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Abstract: Nanostructures generated from block copolymer self-assembly enable a variety 

of potential technological applications. In this article we review recent work and the 

current status of two major emerging applications of block copolymer (BCP) 

nanostructures: lithography for microelectronics and photovoltaics. We review the progress 

in BCP lithography in relation to the requirements of the semiconductor technology 

roadmap. For photovoltaic applications, we review the current status of the quest to 

generate ideal nanostructures using BCPs and directions for future research. 
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1. Introduction: Applications Using Block Copolymer Nanostructures 

Block copolymers (BCPs), where dissimilar polymer blocks are joined by covalent bonds, draw 

tremendous interest for their potential applications. This is especially true for thin films of BCPs, 

which can be deposited inexpensively on a wide variety of substrates using solution processing 

techniques. The dissimilar blocks can separate into distinct domains with controllable dimensions and 

functionalities. The degree of long-range order and orientation of these domains can be controlled by a 

variety of factors, such as the interaction of the BCP molecules with the substrate, the film thickness, 

and the post-deposition annealing procedures [1,2]. Most studies on BCPs have focused on coil-coil 

diblock copolymers, where each block is a fully flexible polymer chain. Structures generated by these 
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BCPs are well understood. For virtually all coil-coil BCPs, the various equilibrium morphologies can 

be completely described by a phase diagram such as that depicted in Figure 1a [3]. The self-assembled 

domain shapes can be tuned by adjusting the relative volume fraction of each block (f), Flory-Huggins 

interaction parameter χ, and the degree of polymerization N. In a typical BCP, the dimension of the 

domains range from 10 nm to 100 nm and can be controlled by changing the overall molecular weight 

of the macromolecule. BCP structures described in the phase diagram are schematically shown in 

Figure 1b [1]. This set of properties enables BCPs to be used as a general route for patterning a variety 

of materials into periodic structures. Transferring the self-assembled BCP pattern into the supporting 

substrate constitutes the most common example [4,5], while templating of magnetic materials [6], 

nanoparticles [7-11], and continuous thin metal films [12] have all been reported. 

Figure 1. (a) Typical phase diagram of a coil-coil diblock copolymer. f: Volume fraction 

of one block. χ: Flory-Huggins interaction parameter. N: degree of polymerization. L: 

lamellae, H: hexagonally packed cylinders, Q
230

: double-gyroid phase, Q
229

: body-centered 

spheres, CPS: closed-packed spheres, DIS: disordered. Reprinted with permission from 

Reference [3]. Copyright 2006 American Chemical Society. (b) Structures of the different 

phases described in (a). fA is the volume fraction of block A. Reprinted from Materials 

Today, Vol. 13, I. Botiz and S.B. Darling, Optoelectronics using block copolymers [25]. 

Copyright 2010 with permission from Elsevier. 

 

(a)       (b) 

Among the plethora of potential applications for BCPs, two topical technologies will be addressed 

here: microelectronic manufacturing and photovoltaic cells. The former is already approaching 

commercialization, whereas the latter is just beginning to show its promise. Potential for these specific 

applications derives primarily from the fact that BCPs are amenable to solution-based processing 

methods and the nanostructures they generate can be applied inexpensively and quickly over a large 

area. This property leads to high throughput and is fundamentally important for both cases. At present, 

photolithography presents a bottleneck for throughput in the microelectronics manufacturing process, 

and the success of any competing patterning technology would need to have a similar throughput; not 

all lithography techniques are suitable [13]. In this respect, BCP-based lithography holds an advantage 
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compared to other high-resolution patterning technologies such as electron beam lithography. For 

wide-scale global photovoltaic applications, the cost of generating electricity from any solar cell 

technology needs to be equal to or less than the cost of using conventional electricity sources such as 

fossil fuels, and current solar panels based on silicon are too expensive and too slow to produce. 

Polymer-based photovoltaic cells present an inexpensive and more scalable alternative, presuming 

efficiency and stability requirements can be met [14]. 

