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Abstract Layer-by-layer polyelectrolyte self-assembly, a common method for preparing high-quality ultra-thin films, was employed to direct the
self-assembly behavior of polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) block copolymer for the first time. Differing from the
previous neutral polymer brushes anchored to silicon substrates via chemical modification, polyelectrolyte multilayers (PEMs) were anchored by
electrostatic interaction and provided a stable, smooth, and neutral interface. In the present study, PS-b-PMMA was deposited on poly(acrylamide
hydrochloride)/poly(acrylic acid) (PAH/PAA) PEMs prepared by layer-by-layer self-assembly to successfully yield vertical nanodomains after
thermal annealing. Seven layered PEMs revealed an excellent, smooth surface, with a low roughness of 0.6 nm. The periodic structure with
interlamellar spacing of 47 nm was determined by grazing-incidence small-angle X-ray scattering (GISAXS). The morphology of the PS-b-PMMA
nanodomains depended on the polyanion-to-polycation concentration ratio, which is related to the interaction between the block copolymer
and the substrate. Our results demonstrate that layer-by-layer self-assembly is a helpful method for the phase separation of block polymers and
the fabrication of vertical, ordered nanodomains.
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INTRODUCTION
In the last decade, block copolymers have received extensive
attention due to their ability to provide a pathway for the fabrication of an ordered array at the scale of 10 nm to 100 nm.[1,2]
Due to this special ability, they can be widely used for applications in the field of surface patterning, such as in nanolithography,[3,4] photonic crystals,[5,6] and water purification.[7,8] Polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) has been
widely studied as a classic block copolymer. Regarding the PSb-PMMA thin film, PMMA has greater polarity and surface energy than PS, so it is preferentially adsorbed onto the silicon substrate, while PS is located at the interface between the film and
air,[9−11] resulting in the formation of a horizontal oriented
structure. Several strategies can be used to solve this problem,
such as the application of an electric field,[12,13] solvent vapour
annealing,[14,15] surface patterning,[16,17] and neutral polymer brushes.[18,19] Among these methods, it is most common to use a
neutral polymer brush to obtain vertical nanodomains. Mansky
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et al.[18] used different volume fractions of P(S-r-MMA) random
copolymers with terminal hydroxyl groups to react with SiOx at
high temperatures to anchor on and change the polarity of the
silicon substrate. After surface modification, PS-b-PMMA nanodomains in a direction perpendicular to the substrate were
obtained by annealing.[20−22] However, there is a limitation that
P(S-r-MMA) reacts only with the substrates with an oxide layer.
Ryu[23] prepared a P(S-r-BCB-r-MMA) random copolymer by introducing benzocyclobutene (BCB) into P(S-r-MMA), which effectively regulates the polarity of various substrates, such as Si,
Au, Al, and Kapton, and this method yielded vertical nanodomains on Au and Si substrates. Unfortunately, both strategies
have a flaw: when the composition of the block copolymer is
relatively complex, the corresponding random copolymer synthesis might be more difficult. Applied electric field[24,25] and
solvent vapor annealing[26,27] can adjust the orientation of the
nanodomain without modifying the substrate, but the presence
of electrodes brings inconvenience to the pattern transfer and
the use of solvents brings complexity, the tendency to form
unbalanced structures during solvent evaporation, and the challenges of integration with existing manufacturing processes.
Layer-by-layer self-assembly technology has been of great
interest. Ultra-thin films of polyelectrolytes and small organic
molecules prepared by alternating deposition techniques on

www.cjps.org
link.springer.com

Liu, K. et al. / Chinese J. Polym. Sci. 2020, 38, 92–99

charged substrates based on electrostatic interaction have
been reported for a long time,[28] and such methods have developed into an indispensable technology for preparing ultrathin multilayered films.[29] Layer-by-layer self-assembled multilayered films can be bonded by electrostatic interaction to
charged substrates of different types and shapes. The thickness of a single-layered film is usually between several angstroms and several nanometres, depending on the charge
density of the polyelectrolyte, which can be controlled by pH,
salt concentration, and temperature of the polyelectrolyte
solution.[30,31] Polyelectrolyte multilayers (PEMs) are very stable unless the electrostatic interaction between the layers is
weakened by the external environment (usually a pH change
or surfactant causes the polyelectrolyte to lose its charge) and
are otherwise difficult to remove.[31−33] In the past, multilayered polyelectrolyte films were prepared by the dip-coating method, and a single-layered polyelectrolyte film needed
to be anchored to the substrate for 15−20 min. To prepare
PEMs more efficiently, spin-coating can be employed. Under
the action of shear force, the solvent evaporates quickly, and
the resulting PEMs not only are thicker and smoother but also
show stronger electrostatic adsorption between layers.[34,35]
In the present study, PEMs were used to direct PS-b-PMMA
self-assembly behavior to obtain vertical nanodomains. PEMs
were bonded to the substrate via strong electrostatic adsorption to mask the preferential affinity of the substrate for the
block copolymer. However, the termination layer of PEMs prepared by layer-by-layer self-assembly was not necessarily
neutral with respect to the two blocks, and for different kinds
of block copolymers, it is very difficult to identify a termination layer that is neutrally relative to the system. For this reason, PEMs were subjected to thermal annealing to promote
the diffusion and reorganization of polyelectrolyte molecules,
and the reorganized polyelectrolyte molecular chains became interspersed with each other.[32] Then, the surface properties of the PEMs could be regulated to neutral by changing the concentration ratio of the two polyelectrolytes.
Poly(acrylamide hydrochloride) (PAH) and poly(acrylic acid)
(PAA) were employed in the process of PEM self-assembly as
cations and anions, respectively. Vertical nanodomains were
successfully obtained via the guidance of PEM, and GISAXS
was used to characterize the self-assembly behavior.

