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ABSTRACT 

Solvo-thermal vapor annealing (STVA) was employed to induce microphase separation in a 

lamellar forming block copolymer (BCP) thin film containing a readily degradable block. 

Directed self-assembly of poly(styrene)-block-poly(D,L-lactide) (PS-b-PLA) BCP films 

using topographically patterned silicon nitride was demonstrated with alignment over 

macroscopic areas. Interestingly, we observed lamellar patterns aligned parallel as well as 

perpendicular (perpendicular microdomains to substrate in both cases) to the topography of 

the graphoepitaxial guiding patterns. PS-b-PLA BCP microphase separated with high a 

degree of order in an atmosphere of tetrahydrofuran (THF) at an elevated vapor pressure (at 

ca. 40-60°C). Grazing incidence small angle X-ray scattering (GISAXS) measurements of 

PS-b-PLA films reveals the through-film uniformity of perpendicular microdomains after 

STVA. Perpendicular lamellar orientation was observed on both hydrophilic and relatively 

hydrophobic surfaces with a domain spacing (L0) of ~ 32.5 nm. The rapid removal of the 

PLA microdomains is demonstrated using a mild basic solution for the development of a 

well-defined PS mask template. GISAXS data reveals the through-film uniformity is retained 

following wet etching. The experimental results in this article demonstrate highly oriented 
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PS-b-PLA microdomains after a short annealing period and facile PLA removal so as to form 

porous on-chip etch masks for nanolithography application. 

INTRODUCTION 

Nanoscale patterning of thin films using BCP self-assembly is a facile (at least in principle) 

and low cost route to form well-registered and highly defined domains of sizes from 3-100 

nm.
1
 Depending on the BCP composition, arrangements with spherical, cylindrical, gyroidal

and lamellar geometries can be developed over large areas. Desired morphology and length 

scales can be achieved via variation of the volume fraction (f) of the blocks and through 

tailoring of the BCP chain lengths, i.e. the degree of polymerization (N). Such complex yet 

ordered microdomains provide an ideal platform for use in neuroprosthetic technologies,
2

membrane/filtration systems,
3,4

 memory storage devices
5,6,7

 and photovoltaics.
8,9

 Another

potential application has focused on using BCP templates as on-chip etch masks for next-

generation lithography.
10

 

Directed self-assembly (DSA) of BCPs is a promising candidate for augmenting the 

lithographic patterning process to enable higher computing speed and reduced power 

consumption per device function (i.e. Moore’s Law).
11

 Two key challenges in the BCP

nanolithography field include the placement and registration of features and the ability to 

define ultra-small critical dimensions. Graphoepitaxy is used to obtain long range order and 

alignment of BCP features via trenches lithographically defined prior to BCP deposition and 

self-assembly.
12,13,14,15,16

 Similarly, chemoepitaxy developed by Nealey and co-workers

demonstrates extreme precision by using lithographically defined chemical patterns to control 

PS-b-poly(methyl methacrylate, PMMA) assembly and alignment.
17,18 

Low line edge

roughness of resulting pattern transferred nanostructures,
 
high areal density and ease of 
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processing (and similarity to industry patterning) are some of the main attributes that have led 

to graphoepitaxy and chemoepitaxy being at the forefront of alternative patterning 

methodologies. BCP material criteria beyond the “first generation” PS-b-PMMA include a 

BCP possessing a high Flory-Huggins interaction parameter (i.e. χ)
19

 and high etch contrast

to allow sub-10 nm critical dimensions (CD) to be attained following pattern transfer.
 
New 

BCP materials possessing a high χ have been reported of late which can access sub-10 nm 

feature sizes.
20,21,22,23,24,25

Shear force,
26

 magnetic fields,
27

 and thermal annealing
28

 are routinely employed for the self-

assembly of BCP thin film morphologies. More recently, microwave irradiation was shown to 

induce self-assembly in a range of high χ BCPs in sub-2 minute processes.
29,30,31,32 

Controlling BCP microdomain orientation (i.e. direction to the surface plane) is paramount 

for most chosen applications and solvent vapor annealing (SVA) has been utilized to induce 

self-assembly and manipulate microdomain orientation.
33

 SVA is a technique that plasticizes

polymer material and the solvent-polymer interaction reduces the diffusive energy barrier 

promoting microphase separation at lower temperatures.
34

 Despite its widespread use the

interpretation and exact mechanism(s) of the SVA method are not fully understood. Various 

mechanisms have been postulated from empirical evidence. Gu et al.
35,36 

 have recently

provided an insight on poly(styrene)-block-poly(2-vinylpyridine) (PS-b-P2VP) BCPs and 

highlight the importance of taking into account the processing conditions such as the swelling 

ratio of BCP films and solvent removal rates during SVA.
 
