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Abstract 

The use of solvent additives in the fabrication of bulk heterojunction polymer:fullerene solar 

cells allows to boost efficiencies in several low bandgap polymeric systems. It is known that 

solvent additives tune the nanometer scale morphology of the bulk heterojunction. The full 

mechanism of efficiency improvement is, however, not completely understood. In this work, we 

Page 1 of 34

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

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



 
2 

investigate the influences of blend composition and the addition of 3% vol. 1,8-octanedithiol 

(ODT) as solvent additive on polymer crystallization and both, vertical and lateral morphologies 

of poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,4-b′]dithiophene)-alt-4,7(2,1,3-

benzothiadiazole)] and [6,6]-phenyl C71 -butyric acid methyl ester (PCPDTBT:PC71BM) blend 

thin films processed from chlorobenzene-based solutions. The nano-scale morphology is probed 

with grazing incidence small and wide angle X-ray scattering as well as X-ray reflectivity and 

complemented by UV/Vis spectroscopy. In PCPDTBT:PC71BM films the use of ODT is found to 

lower the solubility of fullerene in the polymer matrix and to promote polymer crystallization, 

both vertical and lateral micro phase separation with morphological coarsening, and formation of 

a fullerene-rich topping layer. The enhanced photovoltaic performance is explained by these 

findings. 

KEYWORDS: GISAXS, GIWAXS, organic photovoltaics, morphology, solvent additive, bulk-

heterojunction, ODT, PCPDTBT 

 

1. Introduction  

For approaching the launch of polymer based organic photovoltaics (OPV) into the renewable 

energy sector, improving device efficiency and stability have turned out to be the most important 

challenges in the last years. In this context, the concept of bulk heterojunction (BHJ) architecture 

has shown a highly promising framework providing several advantages.1 Amongst them, 

mechanical flexibility and low weight,2 potential optical transparency,3,4 and the capability of 

production on a large scale by roll-to-roll printing,5 as well as by spin coating on a laboratory 

scale,6 particularly render OPV devices a highly versatile source of electricity. As a more recent 
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method, spray deposition has been implemented for OPV fabrication.7 In polymer based bulk 

heterojunction solar cells, an active blend layer which, typically, consists of a suitable polymer 

and a solvable fullerene derivative, is applied from a mutual solution via one of these deposition 

techniques. As its components demix during film solidification, pure polymer and pure fullerene 

domains on a nanometer length scale form within a partially mixed amorphous phase of polymer 

and fullerene.8 In a working solar cell pure domains shape an interpenetrating network. The 

morphology of the forming bulk heterojunction layer is hereby crucial for the functioning of the 

solar device, as only excitons that are closer to an inter domain interface of the interpenetrating 

BHJ network than the exciton diffusion length in the polymer (~ 10 nm) can contribute to current 

generation.9,10 A more complete discussion of OPV device physics can be found in literature.11–14 

As the exact morphology found in the active layer matters strongly, tuning it has shown to allow 

for a significant increase of solar cell performance. In order to optimize the nanoscale 

morphology, several strategies have been reported. Amongst them are thermal annealing,15–18 

solvent annealing,19 a careful choice of solvents,20 and the use of solvent additives.21,22 Solar 

cells can further be improved by combining such techniques with the use of so-called low-

bandgap polymers which possess absorption spectra that match with the solar spectrum. For the 

specific system of poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,4-b′]dithiophene)-alt-

4,7(2,1,3-benzothiadiazole)] and [6,6]-phenyl C71-butyric acid methyl ester 

(PCPDTBT:PC71BM), solvent additives lead to a strong improvement. Peet et al. have shown 

that the overall power conversion efficiency was enhanced from 2.5% to 5.8% by use of a few % 

vol. of 1,8-octanedithiol (ODT) as solvent additive in chlorobenzene (CB).22 Moreover, a former 

investigation on poly(3-hexylthiophene) (P3HT):PC61BM revealed that the addition of small 

amounts of alkanethiols affected phase segregation and lead to enhanced polymer aggregation, 
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and hence to an improved charge carrier mobility in the polymer.23 In this context, it has been 

shown by Gu et al. that the use of ODT as solvent additive for a C60-based PCPDTBT:PC61BM 

blend resulted in an enhanced polymer crystallinity as well as in enhanced phase segregation.24 It 

is commonly expected that such a mechanism, if applicable to the blend system based on C70 

fullerene, i.e. PCPDTBT:PC71BM, could also explain the enhanced OPV efficiency reported by 

