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Abstract
The self-assembly of block copolymers (BCPs) is dictated by their segregation strength, , and while there are well developed methods for determining  in the weak and strong segregation regimes, it is challenging to accurately measure  of copolymers with intermediate segregation strengths, especially when copolymers have inaccessible order-disorder transition temperatures.  is often approximated by using strong segregation theory (SST), however utilizing these values to estimate the interface width () of BCPs in the intermediate segregation regime often results in predictions that deviate significantly from measured values. Therefore, we propose to use the extent of mixing, quantified as a normalized interface width,   where  is the interfacial width and  is the block copolymer pitch, as a thermodynamic parameter. We experimentally measure  and  for a series of lamellar A-b-(B-r-C) copolymers via resonant soft X-ray reflectivity and extract values of  based on previous data collected for A-b-B copolymers. The composition profiles measured via reflectivity match the extracted  values, while those calculated with SST predict much more mixed composition profiles. The extracted  values agreed quantitatively between copolymers of different molecular weights. We believe that this methodology will be well suited for block copolymers used in lithographic applications, due to their inaccessible order-disorder transition temperatures, intermediate values of , and the importance of  for line edge roughness metrics.



Block copolymers (BCPs) are versatile soft materials that can form well-ordered periodic structures with length-scales on the order of magnitude of the chain dimensions and applications in battery electrolytes1, membrane-based separations2, and lithography3. The ability for a symmetric A-b-B linear diblock copolymer to undergo microphase separation is dictated by its segregation strength, , which is the product of the Flory-Huggins interaction parameter, , and degree of polymerization, . While  can be easily tuned during polymer synthesis,  depends solely upon chosen chemistry and in mean-field theory is independent of copolymer properties such as chain length and composition. While there are several different methodologies for measuring , each is limited to specific windows of . In the disordered regime,  for symmetric BCPs, Leibler’s theory based upon the random phase approximation (RPA) can be used to fit disordered structure factors from scattering profiles to experimentally measure .4 For copolymers that have an accessible order-disorder transition temperature, TODT, one can estimate  by measuring the TODT5,6 via SAXS or rheometry6,7 and applying a known relationship (e.g. for symmetric block copolymers). At high values of segregation strength, , Semenov’s strong segregation theory (SST) can extract  from experimentally measured copolymer domain spacings8,9 using an equation derived from self-consistent mean field theory (SCFT) 10:
  (Eq 1)
where  is the average statistical segment length. For newly synthesized BCPs, both  and can be unknown and difficult to experimentally measure, which leads to many assumptions being used in Eq. 1 to calculate . For best results a series of copolymers with varying , and therefore , is synthesized and used to extract . In addition, SST can be used to calculate the interface width, , or degree of mixing between the polymer domains in the high  limit.8 However, in the intermediate segregation regime (ISR), , there are deviations in the predicted values of  between SCFT and SST in this window of . As a result values of  calculated from the SST are not always able to accurately predict  in the ISR.11 In addition, previous experimental studies have shown conflicting results when comparing  measured through the RPA5 and by measurements of the interfacial width below the TODT.12 Adding to these challenges, copolymers in the ISR can be nanostructured at room temperature and the temperature dependence of  is often not strong enough to exhibit an accessible TODT. Therefore,  is often approximated via Eq 1 in spite of the known challenges for this approach.
Recently, we have developed a high throughput synthetic platform for synthesizing A-b-(B-r-C) copolymers with tunable  for applications in lithography and semiconductor manufacturing through directed self-assembly (DSA).13 DSA requires BCPs that balance several covarying material properties. First, the BCP needs to self-assemble into lamellae oriented perpendicular to the substrate via thermal annealing, which requires that the polymer blocks have equal surface energy.14 In addition, fine control over  is needed in order to balance defect annihilation, which is energetically favorable at low values of ,15–17 with minimizing structural and interfacial fluctuations (which are correlated with line edge roughness), which decrease in magnitude as  increases.18–21 Balancing these covarying design rules indicate that for polystyrene-block-poly(methyl methacrylate) at 3X density multiplication intermediate values of , between 20 and 25, result in optimal DSA.22 The A-b-(B-r-C) copolymer architecture decouples surface energy and thermodynamics properties, making it an ideal candidate for designing materials for DSA.23,24 By tuning the ratio of component B to component C, the surface energy between the A and B-r-C blocks can be equal and the BCP forms a perpendicular lamellar structure. In addition, by changing the chemical identities of component B and component C, the effective interaction parameter between the A and B-r-C block, , can be tuned; Feng and coworkers have previously shown that a window of , where  is calculated according to Eq. 1, is accessible with this synthetic strategy.13 The versatility of this platform opens the potential to synthesize a vast array of new BCPs readily amenable to lithographic applications with tunable  down to 8 nm. Nonetheless, these materials may exist in a region of the ISR where SST may not yield accurate values for  or , which are essential thermodynamic quantities that dictate pattern quality. Thus, there is a need to find reliable methods to estimate  in the ISR for  to better understand the thermodynamic behavior of these new family of A-b-(B-r-C) copolymers.
 In this Letter, we investigate the structure and thermodynamics of a series of A-b-(B-r-C) copolymers via resonant soft X-ray reflectivity (RSoXR). RSoXR directly measures structural properties such as  and  in thin film geometries by using soft X-rays near the absorption edge of carbon to enhance the X-ray contrast between the copolymer blocks.25,26 RSoXR has been previously used to investigate the structure and thermodynamics of other candidate copolymers for DSA applications.27,28 This study focuses on the effect of copolymer molecular weight and  composition of the B-r-C block on the structure and thermodynamics of the A-b-(B-r-C) copolymers. We quantify the extent of mixing as a normalized interface width, calculated according to , and propose its use as a thermodynamic parameter to extract values of  based on previous data collected for A-b-B copolymers. We show that the extracted values of  are in good agreement between copolymers of differing molecular weights. We compare the extracted values of  with those predicted by SST and show that the predicted values of  correspond to copolymers that are far more mixed than what we measure using RSoXR. We propose that calculating  from the measured extent of mixing values provides a better overall metric of the thermodynamic state of the material since it incorporates the direct measurement of   and . 
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Figure 1: Scheme for the post-synthetic modification of the A-b-(B-r-C) copolymers used in this study where a parent polymer is modified by thiol based click chemistry to tune χ and surface energy. Additional details on the methodology are provided in ref 13.