The most important near-term application of BCPs is their use in the microelectronics industry. An 

impressive array of research has shown that BCPs can enhance the current capabilities of optical 

lithography. The dominant technology for producing fine patterns, optical lithography is 

fundamentally constrained by the wavelength of the light source. The microelectronics industry, the 

main driver of making patterns with dimensions far below the optical diffraction limit, has not reduced 

the wavelength of the illumination source of lithography tools to less than 193 nm since 2001, due to 

the difficulty of finding a suitable material for the optical elements in the lithography tools below this 

wavelength. In this context, templates based on block copolymers, which are high controllable, 

uniform and inexpensive to generate, present an attractive option to extend the semiconductor 

technology roadmap [15]. The magnetic recording industry has a similar impetus to make small, dense 

and regular patterns in magnetic materials to increase information storage density [16-18]. Pioneering 

work by Nealey et al. [19,20] and Ross et al. [21-23] shows the potential to generate such structures to 

enhance the capabilities of production-level lithography methods, by means of density multiplication. 

Beyond generating fine patterns, BCPs may also be useful for photovoltaic applications. The 

solution-processible property of polymers is exemplified by large-area organic light-emitting diodes 

(OLEDs). The same property should enable large-area organic photovoltaic (OPV) cells to be 

produced inexpensively, although OPVs still suffer from considerable drawbacks, chiefly their low 

energy conversion efficiency (currently 8.13% at best [24]). In a typical OPV cell, two organic 

materials are present in the active layer (Figure 2), an electron donor (D) and an electron acceptor (A). 

The energy levels between the donor and acceptor material are offset as depicted in Figure 3 [25]. 

When light is absorbed in the active material, it generates bound electron-hole pairs (excitons), which 

are then separated at the donor-acceptor interface, leading to electric current. However, the  

photo-generated excitons do not diffuse further than about 10 nm before recombining. Moreover, 

charge carrier mobility is generally low in polymers, only on the order of 0.1 cm
2
/V∙s at best [26,27], 

and many separated charge carriers generated by solar illumination recombine before diffusing to the 

electrodes. Consequently, to convert light efficiently into mobile carriers, the D-A interface needs to 

be close to the location where the excitons are generated. At the same time, there should be a direct 

pathway for the separated carriers to reach the electrodes. Together, these requirements lead to the 

idealized design depicted in Figure 4b. The most efficient OPV cells demonstrated to date do not 

employ the structure shown in Figure 4b. Rather, they contain a disordered blend of the donor and 

acceptor materials that are phase-separated on a broadly distributed length scale. Not all photo-

generated excitons are effectively separated, and the pathway to transport the separated carriers to the 

electrodes is convoluted and not continuous (Figure 4a). It has been proposed that employing the ideal 

structure in Figure 4b should improve the conversion efficiency. 
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Figure 2. Structure of a bilayer organic photovoltaic cell. The material used for the anode is 

frequently a transparent conducting oxide (TCO) on glass. Exciton separation is encouraged 

by using a hole-transporting layer (HTL), which serves also as an electron-blocking layer 

(EBL). This layer allows holes to flow to the anode but not the electrons. 

 

Figure 3. Schematic depiction of energy conversion in an organic photovoltaic cell. 

Absorption of light leads to the generation of excitons. The offset between the donor and 

acceptor energy levels (LUMO and HOMO) causes the excitons to separate. Reprinted 

from Materials Today, Vol. 13, I. Botiz and S.B. Darling, Optoelectronics using block 

copolymers [25]. Copyright 2010, with permission from Elsevier. 

 

BCPs provide a promising way to generate a structure similar to that in Figure 4b, while allowing 

solution-processibility at the same time. Most proposals call for using a diblock copolymer with a 

donor block and an acceptor block. When processed in films, the donor and the acceptor blocks form 

separate domains, leading to structures approaching the idealized vision. Structure-based enhancement 

of OPV properties has been recently demonstrated [28], although the structure was formed using 

nanoimprint lithography, in which case the area of the PV cell is limited by the size of the stamp and 

achieving a characteristic length scale of the domains comparable to the exciton diffusion distance 

remains a challenge. Self-assembled structures using BCPs may be more easily fabricated, thereby 

enabling unprecedented studies of relationships between nanostructure and photophysical properties 

while also being potentially amenable to roll-to-roll, truly large-scale processing. 
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Figure 4. (a) Commonly depicted morphology of a bulk heterojunction OPV cell with 

disordered and discontinuous charge transport networks. Blue: acceptor domains. Red: 

donor domains. (b) Commonly proposed ideal morphology for an OPV cell. Blue: acceptor 

domains. Red: donor domains. The width of each domain is comparable to the exciton 

diffusion length and the active layer thickness is sufficient to absorb the incident sunlight. 

