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ABSTRACT  

Two terpolymers based on fluorene, benzothiadiazole and carbazole monomer units were 

investigated as electron donor materials in organic solar cells. Variation of the microstructure, 

either statistical or in block, was shown to significantly affect the optoelectronic properties of the 

polymers. Both terpolymers presented a high open-circuit voltage in photovoltaic devices (ca. 

0.8-0.95 V). Polymer solar cell assembled with the active layer composed of the statistical 

polymer in combination with PCBM exhibited good photovoltaic performance, with power 
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conversion efficiency (PCE) of 1.5% using chlorobenzene as solvent and annealing treatment of 

the active layer. In its turn, the block terpolymer showed the best result when the same solvent 

and the additive 1,8-diiodooctane (DIO) was used in the mixture. After introducing the additive 

in the preparation of the active layer, changing the solvent to dichlorobenzene and varying the 

ratio of donor to acceptor, i.e., block polymer:PC60BM, the device showed PCE of 1.2% and 

2.2%, with ratio 1:2 and 1:1 w/w, respectively. In order to better understand the different devices 

performance spectroscopic techniques were employed in an attempt to gain information on the 

electronic structure, morphology and dynamics processes of charge transfer of the polymeric 

films. 

 

1. Introduction 

Bulk heterojunction (BHJ) is the most commonly used active layer architecture in organic 

photovoltaic (OPV). Fundamentally, the active layer is the layer in which the incident light is 

absorbed and photon energy is converted into electrical energy. Two components are mixed in 

the active layer forming an interpenetrating polymer network: an electron donor (typically a 

conjugated polymer, a p-type semiconductor) and an electron acceptor species (usually a 

fullerene derivative, acting as n-type semiconductor). Optimizing the morphology and inherent 

properties of this blended polymer layer is critical to optimize device performance, and to this 

end a great deal of research has been carried out to develop new materials with better device 

performance [1]. 

The morphology, along with energy level positions of donor and acceptor, influences 

several aspects that are decisive for achieving high device efficiencies, such as the rate of 

recombination, the energy required for charge separation and charge mobility. 

In this sense, as a means of controlling this property, such as introducing specific 

additives, post-deposition treatments, or chemical modifications, have motivated research in the 

synthesis of more ordered, continuous, and more crystalline films [2-4].  

In OPV devices, the morphology of the film affects charge transfer at different length 

scales. For greater orders, the organization of the acceptor and donor domains and the 

inhomogeneity of crystallinity define the transport mechanisms, in addition to influencing the 

processes of recombination and separation of charges. On a smaller scale, molecular orientation 

is also a determining factor [3]. 
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 3 

Recently, one of the strategies used to tune the physical, chemical, and electronic 

properties is by means of the synthesis of terpolymers. These materials consist of three electron 

acceptor or donor different units associated into the polymer backbone. This approach allows 

adjusting the material absorption range, the energy level positions and being able to extend the 

light -

transfer (ICT) absorption. Furthermore, it is capable to optimize and balance the effect between 

solubility and molecular packaging [5]. 

The polymer microstructure is an essential aspect in the transfer of the charges between 

the chains and, consequently, in the mobility of the charge transport. Since the morphology of 

the polymeric films directly influences the charge transport efficiency of optoelectronic devices, 

the need to evaluate this characteristic of the film is clear. In this context, the union of X-ray 

absorption spectroscopy and resonant Auger decay spectroscopy presents itself as a useful and 

straightforward tool for studying the relationship between such properties. The angular 

dependence of the X-ray absorption spectrum allows obtaining information about the molecular 

orientation of the polymer chains in relation to the substrate [6-8], whereas the use of the Core-

Hole Clock method based on data from the resonant Auger spectroscopy makes it possible to 

probe the dynamics of charge transfer in the films [9-12]. In this way, it is possible to assess 

whether new materials and their means of development are promising for a future application in 

the area of organic optoelectronics. 

This work aims to evaluate the preferential molecular orientation of materials with 

possible application in OPV devices - terpolymer films - based on the dependence of X-ray 

absorption on the radiation incidence angle. It is also intended to estimate the charge transfer 

time of the films by the Core-Hole Clock method, pointing out the most promising ones for the 

intended application. Specifically, for the synthesized terpolymers, it is very interesting to 

examine the influence of the statistical or block microstructures. We observed that the block 

terpolymer showed a faster charge transfer dynamics when compared with the statistical 

terpolymer, indicating itself as a promising candidate in the application in organic solar cell. For 

this reason, devices based on block terpolymer:PC60BM were produced varying the solvent and 

the ratio of donor:acceptor.  
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2. Experimental details  

2.1 Materials  

Semitransparent metal oxide electrode based on FTO glass was acquired from FlexiTec 

Electronica Orgânica (Paraná, Brazil) and used as 

substrate in the spectroscopic studies

purchased from Ossila, England (5-12 mPas and 500-5000 nd PEDOT:PSS (PH1000) 

was acquired from Heraeus, Germany (15-60 mPas and 850 S/cm). The terpolymers P5 and P6 

were synthesized and reported in another work of Santos and co-workers, 2020 [13]. The 

terpolymer structures are showed in Table1 and Fig.1. 

