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ABSTRACT: We investigate the morphological evolution of two linear ABC triblock 

terpolymers, poly(1,1-dimethyl silacyclobutane-block-styrene-block-methyl methacrylate) 

(PDMSB-b-PS-b-PMMA or DSM) and poly(1,1-dimethyl silacyclobutane-block-styrene-block-

lactide) (PDMSB-b-PS-b-PLA or DSL) in situ during solvent vapor annealing using grazing-

incidence small-angle X-ray scattering. The morphology, orientation, and period of the 

microdomains are characterized under a continuous solvent vapor flow of CHCl3 as a function of 

swelling ratio and deswelling rate. 90 nm thick films of DSM form in-plane core-shell cylinders, 

while DSL films of 150 nm thickness predominantly form out-of-plane core-shell cylinders 

within perforated lamellae oriented parallel to the substrate. A reversible order-order phase 

transformation between spheres and cylinders and a reorientation from in-plane to out-of-plane 

cylinders occur during the annealing process. 

 

KEYWORDS: self-assembly, grazing-incidence small-angle X-ray scattering, solvent vapor 

annealing, ABC triblock terpolymers, thin films. 
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INTRODUCTION 

Self-assembled block copolymer (BCP) thin films have applications as membranes for 

separations,
1-3

 in batteries,
4-5

 as hydrophobic surfaces,
6
 as active layers in photovoltaic devices,

7-8
 

and as templates for nanolithography.
9-12

 In all these applications it is essential to control the 

morphology and orientation of the microdomains formed by microphase separation. Solvent 

vapor annealing (SVA) is particularly effective for tuning the BCP morphology via the solvent 

vapor pressure and composition,
13-17

 swelling time and rate,
18

 and drying rate.
14, 16, 19-20

 In SVA 

the swelling ratio (SR) of the BCP film is highly dependent on the solvent composition and 

vapor pressure. The SR plays a crucial role in the structural organization and resultant 

morphology of the BCP.
13-18

 For example, dilution of the solvent vapor with nitrogen gas can 

lead to reorientation and deformation of microdomains.
14, 16, 19-20

 A continuous vapor flow system 

using bubblers allows independent adjustment of the vapor pressure of multiple solvent species, 

controlling each stage of the annealing process.
13, 16-17, 19-26

 

In situ grazing-incidence small-angle X-ray scattering (GISAXS) has been employed to 

acquire real-time structural data from large areas of a sample at each stage of the self-assembly 

process,
15-17, 20, 25-30

 providing averaged statistical information at specific times over a millimeter-

size area, including morphology, period, orientation, and the long-range order of the 

microdomains.
31

 Furthermore, this approach allows for observation of intermediate phases and 

order-order transitions during the annealing process.
15, 17, 28-29

 The self-assembly process of 

diblock copolymers has been extensively explored by real-time GISAXS studies,
15-16, 20, 25, 27, 30

 

but there is limited work on the self-assembly of cyclic, branched or multiblock polymer 

architectures, such as cyclic block copolymers,
32

 linear triblock terpolymers,
24, 28, 33-38

 miktoarm 

star terpolymers,
21, 23, 39

 and bottlebrush copolymers.
26, 32, 40-41

 The phase behavior of multiblock 
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polymers is more difficult to elucidate using ex situ characterization due to their additional 

degrees of freedom and a wider range of morphologies. These morphologies can offer additional 

functionality, for example nanoscale ring structures formed from core-shell cylinders can exhibit 

desirable optical, electronic, and magnetic properties.
38, 42-44

 

In this work, in situ GISAXS was used to study the self-assembly behavior of two linear ABC 

triblock terpolymers (TBTPs) during SVA in CHCl3: poly(1,1-dimethyl silacyclobutane-block-

styrene-block-methyl methacrylate) (PDMSB-b-PS-b-PMMA or DSM) and poly(1,1-dimethyl 

silacyclobutane-block-styrene-block-lactide) (PDMSB-b-PS-b-PLA or DSL). Thin films of DSM 

have been described previously, and exhibited a core-shell morphology on annealing in CHCl3.
24

 

The DSL differs from DSM in replacing the PMMA end block with PLA which provides a 

hydrolysible block that can be selectively degraded for generating nanoporous thin films. In this 

work a continuous vapor flow system
13

 was employed to control the vapor pressure of CHCl3 

during SVA. The structural evolution and the corresponding SR were measured by GISAXS in 

combination with spectral reflectometry, and compared with ex situ characterization of the final 

morphology based on scanning electron microscopy (SEM) observations. 
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RESULTS AND DISCUSSION 

 

Figure 1. (a−b) Chemical structures and (c−d) schematic illustrations of DSM and DSL thin 

films. The proposed morphologies obtained in this study for each TBTP are presented: (c) 

hexagonally packed in-plane core-shell cylinders for DSM and (d) a coexistence of out-of-plane 

core-shell cylinders (left) and in-plane cylinders (right) for DSL. Schematics in white, blue, 

yellow, and red represent PDMSB, PS, PMMA, and PLA, respectively. The purple regions in the 

in-plane DSL morphology represent the organic blocks where the locations of the PS and PLA 

were not identified. 