 

(a) 

 

(b) 

In this review, we examine BCP-based nanostructures in the context of these two important 

applications: lithography for the microelectronics industry and solar energy conversion. Specifically, 

we examine the achievements and remaining challenges associated with BCPs in making high 

resolution patterns for the microelectronic industry. We review as well the applications of BCPs in 

photovoltaics, the current status of polymer assembly, the achieved energy conversion efficiency, and 

future directions of research. As related reviews exist in each of these areas, here we focus only on 

some key recent developments. 

2. Current Status of Density Multiplication Using Guided Assembly of Block Copolymers 

Optical lithography has been enormously successful in making fine patterns. Over a span of four 

decades, this technology has met the microelectronic industry’s demand for resolution, uniformity, 

throughput, multi-layer registry and cost. The reduction of the illumination source’s wavelength has 

largely enforced Moore’s law for over 40 years. However, there are fundamental difficulties with 

further reducing the wavelength of the illumination source. Instead, working with an illumination 

wavelength of 193 nm, lithography engineers in the semiconductor industry employ sophisticated 

techniques, such as phase-shifting masks [29], immersion lithography [30,31], and increasingly, 
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double-exposure methods [32] to meet the resolution requirements of the semiconductor  

technology roadmap. 

BCPs can further advance optical lithography by ways of density multiplication. This is achieved by 

making BCP self-assemble on a pre-patterned substrate, as first demonstrated by Rockford et al. [33]. 

The patterns provide either topographical or chemical constraints that guide the assembly of the BCP 

domains and can be of much larger dimensions than the domains of the BCP. In general, they need to be 

an integer multiple of the period of the BCP structure, or commensurate, to generate defect-free patterns. 

Nealey’s group has done extensive work in assembling BCPs on surfaces with chemically modified 

patterns, showing the possibility of replicating faithfully the underlying patterns [34]. Using chemical 

contrast between SiO2 and hydroxyl-terminated polystyrene, ordered poly(styrene-block-methyl 

methacrylate) (PS-b-PMMA) domains can be formed, with long-range ordering and a four-fold density 

multiplication [9]. Work from Cheng et al. [35] introduced the concept of inducing density 

multiplication by using a neutral surface to both BCP blocks, with constraints provided by chemical 

modification (Figure 5) [35]. Guided assembly of BCPs is sufficiently flexible to generate fairly 

complicated patterns that occur frequently in integrated circuits (Figure 6) [20,36], and beyond the 

periodic BCP patterns predicted by the phase diagram in Figure 1b. A substantial body of work has 

shown the possibility to constrain and order BCPs, especially PS-b-PMMA, using topographical 

features. However, to generate a truly periodic pattern over a large area using density multiplication, 

the guiding pattern needs to have the same orientation as the BCP domains (i.e., posts to guide out-of-

plane cylinders, trenches to guide lamellae or in-plane cylinders). This requires the thickness of the 

BCP layer to be appropriate for the desired patterns, and precise thickness control is critical [37]. 

Nevertheless, high density multiplying factor can be achieved, as exemplified by Tada et al., where the 

density can be increased up to nine times [16] using pre-patterned and etched surfaces. By exploiting 

the effect of commensurability, recent work by Yang et al. [38] demonstrates the possibility of 

generating complex patterns in poly(styrene-block-dimethylsiloxane) (PS-b-PDMS) using only a 

sparse guiding pattern.  

It has been consistently shown that guided self-assembly of BCPs is robust with respect to the 

imperfections in the underlying pattern. As an example, work by Tada et al. [17] clearly shows that 

order in the BCP film can be immune to defects in substrate topography, and that the 

commensurability of the guiding pattern has the strongest effect on the final BCP lateral order. BCP 

domains are also immune to non-idealities in the lithographic process, such as line-edge roughness 

(LER) in the topography [39] and even broken lines [35]. 

Even without using a guiding substrate, BCP domains can be ordered over a fairly large  

area [40,41]. Most experimental characterization of BCP structures relies on AFM imaging, a 

technique suitable for only relatively small area. Methods more applicable to large area examination 

such as Moiré patterns, GISAXS measurements, and SEM image-based orientation correlation have 

been demonstrated by Park et al. [42], and show that lateral order over 10 μm is possible. 