Table 1 

Terpolymer characteristics. 

Terpolymer Monomer Proportion Copolymer Type 

P5 0.5M1:M4:0.5M3 Statistical 

P6 (0.5M1:0.5M4)  (0.5M3:0.5M4) Block 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Structural formula of (a) the statistical terpolymer P5 and (b) the block 

terpolymer P6. 
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2.2 Preparation of terpolymers thin films  

FTO substrates were previously cleaned by successive sonication in Hellmanex solution, 

deionized water, isopropanol, deionized water for 10 min, and dried in N2. The films were 

prepared by spin coating on precleaned FTO, using chloroform as solvent (concentration was 0.5 

mg/mL). The spin coating was conducted in two stages: 900 rpm/180s and, subsequently, using 

1200 rpm/30 s. 

 

2.3 Measurements 

2.3.1 X-Ray Absorption Spectroscopy (NEXAFS) 

All absorption experiments were carried out in the sulfur K edge region - from 2460 eV 

to 2495 eV - in the total electron yield detection mode, using Si (111) double-crystal 

monochromator at the SXS beamline of the Brazilian Synchrotron Light Laboratory (LNLS). 

Instabilities of the beam flux were corrected by normalization using a gold grid signal placed 

before the sample. The angular dependence of the NEXAFS spectra was evaluated by rotation of 

the sample holder mounted perpendicularly to the beam axis to acquire data between 20° 

according to polythiophene data reported in the literature [9]. 

 

2.3.2 Resonant Auger Spectroscopy (RAS) 

For each sample, RAS spectra were obtained for different photon energies representative 

of relevant regions of the NEXAFS spectrum. Using 20 eV pass energy, data were collected for 

Auger electrons with kinetic energy between 2100 eV and 2125 eV - sulfur KL2,3L2,3 Auger 

decay range. A linear combination of Gaussian (G) and Lorentzian (L) profile shape functions 

was used to fit the spectra. The background correction was performed using a Shirley function. 

 

2.3.3 X-ray Photoelectron Spectroscopy (XPS) 

XPS measurements were performed using the Thermo Escalab 250 Xi spectrometer, with 

 = 1486.6 eV) radiation as an X-ray source. The spectrometer's 

pass energy was 100 eV and 25 eV for the XPS survey and core level spectra measurements, 

respectively. XPS peak fitting procedures used the software supplied with the spectrometer. 
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2.3.4 Optical characterization 

Time-resolved photoluminescence (TRPL) was measured with an Edinburgh Instruments 

Lifespec 2 time-correlated single-photon counting operating in reverse mode. The samples were 

periodically excited with an Edinburgh Instruments EPL405 picoseconds pulsed diode laser 

( , excitation slit width = 5 nm) operating at 20 MHz. The samples emission was 

measured at  ( ) over a 10 ns time window (512 

channels). The TRPL decays obtained were reconvoluted with the instrument response time. 

Fitting was carried using a single exponential decay: 

 

Where  is the lifetime of excited charge carriers in the fluorophore.  

Steady-state photoluminescence was measured with a Horiba Fluoromax-4 fluorometer. 

The samples emission was measured between 600 and 850 nm ( , 1 nm step, 

excitation and emission slit widths = 1 nm). The intensity measured was then normalized 

concerning the sample absorbance. 

Absorbance was measured between 350 and 850 nm with a Perkin Elmer Lambda 9 

Ultraviolet-visible spectrophotometer. 

 

2.4 Device Fabrication 

After cleaning and drying, the patterned ITO-coated glass substrates were additionally 

cleaned by oxygen plasma treatment for 20 min at 50°C. PEDOT:PSS (Al4083) was spin-coated 

on the cleaned ITO glass plates in two stages: 1200 rpm for 10s and, subsequently, using 5000 

rpm for 30 s, to give a film thickness of ca. 30 nm. The same conditions were used to deposition 

the PEDOT:PSS (PH1000) layer, although the viscosity of this HTL is higher. These spin-coated 

samples were then annealed at 140°C for 10 min on a hot plate. Terpolymers and fullerene 

derivatives (PC60BM or PC70BM) were dissolved (chlorobenzene or dichlorobenzene) together at 