The work by Gu et al. further 

emphasizes the benefits of grazing incidence small angle X-ray scattering (GISAXS) as a 

characterization method that has also been carried out on other BCP systems regarding 

swelling effects.
37,38

 Likewise, Mokarian et al.
39

 employed an in-situ time-resolved light

scattering device to observe a “flipping” phenomenon in cylindrical forming PS-block-
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poly(ethylene oxide) (PS-b-PEO) films that was related to vapor pressure threshold value. In 

addition to using a solvent to impart mobility in a BCP, combining the solvent vapors with 

temperature (solvo-thermal vapor annealing, STVA) to increase vapor pressure also enhances 

the ordering dynamics of BCPs.
34,40

 The complex interplay of surface energetics and

confinement effects of BCPs in thin film form requires extensive solvent analysis. Each 

polymer block swells at different rates depending on the selectivity of the exposed solvent. 

The affinity of the two blocks is dynamic in nature and can be affected by solvent uptake as 

defined by equation 1 below.
39,41

χeff = χ(1 – Φs)  (1) 

where χeff and χ are the Flory-Huggins interaction parameters in the presence and absence of 

the solvent respectively. The parameter Φs is the volume fraction of solvent. From equation 

1, solvent uptake by the polymer film will reduce the overall χ of the system, however, 

solvent use is required to reduce the glass transition of the PS block enabling microphase 

separation.
41 

Lamellar PS-b-PLA studies to date have focused mainly on thermal

annealing.
42,43

 Keen et al.
43
 have demonstrated DSA of PS-b-PLA with sub-10 nm feature

sizes and outlined key contributions on the relationship between defect levels and degree of 

frustration of polymer chains under confinement. 

We present a systematic study using atomic force microscopy data complemented by 

GISAXS analysis on the STVA behavior and microphase separation of a near symmetric 

forming PS-b-PLA BCP thin film. The work highlights key experimental parameters in SVA 

practices to achieve excellent microphase separation in a lamellar PS-b-PLA system. We 

show through STVA the microphase separation of PS-b-PLA (21 kg mol
-1 

– 19 kg mol
-1

)
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BCP system and the DSA of line patterns on topographically patterned silicon nitride 

substrates. GISAXS provided an interesting insight on the interior orientation of the PS-b-

PLA films following STVA. Our studies showed that microphase separated BCP patterns 

were attained only through increasing THF vapor pressure using a higher processing 

temperature. Wet etching of the PLA component in PS-b-PLA films is also detailed showing 

a high degree of selectivity. 

EXPERIMENTAL 

Materials. Polystyrene-block-polylactide (referred to as PS-b-PLA, but note that PLA is in 

the DL form) was purchased from Polymer Source, Inc., Canada, with a total number average 

molecular weight of Mn = 40.5 kg mol
-1 

(MnPS= 21 kg mol
-1

; MnPLA= 19.5 kg mol
-1

, fPS=

0.53), a polydispersity index of 1.15 and was used without further purification or treatment. 

The planar substrates used were highly polished single-crystal silicon <100> wafers (p-type) 

with a native oxide layer of 2 nm. The silicon nitride (Si3N4) substrates were Si3N4 coated 

silicon wafers (p-type silicon ⟨100⟩ with a surface SiO2 layer ∼7 nm thick) using a low 

pressure chemical vapor deposition method and had a resistivity, ρ, = 1 × 10
14

 to 1 × 10
16

 Ω

cm. Topographically patterned Si3N4 substrates with pitches in the range of 50−500 nm,

variable mesa widths of 30−700 nm and depth of ~50-60 nm were fabricated via 193 nm UV-

lithography and processed by means of conventional mask and etch techniques. SEM and 

TEM characterization of the Si3N4 substrates can be found elsewhere.
31

 Sulfuric acid (ACS

reagent, 95.0-98.0%), hydrogen peroxide (containing inhibitor, 30 wt. % in H2O, ACS 

reagent), methanol (for HPLC, ≥99.9%) chloroform (HPLC grade, ≥99.9%, contains 0.5–

1.0% ethanol as stabilizer,), toluene (for HPLC, 99.9%), tetrahydrofuran (THF) (HPLC 

grade, ≥99.9%), hexamethyldisilazane, sodium hydroxide (purum p.a., ≥98.0% (T), beads), 
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ruthenium(III) chloride hydrate, and sodium hypochlorite solution (6-14% active chlorine 

basis) were all purchased from Sigma Aldrich. 