The range of ordering can be greatly enhanced by the pattern of the underlying substrate [43-45] 

without interrupting the polymer lattice. Park et al. used a textured sapphire surface in combination 

with solvent annealing to generate perfect ordering of PS-b-PEO over an area of 4 cm
2 

[46]. Recent 

work by Jung et al. [47] also shows that, in a lithography-guided assembly, the uniformity in the 

lateral ordering can be extended over an area of several cm
2
. 
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Figure 5. Density multiplication and directed assembly using chemical patterns. E-beam 

lithography defines sparse pinning stripes. (Left) Comparison of schemes for directing 

BCP self-assembly. Scheme B) was used to induce density multiplication. (Right) A) 

shows the sparse e-beam resist lines defining the pinning stripes. B: resulting PS-b-PMMA 

pattern showing density multiplication. Reprinted with permission from Reference [35]. 

Copyright 2008, Wiley-VCH. 

 

Figure 6. Common lithographic patterns for microelectronics and realization of some of 

the geometries using block copolymer self-assembly. Reprinted with permission from 

Reference [36]. Copyright 2007 American Chemical Society.  
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3. Some Challenges and Potential Limitations of BCP Lithography 

3.1. Pattern Transfer 

Patterns generated using any lithography technique are usually transferred to the underlying 

materials using etching processes. For very small features, dry etching processes such as reactive ion 

etching (RIE) or ion milling are the only methods capable of transferring them faithfully. Since the 

polymer blocks in most BCPs are based on carbon, the etch selectivity between the blocks is generally 

poor in technologically relevant RIE gases. In the most commonly studied BCP for lithography,  

PS-b-PMMA, the etch rate of PMMA blocks is only about twice that of PS for most RIE gases [48]. A 

BCP film used for lithography is typically thinner than 50 nm because of the critical dependence of the 

film morphology on the thickness, and is therefore too thin to withstand the etching process. Only a few 

polymer blocks have shown promising etch resistance, and most pattern transfer processes following 

BCP lithography necessitate a hard mask. Polymer blocks containing metals such as 

polyferrocenylsilanes (PFS) [49-52] or silicon such as PDMS [53-55] have enhanced resistance to plasma 

etching, and therefore a large etch contrast relative to organic blocks. However, since iron degrades 

transistor performance, its presence in semiconductor processing is generally undesirable, especially for 

front-end processes where the high-resolution capability of BCP lithography is most relevant.  

3.2. Line-Edge Roughness 

As mentioned in the Introduction, optical lithography has been successfully applied for 

microelectronics manufacturing because it satisfies many stringent requirements of the industry. 

Achieving high resolution is only one of the many requirements. For future technology nodes, the 

industry also needs better quality in the lithographic pattern, quantified namely by the line-edge 

roughness (LER) of a printed line in the photoresist (Figure 7) [56]. This roughness, if transferred into 

the smallest printed feature, which corresponds usually to the gate length of a transistor, can change 

the performance of the device significantly and in a complex manner. For an integrated circuit 

containing more than one billion such transistors, the results are mostly negative. Some consequences 

are: increased transistor leakage [57] (large stand-by power consumption), spread in threshold  

voltage [58] (decreased distinction between the digital 1s and 0s), and reduced read/write margin in a 

memory cell [59]. As a result, the requirements on LER are stringent, being 3σ < 1.4 nm for 

technology nodes more advanced than 22 nm [13]. 

Guided BCP assembly can reduce LER of the guiding pattern [23], although the studies performed 

to date began with exaggerated roughness, and it is not clear whether BCPs can improve on the 

currently achievable LER using optical lithography. In fact, the BCP lithography community has yet to 

demonstrate a solution that meets the industry’s requirement on LER. Intrinsic roughness of each BCP 

domain is the limiting factor, which arises from a non-vanishing interface width between two 

dissimilar domains (Figure 8). Simulation studies [60] suggest that increasing the Flory-Huggins 

parameter χ is the most direct way to reduce LER, since the interface width between the blocks is 

proportional to χ 
−1/2 

[61]. Highly dissimilar blocks such as PS and PDMS (χ = 0.26) should improve 

considerably the edge sharpness of the domains [62], although there is a dearth of confirming reports. 

The LER also depends on the degree of polymerization N of each block, with larger N leading to 
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smoother lines [63]. However, this is at odds with achieving high spatial resolution using small domain 

sizes, which would require low-molecular weight blocks. The optimization of LER is only beginning, 

and experimental results on quantification and reduction of the LER in BCP patterns are unfortunately 

still lacking. Recent measurement using soft x-ray diffraction [64] seems to provide a general pathway 

in characterizing this important parameter, although the reported quantity, 3σ~4.9 nm, is large for 

industrial lithographic purposes. 