70 °C for 180 min. For the active layer preparation with DIO (3% by volume of 1,8-

diiodooctane), the DIO additive was added into the polymer/PCBM solution and stirred at 70 °C 

for 90 min before spin-coating. For the mixture using the statistical terpolymer (P5):PCBM, it 

was used 15 mg/mL, while for the block terpolymer (P6):PCBM, 20 mg/mL was employed. The 

solutions were then spin-coated onto the PEDOT:PSS layer at 1000 rpm for 180 s and 1200 rpm 

for 30 s. For samples with the donor:acceptor ratio 1:2 w/w, three different conditions were used, 
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500, 800, and 1000 rpm for 240 s followed by 1200 rpm for 30 s. Calcium (40 nm) and 

aluminum (70 nm) were deposited, under rates of 1 Å/s and 8 Å/s, over the active layer using a 

thermal evaporator at a base pressure 1x10-6 Torr. Current density voltage (J V) characteristics 

of devices in dark and under illumination were measured using a programmable Keithley 2400, 

from -0.1 to 1.10 V for direct scanning, with 10 mV steps and delay time of 0.25 s. The cells 

were illuminated by AM 1.5 G solar simulator (Solar Science tech class AAA) with reference to 

a standard Si cell calibrated with NREL at an irradiation intensity of 1000 W/cm2. The 

measurements were conducted in the air under ambient conditions. 

 

3. Results 

3.1 Spectroscopic studies 

The surface chemistry of P5 and P6 films has been characterized by XPS measurements. 

All core levels emissions expected from the terpolymers  C1s, N1s, S2s, and S2p  were 

detected in their XPS survey spectra (Fig.2). The presence of O1s core level associated with Si 

and Sn contributions  the latter only observed for P6  suggests an uneven polymeric coating of 

the substrate. Furthermore, oxidative degradation due to air exposure is also a common source of 

oxygen in organic films [14]. Table 2 lists the atomic percent (at. %) of all elements identified in 

the survey spectra and also at. % values when not considering elements not originally from the 

polymers. After the correction, P5 film elemental analysis shows a stoichiometry equivalent to 

what would be expected based on its chemical structure. P6, on the other hand, has a more 

relevant deviation from the reference numbers, indicating that this film was possibly more 

affected by degradation or deposition flaws. Comparing the survey spectra, it is possible to 

observe clear differences in the background due to secondary low energy electrons. This result, 

together with the presence of Sn and a higher amount of oxygen for the P6 film, suggests that 

this film is thinner or less homogeneous than P5. 
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Fig. 2. XPS survey spectra of P5 and P6 terpolymers. Minor emission lines under 250 

eV are shown in the insets. 
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Table 2 

Terpolymers elemental analysis according to the XPS survey spectra. 

Element 
Atomic Percent (%) Corrected Atomic Percent (%) 

Expected Atomic Percent (%) 
P5 P6 P5 P6 

C 81.4 70.7 88.9 91.1 88.7 

N 4.4 3.2 4.8 4.2 5.1 

S 5.8 3.7 6.3 4.7 6.2 

O 5.0 15.6 - - - 

Si 3.4 2.9 - - - 

Sn - 3.9 - - - 

 

By analyzing the high-resolution spectra in the C1s, N1s, O1s, and S2p core-level regions 

presented in Fig. 3, one can notice that most of the features are common to both terpolymers. P5 

and P6 are essentially the same polymer in terms of their monomers chemical structure and 

stoichiometries, differing only by the copolymerization process; therefore, the similarities were 

indeed expected. It also means that any synthetic differences did not introduce significant 

undesirable traits. 

Among the four main contributions adjusted in the C1s spectra, those at 284.5 eV and 284.9 eV 

are attributed to sp² (C=C) and sp³-carbons (C-C/C-H), respectively. Table 3 shows the 

calculated at. % based on the polymers chemical structure, predicting a proportion of 1:0.87 

between these two chemical states. However, the experimental data yields a 1:1.16 ratio as a 

consequence of the smaller amount of C=C contribution fitted. This apparent ratio shift is, 

presumably, caused by oxidative degradation of the polymeric film surface and adventitious 

carbon contamination. Since carbon-carbon double bonds are more susceptible to oxidation than 

the single ones, the low intensity oxidized states fitted (insets in Fig. 3) at higher biding energies 

can be interpreted mostly as products of such degradation processes, reducing the C=C 

contribution in the spectrum. Lastly, the following two peaks at 285.4 eV and 286.0 eV are better 

assigned to C-S and C-N chemical states in the polymers, respectively [15]. 
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 10 

Fig. 3: High-resolution XPS spectra at C1s, N1s, O1s, and S2p core levels. Minor contributions 

over 286 eV in the C1s spectra are shown in the insets. 
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Table 3 

Atomic percent of terpolymers chemical states according to high-resolution XPS spectra in C1s, 

N1s, O1s, and S2p core-level regions. The expected atomic percent based on polymer chemical 

structures are also presented.  