 

Both the DSM and DSL are linear triblock terpolymers synthesized via sequential anionic 

polymerization and are illustrated in Figure 1. The DSM has volume fractions fPDMSB = 0.32, fPS 

= 0.36, and fPMMA = 0.32, a number average molecular weight (Mn) of 34 kg/mol, and a 

polydispersity index (PDI) of 1.10. The DSL has fPDMSB = 0.31, fPS = 0.53, and fPLA = 0.16 with 

Mn = 38 kg/mol and PDI = 1.07. The morphologies of thick films of drop-cast DSM and DSL 
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after annealing in a solvent vapor flow of CHCl3 were hexagonal (HEX), with center-to-center 

distances of ~ 41 nm and ~ 35 nm respectively (Figure S1). This spacing agrees with the results 

from the first-order peaks from synchrotron small angle X-ray scattering measurements of bulk 

samples, though in the bulk samples higher order peaks were not well resolved. 

Films of the TBTPs with thickness 90 and 150 nm thick films were spin-coated on bare Si 

substrates with native oxide. This thickness is much larger than the period and can therefore 

yield films with multiple layers of in-plane oriented microdomains.
14, 16-18, 25, 30

 Films were 

examined in situ by GISAXS during solvent annealing in CHCl3. CHCl3 was selected because it 

allows all the constituent blocks in DSM and DSL to swell enough for microphase separation to 

occur, and because it was used previously in solvent annealing of DSM
24

 and other TBTPs.
21

 

After annealing and etching in an oxygen plasma, the final morphologies were characterized by 

SEM (see Experimental Section).  

Both the GISAXS and O2 plasma etching techniques are mainly sensitive to contrast between 

the PDMSB and the organic blocks due to the Si in the PDMSB. The Si causes the PDMSB 

block to have higher X-ray scattering and a higher resistance to oxygen etching compared to the 

PS, PMMA, and PLA. Thus, the scattering contrast in the GISAXS images originates primarily 

from the arrangement of the PDMSB microdomains, and is insensitive to the microphase 

separation of PS and PLA or PS and PMMA. Oxygen etching removes the organic blocks in 

DSM and DSL leaving silica-rich oxidized PDMSB features, though the PDMSB is less etch 

resistant than polydimethylsiloxane, a commonly used Si-containing block
45-47

. Additional 

etching processes were employed including the UV degradation of PMMA
30

 and the hydrolysis 

of PLA
48, 

which enable the PMMA or PLA blocks to be distinguished from the PS.  
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A thin PDMSB layer is observed at the air/TBTP and TBTP/substrate interfaces
23-24

 

indicating that PDMSB has a lower surface energy compared to PS, PMMA and PLA, whose 

surface energies are ~ 40 mJ/m
2
.
38

 PDMSB surface layers were selectively removed by a CF4 

etching step. 

Figure 1 illustrates schematically the structures which we propose for the TBTP films, based 

on the SEM and GISAXS data presented in this article. We found that both DSL and DSM 

formed core-shell cylinder structures in the solvent-annealed thin films, but the orientation and 

the detailed morphology of the microdomains differed between the two polymers and were 

affected by the annealing conditions. 

 

Phase Behavior of PDMSB-b-PS-b-PMMA (DSM) 

We first describe the evolution of the HEX morphology in DSM films during SVA in CHCl3. 

Figure 2a shows the swelling ratio vs. time for the SVA processes, and Figures 3 and S2 show 

the GISAXS images. The maximum SR and the deswelling rate of the film were adjusted by 

changing the amount of nitrogen added to the solvent flow. For a film with an as-cast thickness 

of 90 nm, SR = 2.3 was obtained using a vapor flow of CHCl3:N2 = 10:1, i.e. 10 sccm of CHCl3 

vapor plus 1 sccm of N2 flow (process A and B), while SR = 2.0 was obtained using CHCl3:N2 = 

8:2 (process C), as shown in Figure 2a. The solvent was rapidly removed from the chamber by 

100 sccm of N2 flow in process A, whereas the film was more slowly deswelled using 3 sccm of 

