Influence of substrate on crystallization in polythiophene/fullerene blends
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Abstract 
The nanoscale morphology of the active layer in organic, bulk heterojunction  (BHJ) solar cells is crucial to device performance. Often a combination of casting conditions and post deposition thermal treatment are used to optimize the morphology. In general, the development of microscopic crystals is deleterious, as the exciton diffusion length is ≈10 nm. We find that the microscopic crystallization kinetics in polythiophene/fullerene blends are strongly influenced by the substrate on which the BHJ is cast. With an oxide substrate, the crystal nucleation density is high and significant crystallization occurs at a temperature of 140 (C. On more hydrophobic substrates, significantly higher temperatures are required for observable crystallization. This is attributed to the interfacial segregation of the PCBM, controlled by the substrate surface tension. The substrate dependence of the crystallization kinetics has significant implications on the fullerene crystal growth mechanisms and practical implications for device studies.
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1. Introduction  
 Concerns over the long term sustainability and environmental impact of fossil fuel consumption have spurred significant research in lowering the cost of photovoltaics.[
] Solution processed organic photovoltaic devices have the potential to be a sustainable and low cost technology.[
] They have the additional advantage of light weight and flexibility, enabling novel building integrated and portable applications. They suffer from performance and lifetime limitations; however, recent demonstrations of efficiency[
] and lifetime[
] advances are encouraging.  The nanoscale morphology of the active layer in organic, bulk heterojunction (BHJ) solar cells is crucial to device performance.[
] Often a combination of casting conditions and post deposition thermal treatment are used to optimize the morphology.[
,
] In general, the development of micrometer-scale phase-separation is deleterious, as the exciton diffusion length is (10 nm. In this paper we show that the microscopic crystallization behavior of the fullerene acceptor, 1-(3-methoxycarbonyl)-propyl-1-phenyl-[6,6]C61 (PCBM), in polythiophene:PCBM BHJs is strongly influenced by the substrate on which the BHJ is cast. Significant crystallization is readily observed on clean, hydrophilic oxide substrates at moderate thermal budgets ((140 (C), while significantly higher temperatures are required to observe significant crystal growth on more hydrophobic substrates.
2. Experimental 
 BHJ films were prepared from 1:1 by mass solutions of poly(3-hexylthiophene), P3HT,  (Plexcore 2100, Plextronics Inc.; specified by manufacturer:  >98% regioregular, number average molecular mass (Mn): 30 103 to 60 103, polydispersity (2.5) and PCBM, (99.5 %, Nano-C Inc.) in anhydrous 1,2-dichlorobenzene (Sigma-Aldrich Co.).[
] 15 mg/mL total solids solutions were spun cast at 600 2( rad/min, i.e., 600 rpm, for 60 s producing a wet film that was allowed to dry under a glass cover.[
] The characteristic color change from orange to purple, indicative of ordering of the P3HT,[6] occurred after (10 min. This produces an (85 nm thick film (by ellipsometry) that, with a poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)/ITO anode and LiF/Al cathode results in devices with (1.5 % power conversion efficiency (PCE). Thicker films ((200 nm) from 30 mg/mL solutions result in devices with >2 % PCE. The substrates were UV-ozone cleaned fused silica slides (GM associates).  Either hydrophilic (water contact angle < 5() as-cleaned slides or PEDOT:PSS coated (Clevios P VP Al 4083, H.C. Starck Inc., spun at 5000 2(  rad/min e.g., 5000 rpm, and dried at 120 (C for 30 min in N2) slides were employed. Optical microscopy was done in an Ar-purged, sealed, controlled-temperature stage (Linkam LTS350). Near edge x-ray absorption fine structure (NEXAFS) spectroscopy was performed at the National Synchrotron Light Source at Brookhaven National Laboratory on beam-line U7A as previously described.[