Substrate Cleaning, Block Copolymer Preparation and Deposition. Substrates were cut 

into 2.0 cm
2
 pieces and were cleaned in a piranha solution (1 : 3 v/v 30% H2O2 : H2SO4)

(Caution – piranha solution may cause explosion in contact with organic material) at 100°C 

for 30 minutes, rinsed with DI waters several times and dried using nitrogen gas. Following 

this, the freshly piranha cleaned substrates were sonicated with chloroform (i.e. BCP casting 

solvent) for 10 minutes. Substrates that were functionalized with a hexamethyldisilazane 

(HMDS) layer were first sonicated with acetone followed by methanol (20 minutes sonication 

in each). After sonication, the substrates were immersed in a solution of toluene:HMDS (1:5) 

for ~16 h, as described previously in the literature.
44

 0.5 wt % solutions of PS-b-PLA were

prepared in chloroform and subsequently sonicated for 30 minutes. Following complete 

dissolution, PS-b-PLA solution was spin coated on piranha cleaned silicon substrates at 2000 

rpm for 30 seconds. 0.5 wt % PS-b-PLA solutions were spin coated on HMDS treated silicon 

in the same manner. Note that the HMDS step was carried out so that film delamination was 

avoided via promotion of PS adhesion onto the HMDS functionalized substrate. Following 

PS-b-PLA deposition, solvent vapor annealing (SVA) treatment was carried out. Films were 

placed inside a glass jar (150 ml) with a small vial containing ~1 ml of THF solvent for up to 

60 minutes. This was the standard protocol for all temperatures; room temperature, 40°C and 

55°C were examined. Note in this work, we make a distinction between SVA, i.e. room 

temperature solvent vapor annealing and STVA, i.e. solvent vapor annealing with 

temperature. Prior to SVA films at room temperature, the vial containing THF solvent was 

placed inside the annealing jar for up to 20 minutes before sample to ensure a saturated THF 

atmosphere was reached.  Following the desired SVA or STVA period, the film was removed 
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immediately and solvent was allowed to evaporate at ambient conditions before 

characterization. 

Grazing Incidence Small Angle X-Ray Scattering (GISAXS). The experiments were 

performed on the “Xeuss” Xenocs X-ray scattering set-up with a monochromatic x-ray beam 

at 8040 eV. X-ray scattering measurements geometry is defined by the direct beam incidence 

αi and the scattered intensity as a function of the out-of-plane angle αf with respect to the 

substrate surface and of the in-plane angle δ. The components of the wavevector transfer 

(transferred momentum) q = ki - kf, defined by the incident ki and the scattered kf wave 

vectors are defined in the laboratory frame, as x and y in the surface substrate plane and z 

out-of plane (y perpendicular to the incident beam).
45,46,47,48

 To enhance the scattering signal

coming from the polymer film surface, the X-ray grazing incidence angle of 0.22° was 

selected above the critical angle of the film, probing inside the film and just at the critical 

angle of silicon substrate. The two-dimensional GISAXS pattern was recorded using a high 

sensitivity 2D detection (Pilatus 300K hybrid pixel) placed at a distance of 2520 mm from the 

sample, perpendicular to the x axis. The scattered beam intensities were collected, in a range 

between [0; 2.5nm
-1

], by averaging ten frames to improve the counting statistic. To extract

morphological information, data analyses are realized on two sections of the 2D patterns. The 

qy (resp. qz) section corresponds to the scattering signal along the direction parallel (resp. 

perpendicular) to the substrate surface (Figure 2e). From these 1D cut, the contribution of the 

form factor could be measured over the whole 2D pattern whereas the interference function, 

which describes a simple in-plane correlation as well as a long range order
47,49,50

 is

observable only in the qy direction. 

PLA block degradation/etch. A 0.01M NaOH (60:40, water:methanol) solution was 

prepared at room temperature. The solution was given sufficient time (~15 minutes) in order 

to fully dissolve. STVA PS-b-PLA films were then immersed in the basic solution for up to 5 
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minutes. After removal from the degradation solution, films were washed twice with 

deionized water and blown dry under nitrogen. Note we have previously investigated thicker 

PS-b-PLA films (~ 200 nm) formed via “solvo-microwave” annealing that suffered from 

pattern collapse upon wet etching.
51

 Therefore, thinner (< 50 nm) PS-b-PLA films were

evaluated in this work to overcome pattern collapse issues with a view to their 

nanolithographic application. 

Characterization. Film Thickness. BCP film thicknesses were measured with a 

spectroscopic ellipsometer “J.A. Woollam Ellipsometer” at a fixed angle of incidence of 70°, 

on at least five different places on the sample and was averaged as the film thickness. A layer 

model (SiO2 + BCP) for the total BCP film was used to simulate experimental data. Atomic 

Force Microscopy (AFM). AFM (Park systems, XE-100) was operated in AC (tapping) 

mode under ambient conditions using silicon microcantilever probe tips with a force constant 

of 42 N m
-1

. Topographic and phase images were recorded simultaneously. Scanning

Electron Microscopy (SEM). SEM images were obtained by a FEI Helios Nanolab 600i 

system at an accelerating voltage of 5 kV and at a working distance of 4 mm. Cross-section 

SEM images involved cleaving the substrate in half and positioning the substrate 

perpendicular to the incident beam of electrons. The stage was then tilted at 20° to 30°. 