Chemical 

State 

Binding Energy 

(eV) 

Atomic Percent 

(%) 
Expected Atomic Percent 

(%) 
P5 P6 

C=C 284.5 36.8 33.9 44.2 

C-C/C-H 284.9 42.6 39.3 38.4 

C-S 285.4 11.2 12.3 9.3 

C-N 286.0 7.2 8.2 8.1 

C=N-S 399.5 60.5 62.8 80 

N-(C)3 400.1 20.4 25.3 20 

O-Sn 530.7 - 36.7 - 

O=C/O-Si 532.3 93.1 57.9 - 

O-C/HO-Si 533.6 6.9 5.4 - 

S-C 164.1(2p3/2) 68.8 68.8 66.7 

S-N 165.5 (2p3/2) 27.4 24.2 33.3 

 

Accordingly, the associated nitrogen and sulfur chemical states are found at the N1s and 

S2p spectra. In the former, an intense peak at 399.5 eV is related to C=N-S in the 

benzothiadiazole unit [14,16-20] and, appearing as a shoulder, a smaller contribution at 400.1 eV 

is assigned to N-(C)3 chemical state from the carbazol units [15,20]. As stated by the atomic 

percent in Table 3, the amount of C=N-S nitrogen atoms is lower than the terpolymers chemical 

structure would suggest. Furthermore, once again, minor contributions at higher binding energies 

were detected, which might be evidence of oxidative degradation of the thiadiazol ring. A similar 

interpretation can be drawn from the S2p data, where the S-N contribution from benzothiadiazole 

at 165.5 eV (2p3/2) [14,17 19] is also lower than would be expected. Along with possibly SOx 

states fitted, all these pieces of evidence indicate that the thiadiazol ring is more prone to 

degradation on the polymeric film surface than other characteristic units. Moreover, the most 

intense contribution at 164.1 eV (2p3/2) is assigned to S-C from the thiophene rings 
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[14,18,19,21]. Finally, O1s spectra of both terpolymers have peaks around 532.3 eV and 533.6 

eV that convolute contributions from chemical states associated with carbon [15] and silicon 

atoms [22]

[22], only perceivable in this film as its survey spectra has demonstrated. Although these features 

attest to mild levels of oxidative degradation on the film's surface and their non-uniformity, the 

overall quality of the successfully deposited films was not compromised. Sulfur K-edge 

NEXAFS spectra of the terpolymers films are shown in Fig. 4. As indicated by their second 

derivatives, the same four main features (grey-shaded areas) are present in both polymeric films: 

f1 centered at 2471.8 eV, f2 at 2472.8 eV, f3 at 2473.8 eV, and f4 at 2475.3 eV. Since P5 and P6 

comprise two different units containing sulfur, thiophene (T), and benzothiadiazole (BT), the 

absorption profile observed can be interpreted as a combination of core-level transitions 

characteristic of each unit [6,8]. 

Fig. 4. Sulfur K-edge absorption spectra, and their second derivatives, of P5 and P6 terpolymers 

recorded at 45° photon incidence. The most four important features (f1, f2, f3 and f4) of both 

spectra indicated by the second derivatives are highlighted by the gray shaded areas. 
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Moreover, it might be possible to gather information about T and BT molecular 

orientation in the terpolymeric films by evaluating the angle dependence of their specific 

contributions in the spectra. 

Based on the poly 3-hexylthiophene (P3HT) absorption spectrum shown in Fig.5a, there 

are three significant peaks representative of the T unit within the 2470  2476 eV photon energy 

range. The most intense feature of the P3HT spectrum comprises the first two contributions, t1 

and t2, which can be assigned to  and , respectively [23-28]. 

According to Sekiguchi et al. (2014), [29] the last peak (t3 -C) resonance; 

however, its transition moment is perpendicular to the backbone chain direction (

), while t2 has its transition moment parallel to it [29]. All three transitions 

moments are also mutually orthogonal, as illustrated in Fig.5b. 

Concerning the BT unit, Fig.5c shows the sulfur K-edge NEXAFS spectrum of the 

PFOCBT statistical terpolymer, the analog of P5, but lacking the T units. As reported by its 

second derivative, three main contributions are noticed within the aforementioned photon energy 

range of interest. For benzothiadiazole molecule in the gas phase, it is expected two strong peaks 

spaced 1.7 eV apart, which the least energetic one corresponds to  transition. In 

contrast, the second one is related to  transition [30]. These assignments are 

compatible with b1 and b2 peaks of the PFOCBT spectrum, respectively. Moreover, a third peak 

would appear as a shoulder of the second one for the gas phase molecular system, related to a 

transition to a Rydberg state ( )[30]. At first glance, feature b3 could be interpreted as 

equivalent to this peak; however, this type of transition is hardly observed in strongly 

chemisorbed molecules and condensed systems, such as the polymers films studied here, due to 

the large size of Rydberg states [6,8]. 
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Fig. 5:(a) Sulfur K-edge absorption spectrum of P3HT and its second derivative, recorded at 45° 

photon incidence. Important features (t1, t2, and t3) within the 2470  2476 eV photon energy 

range are highlighted by the gray-shaded areas. (b) P3HT transition moment orientations 

concerning the polymer backbone chain. (c) Sulfur K-edge absorption spectrum of PFOCBT and 

its second derivative were recorded at 45° photon incidence. Significant features (b1, b2, and b3) 

in the photon energy of interest are also indicated. (d) Unit-specific t (dashed lines) and b (dotted 

lines) transition contributions expected in P5 and P6 absorption spectra features. 