] Samples for NEXAFS were annealed on a hot plate in a nitrogen purged glove box. Grazing incidence x-ray diffraction (GIXD) spectra were collected at SSRL Beamline 11-3 with an X-ray wavelength of 0.9752 Å, an incidence angle of 0.12° and an area detector (MAR345).[
] All X-ray diffraction measurements were performed in a custom housing with a He atmosphere to prevent beam damage. Non-contact atomic force microscopy (AFM) images were collected on a XE100 system (Park Systems Corp., Korea) operating under ambient conditions. The cantilevers used in the measurements were NSC35/AlBs (MikroMasch, Estonia), which have a spring constant of (4.5 N/m, with a resonance frequency of (150 kHz, and nominal tip radius of 10 nm.
3. Results and Discussion
3.1 Characterization of Substrate Effects
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Figure 1. Optical microscopy images of P3HT:PCBM BHJ films showing crystal growth vs time (min) during annealing. Scale bar is 50 (m. Left, on oxide substrates at 140 (C:  inset is 50 (m x 50 (m. Right, on PEDOT:PSS substrates at 180 (C.  
  Shown in Figure 1 are optical microscopy images of a BHJ film prepared on an oxide surface during annealing at 140 (C. The developing features are attributed to PCBM crystals based on both earlier studies[
,
] and the x-ray diffraction data below. At early times, each crystal is surrounded by a distinct halo, which is attributed to PCBM-depleted regions of the film, consistent with earlier studies of fluorescence recovery[12] and recent scanning transmission X-ray microscopy (STXM).[
] Shown in Figure 2a is the fractional area occupied by crystals as a function of time. This reflects both crystal nucleation and growth kinetics. The observed behavior is similar to that reported by Jo, et al., for similar films on oxide substrates.[
]  The fractional area covered by crystals converges to a value of (25 % at long times. This is attributed to essentially complete separation of the film into PCBM crystals and uniformly PCBM-depleted polymer. This is consistent with the absence of any visible halo at long times. We note that recent reports indicate that PCBM is not fully absent from the polymer rich regions.[14] A diversity of PCBM crystal shapes have been reported in the literature, varying from compact to needle-like.[
] For the films reported here, we find the crystals to be nearly circular. The average ellipticity (width/length) computed over the (1700 objects in Figure 1 at 40 min is 0.75 with a standard deviation of 0.14. The area growth rate of individual crystals can provide insight into the details of the crystallization. Given the moderate ellipticity, an initial model would be diffusion limited growth of a circular island. Based on the similarity solution to the diffusion problem in cylindrical coordinates with a moving boundary condition, the area (A) of an individual crystal should grow linear in time (t) if diffusion-limited growth is occurring (length~(t, A~t).[
] Shown in Figure 2b is the area of select individual features on the oxide substrate, tracked until coalescence (impingement) of the halos. The single feature area is observed to vary nominally linearly with time, consistent with diffusion limited growth. The slight sub-linear behavior may reflect, in part, interference from adjacent crystals. The average slope for early times (up to 30 min) is 0.010 ± 0.001((m2/s. This slope is proportional to the diffusion coefficient. The proportionality constant depends on the concentration of the PCBM outside the halo and at the growing crystal edge, the density of the crystal and its total height. Estimates of these indicate the proportionality constant is of order 1. The estimated order of magnitude of the diffusion coefficient, 10-14m2/s, is in excellent agreement with that recently measured by Watts, et al. (2.5x10-14 m2/s) for similar films prepared on oxide substrates.[14] 
 [image: image2.emf]4000