Peet et al.22 However, a comprehensive structural investigation on the influence of ODT on the 

inner morphology of the blend system of PCPDTBT and PC71BM thin films is yet due and of 

particularly high interest as most reported BHJ solar cells with highly efficient low-bandgap 

polymers, such as PCDTBT, PCPDTBT, Si-PCPDTBT, or PTB7, rely on PC71BM instead of 

PC61BM as electron acceptor.21,22,25–27  

Thus, in this work we provide a systematic investigation on the inner morphology of thin films 

from PCPDTBT:PC71BM with different blend ratios (1:1.5, 1:2.0, and 1:2.7), cast from CB with 

and without adding 3% vol ( 2.9% wt.) ODT. We investigate the crystalline order in the different 

films by means of grazing incidence wide angle X-ray scattering (GIWAXS) and UV/Vis 

spectroscopy.28–32 X-ray reflectometry (XRR) gives insight into the actual composition and the 

vertical structure of the thin films. Finally, the enhancement of micro phase separation by ODT 

is evidenced by grazing incidence small angle X-ray scattering (GISAXS).28 The results are 

discussed in the context of their impact on the photo conversion properties of 

PCPDTBT:PC71BM based solar cells.  

 

2. Experimental Section 

Sample preparation. Thin films have been prepared by spin coating on silicon (X-ray 

analysis) and glass (UV/Vis) substrates which have been cleaned with an acid treatment and 

Page 4 of 34

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

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



 
5 

carefully rinsed just before film application.33 Solutions were prepared from chlorobenzene 

(chlorobenzene:ODT, 3% vol.) at a fixed total concentration of 25 mg/ml with different weight 

fractions (1:1.5, 1:2.0 and 1:2.7) of poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,4-

b′]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] and [6,6]-phenyl C71-butyric acid methyl ester 

(PCPDTBT:PC71BM). PCPDTBT (Mw = 31 kDa, PDI = 1.9) and PC71BM were purchased from 

ONE Material and used as received. The samples were measured after spin casting without any 

additional annealing or drying step. 

UV/Vis spectroscopy. The absorbance for all films was measured with an UV-Vis 

spectrometer Lambda35 (Perkin Elmer) using a scanning speed of 120 nm / min and a slit width 

of 2 nm, in transmission mode using a sampling resolution of 1 nm. All measurements were 

corrected for the cleaned glass substrate.  

GISAXS/GIWAXS. Grazing incidence small angle X-ray scattering (GISAXS) and grazing 

incidence wide angle X-ray scattering (GIWAXS) measurements were performed at the Austrian 

SAXS beamline of the Elettra Sincrotrone in Trieste, Italy at a photon energy of 8 keV (0.154 

nm). For GISAXS a sample-detector distance of 2.05 m (104 mm for GIWAXS) and an incident 

angle of αi=0.4° (0.25° for GIWAXS) were chosen. Data were measured with a DECTRIS 

PILATUS3 1M (GISAXS) and 100k detector (GIWAXS). GISAXS data were recorded for 10 × 

20 s and summed for a total acquisition time of 200 s. Beam damage was ruled out by 

sequentially comparing the single GISAXS measurements, since no changes within the different 

single measurements was found. GIWAXS exposure time was 100 s.  

XRR. X-ray reflectivity (XRR) measurements were performed on a single batch of samples in 

house with a Bruker Advance D8 reflectometer, using the Kα line at 8048 eV and slit widths of 
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(0.2/0.2/0.05) mm, yielding a resolution of about ∆q/q = 1.5%. Fitting of the XRR data was 

performed with the Motofit package by Nelson et al.40 

 

3. Results and Discussion 

3.1 Polymer crystallites 

Crystallite Structure. Detailed information on crystallites in PCPDTBT:PC71BM thin films 

with different blend ratios (1:1.5, 1:2.0, and 1:2.7 PCPDTBT:PC71BM) processed from CB and 

CB with 3% vol. ODT is extracted from GIWAXS measurements. Figure 1 shows 2D GIWAXS 

data of the films without (upper row) and with (lower row) use of ODT.  

 

Figure 1. 2D GIWAXS data of PCPDTBT:PC71BM thin films without ODT (a: 1:1.5, b: 1:2.0, c: 

1:2.7) and of films with ODT (d: 1:1.5, e: 1:2.0, f: 1:2.7). The Bragg peak at qz ≈ 5.5 nm-1 

corresponds to the 100 lamellar stacking of PCPDTBT. The ring-like pattern around qz ≈ 13 nm-1 

arises from PC71BM aggregates. 