The structure and synthetic scheme for the A-b-(B-r-C) copolymers considered in this study is provided in Figure 1. Briefly, a parent Am-b-Bn’ copolymer, polystyrene-block-poly(glycidal methacrylate) (PS-b-PGMA) synthesized by RAFT or anionic polymerization, is post-synthetically modified via thiol-based click chemistry to generate the A-b-(B-r-C) copolymer, PS-b-PGMAx, where PGMAx denotes the B-r-C block. The composition of pyridine moieties in the B-r-C block is quantified by  where R1 is the fluorinated component and R2 is the pyridine component. The synthesis details are outlined in ref 13. Table 1 includes the polymer properties for the two copolymer families used in this study. Various values of were synthesized from two parent PS-b-PGMA copolymers named SiGj where i is the molecular weight of the PS block in kg mol-1 and j is the molecular weight of the PGMA block in kg mol-1. Although  varies from 0 to 1, the volume fraction of the PGMAx block, , is close to 0.50 for all copolymers, and all compositions form lamellar morphologies.
Table 1: Properties of polymers used in this study. Values for fPGMAx reflect the range of the copolymers with various  considered.
	Name
	Synthetic Method
	MWPS        (kg mol-1)
	MWPGMA (kg mol-1)
	PDI
	fPGMAx 

	S8G11
	Anionic
	7.8
	10.9
	1.04
	0.51-0.54

	S7G7
	RAFT
	6.5
	6.9
	1.20
	0.44-0.47
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Figure 2: a) Real-space models used to fit the reflectivity data for  and 100. The colors of the layers match the chemical structure shown in Figure 1. The PGMAx block preferentially wets the Si substrate. The surface wetting behavior changes at  such that systems with   undergo symmetric wetting and those with  undergo asymmetric wetting. b) Representative reflectivity as a function of scattering angle, , taken at 284.5eV eV and corresponding fits for S8G11 (red) and S7G7 (blue) at . 