3000

2000

1000

0

Area [pixels]

70 60 50 40 30 20 10 0

Time [min]

b)

30

25

20

15

10

5

0

Fractional area (%) on oxide

100 80 60 40 20 0

Time [min]

3.0

2.5

2.0

1.5

1.0

0.5

0.0

Fractional area (%) on PEDOT-PSS

a)


Figure 2 a) Total fractional area vs time at 140 (C on oxide □ and at 180 (C on PEDOT:PSS ●. Error bars are variance over independent series of frames. Note 10x scale change on oxide. b) Area (pixel area= 0.0225 (m2 ) for individual features from films at 140 (C on oxide □ and at 180 (C on PEDOT:PSS ●. Lines are least squares fits to displayed data. Sensitivity of the analysis to image processing parameters indicates a nominal 10% precision.
  While there is general agreement in the literature on the PCBM segregation behavior of films prepared on oxide (silicon wafers or glass slides),[12,14,15] there has been little discussion of the apparent discrepancy between this behavior and device optimization studies. Comprehensive, gross phase separation as observed in Fig. 1 should lead to poor device performance due to decreased shunt resistance and incomplete exciton harvesting as only excitons within a diffusion distance of the PCBM boundary can contribute to device current.[
,
] Yet optimal thermal treatments for devices often include annealing at temperatures of 140 (C or higher for extended times.[18,
] This discrepancy is reconciled by the observation that PCBM crystallization is distinctly different on the PEDOT:PSS coated substrates used for most devices structures. We observe no significant visible changes in optical microscopy upon annealing films on PEDOT:PSS for 60 min at 140 (C (data not shown).  Significantly higher temperatures are required to observe microscopically visible PCBM crystal growth. Shown in Figure 1 are optical microscopy images of a BHJ film prepared on a PEDOT:PSS coated substrate during annealing at 180 (C. While the crystal morphology appears nominally similar to that on oxide, the visible nucleation density is significantly lower.  The total fractional area of the film covered by crystals is compared to that on oxide substrates in Figure 2a. The macroscopic crystallization exhibits an approximately 30 min induction period on PEDOT:PSS, whereas the induction time is significantly less on oxide at a far lower temperature. The area of individual crystals is shown in Figure 2b. As with the oxide films at 140 (C, nominally linear behavior is observed, consistent with diffusion-limited growth. While the nucleation density on PEDOT:PSS is much lower than on the oxide, the individual crystal growth rate is significantly faster, as would be expected at the higher temperature. The nominal linear growth rate is 0.042±0.002 (m2/s.  The (4X increase in growth rate at 180 (C on PEDOT:PSS indicates that the suppression of crystal formation is not due to a substrate-induced change in the diffusion constant.[
]
  The absence of optically detectable crystallization for the films on PEDOT:PSS at 140 (C is notable, as this seems to violate the well-established tenents of nucleation theory. With decreasing temperature, the induction time should decrease and the nucleation density should increase. We have performed grazing-incidence x-ray diffraction (GIXD) measurements which are sensitive to suboptical crystallization. Films annealed at 140 (C on oxide show significant, sharp diffraction features due to the PCBM crystals, while films annealed on PEDOT:PSS at 140(C show no significant crystallization (Figure 3), consistent with the optical microscopy. However, temperature-dependent in-situ GIXD studies (Figure 4) indicate crystallization on PEDOT:PSS begins at 150 (C, with substantial crystallization occurring by 160 (C. The absence of optically detectable features until 180(C indicates that the crystals on PEDOT:PSS must be sub-micrometer, implying a very high nucleation density, consistent with standard theory.  These results are consistent with recent GIXD reports: PCBM crystallization can be observed at temperatures as low as 103-119 (C for films cast on oxide,[
] while extensive annealing at 140 (C does not result in detectable PCBM crystallization on PEDOT:PSS.[
]
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Figure 3. Ex-situ grazing-incidence x-ray diffraction (GIXD) patterns, before (AC) and after (AN) a 140 °C anneal. Note the sharp rings due to PCBM crystallization present on annealed oxide but not on annealed PEDOT:PSS.
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Figure 4. In-situ GIXD studies of P3HT:PCBM blend on PEDOT as a function of temperature. PCBM crystallization begins at 150 °C (green plot at right).