Page 6 of 34

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

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



 
7 

 

All GIWAXS data have been corrected for the setup geometry and remapped on a qr-qz 

representation which accounts for the lacking sensitivity for qz at qr = 0 using GIXSGUI.30,34 The 

Bragg peak located around 5.5 nm-1 is strongly enhanced by the use of ODT. It corresponds to 

the (100) reflection of the lamellar PCPDTBT stacking along the alkyl chains which was 

reported to display around 1.2 nm stacking distance.32 For a more detailed analysis, cake cuts are 

integrated over an angular range of 5 to 15° with respect to the specular plane. The resulting 

integrated intensities versus the scattering vector q are shown in Figure 2.  

 

Figure 2. GIWAXS analysis: Open symbols correspond to the films with ODT and filled 

symbols to those without ODT addition. Different colors denote the different 

Page 7 of 34

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

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



 
8 

PCPDTBT:PC71BM blend ratios (black: 1:1.5 (40 %wt. PCPDTBT), blue: 1:2.0 (33 %wt. 

PCPDTBT), green: 1:2.7 (27 %wt. PCPDTBT)). a) Integrated GIWAXS data (5...15° cake cut 

around the sample surface normal). The data have been corrected for the detector setup 

geometry. Characteristic features are marked with arrows. PCPDTBT contents from top to 

bottom: 40 % w/ ODT, 33 % w/ ODT, 27 % w/ ODT, 40 % w/o ODT, 33 % w/o ODT, 27 % w/o 

ODT. b) Stacking distances and c) crystallite correlation lengths as obtained from the cake cut 

analysis. Dots denote lamellar crystallization of PCPDTBT, squares refer to PC71BM 

aggregation and triangles denote PCPDTBT π-π stacking. 

 

The most prominent reflex (left arrow in Figure 2a) at 5.5 nm-1 appears only when ODT is used. 

The second prominent peak is located at 13 nm-1 (middle arrow in Figure 2a) and we identify a 

third, weak intensity feature around 18.5 nm-1 (right arrow in Figure 2a). For further analysis the 

curves are fitted (red lines in Figure 2a) by a superposition of three Lorentzian-shaped peaks, 

representing the three observed features in the data. The background is hereby handled by an 

exponential decay contribution for elimination of the SAXS tail.35 Using such a model function, 

we extract the peak center positions and the full width half maxima of the Lorentzian-shaped 

peaks. These features allow for drawing conclusions on intermolecular distances and for a rough 

estimation of crystallite sizes. Intermolecular distances d are calculated from the peak center 

positions qc via d=2π/qc and the crystallite sizes L are estimated from the Scherrer-equation 

(equation 1) 

)cos(

9.0

Θ∆
=

FWHM

L
λ

          (1) 
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Hereby, λ denotes the X-ray wavelength, Θ the Bragg angle and ∆FWHM the reflex full width at 

half maximum around the center of the scattering angle 2 Θ. Within this model, fitting reveals 

the crystallite spacings and sizes given in Figure 2b and c (full set of parameters in Table S1). 

For the whole analysis of crystallite sizes, it must be noted that the validity of the Scherrer 

formula for very small crystallites is still under discussion. Therefore, the absolute crystallite 

sizes might not be accurate. However, we believe that the deduced crystallite sizes allow for a 

relative comparison between the different samples investigated. All extracted parameters are 

shown in Table 1. 

 

sample d1  d2  d3  L1  L2  L3 

1:1.5 10.4(1)  4.80(1)  3.41(1)  12.2(7)  13.5(4)  7.8(2) 

1:2.0 10.4(1)  4.85(1)  3.38(1)  12.5(9)  14.5(4)  8.9(2) 

1:2.7 10.5(2)  4.90(1)  3.39(1)  11.8(9)  15.4(5)  10.0(2) 

1:1.5 ODT 11.6(1)  4.90(1)  3.47(6)  35.0(3)  19.3(6)  8.4(2) 

1:2.0 ODT 11.6(1)  4.92(1)  3.37(2)  31.1(3)  18.8(5)  7.2(5) 

1:2.7 ODT 11.4(1)  4.91(1)  3.44(3)  23.2(3)  20.0(5)  20(2) 

 

Table 1: Full set of extracted quantities from GIWAXS: d1, d2, d3 crystallite spacings and L1, 
L2, L3 corresponding crystallite sizes 

 

The full set of (stacking) distances d and correlation lengths L is given in table 1. d1/L1 and 

d3/L3 correspond to distances/correlation lengths in lamellar and π-π stacks, respectively. d2 and 

Page 9 of 34

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

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



 
10 

L2 describe fullerene agglomerates. All lengths are given in Angstroems, errors are estimated 

from fitting tolerances. 