N2 for ~ 10 min and subsequently quenched with 100 sccm of N2 flow in process B and C. 
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Figure 2. Quantitative analysis of evolution of (a) swelling ratio, (b) period, (c) distortion factor, 

and (d) correlation length as a function of solvent annealing time for DSM films with as-spun 

thickness of 90 nm. Swelling ratios were determined in a solvent vapor flow of CHCl3/N2 = 10:1 

(processes A and B) and CHCl3/N2 = 8:2 (process C). The film in process A was quenched and 

films in processes B and C were slowly deswelled. Processes A, B, and C are represented by 

black, red, and blue circles, respectively. Hx and Hz in (b) indicate in-plane period and out-of-

plane spacing between layers of cylinders respectively as described in the inset. 
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Figure 3. (a) GISAXS patterns showing the morphological evolution of DSM films in processes 

A, B, and C. The scattering profile corresponds to the stage marked on the swelling ratio (SR) 

curve in Figure 2a. SR at each stage is noted on the upper right corner of the panel. (b) In-plane 

linecut of scattering intensity I(qr) vs. qr in Å
-1

 for A3, with inset showing the magnified 

GISAXS 2D image. The scattering peaks in both the intensity curve and the image indicating in-

plane and out-of-plane oriented cylinders are marked by black and green crosses, respectively. 

The linecut graph is fitted by the blue curve from which Hx = 35.8 nm at point A3 is determined, 

as described in Figure 2b. (c) GISAXS pattern at point B3 with actual peaks (crosses) and 

expected spots for a HEX lattice (circles). The yellow and white circles correspond to the direct 

and reflected beams, respectively. 
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The scattering pattern of the as-cast film (point A1 in Figure 3) initially displayed a broad 

isotropic (and somewhat elliptic) ring, consistent with a disordered morphology of randomly-

oriented micellar-like domains, and typical of the kinetically trapped as-cast state of BCPs.
15-17, 25, 

28, 30
 GISAXS patterns started to show clear peaks indicating a HEX structure early in the SVA 

processing. This is attributed to hexagonally close-packed (HCP) cylindrical microdomains with 

a coexistence of in-plane and out-of-plane orientations, which formed as the film was rapidly 

swelled up to SR = 2.20 (A3). Based on the relative intensity of scattering peaks analyzed from 

each set of GISAXS data as exemplified in Figure 3b, the fraction of out-of-plane oriented 

cylinders was about a quarter that of the in-plane cylinders at point A3. The out-of-plane 

cylinders gradually transformed to in-plane cylinders as annealing proceeded for ~ 50 min (A5), 

and the film maintained its in-plane cylinder orientation after the quenching process (A6) even 

though the BCP period and the correlation length ξ changed. The correlation length or ‘grain size’ 

of the in-plane cylinders  is calculated from the scattering peak width (see Experimental Section). 

Scattering peaks became broader during the solvent desorption, which represents a decrease in 

order, presumably due to the rearrangement of the polymer to accommodate the volume 

shrinkage from solvent loss during deswelling.  

We believe that the HEX structure indicated by the GISAXS data consists of cylinders of a 

PMMA core with a PS shell within a PDMSB matrix as depicted in Figure 1c. Selective removal 

of PMMA microdomains following UV irradiation confirmed that the PMMA was present at the 

centers of the cylinders, Figure S3. This is consistent with previous experimental results of the 

identical TBTP annealed in CHCl3 which exhibited core-shell cylinders.
24

 The formation of a 

core-shell structure is attributed to a change in the volume fraction during exposure to the CHCl3 

vapor, due to the different affinity of each block to the solvent indicated by the difference in 
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solubility parameters. The PDMSB block has the highest affinity for CHCl3 and swells more than 

PS and PMMA leading to a higher effective volume fraction of PDMSB, so it forms the matrix 

of the core-shell cylinders. For the same TBTP, a transition from out-of-plane oriented cylinders 

to in-plane oriented cylinders occurred for film thickness of 47 nm and above,
24

 which is 

consistent with the in-plane orientation observed here in the deswelled films. A simulation for a 

TBTP in which the interaction parameter between the end blocks is the largest predicts a 

morphology consisting of core-shell cylinders or alternating lamellae.
34

 The room temperature 

interaction parameters are χPS-PMMA ≈ 0.04,
49

 χPDMSB-PS  ≈ 0.07,
23

 and χPDMSB-PMMA ≈ 0.2,
24 

and 

core-shell morphology is stabilized because it avoids interfaces between the two blocks (PDMSB 

and PMMA) with the largest χ-parameter. 

 

 

Figure 4. SEM images of the final morphologies in DSM thin films for processes A, B, and C. 