Fourier Transform-Infrared (FT-IR) Spectroscopy. An IR660, Varian infrared 

spectrometer was used to record the FT-IR spectra. The FT-IR was operated in attenuated 

total reflection mode during measurements. The measurements were performed in the 

spectral range of 4000 to 400 cm
-1

, with a resolution of 1 cm
-1

 and data averaged over 32

scans. FT-IR was employed to analyze films before and after etching the PLA block of the 

PS-b-PLA BCP. 

RESULTS AND DISCUSSION 
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Microphase separation of PS-b-PLA BCP 

Our investigation examined PS-b-PLA films over a range of temperatures while exposed to 

solvent vapors. Films were separately exposed to either a polar (THF) or non-polar solvent 

(CHCl3) vapor at room temperature and at 40°C, and at 55°C to increase the solvent vapor 

pressure in an attempt to achieve microphase separation via enhanced chain mobility. During 

the SVA process of BCP films, free volume is created in the polymer network which 

decreases the glass transition temperature (Tg) of the polymer and, thus, enhances chain 

mobility. Solubility parameters for PS, PLA and THF are 18.8, 22.2 and 19.4 [MPa]
1/2

respectively.
52,53,54

 Thin films of PS-b-PLA were initially prepared on silicon substrates

following piranha cleaning. AFM topographic images of 0.5 wt % PS-b-PLA thin films are 

shown in Figure 1 (a and b) after 30 min and 45 min exposure to THF vapor at room 

temperature, 40°C and 55°C. THF is a relatively neutral solvent for both PS and PLA blocks 

(see Table 1) and was employed as our SVA solvent. One observes poor microphase 

separated features at room temperature at 30 min and 45 min exposure, however well-ordered 

“fingerprint” patterns are seen at higher annealing temperatures. Distinct lamellar (as 

confirmed by GISAXS) patterns are consistently formed after 45 min STVA with THF vapor 

at 40°C (Figure 1d) and 55°C (Figure 1f). We also investigated chloroform as a SVA solvent 

as this was used as the spin casting solvent. Table 1 outlines the polymer-solvent interaction 

for THF and CHCl3 at respective treatment temperatures and calculation are described in SI. 

Despite CHCl3 possessing similar polymer-solvent interaction values to THF, microphase 

separation was not observed in the process window studied for CHCl3 SVA (see SI Figure 

S1). Likewise, self-assembly was not observed for films that were thermally annealed at 40°C 

or at 55°C (see SI Figure S2). 
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We believe the neutral interface created at the polymer/air interface under STVA in THF 

allows perpendicular orientation of the lamellar microdomains as others have also noted in 

their experiments for similar systems.
55,56

  This neutral top layer ordains the orientation rather

than the substrate surface. GISAXS can be used to look for through-film structures as a result 

of the possible “frustration” between any preferred orientation and/or segregation at the air 

and substrate interfaces. 

In order to understand the dynamics of ordering we carried out ex-situ GISAXS analysis on 

PS-b-PLA thin films from their as-cast form to fully developed “fingerprint” features when 

STVA at 55°C.  The as-cast film of 0.5 wt% PS-b-PLA CHCl3 solution spun onto silicon is 

shown in Figure 2 (a). A near featureless film is observed. The initial as-cast film thickness 

was measured at 47 nm. Samples STVA in THF vapor for 15 and 45 min at 55°C are shown 

in Figure 2 (b) and (c). One can see that ordered self-assembly begins to occur after 15 min 

and that fully developed domain structures with extended average line lengths are observed 

after 45 min STVA. The perpendicular domains in Figure 2 (c) have a 32.5 nm periodicity 

(L0). After swelling of the film for 45 min with THF vapor at 55°C (Figure 2c), the dried film 

thickness was, within experimental error, the same as the as-cast film at 48 nm ± 0.5 nm. 

Table 2 displays thicknesses for as-cast and STVA annealed films on piranha cleaned and 

HMDS functionalized silicon substrates. 

As time proceeds, we then observe a decrease in microdomain pitch but enhanced average 

line lengths, see Figure 2 (a) – (c), as might be expected with the removal of solvent and the 

film reaching a metastable state. We observed a notable difference between microdomain 

pitches at 15 min STVA (38 ± 0.2 nm) whilst 45 min STVA samples possessed a pitch of 

32.5 ± 0.2 nm. The through film uniformity, an essential feature of block polymer etch masks 
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for nanolithography, observed for Figure 2 (c) is also confirmed by GISAXS analysis. One 

could also claim that the morphologies achieved in the swollen state during STVA have been 

retained upon evaporation (dry state) as from AFM data they are quite distinct from the as-

cast to the morphologies observed after particular annealing times. A similar work has 

recently been shown and analyzed for asymmetric PS-b-PLA system by Sinturel et al.
38

Detailed GISAXS analysis was carried out on the above STVA films displayed in Figure 2 