 

The peak at 5.5 nm-1 originates from a crystal spacing of 11.5 Å in case ODT is used (open 

circles in Figure 2b), which is in good agreement with literature.32 This distance is independent 

of the fullerene content. Crystallites are found to span over 2 to 3 lamella, while the size grows 

with an increasing polymer fraction in the blend (see open circles in Figure 2c). In case no ODT 

is used, we find a rather broad intensity halo and smaller lamellar stacking distance of 10.4 Å. 

The crystallite sizes are hereby around one lamellar distance and therefore suggest that the 

polymer requires the solvent additive to crystallize at all. Based on the difference in stacking 

distances, we suggest that ODT leads to stretching of side chains, thus allowing for 

crystallization. In this case, fullerene molecules must be expelled from polymer domains. 

This scenario is compatible with the information gained from the second peak in the GIWAXS 

data at around 13 nm-1 which is found in literature and regards to the fullerene moiety of the 

film.32 A crystallite size or PC71BM of 19.4 Å is found for all blend ratios when ODT is used. 

Without ODT this value is always smaller and shows a stronger dependence on the film 

composition. It increases from 13.5 Å to 15.4 Å with increasing fullerene weight fraction which 

supports the model where ODT pushes out fullerene molecules from polymer domains. The peak 

center position reveals a distance of around 4.9 Å both without and with ODT. Since this length 

is smaller than the double C70 fullerene radius, given by roughly 2×4 Å,36 we attribute the peak 

to the distance of two opposite faces of neighboring fullerene molecules. 

The third feature in the GIWAXS data around 18.5 nm-1 reveals a stacking distance of 3.4 Å in 

both cases with and without ODT. This length scale is typical for π-π stacking in conducting 
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polymers.37,38 The peak width reveals, that the crystallite extension in π-π direction reaches over 

roughly 2 (6 for the 1:2.7 ratio) polymer chains when ODT is used, and grows from 2 to 3 

stacking distances with decreasing polymer fraction in case no ODT is used. This result might be 

counterintuitive because it suggests that films without ODT show a higher crystallite quality in 

π-π direction, which in turn would favor an efficient charge transport within the polymer moiety. 

Furthermore, it predicts an increasing polymer crystallite quality for ODT-free blends with 

decreasing polymer content. To understand these findings, the crystallite quality is deduced from 

optical spectroscopy. 

 

Crystallite Quality. In order to support the findings from GIWAXS, we investigate the 

crystallite quality within the different films by means of exciton bandwidths. Therefore, UV/Vis 

experiments in transmission mode have been performed. Absorption data are shown in Figure 

3a.  
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Figure 3. UV/Vis absorption spectra. a) Absorbance of PCPDTBT:PC71BM thin films with 

polymer:fullerene ratios of 1:1.5 (black), 1:2.0 (blue), and 1:2.7 (green) without (solid lines) and 

with ODT (dotted lines). The orange and magenta lines show scaled absorbance spectra of 

PC71BM (film) and PCPDTBT (solution). b) Residual absorbance spectra of the different films 

after subtracting plain PCPDTBT and PC71BM spectra in the corresponding ratio from the blend 

film spectra. The residual spectra fitted (green solid lines) with Gaussian shaped single-band 

absorption spectra (red curves) representing different vibrational states in ordered polymer 

structures. c) Exciton bandwidths W corresponding to the different films without (full symbols) 

and with (open symbols) ODT. Error bars are deduced from an estimated deviation of 10% for 

n0-0/n0-1. 

 

The films with ODT (dotted lines) show a pronounced absorption maximum at 800 nm. This 

feature is missing in the UV/Vis data of films without ODT (solid lines) and causes a strongly 

blue shifted absorption if no ODT is applied. It arises most probably from missing absorption 

bands as a result of a lower overall degree of crystallinity as compared to the films with ODT. 

