges might be longer). The high initial mobility reduces 

significantly due encounters of energetic boundaries as the 

charges travel larger distances. On the other hand, with the 

THz technology, the applied field oscillates and changes 

polarity before a charge reaches any energetic boundaries, 

leading to a more short-range nature of the mobility. In both 

experiments, the earliest times after photoexcitation at which 

we access mobilities are on the order of a few picoseconds. By 

that time ultrafast processes, which dominate the first 1000 fs, 

such as the ballistic transport regime for the first few fs, 

followed by transient localization during the first ps, are 

overtaken by diffusive transport.
43

 Here, using THz 

spectroscopy, we are able to investigate this diffusive 

transport on length scales of 1 nm, giving an intrinsic mobility 

measurement which is impossible to achieve with other 

technologies, be it contacted or non-contacted. 

Conclusion 

We present here optical-pump-THz-probe measurements of 

pBTTT:PCBM blends with controlled phase morphologies. We 

compare samples containing only one-phase, the co-crystalline 

phase, to samples with a two-phase morphology comprised of 

co-crystalline and fullerene-rich phases, as well as samples 

containing co-crystalline and both PCBM-rich and pBTTT-rich 

regions. We show that the local phase-morphology governs 

charge separation and charge mobility. By investigating the 

THz photoconductivity dynamics for these three systems at 

low excitation fluences, we can directly compare them to 

transient absorption measurements, in order to distinguish 

between the evolution of the charge density and their short-

range mobility. Looking closely at the frequency-dependent 

photoconductivity shortly after excitation and 500 ps later, we 

then further investigate the impact of local morphology on the 

THz mobility (mainly ballistic) and the short-range effective 

mobility (including localization effects, but not grain 

boundaries and electrodes), obtained using the Drude-Smith 

Model. High THz mobility (around 30-40 cm
2
/Vs) is found in all 

systems and at different excitation energies, while significant 

differences in the effective mobility at short times can be 

correlated to efficient separation of geminate electron-hole 

pairs. Efficient systems typically have > 2 cm
2
/Vs effective 

mobility (at 2 ps after photoexcitation), as well as co-existing 

co-crystalline and fullerene- and/or polymer-rich regions 

leading to favourable energy cascades. We generally notice 

that charges surviving geminate recombination are the ones 

having a higher effective mobility. Moreover, migration of 

charges from the co-crystalline into the fullerene-/polymer-

rich regions at long time delays (500 ps) increases their 

delocalization and effective mobility. The presence of 

fullerene-/polymer-rich regions thus not only influences the 

device performance by increasing the lifetime of 

photogenerated charges (by reducing geminate 

recombination), but also provides the necessary charge 

delocalization for effective transport within local phases. Using 

THz spectroscopy at low excitation densities provides a tool in 

the study of organic semiconductors that allows to understand 

how the phase morphology of OPV blends needs to be tuned 

in order to optimize the short-range mobility of the charges for 

best charge separation and transport. 
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Figure 6: Average electron-hole distance at various times after photoexcitation probed 
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delay for excitation with 400 nm (triangle down) and excitation with 540 nm (triangle 

up). 
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Terahertz spectroscopy unravels the inner working principles of polymer:fullerene blend organic 

semiconductors with regard to their solar cell performance 
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