(a)-(c).  The GISAXS patterns reveal that the scattering intensity is dominated by the 

interference function in the qy direction, whereas the contribution of the form factor is mainly 

observable along the qz direction. The as-cast, 15 minute and 45 minute treated films 

exhibited a correlation peak with at least one order as seen in GISAXS patterns in Figure 2 

(e), (f) and (g). One observes a large disorder in the as-cast film shown in Figure 2 (d) in the 

in-plane correlation which is consistent with AFM image in Figure 2 (a). Using the distorted-

wave Born approximation (DWBA),
57

 simulations of the intensities in the qy (resp. qz) in-

plane (resp. out-of-plane) direction are shown in Figure 3 (a) and (b) with a good adjustment 

with the experimental cross sections. The fitting parameters reveal a large distance 

distribution of the domains (L0 = 27± 7 nm) with a limited height 5-10 nm, not in the entire 

thickness of the film but randomly dispersed in the film. GISAXS data of the PS-b-PLA film 

from Figure 2 (b and c) are displayed in Figure 2 (e and f respectively) showing a well-

ordered correlation within the plane of the substrate in comparison to the poor correlation 

observed in Figure 2 (d). The first order and third order peaks are observed only. The 

extinction of such orders (second order) is due to the form factor of the lamellar domains (w 

width, l length).
58

 This effect is stronger in the sample STVA with THF for 45 min: the low

width dispersity (expected in self-assembled BCP) induced a series of intensity minima 

which extinct the first pair orders of the interference peaks. Figure 3 (c) and (d) show the in-
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plane simulation taking into account this effect with a width to interdistance ratio w/L0 = 2/3 

(w = 22nm). The simulation parameters reveal the local order of the lamellar organization 

and the in-plane orientation distribution in agreement with the AFM image (Figure 2(c)). The 

average local aspect ratio is around 5 (length/width) corresponding to the maximum value of 

the coherence length of the measurement. 

Directed Self-Assembly of PS-b-PLA Via Topographic Substrates. 

For BCP materials to realize their nanolithographic potential, integration with top-down 

lithographically patterned substrates must be demonstrated.
11

 We have employed Si3N4 

trenched substrates (see experimental for fabrication details) to graphoepitaxally align PS-b-

PLA films. Note that the use of “orientation” below refers to PS and PLA microdomains 

relative to the substrate plane whilst “alignment” is in reference to the features relative to the 

guiding sidewall geometry. Results presented in Figure 4 below were processed under the 

same experimental parameters, i.e. film thickness (48 nm), STVA time and temperature (45 

min @ 55°C). Figure 4 (a) reveals a large area of perpendicular alignment of PS-b-PLA 

features to the Si3N4 guiding sidewalls. The channel dimensions (dark) in Figure 4 (a) and (b) 

are ~50 nm (1.53) L0 wide while the mesa dimensions (bright) are ~ 140 nm. L0 measured in 

the channels is similar as that measured on planar silicon and open areas of the Si3N4 

substrates at ~ 32.5 nm. The perpendicular alignment preference of the microdomains to the 

sidewalls is also revealed in Figure 4 (c) with channel width dimensions slightly wider at ~ 

100 nm (~ 3.08 L0) with mesa dimensions at ~ 210 nm respectively. 

This orientation of the microdomains is due to the neutral sidewalls. Additionally, despite 

channel widths ranging from ~ 50 nm to ~ 100 nm the perpendicular orientation is retained. 

We assume that the neutrality of the graphoepitaxy sidewalls favor a perpendicular 
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registration although this evolution of orientation is surprising in comparison to 

graphoepitaxial alignment in general. However, if one compares the near identical surface 

energies of the constituent blocks, γ
PS

 = 42 mJ m 
-2

 and γ
PLA

 36.0–41.1 mJ m
-2

,
32,42

 the

perpendicular alignment to guiding features may be expected as neither block has a wetting 

preference. Other reports have shown similar alignment results in graphoepitaxy schemes and 

were described as resulting from a result of surface chemistry interactions,
59

 solvent anneal

conditions,
60

 mesa widths
60

 or film thickness.
61

 In this work, it appears that the neutral

sidewalls and confinement of PS-b-PLA material favors perpendicular alignment. Also, it is 

possible that PS and PLA microdomains are oriented parallel to the substrate surface on the 

mesas and we cannot observe patterns by SEM. However, this seems less likely given the 

work described above on planar substrates. 

A further evolution of alignment direction of PS and PLA microdomains to sidewall features 

was also observed. Figure 4 (d) – (f) show different channel (trench) and mesa dimensions 

that produced parallel alignment to sidewalls for the PS-b-PLA films over macroscopic areas. 

Notably, the area shows PS-b-PLA material that aligned parallel to channel sidewalls. The 

channels (~140-200 nm, i.e. 4.3 > L0 < 6.15) in Figure 4 (d) – (f) are slightly wider than those 

displayed in Figure 4 (a)-(c). 