 

When comparing, in Table 4, the characteristic peaks of T and BT units with those 

observed in P5 and P6 absorption spectra, it seems that f1 and f3 features result, in fact, from the 

overlapping of two pairs of contributions: t1|b1 and b2|t3, respectively. Fig.5d demonstrates how 

these unit-specific transitions are close to each other, suggesting that any sort of dichroism trend 
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observed for f1 and f3 is probably a combination arising from both sulfur-containing units, 

turning their interpretation a more challenging task. 

 

Table 4 

Comparison between P5, P6, T, and BT features. 

Energy (eV) 
Transition 

P5/P6 feature Energy (eV) 
T BT 

2471.6   
f1 2471.8 

2472.1   

2472.6   f2 2472.8 

2473.8   
f3 2473.8 

2474.2   

2475.4  b3 f4 2475.3 

 

The angle dependence of each terpolymer absorption spectrum is displayed in Fig.6. Both 

samples have evident dichroism, meaning that well-ordered films were formed. In order to better 

visualize the trends, the intensity difference between the spectra of a giving incident angle and 

the grazing incidence (20°) spectrum is also presented. Then, it is easy to identify that both 

terpolymers exhibit basically the same pattern, in which f1 and f4 intensities decrease with the 

increasing angle of incidence, while f2 and f3 have the opposite behavior. However, defining a 

preferred molecular orientation  in respect to the substrate surface  for either T or BT units 

founded only on these trends is not properly achievable due to the overlapping contributions.  
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Fig.6: Angle dependence of P5 and P6 terpolymers absorption spectra and their intensity 

variation regarding the grazing incidence (20°) spectrum. The features energy positions are 

indicated by gray dotted lines. 

 

Nevertheless, Density Functional Theory (DFT) calculations of oligomeric systems with 

the structure containing DTBT as acceptor moiety indicates a dihedral angle between T and BT 

2 3 at Fig.7,  lower than 12° [31-33]. These results suggest a 

2 3 0° or 180°) rather than 

2 3  90° or 270°). In such a condition, both units must tend to the same 

configuration with respect to the substrate surface. Furthermore, both transitions comprising the 

f1 or f3 features would exhibit the same dichroism trend, either increasing or decreasing 

simultaneously with the angle of incidence. Considering that f1 and f3 maximum intensities 

occur at grazing and normal incidence, respectively, the units may be approaching a parallel 

orientation concerning the substrate surface  also known as a face-on configuration , given that 

such conjunction of trends would only be observed when adopting this configuration. 
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Fig.7: Dihedral angles in P5 and P6 terpolymers. 

 

Charge transfer times ( ) of all polymers P3HT and PFOCBT included for 

comparative purposes  were estimated by applying the Core-Hole Clock (CHC) method [11,34]. 

To do so, the resonant (IRes) and normal Auger contributions (INA) were evaluated by 

deconvolution of sulfur KL2,3L2,3 resonant Auger decay spectra taken at few relevant photon 

energies according to the NEXAFS spectrum of the polymer. The  corresponding to the 

resonance maximum in each polymer absorption spectra is listed in Table 5. 

 

Table 5 

Polymers charger transfer times at their resonance maximum. 

Polymer  (fs) 

P5 9.8 

P6 8.5 

P3HT 9.2 

PFOCBT 49.2 

 

P5 and P6 show  values comparable to P3HT, a widely applied polymer in 

photovoltaic devices, suggesting that these new polymers might be promising materials in such 

applications. Among both terpolymers, the block copolymer type P6 has a considerably faster 

charge transfer dynamic than its statistical copolymer analog and slightly faster than P3HT. This 

result indicates that the type of copolymer plays an important role in the terpolymer electronic 

properties, despite not having the same impact on its molecular orientation. 
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PFOCBT, on the other hand, has a high  as a consequence of a low normal Auger 

(NA) contribution in its RAS spectrum, as demonstrated in Fig.8. Such evidence implies a low 

charge transfer rate when BT is not associated with T units. Incorporating the latter leads to a 

substantial increase in the terpolymer charge-transfer capabilities, possibly improving their 

performance as part of the active layer in BHJ solar cells. According to DFT calculations 

performed by Damas et al. (2018), [33] a significant reduction of the torsional angles is observed 

when BT is replaced by DTBT in similar oligomeric systems [33]. The resulting increase in the 

polymer backbone planarity  and consequently, better electron delocalization  caused by the T 

units addition provides a more efficient charge transfer. 
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Fig. 8: Sulfur KL2,3L2,3 resonant Auger decay spectra of polymers at their maximum resonance 

intensity. Normal Auger contributions are depicted as blue and spectators Auger contributions as 

orange. 
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3.2 Optical properties of the polymer thin-films 

Steady-state and time-resolved photoluminescence measurements were made of the neat 

polymer films. As expected, both polymers have similar absorbance and emission spectra shapes; 

however, P6 was found to have a significantly higher absorbance and emission intensity (Fig. 9). 