Atomic force microscopy (AFM) studies were performed on the respective surfaces in Fig 1 after ≥60 min annealing. Shown in Figure 5a is a wide field image of the assumed fully phase separated system prepared on the oxide. The individual crystals are irregular, similar to those reported for the PCBM/MDMO-PPV blend system.[
] The crystals are significantly higher than the background film level. The average crystal height (defined as feature volume/area) is quite reproducible at (130 nm, independent of crystal size (see Figure 6). The larger crystals grown at 180 (C on PEDOT:PSS have a similar irregular structure, but are significantly taller (Fig. 3b). 
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Figure 5. (a) AFM image of PCBM crystals grown on oxide (and line scan) grey scale range 200 nm. (b) AFM image of PCBM crystals grown on PEDOT (and line scan), grey scale range 550 nm.
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Figure 6. Average AFM feature height vs. feature area on oxide. The precision is reflected in the feature statistics. The nominal accuracy, based on sensitivity to image processing assumptions, is 10%.

3.2 Proposed Mechanism

 Multiple reports have shown a non-uniform vertical composition profile of P3HT:PCBM films as deposited for optimized solar cells. On high free energy surfaces such as SiO2, the higher surface energy component, PCBM, preferentially segregates to the buried interface. This enrichment has been observed with both NEXAFS[
] and x-ray photoelectron spectroscopy (XPS)[
] by delamination of cast films to expose the interface and has recently been confirmed by neutron reflectivity.[
] In contrast, at the air interface the low free energy component, P3HT, is in excess.[25,26] Evidence that interfacial energy dictates the buried interface composition follows from studies of hydrophobic surfaces (octyltrichlorosilane treatment) where the buried interface is found to be P3HT rich.[25] PEDOT:PSS interfaces cannot be characterized by delamination, as the film fails cohesively.[25,26] However, recent spectroscopic ellipsometry studies[
] have determined that there is less PCBM segregation to the PEDOT:PSS interface than on oxide, consistent with the lower surface energy of PEDOT:PSS (47 mN/m)[
] vs. oxide (73 mN/m).[
] We attribute the significant difference in PCBM crystallization on oxide vs. PEDOT:PSS to a ‘seeding’ effect arising from the PCBM rich interface layer on the oxide substrate.  This is supported by studies of PCBM crystallization on octyltrichlorosilane (OTS) treated substrates where the buried interface is P3HT rich. As on PEDOT:PSS, no significant microscopically visible changes are observed following 60 min anneals at 140(C. The evolution at 180 (C on OTS is essentially the same as that on PEDOT:PSS (S2). We note that the observation of radically different crystallization kinetics on oxide vs. the conformal OTS monolayer excludes surface roughness as the origin of the substrate effect.
  We have characterized the average (by volume) composition of both the free and buried interface of films on oxide as a function of annealing time with NEXAFS following previously described methods.[25] The composition of the polymer-air surface was found to be ( 22 % PCBM (P3HT rich) at all times.  After a 15 min anneal, the buried interface is ( 81 % PCBM, reflective of the initial PCBM interfacial segregation. Quantitative optical analysis indicated a 9 % fractional area covered by crystals. After a 60 min anneal, the buried interface composition was found to be ( 27% PCBM, which is nearly the same as that found for the surface, ( 25 % PCBM (Figure 2 a). The quantitative agreement between the buried interface PCBM composition and the areal fraction of crystals as determined by optical microscopy suggests that the PCBM interface layer breaks up during crystal growth, and that the mature crystals are nominally continuous throughout the film thickness.
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Figure 7. Schematic of crystal nucleation via PCBM interface enrichment layer. Final PCBM crystals may have a polymer coating. 
  The proposed mechanism for the crystal nucleation and growth on oxide is shown in Figure 7. It is anticipated that assembly of the PCBM into a local bilayer will occur rapidly due to the limited distance that diffusion must span in the 85 nm film. The seeded crystal then grows laterally by PCBM diffusion through the depleted regions. The specific kinetics of coalescence of the segregation layer are not known.  One hypothesis for the mechanism of growth of the PCBM crystal beyond the original film height is that a layer of the P3HT film remains ‘conformal’ to the PCBM crystals and provides a path for PCBM diffusion to the crystal top. Such a hypothesis is consistent with the lack of significant change in the polymer-air surface composition with thermal annealing. However, the PCBM content of the as cast free surface (25 %) is the same as the final crystal density, prohibiting a definitive assessment of the presence of a P3HT surface wetting layer on the crystals.
 The hypothesis that a PCBM layer ‘seeds’ the crystallization process is consistent with isothermal calorimetry measurements on similar P3HT:PCBM blends (prepared by drop-casting of solutions into polytetrafluoroethylene wells) that show negligible if any crystallization over a period of 1 h at 140 (C, but exhibit a measureable crystallization exotherm at 150 (C.[
]  A non-equilibrium phase diagram measured through differential scanning calorimetry puts the onset of cold crystallization in a drop-cast 50:50 P3HT:PCBM blend at approximately 144 °C, but there is no mention of the substrate for preparation of the DSC samples.[
] 
In the absence of the PCBM interfacial layer (as on PEDOT:PSS), classical nucleation occurs and, beyond a certain temperature, the diffusion limit for nucleation can be overcome and a maximum in the nucleation rate is reached. At this maximum, which these results indicate occurs around 160 (C, there is a very high nucleation density (i.e., rate), resulting in the formation of only nanometer scale crystallites, and therefore, the PCBM does not form large microscopically visible crystals.  The macroscopic crystals that are apparent at 180 (C may be due to coarsening of the nanocrystals. The PCBM interface layer present on oxide, at 140 (C, that is just above the reported glass transition[
] of 131 (C for PCBM, allows nucleation and growth of large crystallites from the PCBM rich phase, prior to the “natural” nucleation in the bulk of the film.  