The absorption spectra of a pure PC71BM film and of a (amorphous) PCPDTBT solution in CB 

have been measured. They have been weighted according to the sample blend ratios and then 

been subtracted from the blend film spectra. Hereby, the overall scale of the subtracted spectra of 

the amorphous materials was chosen to minimize the baseline of the residual spectra. In a first 

approximation, the residual spectra then resemble the absorbance that arises from well-ordered 

polymer structures. The residual spectra are shown in Figure 3b and clearly show that the most 

probable A0-1 photo excitation occurs at lower energies (1.55 eV instead of 1.6 eV) when ODT is 

used. This observation is a strong qualitative indication for a higher degree of polymer order in 
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presence of the solvent additive and can be explained by an elongated conjugation length. To 

support this statement quantitatively, the residual spectra are fitted in the region of polymer 

absorption using Gaussian-shaped absorption bands (using fityk).39 In this approach, a mutual 

width and energy offset between the Gaussians is used. The data are shown, along with the fits, 

in Figure 3b. Typically, the strongest contribution at 1.6 and 1.55 eV (without and with use of 

ODT, respectively) is identified as A0-1 transition since the first vibronic state is most strongly 

excited via the A0-1 transition. Thus, the band with lower energy corresponds to the A0-0 

transition. For energies lower than 1.3 eV, no fitting is performed as the non-vanishing baseline 

most probably arises from reflections at the air/thin film interface. This analysis allows for a 

comparison of the free exciton bandwidths W via equation 2:40 
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where ni are the (real) refractive indices at the respective absorption bands and Ep is the phonon 

energy of electronically excited state. Ep is determined by the chemical structure of the polymer 

and thus, is constant for all films. Assuming further that n0-0/n0-1 ≈ 1 equation 2 can be rewritten 

to equation 3  
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which allows for a comparison of exciton band widths for the different films under investigation. 

The calculated values are plotted in Figure 3c whereby a maximum deviation of 10% is assumed 
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for n0-0/n0-1. When no ODT is used, we find a clear trend towards higher exciton bandwidths with 

increasing polymer content. Since the exciton bandwidth grows with decreasing degree of order 

in the polymer these findings suggest that a higher polymer fraction without ODT actually 

reduces the degree of order in the polymer domains. This finding reflects the GIWAXS results 

where shrinking π-π stacks are found with increasing polymer contents. The exciton bandwidths 

in films prepared with ODT are less dependent on the film composition and always lower than 

the ones of the films without ODT. This finding is noteworthy for two reasons: First, it confirms 

the GIWAXS results and indicates an enhanced crystallinity in case ODT is used and second, it 

gives first evidence that the morphology might become less sensitive to the polymer weight 

fraction when ODT is used.  

3.2. Mesoscale Morphology 

Vertical composition and enrichment layers. The findings on the crystallite length scale 

suggest that ODT enhances micro phase separation, which can lead to the formation of both, 

vertical and lateral structures. In order to investigate the vertical film composition and to detect 

potential enrichment layers, X-ray reflectivity (XRR) measurements of the blend layers have 

been performed and are evaluated using the Motofit package by A. Nelson.41 Reflectivity 

measurements have been taken at the Copper Kα-line (8.048 keV) and thus all scattering length 

densities (SLDs) are given for this energy. A best fit to the XRR data is obtained by modelling 

the blend layer, which is applied by a single spin coating step, as a stack of three distinct sub 

layers on top of the substrate. Such a model stack is depicted in Figure 4a.  
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Figure 4. a) XRR fitting model of the blend layer consisting of three distinct sub layers on top of 

the substrate. b) SLD profiles showing film composition of the blend layers as obtained from 

XRR fitting with respect to the given model. Solid and dotted lines correspond to the films 

without and with 3% vol. ODT, respectively. Line colors represent the different weight fractions: 

1:1.5 (black), 1:2.0 (blue), 1:2.7 (green). The inset displays a zoom-in for better legibility in the 

compact layer region. 

 

The first of these sub layers is an interfacial enrichment layer which forms on top of the oxide-

topped silicon substrate. It turns over to a compact blend layer with uniform SLD after a certain 

distance to the substrate surface. This compact blend layer is the second sub layer and displays 

the main component of the thin film. The third (enrichment) layer on top of the film forms the 

interface to air. An overview of the film composition along the surface normal as obtained from 

fitting is given in Figure 4b (for XRR data and fitting curves see Figure S1). We find a first 

difference between the films with and without ODT in the enrichment layer at the substrate. In 

case ODT is used, this enrichment layer is slightly above 1 nm thick, irrespective of the blend 
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ratio, whereas it spans over roughly 5 nm in the films without ODT. The SLD values of these 

enrichment layers do not show a clear trend and evaluate to (14.0 ± 0.4) ×10-6 Å-2. Although this 

value exceeds the ones of thin films from PCPDTBT (SLDPCPDTBT = 10.2 ×10-6 Å-2) and PC71BM 