All the images show oxidized PDMSB nanopatterns for (a−b) A6, (c) B4, and (d) C4. All the 

scale bars in the main images are 100 nm and in the insets are 50 nm. 



13 
 

Process B demonstrates the effect of a slower solvent desorption rate. Overall, the film 

behaved similarly to that of process A, producing in-plane cylinders as shown in the SEM 

images (Figure 4) as well as from the GISAXS patterns (Figure 3). However, process B gave rise 

to more intense high-order scattering peaks during deswelling, shown in B3, indicative of a 

morphology with better long-range positional order. 

Figure 2b−d shows a quantitative analysis of the structural evolution of DSM in processes A 

and B in terms of the in-plane period Hx, out-of-plane spacing between layers of cylinders Hz, 

distortion factor (DF), and correlation length ξ. DF is defined as 2Hz/3Hx which is 1 for an ideal 

HCP array with nearest-neighbor layers parallel to the substrate. The two samples had small 

differences in the SR as a function of time during the initial 50 min of the solvent annealing, 

even though the swelling conditions were nominally the same. Hz = 18 nm for process A and Hz 

= 21 nm for process B immediately before deswelling.  

As described in Figure 2b, Hx and Hz increased by only ~ 3 and ~ 1 nm respectively as the 

films swelled. However, during the drying process Hx increased further by 6 – 7 nm while Hz 

decreased by only 1 – 2 nm. These changes lead to a decrease in distortion factor. Based on Hz 

and the total film thickness, we deduce that the number of layers of cylinders in the film changed 

from about 10 to 5 during the deswelling. This differs from observations in PS-b-PDMS, where 

Hz decreased as the film deswelled.
16

 This suggests that there is a significant rearrangement of 

polymer chains during the solvent desorption to maintain the value of Hz. Process B also showed 

a decrease in DF during the deswelling, though the changes occurred more gradually. 

The correlation length ξ, Figure 2d, increased for annealing times up to 50 min as the ordering 

of the microdomains improved. It decreased as the films deswelled, reaching the same final value 

of ~ 200 nm in the dry state for both processes A and B. 
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SEM images of the final morphology, Figure 4, show good agreement with GISAXS results 

in terms of the structure and the period. From SEM in Figure 4 and S3, Hx = ~ 42 nm and Hz = ~ 

18 nm for both processes A and B, which are similar to the values obtained from GISAXS. As 

mentioned earlier, the X-ray scattering is most sensitive to contrast between the PDMSB block 

and the organic blocks, and the data do not resolve the core-shell arrangement of the PS and 

PMMA blocks. Thus, the GISAXS peaks in Figure 3 originate from the periodicity of the 

PS/PMMA cylinders within the PDMSB matrix.  

During etching, the O2 plasma not only removes the organic core-shell cylinders but also 

reduces the volume of the exposed PDMSB microdomains as they are converted to a silica-rich 

composition. In the top view image, thin ridges from the PDMSB matrix are visible (Figure 4 

and S4) and in the cross-section image (etched only in oxygen) the junction points of the 

PDMSB matrix, which occur between each set of three core-shell cylinders, protrude to form the 

arrangement shown schematically in Figure S4.  

In process C, the maximum SR was reduced to 2.0 vs. 2.25 for processes A and B. The 

GISAXS data (Figure 3) indicated cylinders in various orientations with respect to the substrate 

and a ξ of 160 nm at the end of annealing, and SEM (Figure 4d) shows short, poorly ordered 

cylinders. The lower SR leads to less chain mobility and slower diffusion, but the center-to-

center spacing of the final structure was 41 nm, almost the same as that for process A and B. 

Thus, the in-plane periodicity of microdomains evolves to a value regardless of SR that is close 

to the value of 38 nm reported for out-of-plane oriented cylinders of the same TBTP.
24
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Phase Behavior of PDMSB-b-PS-b-PLA (DSL) 

 

Figure 5. Swelling ratios of DSL films with as-cast thickness of 150 nm in a solvent vapor flow 

of CHCl3/N2 = 10:1 (processes D and E) and CHCl3/N2 = 8:2 (process F), respectively. Films in 

processes D and F were quickly deswelled and the film in process E was slowly deswelled. 