The reason for the change in pattern alignment is somewhat unexpected since surface 

neutrality has not changed. We believe this observation is a manifestation of the effect of 

entropy at the sidewall. Since we have not used a neutral brush and also there will be changes 

in surface chemistry due to ambient exposure, it is highly unlikely that the surfaces are 

ideally neutral and one block should be favoured at the substrate. However, the perpendicular 

arrangement is caused because this arrangement increases entropy close to the sidewall. This 

was first suggested by Pickett et al.
62

 and arises from chain end stretching.  It is more
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favourable at lower molecular weights and diminishes with distance from the wall.  Thus, we 

suggest this effect dominates at low pitch sizes but at the large channel widths, the parallel (to 

the sidewall) arrangement is favored. Alternatively, it is plausible that the overflow of PS-b-

PLA has resulted in the alignment change of microdomains as depicted schematically in 

Figure 4.  We believe this is less likely as it relies on strong edge effects. 

The graphoepitaxy process for both parallel and perpendicular alignment produces almost 

defect-free patterns over large areas. However, further study is required to allow control of 

the alignment direction of PS-b-PLA relative to guiding features. The use of polymer brushes 

at channel bases or sidewalls as used for BCPs with similar block surface energies such as 

PS-b-PMMA may be necessary for lamellar PS-b-PLA BCP.
63

 Analyzing influencing

parameters such as film thickness, channel depths, and commensurability is also critical for 

future work. 

Contributing factors to fast self-assembly of lamellar PS-b-PLA 

A number of factors contribute to the self-assembly of this PS-b-PLA system and the 

organized features observed. Firstly, the PS-b-PLA diblock copolymer possesses a high χ (χ 

@ 55°C ~ 0.187). The χ value for PS-b-PLA here is over four times higher than the well-

studied PS-b-PMMA (χ ~ 0.043 at 25°C) system. The Flory-Huggins interaction parameter 

(χ) for PS-b-PLA was determined from equation 2 below which was previously established 

experimentally;
64

χ (T) = (98.1) T
-1

 - 0.112  (2) 

where T represents absolute temperature. Additionally, after determining χ at the different 

process temperatures employed here (see table 3), the corresponding χN values were 

calculated. χN > 10.495 is the minimum threshold figure for microphase separation to occur 
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in BCP films.
65

 The PS-b-PLA BCP used here has a χN value of 91.57, 84.06 and 78.20 at

23°C, 40°C, and 55°C respectively. These χN values are well above the minimum threshold 

and are in the strong-segregation regime.
65

As mentioned above, an inherent property of the PS-b-PLA system is the similar surface 

energies of the constituent PS and PLA blocks. PS-b-PLA is one of the few BCPs that exhibit 

non-preferential free surface interactions. Neutralization of the free surface has been 

established of late by Willson, Ellison and co-workers across a range of high χ silicon 

containing BCPs with low pitch.
21,24 

Considering these contributing interfacial phenomena,

one can assume that a relatively neutral substrate/polymer interface combined with a 

neutralized free surface for a lamellar PS-b-PLA will lead to perpendicular orientation of the 

lamella domains.
56

 Since the surface energies of PS-b-PLA allow a neutral substrate polymer

interface, controlling the polymer/air interface can be established via neutral SVA. As we 

have demonstrated, THF exposure provides a neutralized free interface to enable highly 

defined lamellar domains to orient perpendicular to the substrate surface. This is observed 

from the highly developed PS-b-PLA domains seen in figure 2 (c) described above. 

Figure 5 displays a graph of increasing THF vapor pressure due to increasing temperature. 

THF vapor pressure was calculated using the Antoine equation (equation 3) where A, B, and 

C are Anotine constants and for 23 < T < 100 °C, A = 6.99, B = 1202.29, and C = 

226.254.
32,66

P = 10
A−[B/(C+

T
)]

(3) 

The insets (a-c) in Figure 5 show surface structures following SVA and STVA with THF at 

room temperature (i.e. 23°C), 40°C and 55°C for 45 min. We believe that employing 
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temperature while SVA with THF for this particular PS-b-PLA system enables and enhances 

microphase segregation for two reasons. Firstly, the increased vapor pressure allows a greater 

concentration of THF molecules within the polymer network and for swelling to be affected 

more rapidly than at room temperature. PS-b-PLA films exposed to THF vapor at room 

temperature (THF nominal vapor pressure = 19.79 kPa) showed no distinct microphase 

separation while films SVA at 40°C (THF nominal vapor pressure = 40.22 kPa) and 55°C 

(THF nominal vapor pressure = 70.03 kPa) revealed well-defined domains. The importance 

of vapor pressure and ability to enhance the dynamics of self-assembly has been highlighted 

by our group for this system previously using “solvo-microwave” annealing.
32

 Secondly, as is

well demonstrated, thermal annealing alone enables the microphase separation of BCPs 

above the Tg. Considering that exposure of polymer films to solvent vapor lowers the Tg of 

BCP systems, the simultaneous treatment of a THF vaporized PS-b-PLA film even at low 

temperatures should be sufficient for reorganization of polymer chains. We speculate that this 

is the primary reason for observing such well-defined domains at 40°C. The Tg of PS and 

PLA in this system is reported as 98°C and 49°C respectively from the supplier (see 

experimental for further details). Solvent exposure using a miscible solvent combined with a 

temperature (40°C) below the reported Tg provides more mobility to the PS and PLA block. 