The PL intensity of P6 was >2 fold higher than that of P5 under the same excitation conditions 

and normalized to the differences in absorbance. Furthermore, the photoluminescence lifetime of 

P6 was found to be slightly shorter than that of P5, suggesting that the rate of radioactive 

recombination for P6 is greater than that of P5 (Fig. 9b). However, both polymers show a fairly 

short radioactive lifetime. A higher rate of radioactive recombination, coupled with higher 

photoluminescence intensity, in these neat films is desirable, as it is an indicator of the potential 

excited state electrons that can possibly be extracted as current in a full device. It would suggest 

that P6 has the potential to generate more photocurrent in a full device but that both are 

promising for device application. Furthermore, the transmission of the films (from absorbance 

measurements) at 500 nm is 25% and 5% for P5 and P6 respectively, this is expected as both 

films are opaque in nature, but the higher light absorption from P6 indicates it has better 

potential for light-harvesting in this range. Given that the charge transfer times for P6 are also 

slightly faster than P5 (Table 5), one would expect P6 to be the better performing polymer in full 

devices. 

 

 

Fig. 9: Optical properties of thin-film samples of P5 and P6; (a) normalized steady-state 

photoluminescence spectra and intensity ratio (excitation wavelength of 500 nm and 

excitation/emission slits of 1 nm), (b) time-resolved fluorescence decays and associated lifetimes 

measured with a picosecond diode laser operating at 20 MHz (excitation wavelength = 405 nm, 
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excitation and emission slit widths of 5 and 20 nm respectively) and (c) absorbance spectra 

between 350  850 nm. 

 

3.3 Photovoltaic Properties  

In order to investigate the performance of the active layers, terpolymers were paired with 

PC60BM or PC70BM to fabricate the devices using the conventional architecture of 

ITO/PEDOT:PSS/Active Layer/Ca/Al (Fig. 10). 

 

Fig. 10: Device structure of all-OPV (a). Chemical structures of the polymer donors and 

acceptors used in this study (b). Energy-level diagram of conventional configuration (c). 

Fig. 11 and 12 show the current density-voltage (J-V) curves of these devices employing 

donor P5. The summary of the device performance parameters for the active layers based on 

terpolymer:acceptor is listed in Table 6. 

LL) measured from the 

difference between the LUMO levels of donor and acceptor of at least 0.3 eV is enough to 

dissociate the photo-generated exciton in the active layer. Therefore, both terpolymers showed 

LL above this condition (Fig. 10c). 

P5- Statistical

P6- Block

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



 22 

Initially, all photovoltaic cells based on the device structure of 

ITO/PEDOT:PSS(Al4083)/P5:Acceptor/Ca/Al showed an open-circuit voltage higher than 0.8 V. 

According to Blakesley and Neher (2011), [36] Voc depends essentially on balance between 

charge carrier generation and recombination in the active region. Kim et al. (2016) [37] 

synthesized PFDTBT, a polymer composed of fluorene, thiophene, and benzothiadiazole 

monomers, where the authors obtained Voc of 0.92 V employing this donor combined with 

PC70BM in BHJ solar cell. The maximum power conversion efficiency (PCE) of 1.5% and a 

short-circuit current of 4.03 mA/cm² was obtained in the device employing P5:PC60BM (after 

annealing at 95°C). It may be due to the energy levels between the terpolymer and this acceptor, 

as can be observed in  Fig. 10c, which indicates better energy level alignment with PC60BM.  

The thermal annealing treatment has the objective of rearranging and enhancing the 

active layer morphology. Both terpolymers do not present a significant degree of chain ordering, 

and Tg was not observed in DSC analysis (Supporting information). We believe that the 

polymer Tg is above the performed thermal treatment. Therefore, if the annealing was conducted 

at a higher temperature than Tg, the PCE could be increased due to increased phase separation. 

Furthermore, we suppose that this occurs due to the presence of carbazole in the conjugated 

polymer chain, which generates rigidity in the chain, thus making packaging difficult. Some 

works reported in the literature did not observe transitions by DSC. Guo and co-workers (2016) 

[38] synthesized a series of D1-A-D2-A thermocouples based on diketopyrrolpyrrole (DPP) as 

an acceptor unit (A), benzothiophene substituted with alkylthienyl (BDTT) and 2,5-bis (2-

alkyloxylbenzene thiophene) (TBT) as electron donors (D1 and D2). No transition was observed 

in the DSC, ranging from 40-300 °C in the proposed polymers due to the chains' rigidity. 

The other strategy employed in BHJ-solar cells is the addition of solvent additives as 

diiodoctane with the purpose to change the morphology of the active layer, reduce the phase 

segregation and increase the solubility between polymer and fullerene derivative. As shown in 

Fig.11 and Table 6,  Jsc and PCE increased in the device where diiodoctane was used compared 

to the same active layer (P5:PC70BM). The additive acts to reduce the size of fullerene derivative 

clusters, then the aggregates of acceptor dissolve and a higher interface area between polymer 

chain and fullerene molecules are formed. 
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Fig. 11: Current density voltage (J-V) curves under illumination of organic solar cells of 

ITO/PEDOT:PSS (Al4083)/Active Layer/Ca/Al devices with an active layer D/A of 1:1 w/w in 

chlorobenzene.  