Processes D, E, and F are represented by black, red, and blue circles, respectively. 
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Figure 6. (a) GISAXS patterns showing the morphological evolution of DSL films in processes 

D, E, and F. The scattering profile corresponds to the stage marked on the swelling ratio curve in 

Figure 5. SR at each stage is noted on the upper right corner of the panel. (b) Scattering patterns 

at stages E3, E4, and E5 are shown overlaid with the expected spots for BCC (110), HEX, and 

BCC (110) lattices, respectively. Yellow and white circles correspond to the direct and reflected 

beams. 
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We now discuss the structural transitions of 150 nm thick DSL films during SVA in CHCl3 

using in situ GISAXS. Figure 5 shows the SR during the annealing processes D, E and F, which 

were nominally the same sequence of gas flow as processes A, B and C respectively. Figure 6 

and S5 show the GISAXS data. A SR of ~ 1.9 (process D and E) was achieved under a vapor 

flow of CHCl3/N2 = 10:1, while SR ~ 1.6 under CHCl3/N2 = 8:2 (process F). The rate of 

deswelling was changed by using a N2 flow of 100 sccm (process D and F, fast deswelling) and 

N2 flow of 3 sccm for ~ 10 min followed by 100 sccm (process E, slow deswelling). 

As the solvent swelled the film in process D, a HEX structure attributed to close-packed in-

plane cylinders (Figure 6, D3) was formed starting from the disordered structure (D1). Beyond 

this stage, both in-plane and out-of-plane HEX microdomains coexisted at the maximum SR of 

1.89 (D5). When the swollen film was quenched by the N2 flow, it maintained the same overall 

morphology, but the proportion of out-of-plane cylindrical microdomains increased during the 

solvent desorption, based on the intensity of scattering peaks. The GISAXS data of the dried film 

(D6) showed peaks from both an out-of-plane HEX structure with nearest neighbor spacing Hp of 

35 nm and from in-plane distorted HEX with Hx of 42 nm and Hz of 18 nm.  
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Figure 7. SEM images of the final morphologies in DSL thin films for processes D, E, and F. All 

the images mainly show oxidized PDMSB nanopatterns for (a−c) D6, (d) E7, and (e) F4; PS and 

PLA blocks forming core-shell cylinders are also distinguished due to their difference in etch 

resistance. Scale bars in the main images of (a, c-e) and (b) are 100 and 50 nm. All the scale bars 

in the insets are 50 nm. 
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Figure 8. SEM images of the final morphologies in DSL thin films: plan view of terraces formed 

due to the additional CF4/O2 etching process showing (a) multiple layers of PL and (b) a 

coexistence of multilayer PL and C. Holes in the top (yellow), second (red), and third (blue) 

layers in (a) are aligned above each other as emphasized by the colored lines drawn to show that 

the lattice of pores is continuous across two adjacent layers. The height profile across the black 

line is depicted in (b) and the morphology of each layer is either PL (blue) or C (red). (c) A 

hexagonal array of PS nanorings resolved by a CF4/O2 plasma etching process.  



20 
 

SEM images of the final morphology in Figure 7 show both in-plane and out-of-plane 

periodicity. The top surface shows a close-packed arrangement corresponding to perpendicular 

cylinders or a perforated lamella (PL), and the insets of Figure 7 show a core-shell structure 

within the pores which originates from the different etching behavior of the PLA and PS blocks 

in the O2 plasma. By using CF4 and O2 plasma to selectively degrade the PDMSB and PLA 

microdomains, respectively, a vertically aligned PS nanoring array was observed corresponding 

to the shells of the cylinders (Figure 8c). The nearest neighbor spacing of 35 nm matched the 

GISAXS result.  

The cross-sectional images in Figure 7 and S6 show two different layered structures in 

different regions of the cross-section. The dominant morphology (e.g. Figure 7b) was an in-plane 

layered structure with spacing ~ 21 nm (similar to Hz from GISAXS) and with vertical features 

that go through the film thickness, corresponding to the core-shell cylinders seen at the top 

surface. To examine this morphology in more detail, we etched only a part of the top surface in 

CF4/O2 plasma (see Experimental Section) to resolve the structure of the interior layers in plain 

view (Figure 8 and S6). As shown in Figure 8a, this process revealed terraces of PL PDMSB in 

which the pores were vertically aligned through the separate layers of PL, i.e. the stacked pores 

define the locations of the PLA/PS core-shell cylinders which are oriented perpendicular to the 

film.  

The PDMSB forms in-plane perforated lamellae because it has insufficient volume fraction to 

form a continuous matrix surrounding the cylinders. We believe that the PDMSB PL are 

separated by majority PS layers sandwiching a thin PLA layer, shown schematically in the left 

panel of Figure 1d. The presence of in-plane PLA layers was revealed by selectively degrading 
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the PLA through hydrolysis as described in Figure S8. This arrangement may be favored by the 

preferential wetting of the air and substrate by PDMSB.  