(SLDPC71BM = 13.9 ×10-6 Å-2), as obtained from XRR measurements of pure materials, no 

reliable statement on the material composition close to the surface can be given. However, since 

an enrichment layer similar to the one in films with use of ODT is found in the pure PCPDTBT 

sample, this layer might consist mostly of the polymer. The higher SLD could be explained by a 

dense packing and crystallization due to interfacial interactions with the substrate. A closer 

investigation of the compact layer shows a clear trend for the case where no ODT is used. The 

SLD increases with the PC71BM weight fraction, reading 12.4(1) ×10-6 Å-2 (1:1.5), 12.8(1) ×10-6 

Å-2 (1:2.0) and 12.9(2) ×10-6 Å-2 (1:2.7). For comparison, the weighted average SLD values for 

blend layers are calculated from the given weight fractions from the SLDs of pure polymer and 

fullerene. These theoretical values are 12.4 ×10-6 Å-2 (1:1.5), 12.7 ×10-6 Å-2 (1:2.0) and 12.9 ×10-

6 Å-2 (1:2.7) and agree very well with the ones obtained from XRR fitting. Therefore, we 

conclude that, in the case where no ODT is used, the main part of the blend layer is a vertically 

homogeneously well intermixed blend film with a polymer:fullerene mixing ratio determined by 

the amounts used in the solution. The layers further show a sharp surface interface with a width 

of 1 nm or less. In contrast, films with ODT display a smeared out film surface, where the 

interface between air and the compact layer spreads out over more than 10 nm. This is in good 

agreement with AFM measurements published by Peet et al.22 Unlike the films without ODT, the 

compact layer of the films with ODT shows no variation in its SLD (13.0(1) ×10-6 Å-2) for all 

three probed polymer:fullerene ratios. This value is in any case larger than the theoretical values 

for the different compositions, which most probably arises from an increased degree of polymer 
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crystallinity as compared to ODT-free films. Residual ODT (calculated SLD = 9.1×10-6 Å-2 ) and 

polymer crystallization could, however, lead to slight deviations from the calculated values. 

Since information on the residual ODT content is not accessible, the compact layer composition 

cannot be reliably determined from the SLD when ODT is used. Nevertheless, for the case that 

ODT and crystallinity affected all compact layers in the same way, we present the following 

tentative model: ODT reduces the solubility of PC71BM in the PCPDTBT matrix such, that in all 

blend ratios, the solubility limit of PC71BM is exceeded. This assumption is based on the fact that 

all results presented by this work suggest that the morphology becomes less dependent of the 

blending ratio when ODT is used. In this model, excessive fullerene molecules would 

agglomerate. Such a behavior has been formerly reported as a consequence of thermal annealing 

in other polymer:fullerene blend films.42–44 In this case, a compact layer with the saturation 

concentration of PC71BM would form, explaining the common SLD in all compact layers where 

ODT is used. Excessive fullerene would need to be expulsed from the compact layer, either 

towards the interface between substrate and compact layer or towards the surface. Since the SLD 

of the accumulation layer at the substrate interface is very similar in both cases, with and without 

ODT, fullerene molecules would rather be forced towards the film surface, explaining also the 

rough surface as observed by AFM (by Peet et al.) and XRR.22 The roughness hereby leads to the 

lower SLD value as compared to pure fullerene. In this case, the fullerene topping would act as a 

built-in electron transport layer and suppress non-geminate recombination at the contact 

interfaces, leading to the typical improvement of all photovoltaic parameters as found for 

PCPDTBT-based solar cells processed with ODT. Indeed, an enhanced surface coverage with 

fullerene molecules (2% as cast vs. 60% with ODT) as well as a strongly suppressed leakage 
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current due to the use of ODT has formerly been suggested by Guerrero et al. based on variable 

angle spectroscopic ellipsometry and capacity-voltage measurements.45 

 

Lateral structure. Finally, the lateral structure of the BHJ, which has a strong impact on 

device performance, is investigated. A well intermixed layer will provide efficient exciton 

splitting but strong non-geminate recombination, causing low fill factors. In opposite, strong 

phase separation will lead to large domains which inhibit charge carrier separation and therefore 

deteriorate the short-circuit current. In order to probe the mesoscale lateral structure of blend 

films we performed GISAXS measurements.29,46 Representative two-dimensional (2D) scattering 

images of the films with a blend ratio of 1:2.7 without and with ODT are shown in Figure 5a and 

b, respectively.  