Moreover, the device based on statistical terpolymer:PC60BM and HTL-PH1000 showed 

the highest PCE value of 1.2% (Fig.12). The DIO added to the active layer increased the Jsc from 

1.9 to 3.6 mA/cm² when compared to the same acceptor without additive, and PCE of 1.11% was 

obtained. 

P5:PC60BM - (CB) Annealing - 95 C

P5:PC70BM - (CB) Annealing - 95 C

P5:PC70BM - (CB+DIO)
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Fig. 12: Current density voltage (J-V) curves under illumination of organic solar cells of 

ITO/PEDOT:PSS (PH1000)/Active Layer/Ca/Al devices with an active layer D/A of 1:1 w/w in 

chlorobenzene. 

 

 

 

 

 

 

 

 

 

 

 

P5:PC60BM - (CB) Annealing - 95 C

P5:PC70BM - (CB) Annealing - 95 C

P5:PC70BM - (CB+DIO)
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Table 6 

 Photovoltaic Performance of the Statistical and Block Terpolymers. 

Donor Acceptor 
Ratio/Solvent/ 

HTL 

Annealing 

(°C) 

Voc 

(V) 

Jsc 

(mA/cm²) 

FF 

(%) 

PCE 

(%) 

P5 

PC70BM 1:1/CB/Al4083 95 0.95 2.00 40 0.74 

PC70BM 1:1/CB+DIO/Al4083 ---- 0.86 2.60 39 0.88 

PC60BM 1:1/CB/Al4083 95 0.95 4.40 36 1.50 

PC70BM 1:1/CB/PH1000 95 0.91 1.90 37 0.64 

PC70BM 1:1/CB+DIO/PH1000 ---- 0.84 3.60 37 1.11 

PC60BM 1:1/CB/PH1000 95 0.89 4.05 34 1.20 

P6 

PC70BM 1:1/CB/Al4083 95 0.92 2.20 29 0.60 

PC60BM 1:1/CB+DIO/Al4083 ---- 0.86 4.10 32 1.00 

PC60BM 1:1/CB/Al4083 95 0.86 3.40 32 0.90 

PC70BM 1:1/CB/PH1000 95 0.90 3.40 29 0.90 

PC60BM 1:1/CB+DIO/PH1000 ---- 0.86 4.70 34 1.40 

PC60BM 1:1/CB/PH1000 95 0.86 4.10 30 1.10 

 

Fig.13 presents the current density voltage (J-V) curves for the device mounted with 

P6:acceptor and HLT (Al4083). The devices using thermal annealing and active layer with 

PC60BM showed the highest photovoltaic parameters, short-circuit current (Jsc) of 3.40 mA/cm2, 

open-circuit voltage (Voc) of 0.86 V, and fill-factor (FF) of 32% under the solar simulator, giving 

a power conversion efficiency (PCE) of 0.9%. Employing the DIO additive in the same 

configuration resulted in a improve the Jsc of all devices significantly with a slight loss in Voc, 

indicating the influence of this additive in organic solar cells, improving the dispersion of the 

fullerene derivative. 
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Fig.13: Current density voltage (J-V) curves under illumination of organic solar cells of 

ITO/PEDOT:PSS (Al4083)/Active Layer/Ca/Al devices with an active layer D/A of 1:1 w/w in 

chlorobenzene.  

We verified that the type of PEDOT:PSS used affected the efficiency mainly due to the 

high conductivity of PH1000 [39,40].  The best performance regarding the use of the block 

terpolymer as the donor was obtained when DIO and HTL-PH1000 were used in the device, with 

a short-circuit current (Jsc) of 4.70 mA/cm² and a fill factor (FF) of 34%, leading to a PCE of 

1.4% (Fig. 14).  

P6:PC70BM - (CB) Annealing - 95 C

P6:PC60BM - (CB) Annealing - 95 C

P6:PC60BM - (CB+DIO)
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Fig. 14: Current density voltage (J-V) curves under illumination of organic solar cells of 

ITO/PEDOT:PSS (PH1000)/Active Layer/Ca/Al devices with an active layer D/A of 1:1 w/w in 

chlorobenzene.  