In other regions of the cross-section (e.g. right of center in Figure 7c), the structure shows in-

plane cylinders of PDMSB with Hx = ~ 40 nm and Hz = ~ 21 nm. The in-plane cylinders are also 

seen in the top view after etching, Figure 8b. This is consistent with a morphology of alternating 

PDMSB and PLA cylinders in a PS matrix, although the PLA cannot be clearly resolved even by 

the hydrolysis of PLA due to its low volume fraction. The structure is illustrated in the right 

panel of Figure 1d where the purple shading represents the location of the combined PLA and 

PMMA blocks. 

GISAXS results for process E provide further information on the morphological evolution of 

the DSL film during the annealing process (Figure 6). As shown in Figure 5, for process E the 

SR increased more rapidly than in process D and reached a lower maximum value although the 

processes were nominally the same before deswelling started. Interestingly, the film exhibited a 

spherical morphology at stage E3 during the swelling and E5 during the deswelling, and an in-

plane HEX structure formed at the maximum SR of 1.85 (E4) with Hx = 35 nm and Hz = 19 nm. 

Based on the modeled GISAXS peaks for the (110) plane of a body-centered cubic (BCC) lattice 

in Figure 6 and S7, the spherical morphologies at point E3 and E5 correspond to 23 % and 34 % 

compressed BCC structures with nearest-neighbor distance of 35 nm, given that the scattering 

peaks were stretched along the z-direction in reciprocal space.
15

 Similar to process D, the dry 

film exhibited a morphology with coexisting in-plane and out-of-plane periodicity. However, the 

GISAXS pattern at stage E7 in Figure 6 showed that a larger fraction of the microdomains was 

aligned in-plane after the slower drying compared to process D (D6). The in situ GISAXS 
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therefore demonstrates that the DSL morphology is sensitive to SR, and that a reversible order-

order phase transition between spheres and cylinders can occur on changing the SR. 

For process F, which had a maximum SR of 1.64, the swelled film did not form either spheres 

or in-plane HEX (Figure S5) and it eventually produced an out-of-plane HEX morphology with 

Hx = 35 nm at the end of deswelling (Figure 6). The final structure according to SEM (Figure 7e) 

is consistent with GISAXS results and exhibits core-shell cylinders oriented out-of-plane. 

However, the defectivity was higher and the order was poorer compared to process D and E. The 

degradation in order at lower SR is consistent with the results of the DSM polymer in process C.  

To interpret the structure of the DSL films, we consider predictions based on the asymmetric 

volume fraction (D:S:L = 31:53:16). Self-consistent field theory (SCFT) modeling predicts that 

the bulk morphology of a nonfrustrated linear TBTP such as DSL (χDL > χLS > χDS)
23

 at this 

volume composition can consist of a core-shell hexagonal lattice of cylinders or two 

interpenetrating tetragonal lattices.
34

 In the former case the large volume fraction of the middle 

block would be accomodated in the relatively thick shell of the core-shell cylinders, and the core 

consists of the smallest volume fraction block (here, PLA). These calculations were limited to 

two dimensions so cannot account for variations in the third dimension such as spherical 

morphologies. The thin film geometry provides further constraints due to surface energy and 

commensurability effects.  

As discussed above, the DSL film includes regions with two different morphologies. The 

majority of the cross-sectional image is consistent with a morphology consisting of vertical core-

shell cylinders, surrounded by a matrix consisting of perforated lamellae of PDMSB separated by 

PS and PLA layers. In other examples of thin film multilayer PL morphologies, such as in a PS-
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b-PDMS-b-PS triblock copolymer,
17

 the pores in one PL layer overlay junctions in the adjacent 

layer. The DSL instead shows alignment of the pores in the layers above each other, and we 

speculate that this could indicate that the out-of-plane cylinders formed before the PL, defining 

the pore locations.  

For the in-plane cylinder morphology, the PDMSB cylinders visible in the SEM cross-section 

are hexagonally packed instead of forming the tetragonal lattice expected from simulation 

results.
34

 Other TBTPs show a transition between HEX core-shell cylinders and tetragonal 

alternating cylinders depending on film thickness
36

 including regimes where both morphologies 

were present. 

We summarize the experimental conditions and final morphologies and periods of the DSM 

and DSL thin films in Table 1. The intermediate phases are also listed to convey the structural 

transitions during the annealing process. Overall, the final structures had little dependence on the 

major annealing variables of the study: deswelling rate and SR. However, the proportion of out-

of-plane vs. in-plane cylinders in DSL films changed with the solvent desorption rate, and a low 

SR prevented both TBTPs from forming well ordered structures. DSL in particular shows only 

out-of-plane cylinders for low SR, while it exhibits a morphology with a coexistence of 

vertically aligned cylinders and in-plane cylinders for high SR. Furthermore, the same 

morphology produced under different annealing conditions had almost the same center-to-center 

spacing. As expected, the periodicity of the DSL film was also maintained during the order-order 

transition. 
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Table 1. Summary of solvent vapor annealing conditions and resultant morphologies and periods 

of DSM and DSL thin films. 