 

Figure 5. Example of 2D GISAXS data of PCPDTBT:PC71BM (1:2.7) films prepared from CB 

without (a) and with (b) the addition of 3%vol. of ODT. In the Yoneda region (qz ≈ 0.4 nm-1), 

strongly enhanced scattering intensity can be found in case ODT was added. All data have been 

corrected for the semitransparent beamstop indicated by the gray rectangle. 

 

Since a semi-transparent beamstop was used to protect the detector from overexposure in the 

specular plane at small angles and to allow simultaneously for reasonable counting rates of 
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laterally scattered X-ray photons, all GISAXS data have been linearly corrected for the 

absorption of the beamstop (see Figure S2). A clear Yoneda peak from the polymer appears for 

all samples at the critical angle of 0.17° (PCPDTBT) with respect to the sample surface.47 At this 

critical angle, the scattering signal that arises from the polymer structure is strongly enhanced, 

which allows for material sensitive analysis of the active layer morphology. By extracting 

horizontal line cuts from the 2D GISAXS data around the critical angle, we focus on the 

scattering signal caused by lateral structures of polymer domains within the active blend layer. 

These horizontal line cuts are depicted in Figure 6.  

The solid symbols refer to the films in case no solvent additive was used whereas open symbols 

are associated with the films that have been processed with the use of ODT. The latter ones 

show, in contrast to the films without use of ODT, pronounced shoulders in the intensity around 

qy ≈ 0.02 nm-1 and qy > 0.1 nm-1 in the horizontal line cuts (marked with an arrow in Figure 6). 

Moreover, a general increase of scattering intensity is seen for the samples with added ODT. 

Therefore, we propose that ODT enhances the micro phase separation of PCPDTBT and 

PC71BM, causing both, an increase of the scattering contrast by purifying the domains (due to the 

different scattering length densities) and an enlargement of pure material domains. A similar 

mechanism was proposed for blend films based on the other acceptor material PC61BM by Gu et 

al.24 In order to estimate the absolute length scales of the domains present inside the films, the 

horizontal line cuts are modelled within the framework of the Distorted Wave Born 

Approximation (DWBA). A best fit is obtained by modelling the horizontal line cuts by three 

independent sub structures within the local monodisperse approximation (LMA).48 The 

corresponding model curves are plotted as red lines, together with the horizontal line cuts in 

Figure 6.  
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Figure 6. Horizontal line cuts from the 2D GISAXS data (symbols) and model curves (red lines) 

from films with different compositions: From bottom to top (group wise shifted for clarity): 1:1.5 

(black circles), 1:2.0 (blue squares) and 1.2:7 (green triangles). Full symbols represent films 

where no ODT is used. Open symbols correspond to films where ODT is added. The dashed line 

marks the resolution limit of the scattering setup towards large scale structures. Data points with 

qy < 0.07 nm-1 have been corrected for the absorption of the semitransparent beamstop. The 

missing data points (denoted by grey boxes) around 0.06 nm-1 and 0.2 nm-1 arise from the 

beamstop edges and the inter detector array gap (Dektris PILATUS3 1M), respectively. 

 

From this analysis, we find that the first shoulder at low qy ≈ 0.02 nm-1 values originates from the 

first sub structure describing rather large domains with radii around 75 to 90 nm. These object 

sizes are always slightly smaller when ODT is used. Based on a recent study by Liao et al., 

where amorphous polymer domains with a fractal radius of around 137 nm were found for blend 

films with a similar solvent additive (DIO), we identify these objects as amorphous polymer 

domains.49 However, these domains are expected to have only minor influence on photovoltaic 
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characteristics as they are amorphous and show much larger dimensions than typical values of 

exciton diffusion lengths on the order of up to a few 10 nm in OPV polymers.10,50 The second, 

broad, shoulder at larger qy > nm-1 values is modelled by the other two substructures which 

describe domains with mean radii between 5 and around 20 nm in the case where ODT is used. If 

no ODT is used, the corresponding domain sizes are found to be only half, i. e. in the range of 

2.5 to 10 nm. Hereby, domain sizes seem to slightly grow with increasing fullerene content when 

no ODT is used. In contrast, no trend is observed with ODT (a full overview of the 

morphological parameters from GISAXS is given in Figure S3). Such findings are a clear sign 

for enhanced micro phase separation caused by ODT addition. As the domain sizes are 

comparable to typical reported exciton diffusion lengths, we propose that the strong increase of 

OPV performance is attributed to the increase of domain sizes in the range of a few nanometers. 