Figure 7. Definition of line edge roughness (LER). A normal distribution (right) of the line 

edge position is compiled from an SEM image (left), and LER is defined as 3 × the 

standard deviation σ. SEM image was reprinted with permission from Reference [56]. 

Copyright 1999, American Vacuum Society. 

 

Figure 8. Illustration of ξ, the interface width between two polymer domains. f: volume 

fraction of each polymer block. Block A and B are randomly mixed inside the interface region. 
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4. Requirements on the Nanostructure of Conjugated BCPs for Photovoltaic Purposes 

Another emerging technological application of BCPs is their use in photovoltaic cells. The 

justification for applying BCPs to photovoltaics was explained in the Introduction, and much of the 

work was reviewed recently [25,65,66]. The polymers used for photovoltaic applications usually have 

a conjugated backbone on which the molecular orbitals are delocalized. This leads to an energy gap 

that matches parts of the solar spectrum, generally towards the bluer wavelengths for commonly 

studied materials. The rigid, conjugated backbone leads to different phase-separation behavior from 

the more frequently studied coil-coil BCPs. Conjugated blocks are often described as ―rods‖ since they 

are rigid compared to more flexible coil blocks. Rod-coil BCPs form various kinds of lamellar  

phases [67] depending on the relative fraction of the rod. These phases are better described using the 

theory for liquid crystals, especially in the limit where the coil block constitutes only a small volume 

fraction. Olsen et al. [68,69] used a variety of techniques, including x-ray diffraction and optical 

transmission, to map out the phase diagram of a poly(phenylenevinylene-block-isoprene) PPV-b-PI 

rod-coil polymer. 

For photovoltaic applications, the domain sizes need to match approximately the exciton diffusion 

length (~10 nm). Since the rod blocks are substantially dissimilar from the coil blocks, due to the 

stiffness of the rods, conjugated BCPs can easily separate into small (<10 nm) domains [67]. Because 

the conjugated blocks are rigid, it is not necessary to have a large block to form lamellar domains with 

width smaller than 10 nm. This is in contrast to coil-coil BCPs where a larger minimum degree of 

polymerization N is required to produce phase separation. Thus, for making the idealized OPV 

structure illustrated in Figure 4b, rod-coil BCPs can satisfy the requirements in dimension and 

structure. The spacing between the conjugated blocks, defined by the coil block, is also important, 

since this determines the dimensions of the other phase. This parameter can also be controlled, and it 

was shown by Tao et al. [70] that adding rod homopolymer to the BCP can change the spacing 

between the lamellar domains. 

Detailed requirements on the conjugated BCP structure for PV purposes are, however, not limited 

to the size and orientation of the domains. Numerical simulation by Shah [71] shows that the 

anisotropic mobility in the polymer and a non-vanishing interface width between the donor/acceptor 

domains can both strongly influence the conversion efficiency (Figure 9) [71]. The interface between 

the rod phase and the coil phase can be sharp, but only at high rod fractions [72], and there is a paucity 

of measurements on the interface quality. Additionally, the ideal OPV structure depicted in Figure 4b 

can be realized only if the lamellae of the rod blocks align normally to the substrate. For a film that is 

thick enough to absorb a significant amount of light, this means that the lamellae of length comparable 

to the film thickness need to align normally to the substrate. In thick films of rod-coil BCPs, this is not 

always the case. Studies by Olsen et al. [73,74] on PPV-b-PI show that the orientation of the lamellae 

depends strongly on the affinity of the blocks to the substrate surface, and that the mutual alignment of 

the ‖grains‖ of lamellae becomes poor at large film thicknesses (Figure 10) [74]. This is analogous to 

coil-coil BCPs, where the orientation of (for example) cylindrical domains is influenced strongly by 

the substrate surface and the film thickness. In the context of making efficient OPV cells, the 

orientation of the lamellae is critical. Using a brush layer that presents a neutral surface to both blocks 
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may help, although it would have to be a good conductor at the same time. Other ordering techniques, 

such as using magnetic fields [75] may also be adequate. 