 Process 

As-cast 

thickness 

[nm] 

Swell 

time 

[min] 

Swell 

condition 

(CHCl3/N2) 

[sccm] 

Deswell 

condition 

(N2) 

[sccm] 

Morphology 

Nearest-

neighbor 

distance 

[nm]
a)

 

DSM        

A A6 

90 50 

10:1 100 Hex// 41 

B B4 10:1 
3 (10 min) 

+ 100 
Hex// 43 

C C4 8:2 
3 (10 min) 

+ 100 

Poorly ordered 

Hex 
41 

DSL        

D D6 

150 60 

10:1 100 Hex⊥ (Alt//) 35 (42) 

E E3 

10:1 
3 (10 min) 

+ 100 

BCC (110) 35 

 E4 Hex// 35 

 E5 BCC (110) 35 

 E7 Hex⊥ (Alt//) 35 (42) 

F F4 8:2 100 
Poorly ordered 

Hex⊥ 
35 

Hex, hexagonally packed core-shell cylinders; Alt, hexagonally packed alternating cylinders; 

BCC, body-centered cubic spheres; //, parallel alignment; ⊥, out of plane alignment; 
a)

Estimated 

from GISAXS results. 
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CONCLUSION 

The microphase separation of film of two TBTPs (DSM and DSL) was tracked using in situ 

GISAXS to understand the structural organization of the different blocks during solvent 

annealing in a continuous vapor flow system. GISAXS provides rich details of dynamic 

transformations from the disordered to the ordered state during annealing that are not observed 

using ex situ characterization techniques. DSM films formed core-shell PMMA-PS cylinders 

oriented in-plane with a distorted hexagonal packing within a PDMSB matrix. The core-shell 

structure is a result of the selectivity of the solvent to PDMSB and the highest interaction 

parameter being that between the end blocks, χPDMSB-PMMA. DSL films showed a reversible order-

order transition between spheres and cylinders during self-assembly. The final morphology of 

the DSL consisted partly of regions of in-plane cylinders, but mainly of regions of out-of-plane 

core-shell PLA-PS cylinders passing through perforated lamellae of PDMSB such that the pores 

of the PL are stacked vertically. The DSL also exhibited such a structure, which exhibits both 

vertical and lateral features, may be useful in fabricating three-dimensional devices. 
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EXPERIMENTAL SECTION 

Materials and Preparation of TBTP Films. Linear PDMSB-b-PS-b-PMMA (DSM) and 

PDMSB-b-PS-b-PLA (DSL) triblock terpolymers were synthesized via sequential anionic 

polymerization. More details concerning the synthesis of these polymers can be found in Ref 

(24). Thick film morphologies of DSM and DSL (Figure S1) were obtained from drop-cast films 

deposited from a mixture of tetrahydrofuran and propylene glycol monomethyl ether acetate 

(THF/PGMEA = 2:1) onto oxidized silicon substrates and annealed in a solvent vapor flow of 

CHCl3 (10 sccm) for 1 h. Thin DSM and DSL thin films were spin-coated on silicon substrates 

with native oxide layer from 3 – 4 wt% solutions in a mixture of THF and PGMEA. As-cast film 

thickness of DSM (t = 90 nm) and DSL (t = 150 nm) were determined by adjusting the spin 

speeds (3,000 – 10,000 rpm) and measured values were obtained from a spectral reflectometer 

(FilMetrics F20-UV). All the solvents used in this study were purchased from Sigma Aldrich. 

Solvent Vapor Annealing and In situ GISAXS Measurement. SVA and GISAXS experiments 

were performed at the Complex Materials Scattering (CMS, 11-BM) beamline of the National 

Synchrotron Light Source II at Brookhaven National Laboratory. As-cast DSM and DSL films 

on substrates were placed inside a custom solvent annealing cell, and the cell was mounted inside 

the measurement chamber.
16

 The small cell was airtight and it included two Kapton windows for 

the incident X-ray the scattered X-ray beams. The lid of the cell included a quartz window to 

allow real-time monitoring of film thickness via UV−vis spectral reflectometry (FilMetrics). An 

inflow tube and solvent exhaust tube were present to enable control of the atmosphere within the 

chamber. SVA was carried out using a continuous flow system where separate streams of 

nitrogen are bubbled through liquid solvents and the flow of each stream is regulated using a 
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mass flow controller (MKS Inc., M100B).
13