After that, devices were produced applying block terpolymer (P6) using O-DCB, adding 

1,8-diiodooctane (DIO) additive, and changing the rotation of the spin coating for the deposition 

of 500, 800, and 1000 rpm (Fig.15Fig.  and Table 7). According to Guo et al. 2016 [41], this 

additive can enhance the photovoltaic performance of the active layer by improving 

interpenetrating nanoscale morphologies. The P6:PC60BM weight ratio was optimized from 

1:2(1000, 800, and 500 rpm) and 1:1 (1000rpm). The device fabricated from the blend solutions 

with a P6:PC60BM weight ratio of 1:2 (1000rpm) shows a PCE of 0.3% with a Jsc of 2.19 

mA/cm2, a Voc of 0.44V, and a fill factor (FF) of 33%. Reducing the spin-coating speed 

generally increased the PCEs with 800 rpm>500 rpm >1000 rpm. The device containing the 1:2 

w/w blend ratio and 800 rpm as the photoactive layer has superior performance, with a 1.2% 

PCE. We believe that with a higher amount of electron acceptor, even deposited at low speed, an 

P6:PC70BM - (CB) Annealing - 95 C

P6:PC60BM - (CB) Annealing - 95 C

P6:PC60BM - (CB+DIO)
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active layer with a small thickness was obtained. Furthermore, we observed that when the 

solvent dichlorobenzene was used, the solubility increased. 

Additionally, we fabricated a similar device, as reported by Santos et al., 2020 [13]. The 

difference was that the photovoltaic measurements were carried out in the air. The device 

ITO/PEDOT:PSS(Al4083)/Block:PC60BM(1:1+DCB+CB)/Ca/Al had a PCE of ca. 2.2%. We 

observed mainly two differences between the devices relative to the photovoltaic parameters. 

The first was the increase in Voc, and the second was related to lower Jsc compared to those 

reported by Santos and co-workers (2020) [13]. These results corroborate those obtained by 

Ceballos and co-workers in 2015 [42]. In the air, the hydration of the PEDOT:PSS may occur, 

increasing its work function. Instead, the decrease of Jsc can be explained by a reduction in 

charge-carrier, and the generation of trap states mobility when the device is exposed to air and 

light. Despite this difference, a similar PCE was obtained. 

 

Fig. 15: Current density voltage (J-V) curves under illumination of organic solar cells of 

ITO/PEDOT:PSS (Al4083)/P6:PC60BM/Ca/Al devices with an active layer D/A 1:2 and 1:1 

w/w in the o-dichlorobenzene+additive and different rotation of spin coating.  

 

P6:PC60BM (1:2)- 500 rpm

P6:PC60BM (1:2)- 800 rpm

P6:PC60BM (1:2)- 1000 rpm

P6:PC60BM (1:1)- 1000 rpm
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Table 7 

 Photovoltaic Performance of the P6:PC60BM. 

Donor Acceptor Ratio/Solvent/ 

HTL/rotation 

Voc (V) Jsc 

(mA/cm²) 

FF 

(%) 

PCE 

(%) 

P6 

PC60BM 
1:2/DCB+DIO/ 

Al4083-1000rpm 
0.44 2.20 33 0.35 

PC60BM 
1:2/DCB+DIO/ 

Al4083-800rpm 
0.81 3.15 47 1.18 

PC60BM 
1:2/DCB+DIO/ 

Al4083-500rpm 
0.85 2.70 42 1.00 

PC60BM 
1:1/DCB+DIO/ 

Al4083-1000rpm 
0.91 5.73 42 2.20 
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4. Conclusions 

P5 and P6 terpolymers were properly synthesized and deposited over the FTO substrate, 

as shown by XPS surface characterization. However, both films are not evenly covering the 

substrate, and the block polymer (P6) seems to be thinner and more affected by degradation. 

Although the dichroism analysis of their NEXAFS spectra indicates well-ordered films in both 

cases, the average orientation of the sulfur-containing units is not clear. A common face-on 

orientation of T and BT units is plausible, and further analysis should be considered to attest to 

such configuration. According to the charge transfer times estimated by the CHC method applied 

to RAS measurements, P6 has faster charge transfer dynamics than its statistical analog (P5) and 

P3HT. By comparing with PFOCBT, we were also able to observe the positive impact of 

introducing thiophene units between donor and acceptor moieties on the charge transfer 

dynamics of such semiconducting polymers. 

Furthermore, P6 seems to have better optical properties than P5 with improved light 

absorption in a thin film, a greater degree of photoluminescence (ca. 2 fold higher than P5 

normalized to absorbance), and a shorter fluorescence lifetime all indicating a greater potential 

for charge generation in full devices. Then, BHJ solar cells were fabricated with both donor 

polymers (P5 and P6). We found that the PC60BM showed higher photovoltaic parameters in 

both materials than employing PC70BM, and generally, P6 performs better than P5. By adding 

DIO, it was verified a significant increase in Jsc and PCE. Also, the type of solvent provided a 

powerful route for optimizing the device preparation and maximizing the performance of organic 

electronic devices. Moreover, the devices using a higher ratio of PCBM to polymer and faster 

spin coating rotation showed different results, highlighting the speed of 800 rpm, obtaining 

1.18% of PCE. Furthermore, the best performance of the OPV devices was obtained for the 

block terpolymer P6:PC60BM (PCE = 2.2%), producing an optimized active layer. 
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