Figure 9. Calculated short-circuit current density Jsc (mA/cm
2
) in an OPV cell vs. the 

interface width ξ (nm) between the donor and acceptor domain. The assumed structure 

contains donor and acceptor domains perpendicular to the plane of electrode. Reprinted 

with permission from Reference [71]. Copyright 2010 American Chemical Society.  

 

Figure 10. (Left) Cross-sectional TEM image of a rod-coil BCP film of PPV-b-PI. (Right) 

Schematic of morphology of a rod-coil BCP film as a function of film thickness. 

Reproduced with permission from Reference [74]. The Royal Society of Chemistry. 

Hyperlink: http://dx.doi.org/10.1039/B809092K. 

 

5. Current Progress Using Donor-Acceptor BCPs 

The highest-efficiency OPV cell reported to date is a homogeneous blend of electron-donating and  

-accepting materials without an ordered, continuous pathway for charge extraction. It does not 

guarantee uniform D/A interfaces for exciton separation throughout the active layer volume either. 

Phase separation of a copolymer consisting of a donor block and an acceptor block may be a 
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straightforward way to generate an ideal OPV morphology. Reported energy conversion efficiencies 

using this approach have not been high: Hazdiioannou’s group has several reports on synthesizing 

BCPs containing PPV and C60, with the latter grafted onto polystyrene [76]. A small photovoltaic 

effect under monochromatic illumination was demonstrated [77]. Similar work using a  

poly(3-hexylthiophene) (P3HT) donor block and C60-grafted PMMA [78] shows improved 

photoluminescence quenching compared to a simple blend of P3HT and phenyl-C61-butyric acid 

methyl ester (PCBM), indicating better exciton dissociation, although photovoltaic cells made from 

such material demonstrated only a modest photovoltaic effect. Recent work by Tao et al. [79] using 

P3HT as the donor and perylene as the acceptor, and by King et al. [80] using PvTPA-perylene, also 

demonstrate phase separation of the blocks, although the PV effect is decidedly modest in both cases. 

Zhang et al. [72] synthesized a P3HT-b-perylene diimide acrylate (P3HT-b-PPDA) block copolymer, 

taking advantage of the high carrier mobility in both phases. The films show complete PL quenching 

and the PV device shows a respectable conversion of efficiency of 0.49%, although no clear 

relationship was established between the structure of the film and the efficiency, since the device was 

fabricated on an as-spun thin film that did not show the same structure as a post-annealed film. A 

recent report validates this approach, however, by showing a significant increase in efficiency in an 

inverted device structure, using poly(3-hexylthiophene-block-4-vinyl pyridine) P3HT-b-P4VP 

copolymer, with PCBM acceptor grafted to the P4VP blocks [81]. 

While the donor-acceptor diblock copolymer methodology can enable fabrication of the ideal OPV 

structure, the covalent link between these two blocks may also lead to rapid charge carrier 

recombination. Several recent reports have examined the use of a spacer or ―bridge‖ block between the 

donor and the acceptor to improve PV device performance. The demonstration by Sun [70] using  

PPV-based blocks shows that this approach can significantly improve the open-circuit voltage, 

although the photocurrent is low. Nevertheless, photoluminescence quenching is observed [82]. A 

similar attempt was made using polycarbazole (PCz) donors and perylenetetracarboxydiimide (PDI) 

acceptor with a saturated spacer [83], but a conversion efficiency of only 0.004% was demonstrated. 

Phase separation in a P3HT-b-PS-b-(PS/C60) triblock copolymer, with ungrafted PS chains as spacer, 

has also been reported [84], although no device performance was presented. 

Another approach to fabricate the structure in Figure 4b would be a multi-step process that employs 

a rod-coil BCP containing only the donor (rod) phase, and a coil block that can be removed after phase 

separation. The coil block can be etched and the space refilled with the acceptor material.  

Botiz et al.[85] and Boudouris et al.[86] both demonstrated the possibility of generating structures in 

poly(3-hexylthiophene-block-lactide) (P3HT-b-PLA) by the removal of the PLA domains, with the 

former work also showing subsequent re-filling using fullerene acceptors and concomitant PL 

quenching. The wet procedures used to etch the PLA blocks introduce the problem of pattern  

collapse [87], which commonly occurs in the fabrication of high-aspect ratio nanostructures. A three-

dimensional structure, such as that generated using the gyroid phase [88] as in Figure 1b, may provide 

the structural rigidity that allows the pattern to withstand the capillary forces encountered during the 

fabrication procedures, although the pathway for charge carrier transport is less direct. 