 The inflow tube was connected to a mixer fed by 

two flow channels: pure N2 gas (Airgas, Inc., 99.9997% purity) for controlling the solvent 

absorption and desorption rate and a solvent bubbler which contained CHCl3. DSM and DSL 

samples were annealed in a vapor flow of CHCl3 and N2 for 50 min and 1 h respectively. For 

both polymers, solvent vapors of CHCl3:N2 = 10:1 and 8:2 were introduced to achieve high SR 

and low SR respectively, where the numbers represent the flow rate in sccm for CHCl3/N2. 

During the deswelling, swollen films were rapidly or slowly dried by injecting pure N2 flow of 

100 sccm or 3 sccm for 10 min and 100 sccm subsequently. 

The X-ray beam energy was set to 13.5 keV (X-ray wavelength 0.918 Å) using a multilayer 

monochromator. The beam size was set to 200 μm (horizontal) by 50 μm (vertical) to limit the 

projected area of X-ray illumination on the sample. Small-angle scattering data was collected on 

a photon-counting pixel-array area detector (Dectris Pilatus 2M) positioned 5.09 m downstream 

of the sample. Conversion of scattering images to reciprocal-space (q) was accomplished by 

measuring a silver behenate powder as a calibration standard. We define qz to be the vertical 

direction (film normal direction) and qx as the orthogonal horizontal (in-plane) direction. 

GISAXS images were taken at periodic increments of time to probe any changes occurring 

within the film during SVA. The film was moved slightly across the beam for each new exposure, 

in order to limit X-ray beam induced damage, which can give rise to modifications of the self-

assembled morphology due to cross-linking and/or chain scission.
50

 Analysis of GISAXS data 

was performed by taking linecuts through the q-calibrated data. Repeat spacing was measured by 

fitting the position of the first-order scattering peak, and converting to real space in the usual 

manner (H = 2π/q). For the vertical repeat spacing of the morphology  (qz peak position), we 

accounted for the distortion of reciprocal space due to refraction of the incident and scattered 
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rays, using a value for the film’s average electron density consistent with the measured position 

of the Yoneda scattering. Material correlation length was calculated from the scattering peak 

width using a Scherrer-like formalism, while accounting for instrumental resolution effects.
51

 

Characterization of TBTP Films. An additional sample was simultaneously annealed in the 

solvent annealing cell for each experiment in order to obtain a film showing the final state that 

was not affected by the X-ray beam. To enhance the imaging contrast, the PDMSB surface layer 

and microdomains of organic blocks (PS, PMMA, and PLA) in annealed DSM and DSL thin 

films were selectively removed by reactive ion etching (RIE, Plasma-Therm 790) treatment with 

CF4 (5 s, 15 mTorr, 50 W) and O2 (22 s, 6 mTorr, 90 W), respectively. For bulk (Figure S1) 

samples, we used a longer RIE with CF4 (60 s, 15 mTorr, 50 W) to observe buried microdomains. 

Terraced regions of PDMSB in Figure 8 and S6 were obtained by covering the half of the sample, 

etching the exposed half with CF4 (60 s, 15 mTorr, 50 W) and O2 (22 s, 6 mTorr, 90 W), and 

imaging the boundary of these two regions. This process yields oxidized PDMSB patterns that 

exhibit the internal morphology of the PDMSB microdomains arising from the respective 

annealing conditions. It was possible to distinguish PS and PLA microdomains in the DSL films 

without an additional staining process because they have slightly different etch resistance to O2 

RIE plasma.  

For the UV degradation of PMMA, a cross-section of DSM sample was exposed to UV 

radiation (5 mW/cm
2
 and λ = 253.7 nm) for 1200 s and followed by RIE with O2 (10 s, 6 mTorr, 

90 W). For the hydrolysis of PLA, a 0.5 M solution was prepared by dissolving sodium 

hydroxide in a 40:60 v/v% solution of methanol and water and a DSL sample was placed in the 

aqueous methanol solution at 65 °C for 48 h. After the hydrolytic process, the sample was rinsed 
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with water and methanol and dried under vacuum at room temperature. After dry and wet etch 

processes, the etched TBTP films were imaged using a Zeiss Merlin high-resolution SEM at 3 

kV. The cross-sections were prepared by cracking the sample in liquid nitrogen followed by RIE 

with O2 (5 s, 6 mTorr, 90 W) and imaged after tilting the sample 70° to the SEM detector in 

order to show the morphology of both the top and cross-section surfaces. 
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