PLA block removal forming PS mask template

We have previously speculated the existence of a PLA wetting layer at the polymer/substrate 

interface with this PS-b-PLA BCP system that leads to delamination of the film during wet 

etching.
51

 It may be present due to the polar interaction of the PLA block and the native oxide

layer on silicon.
67

 To overcome the wetting layer formation that leads to delamination of the

film, PS-OH brush or HMDS functionalization allows for wet etching to be carried out 

without delamination of the polymer film.
44,51

 To demonstrate the delamination of a PS-b-
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PLA film on a non-brush substrate we used a film with thickness close to ~ 210 nm so that a 

color change or detachment of the polymer film could be easily observed by naked eye 

following a brief etch in a 0.01M NaOH solution. The picture of the original self-assembled 2 

wt % film is shown in SI Figure S3. SI Figure S3b shows the same film following etching in 

a 0.5 M sodium hydroxide solution at room temperature. One observes a drastic color change 

due to the loss of the polymer film. This simple observation shows that lamellar PS-b-PLA 

films are susceptible to delamination owing to the PLA wetting layer at the polymer-substrate 

interface. We carried out the same experiment after spin coating a 2 wt % PS-b-PLA solution 

on a HMDS functionalized substrate. It should be noted the microphase separation is not 

affected greatly when using the modified surface as shown in Figure 6a for 0.5 wt % PS-b-

PLA on HMDS silicon. Interestingly, we observed complete detachment of the PS 

homopolymer film from the piranha cleaned silicon following etching. This shows that PS-b-

PLA BCP on piranha cleaned silicon may not solely be due to a PLA wetting layer but weak 

PS interactions. Therefore, a HMDS functionalization step results in increased adherence and 

thus enables wet etching of the PS-b-PLA BCP to carried out. 

For effective PLA etching, a 0.5 wt % PS-b-PLA film on a HMDS modified silicon substrate 

was etched using a 0.01M sodium hydroxide solution for 5 min. From our previous work, we 

have evaluated different routes and established issues that required further examination.
51

Previously, we discussed that thinner block polymer films would be examined and this has 

been demonstrated here. Figure 6a reveals well-developed microphase separated PS-b-PLA 

pattern on HMDS functionalized silicon following SVA with THF at 55°C for 45 min. 

Etching with 0.01M NaOH solution enabled porous PS templates after 5 min. Figure 6b 

shows cross-section SEM image of PS soft mask template after PLA removal via wet etching. 

The image shows that PS-fin collapse after PLA removal is not evident and reveals the high 
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selectivity of the etch and its’ homogeneity over the film surface. The use of a low 

concentration basic solution for PLA must be noted to avoid roughness. Over-etching is facile 

with this system as the carboxylic acid backbone of the PLA block is susceptible to chain 

scission. 

Moreover, after the initial chain scission, auto-catalytic effects accelerate the degradation 

process. The low concentration and short treatment time enabled effective PLA removal 

without any damage to the overall structure. Etching a thin BCP film also avoids line collapse 

that can occur due to the high aspect ratio of one microdomain relative to the other 

microdomain (s) being removed.
51

 Such a scenario in thick films generally results in

collapsing of the remaining domains and merging of features. The GISAXS inset also shows 

that the highly ordered vertical nature of the microdomains is retained, similar to initial PS-b-

PLA film. FT-IR data provided in Figure 6c confirms that PLA has been fully etched. The 

characteristic C=O peak occurring at 1758 cm
-1 

for the PLA backbone is present in the

unetched film while the after etch film (5 min in 0.01M NaOH solution) shows the absence of 

this feature. 