So far, donor-acceptor BCPs appear to have the most positive impact on OPV devices when they 

are used as a ―compatibilizer‖, or surfactant to facilitate the blending of the donor and acceptor 

materials. The addition of BCP to PV devices containing P3HT and fullerenes improves the initial 
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energy conversion efficiency of bulk heterojunction devices [89], and also significantly enhances their 

thermal stability [90-92]. Under prolonged thermal annealing, the addition of BCP prevents the 

macroscopic aggregation of P3HT and fullerenes [91,92]. This preserves the large exciton dissociation 

interface in a bulk heterojunction structure that is responsible for the high energy conversion 

efficiency. In a blend of polythiophene and polyquinoline, previously shown to have significant PL 

quenching [93], the improvement on morphology is also demonstrated [94], where the addition of the 

copolymer strongly reduces macroscopic phase separation. 

6. Summary and Future Directions 

There is enough knowledge on block copolymer synthesis and assembly to warrant serious 

consideration for important technological applications. For lithography, BCPs can provide uniform and 

small feature size, long-range order, robust etch resistance, and can generate diverse patterns. For 

photovoltaic applications, BCP self-assembly is a promising way to create, over a large area, 

nanoscopically ordered structure of functional materials with dimensions suitable for efficient 

extraction of photo-generated carriers.  

Overcoming the remaining challenges in BCP lithography for industrial purposes requires 

engineering on the molecular level. Very dissimilar blocks that have large Flory-Huggins parameter 

would facilitate phase segregation for small molecules (enhancing resolution) and improve on the 

LER. By incorporating inorganic components, these blocks would also conceivably have larger etch 

contrast. Indeed, recent research on BCP lithography using polystyrene-block-polyethyleneoxide  

(PS-b-PEO) [95-97] shows the possibility of making dense sub-10 nm features, dimensions that are 

difficult to produce even for electron-beam lithography. Methods such as multi-layer BCPs [47], and 

inorganic polymer blocks containing polyhedral oligomeric silsesquioxane (POSS) [98] have also 

clearly demonstrated sub-10 nm feature sizes. 

As to improving pattern transfer, polymer blocks containing inorganic blocks, such as PDMS, or 

the recently-reported POSS, can significantly enhance the etch contrast. Other issues concerning 

pattern transfer include the detailed three-dimensional geometry of the pattern. In 

photolithographically generated photoresist features, the side-wall profile strongly influences the final 

dimensions and geometry of the transferred pattern, and it is generally desired to have straight side 

walls that are perpendicular to the substrate plane. In diblock copolymer lithography, the side-wall 

angle is not independently controllable from the shape of the domains. In-plane cylinders have curved 

walls and would not do well for transferring the patterns vertically. Although out-of-plane cylinders 

and lamellar domains have vertical side walls, using these phases exclusively would place additional 

restriction the design of the polymer.  

Beyond the challenging synthetic chemistry needed to make BCPs with functional blocks suitable 

for PV applications, many issues need to be resolved before BCPs can be a viable route for producing 

useful PV cells. Controlling the film morphology, such that the polymer domains orient 

perpendicularly to the substrate plane, stands out as a basic problem to be solved. This is analogous to 

the case of coil-coil BCPs used in lithography, where the domain orientation can be controlled by 

manipulating the boundary conditions of the BCP film. The interface sharpness between the blocks is 
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also a fundamental obstacle, since it may limit the exciton separation efficiency. This is also a 

fundamental problem for BCP lithography. 

Many of the challenges in improving the optoelectronic properties of BCPs are the same as those in 

organic optoelectronic devices in general. Organic PV materials usually absorb higher energy photons 

because of a large HOMO-LUMO gap. Since the optimal band-gap energy for all PV materials is 

about 1.4 eV [99], lowering the HOMO-LUMO gap is generally desired. Reducing the optical gap 

would also imply stronger optical absorption from a thinner film, and controlling the morphology of a 

thinner film using boundary conditions may be easier. Moreover, carrier mobility is generally low in 

organic semiconductors, leading to small exciton diffusion length. Improving carrier mobility would 

relax many requirements on the BCP geometry, especially the size of the domains. Nevertheless, 

despite these challenges, the fundamental advantage of BCPs—the possibility for inexpensive  

large-scale deployment remains a valid and compelling motivation for further research. 
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