The substrate dependence of crystallization observed here may be a general phenomenon in fullerene BHJs.  We find similar microscale crystallization behavior (fractional area of fullerene crystals ≥ 25 %) for P3HT:PCBM films of nominal 200 nm thickness, and for films that have been deposited at high (2500 2(  rad/min i.e., 2500 rpm) spin speed. Ginger and co-workers recently reported[ 
] substrate templated film patterning by employing patterned self-assembled monolayers (SAM) on Au supports. For a diversity of polymer:fullerene blends, the blend film morphology was templated by the SAM patterned substrate, but only after a post-deposition thermal anneal. Direct observation of vertical segregation in the as-deposited layers was not reported, but trends with anticipated SAM surface energy are in general apparent. For P3HT:PCBM, preferential PCBM crystal growth was observed on both high surface energy and fullerene patterned regions, when either were contrasted with low surface energy regions. Furthermore, we have performed preliminary studies with the polymer poly[3-(4-n-octyl)-phenylthiophene] (POPT).[
] NEXAFS studies of POPT:PCBM blends on oxide indicate similar interfacial segregation to that observed for P3HT:PCBM blends (80 % polymer at the polymer-air interface, 75 % PCBM at the polymer-oxide interface). Thermal annealing studies indicate significant crystallization on oxide under similar conditions for P3HT:PCBM blends (140 (C, 60 min), and higher temperatures (and longer times) were required for micrometer-scale crystallization to occur on PEDOT:PSS (S2). The results suggest that PCBM appears to crystallize more readily from POPT blends, exhibiting a higher nucleation density (finer crystals) on both oxide and PEDOT:PSS.

4. Conclusions

  The practical implications of the substrate influence on crystallization are clear: optimization of thermal schedules for polymer:fullerene blends must be done on device analogs where the substrate is treated in the same manner as in an actual device. Studies on model substrates with different surface energies (or chemical composition) can be misleading.  Similar care must also be taken in conducting studies of thin-film confinement effects on diffusion and crystallization[21] as coarser effects (vertical segregation) may dominate other factors.  Moreover, significant interest has developed in the production of the ‘inverted’ device architecture (deposition of BHJ films on n-type oxides vs. PEDOT:PSS).[
] The natural segregation of PCBM to the oxide interface is expected to provide beneficial contact effects, resulting in enhanced initial performance, however, our work suggests that the window of thermal processing (and the long-term stability of the blend morphology) may be significantly restricted in this device architecture when PCBM is used as the acceptor.  
Supplemental Information Available: Optical micrographs of PCBM crystal growth on OTS treated substrates and from POPT:PCBM blends. 
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