RSoXR was used to determine the copolymer structure in thin films; the sample preparation is outlined in the Supporting Information (SI). Figure 2a shows real space fit models for copolymer samples on Si substrates. The samples had thicknesses ranging from  to 4.5 and were oriented parallel to the Si substrate. At , the copolymer has equal surface energy between the PS and PGMAx blocks.13 For , the copolymers undergo symmetric wetting with the PGMAx block wetting the free interface, while for , the copolymers asymmetrically wet the substrate and PS wets the free surface. For all samples, the PGMAx block wets the substrate. The copolymer composition window for vertical assembly ( was avoided for this study to ensure films oriented parallel to the substrate. RSoXR experiments were conducted at the carbon absorption edge at 270 eV and 284.5 eV to tune the relative contrast between the polymer blocks. There is good agreement between the experiments conducted at the different energies. We choose to limit our discussion in the paper to the data collected at 284.5 eV where the contrast between the polymer blocks is maximized. This energy would also be highly sensitive to non-uniform distributions of the pyridine moiety in the (B-r-C) block, and our results show that the two components are well mixed. Figure 2b shows representative reflectivity data (circles) and fits to the real space model (black lines) at 284.5 eV for the S8G11 (red) and S7G7 (blue) copolymers with  as a function of scattering vector,  The details of the fit models, RSoXR experiments, and fitting procedure are outlined in the SI. 
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Figure 3: Results from reflectivity experiments at 284.5 eV: a) Copolymer spacing, , as a function of  for the S8G11 (red) and S7G7 (blue) copolymer sets. The results from fitting reflectivity data (filled symbols) are compared to those from bulk SAXS (open symbols). The error bars refer to the 95% confidence intervals from the reflectivity fits. b) Comparative copolymer pitch, , as a function of  for the S8G11 (red) and S7G7 (blue). c) Extent of mixing, calculated according to a normalized interface width,  , as a function of  for the S8G11 (red) and S7G7 (blue) copolymer sets. 

Figure 3 shows the results from the RSoXR experiments. Figure 3a shows a comparison between the copolymer pitch, , measured in bulk (SAXS) and thin films (RSoXR, conducted at 284.5 eV) for S8G11 (red) and S7G7 (blue) as a function of . The results for the reflectivity experiments conducted at 270 eV and bulk SAXS data are provided in the SI. For both sets of copolymers,  is highest for the pure copolymers,  and 100, and lowest for more random copolymers near . The trend for  is qualitatively consistent with previous work on A-b-(B-r-C) copolymers (including BCPs prepare with this platform)13 and the proposed binary interaction model that governs their themodynamics.23,24,29 While there is qualitative agreement between the changes in  measured in bulk and thin films with respect to , there is a consistent shift to lower values of  for the thin film data for both copolymer sets at all values of . Figure 3b shows a comparative pitch, , for both copolymer sets as a function of . There is good quantitative agreement between the two copolymer sets and only minimal dependence on  indicating that the decrease in copolymer pitch observed in thin films is not dependent on the composition of the B-r-C block. In addition, the measured pitch of S8G11 with equal surface energy () in a fingerprint pattern thin film (perpendicular orientation, ) shows a similar pitch depression to lamellae oriented in a parallel geometry; see SI. Previous work has reported a similar pitch variation in thin films when comparing pitch measured in bulk by SAXS to thin films by GISAXS30 as well as to thin films with AFM31,32.  There are limited reports in the literature on direct comparisons of bulk and thin film block copolymer pitch and our results shows that this phenomenon is worthy of further investigation. Figure 3c shows the extent of mixing values, calculated as a normalized interface width (), as a function of  for both copolymers using fits from the RSoXR experiments at 284.5 eV. The measured interface width values, , from the RSoXR experiments are provided in the SI. The highest values of  are observed for the more random copolymers near  for both molecular weights, which is qualitatively consistent with the binary mixing model proposed for A-b-(B-r-C) copolymers developed from theories on copolymer blends.24,29,33,34 The extent of mixing values for the S8G11 copolymer series are consistently lower than those of the S7G7 copolymer series due to the lower values of  of S7G7 compared to S8G11 because at intermediate values of segregation strength,  scales with  as opposed to systems in the SST where it scales with χ.
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Figure 4:  a) Effective segregation strength, , as a function of extent of mixing, , for A-b-B copolymers (white triangles) taken from ref 27. The dashed line represents using a master curve power law fit through the A-b-B copolymer data for , which is used to extract  for the S8G11 (red) and S7G7 (blue) copolymers. b) Comparison of composition profiles determined with reflectivity as a function of depth normalized by copolymer pitch, (), for copolymers with varying : a series of A-b-B copolymers reproduced from ref 27 with  values of 19.1 (……….), 23.3 (-------), 38.5 (–– ––), 72.7 (––––), as well as the A-b-(B-r-C) copolymer with the highest  (S8G11 , red) and lowest  (S7G7 , blue) values.  values are taken from Figure 4a.