Within this model, the two materials are too well intermixed in films where no ODT is used such 

that domains show insufficient percolation. Further, too strong intermixing of the materials is 

expected to hinder polymer crystallite formation and thus decrease the conductivity within 

polymer domains which also leads to lower OPV performance.  

 

4. Discussion – The full image 

All together, the morphological investigations presented in this work can be summed up as 

shown in Figure 7.  
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Figure 7. Schematic representation of the PCPDTBT:PC71BM thin film morphology with and 

without ODT. a) ODT enhances lamellar crystallization and increases the lamellar packing 

distance but disturbs π-π stacking. The PC71BM agglomerates are slightly larger with ODT. b) 

ODT compactifies the blend layer and expels PC71BM to the surface. Furthermore, it enhances 

lateral phase segregation on a mesoscopic scale.  

 

Figure 7a hereby denotes the findings about the crystalline structure. We find that the presence of 

ODT elongates the lamellar stacking distance and leads to formation of lamellar stacks 

expanding over 2 to 3 lamellae in case ODT is used. The stack size hereby increases with 

increasing polymer content. Franck-Condon analysis on UV/Vis measurements supports the 

finding and reveals improved crystallinity when ODT is used. We attribute the increase of both 

fill factor and short-circuit current of OPV devices published on photovoltaic devices to these 

results.22,51 A further contribution to enhanced power conversion characteristics by use of ODT 

arises from the vertical film composition, which is indicated in Figure 7b. The film surface has a 
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higher roughness as compared to films without ODT. The scattering length density of the 

compact film is in this case independent of the blend composition. We suggest that in films with 

ODT the solubility of fullerene in the polymer matrix is lowered, thus fullerene molecules are 

expulsed towards the surface. This scenario confirms the higher surface coverage of blend films 

with fullerene molecules as reported by Guerrero et al. and explains a reduction of leakage 

currents.45 An interesting observation made in all scattering experiments is that, both, the lateral 

and vertical nanometer scaled morphology in all probed films becomes less independent of the 

blend composition when ODT is incorporated. This observation suggests that the increase of 

short-circuit current with increasing fullerene content as shown by Hwang et al. might be mostly 

driven by a dense fullerene capping layer which forms when fullerene is expulsed from the 

compact layer and acts as a built-in electron transport layer when ODT is used. Hereby the fill 

factor remained constant and exceeded the one in case no ODT is used.51 We attribute the low 

fill factor of devices without ODT to the lateral nanometer scaled morphology. In case no ODT 

is used, the films show excessive mixing which could lead to formation of fullerene islands that 

do then not percolate anymore and therefore give rise to strong non-geminate recombination. 

ODT shows to strongly enhance micro phase separation. Thus, the probability for domains to 

percolate increases and recombination is suppressed as reported by Li et al.52  

 

5. Conclusion 

In conclusion, we have analyzed the morphology of PCPDTBT:PC71BM blend thin films for use 

in organic photovoltaics. The influence of the blend ratio (1:1.5, 1:2.0, and 1:2.7) as well as of 

the addition of 3% vol. ODT is probed by means of X-ray scattering and optical spectroscopy. 

ODT turns out to enhance micro phase separation for all probed blend composition and leads to 
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roughly double domain sizes on a length scale of ten nanometers. ODT boosts lamellar 

crystallization of PCPDTBT and leads to an increase of overall crystallinity and optical 

absorbance. It also induces vertical phase separation and leads to formation of a fullerene-rich 

topping layer on the compact blend layer which acts as built-in electron blocking layer. All 

together, the use of ODT gives rise to a morphology in which leaking currents and charge 

recombination are suppressed and thus enhances OPV performance. Keeping this in mind it is 

clear that solvent additives provide a simple pathway for optimization of organic solar cells by 

tuning the nanometer-scaled active layer morphology. Nevertheless, it should be taken into 

account that the use of solvent additives might have a strong influence on the morphological 

degradation behavior of the active layer. Investigations thereon are, however, due. Finally, the 

active layer morphology has, once more, proven to be of prime importance when it comes to 

OPV efficiencies. 
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Supporting Information 

Full set of extracted quantities from GIWAXS (Table S1), XRR data and fitting curves (Figure 

S1), vertical line cuts of 2D GISAXS data (Figure S2) and full set of fitting parameters 

determined from the analysis of the GISAXS data (Figure S3).  

This material is available free of charge via the Internet at http://pubs.acs.org. 
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