CONCLUSIONS 

This article outlined a methodology using the solvo-thermal vapor annealing process for the 

microphase separation of a symmetric PS-b-PLA BCP in a short processing period. Key 

parameters influencing the self-assembly kinetics were examined and GISAXS data 

confirmed that uniform films with high order and through film uniformity were formed after 

optimum annealing. The PS-b-PLA BCP thin films developed in this work are of low aspect 

ratio avoiding line collapse and image quality issues in order to optimize their 

nanolithographic potential in DSA efforts. For pattern transfer purposes, we have also 
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demonstrated a highly PLA selective wet etch that can be carried out in a rapid, cheap and 

reproducible manner. Additionally, DSA of line space features were shown with few defects 

over large areas. The work presented here illustrates the applicability of a high χ BCP with a 

rapidly degradable block for high etch contrast. However, careful substrate surface 

modifications will be required to controllably align PS-b-PLA microdomains to a surface 

plane to meet DSA requirements. 
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Figures (1-6) and tables (1-3) 

Solvo-thermal vapor annealing of lamellar poly(styrene)-block-poly(D,L-

lactide) block copolymer thin films for directed self-assembly application 
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Figure 1. PS-b-PLA pattern formation after solvo-thermal vapor annealing (STVA) at 

different temperatures. Atomic force microscope topographic images of 0.5 wt % PS-b-PLA 

thin films on silicon after (a) 30 min SVA with THF at room temperature, (b) 45 min SVA 

with THF at room temperature, (c) 30 min STVA with THF @ 40°C, (d) 45 min STVA with 

THF @ 40°C, (e) 30 min STVA with THF @ 55°C, (f) 45 min STVA with THF @ 55°C.  
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Figure 2. Evolution of PS-b-PLA pattern with solvo-thermal vapor anneal treatment. Atomic 

force microscope topographic images of PS-b-PLA BCP films (a) as-cast and after solvo-

thermal vapor anneal with THF @ 55°C as shown in (b) 15 and (c) 45 min. (d-f) 

Corresponding GISAXS patterns for (a) – (c) with L0 value (repeat periodicity) calculated 

from GISAXS measurements. The white dashed lines in the d) pattern correspond to the 1D 

cut positions. 

Table 1. Polymer-solvent (P-S) interaction parameter (χP-S) for PS-b-PLA and THF and 

CHCl3 solvent. 

T(°C) χχχχPS -THF χχχχPLA –THF χχχχPS –CHCl3 χχχχPS –CHCl3 

23°C 0.35 0.60 0.34 0.68 

40°C 0.35 0.59 0.34 0.64 

55°C 0.35 0.57 0.34 0.62 
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Table 2. Contact angle of silicon after different treatment techniques and film thickness of 

PS-b-PLA BCP material after casting and solvo-thermal vapor annealing in THF vapors at 

55°C. 

Substrate treatment Contact 

angle 

As cast film thickness 

on treated substrate 

(± 0.5 nm) 

Thickness after SVA 

for 45 min on treated 

substrate (± 0.5 nm) 

Piranha cleaned Si + 

chloroform sonication 

~25° 47.0 nm 48.9 nm 

HMDS treated Si ~70° 47.8 nm 48.0 nm 

Figure 3. GISAXS experimental (black squares) and simulated (red line) curves for the 

samples (a,b) as-cast and after solvo-thermal vapor annealing with THF @ 55°C after (c,d) 

45 minutes. The qy (resp. qz) horizontal (resp. vertical) cross sections are extracted from the 

GISAXS patterns in Figure 2 and best fits obtained with IsGISAXS software (red line). 
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Figure 4. Directed self-assembly of PS-b-PLA thin films on Si3N4 patterned substrates. (a-c) 

Top-down SEM images of PS-b-PLA self-assembly with perpendicular alignment of domains 

to Si3N4 sidewalls after STVA with THF @ 55°C. Darker areas represent the channels and 

bright areas are the mesas. (d-f) Top-down SEM images showing directed assembly of PS-b-

PLA films after STVA with THF @ 55°C with domain alignment parallel to sidewalls. Si3N4 

channel widths are marked in respective images. Films were stained with RuO4 vapors to 

enhance contrast. PS domains appear dark and PLA domains are bright. Both possible 

alignments are represented schematically.  
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Table 3. Characteristics of PS-b-PLA block copolymer used in this study. 

Block 

Copolymer 

Molecular Weight 

(kg mol
-1

) 

Pitch - AFM Pitch -

GISAXS 

χ @ 23°C χ @ 40°C χ @ 55°C 

PS-b-PLA 21-19.5 ~33.7 nm ~32.5 nm ~ 0.219 ~ 0.201 ~ 0.187 

Figure 5. Graph reflecting correlation of THF nominal vapor pressure with increasing 

temperature. PS-b-PLA self-assembly was induced via increasing THF vapor pressure with 

increased temperature. Insets (b) and (c) shows highly ordered PS-b-PLA domains after SVA 

with THF @ 40°C and 55°C respectively, while (a) shows no microphase separation was 

observed at room temperature (i.e. 23°C).  
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Figure 6. (a) AFM image of thin film of PS-b-PLA self-assembly on HMDS functionalized 

silicon following 45 minutes STVA. (b) Cross-section SEM of etched PS-b-PLA film 

following 5 minute immersion of film in 0.01 M NaOH solution. Inset in (b) shows 

corresponding GISAXS pattern retaining the same order as the initial self-assembled film. (c) 

FT-IR data of film before and after etch treatment showing removal of PLA component. (a) 

and (b) scale bars represent 250 nm.  
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