We propose to use the extent of mixing as a metric for thermodynamics. The extent of mixing between the two polymer blocks is an important metric for lithographic applications because pattern transfer from the polymer pattern becomes impossible at high degrees of mixing between the polymer blocks,35,36 and high levels of interfacial mixing increases the line edge roughness of the polymer pattern.19–21 Figure 4a shows the effective segregation strength,  as a function of extent of mixing, for a series A-b-B copolymers (white triangles) taken from ref 27; copolymer properties for the A-b-B copolymers are provided in the SI. The dashed line represents a power law fit through the A-b-B data for  ( ), which was selected to match our measured extent of mixing values. The fit scales with  as predicted by strong segregation theory.8 The details of the fitting and scaling are provided in the SI. The power law fit is then used as a master curve to back-calculate  values for the A-b-(B-r-C) copolymers based on their experimentally measured values provided in Figure 3c; the back calculated  values as a function of extent of mixing are shown in Figure 4a for S8G11 (red) and S7G7 (blue). The comparison of extent of mixing values between copolymers is equivalent to the comparison of composition profiles. Figure 4b provides a direct comparison of composition profiles as a function of normalized depth from the substrate, , for the A-b-(B-r-C) copolymers measured in this study with a subset of the A-b-B copolymers taken from ref 27. We compare the A-b-(B-r-C) copolymers with the highest ( = 70) and lowest ( = 40) values of  and show that they match composition profiles of A-b-B copolymers with similar values of ,  and , respectively. As  increases the interfaces between the polymer layers become sharper resulting in a square-like profile at  as compared to the sinusoidal-like profile at . Both A-b-(B-r-C) copolymers have square-like composition profiles indicative of strong segregation. In addition, as   increases, a larger percentage of the polymer domain approaches compositions of 100% for each polymer block. For example, for , the composition profile only reaches 100% at the center of the polymer domain, while for , the composition profile reaches 100% for approximately 15% of the center of the domain. Theory predicts minimal change in the composition profile for  which is also observed experimentally.11 
Figure 5a and 5b compare the calculated  values for S8G11 (Figure 5a) and S7G7 (Figure 5b) based on the procedure outlined in Figure 4a (RSoXR, red) along with the values calculated by SST predictions (Eq 1) from bulk (black) and thin film (blue) samples as a function of . For both copolymer sets, was taken to be the geometric average between PGMA (0.68 nm) and PS (0.65 nm) and any effects of the click chemistry on molecular dimensions were not accounted for. The calculation of  is outlined in the SI. Calculating  with Eq. 1 is extremely sensitive to small deviations in , which leads to the spread in the thin film and bulk data and shows how this approach is unreliable for the ISR. The extracted values of  from RSoXR are also consistently higher than those predicted with SST, and therefore the  values predicted from SST would correspond to composition profiles that were significantly more mixed than what was measured via RSoXR. For example, for S7G7 , SST would predict  values of 22.8 and 19.4 for bulk and thin film measurements, respectively. Based on the composition profiles provided in Figure 4b, S7G7  shows a nearly square wave composition profile and is significantly more segregated than a copolymer would be with  = 19 or 23 where the composition profile would be expected to be more sinusoidal. Therefore, calculating  from the extent of mixing provides a more accurate description of the thermodynamics of the material. In addition, the extracted  from RSoXR quantitatively agree between the two copolymers of different molecular weights, in contrast with the large deviations between  calculated between the two copolymers (for both bulk and thin film). This is an important check on the results as   should be relatively independent of molecular weight. Comparisons between measurements of  and calculations from SST are provided in the SI (Figure S11). Based on the data provided in Figure 5, the depression in pitch between bulk and thin film (Figure 3b) is not solely responsible for the differences between the SST calculations and the RSoXR measurements of . Therefore, we stress the importance of measuring  experimentally when evaluating the thermodynamics of nanostructured block copolymer thin films in the ISR. This enables calculation of the extent of mixing to use as a thermodynamic parameter and eliminates the sensitivity to small changes in .
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Figure 5: Comparison of reflectivity results (red) and predictions from SST based on measured  from bulk (black) and thin films (blue) for a)  of S8G11, b)  of S7G7 as a function of . 

Useful measurements of  are important for proper design of BCPs for DSA applications, where there is a relatively narrow  window to meet lithographic design requirements. Through RSoXR measurements on a series of A-b-(B-r-C) polymers we have demonstrated how the standard approach utilizing SST leads to significant variance in  based on small shifts in  as well as underestimated  values when compared to measured composition profiles. Instead, utilizing the extent of mixing, , to estimate  provides a thermodynamic parameter that is significantly less sensitive to small parameter shifts and is a better description of the thermodynamics as it includes input from both relevant properties,  and Our extracted values of  agreed quantitatively between copolymers of different molecular weights in comparison with predictions from SST for . While the current master curve presented in Figure 4b is limited to data collected in one study, we hope to expand it as further structural characterization is collected on nanostructured BCP thin films. Block copolymers for lithographic applications are uniquely poised to benefit from this approach due to their inaccessible TODT’s, intermediate values of , and the importance of  for pattern roughness considerations. 
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