EXPERIMENTAL
Polyelectrolyte Multilayered Film Deposition
PAH (Mn = 1.75 × 104) and PAA (Mn = 4.00 × 105) were purchased from Aldrich (Shanghai, China) and used as cationic and
anionic polymers, respectively. Si(100) substrates were purchased from Hefei Kejing Material Technology Co. (Anhui, China).
The Si substrates were cleaned with piranha solution (H2SO4/
H2O2 at a 3/1 volumetric ratio) at 80 °C for 1 h to remove any
organic matter and increase the surface hydrophilicity. The
substrates were then rinsed with deionized water and dried
under N2 flow. Next, the substrates were negatively charged and
ready for the deposition of cationic PAH polyelectrolyte to start
as follows: the substrate was spin-coated with aqueous PAH
solution at 3000 r/min for 60 s and then rinsed with sufficient
deionized water at the same speed for the same time to remove
weakly adsorbed polyelectrolyte. The aqueous PAA solution was
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deposited in the same manner, and the above procedure was
repeated to obtain a PAH/PAA multilayered polyelectrolyte film.
For the convenience of recording, the multilayered films are
named as (PAH/PAA)n; for example, (PAH/PAA)5 refers to that
5 layers of PAH and 5 layers of PAA were deposited according
to the above procedure. (PAH/PAA)3.5 refers to that one layer of
PAH was deposited on the (PAH/PAA)3 polyelectrolyte multilayer film. Subsequently, the substrate with the prepared polyelectrolyte film was placed under vacuum at 80 and 190 °C for
2 h.

Block Copolymer Deposition and Self-assembly
A symmetric block copolymer, PS-b-PMMA with styrene unit
fraction of 0.5, Mn of 1.00 × 105, polydispersity index (PDI) of 1.09
(Aldrich), was employed. PS-b-PMMA (1% mass ratio, toluene as
solvent) thin films were prepared by spin-coating (3000 r/min,
40 s) substrates with PEMs. After spin-coating, the samples were
annealed under vacuum or in a helium atmosphere.

Contact Angles of Multilayered Polyelectrolyte
Films
An optical contact angle meter/interfacial tensiometer
(SL200KS, USA) was employed to characterize the contact angles of the multilayered polyelectrolyte films. The contact angles
of ten different regions on the sample were estimated by the
Young-Laplace equation, and the average value was determined as the contact angle of the sample.

Morphological and Structural Characterization
AFM (NanoNavi, E-Sweep, Japan) was used to characterize the
morphology of PEM film and PS-b-PMMA in tapping mode. The
probe (Olympus, Japan) had a resonant frequency of 70 kHz and
a spring constant of 2 N/m.
GISAXS was used to demonstrate and characterize the
PS-b-PMMA nanostructures assembled perpendicular to the
substrate. GISAXS was performed using a small-angle X-ray
scattering beamline (BL16B1) at Shanghai Synchrotron Radiation Facility (SSRF, Shanghai, China). Mar165 CCD (pixel size,
79 μm × 79 μm) and Pilatus 2M detectors were employed
(pixel size, 172 μm × 172 μm). X-ray energies of 10 and 12 keV
were selected, and the corresponding wavelengths were
0.124 and 0.1 nm, respectively. The small incident angle of
0.15° was applied in GISAXS experiment, because it can provide nanoscale structural information over a wide range. For
example, for a 400-micron-diameter spot and an incident angle of 0.15°, the X-ray will leave a footprint of 152 mm on the
sample. Such a large range can provide sufficient statistical information regarding samples, and more accurate structural
information can be obtained with this method compared to
atomic force microscopy (AFM) or scanning electron microscopy (SEM). In addition, GISAXS can provide deep structural
information regarding the inside of the film,[36] while traditional real-space characterization methods cannot.

RESULTS AND DISCUSSION
Fig. 1 shows a schematic of the process of directed symmetric
PS-b-PMMA self-assembly by PEM films. First, a few layers of
PAH/PAA films were deposited on the silicon substrate via the
layer-by-layer method. Then, the PEM film was thermally annealed under vacuum. Finally, the PS-b-PMMA solution was spin-
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Fig. 1 Schematic of layer-by-layer PEMs directed symmetric PS-b-PMMA self-assembly: (a) cleaning of the Si/SiO2 substrates; (b) Layer-by-layer
self-assembly of PEMs; (c) Thermal annealing of PEMs; (d) Spin-coating of PS-b-PMMA; (e) Thermal annealing and phase separation.

coated onto the annealed PEM film. The morphology of the
sample was additionally improved by subsequent annealing
under vacuum.
Figs. 2(a)−2(d) show the water contact angle variation of
the samples. The contact angle was determined to be 53.5°
on the silicon substrate (Fig. 2a). With the deposition of (PAH/
PAA)3.5 (PAH: 1 mg/mL, PAA: 0.1 mg/mL) onto the silicon substrate, the contact angle increased from 53.5° to 69.7° (Fig.
2b). This result indicated that PEM deposition modified the
properties of the Si substrate. Since PS-b-PMMA was deposited onto PEM, the volatilization of water molecules contained in PEM during the thermally induced self-assembly of PSb-PMMA led to poor ordering of the lamellar nanopattern. To
avoid this problem, the PEM was annealed to get water molecules removed. The PEM showed a significant increase in
the contact angle after thermal annealing (Fig. 2c), which is
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attributed to the diffusion-recombination of molecular chains
and decreased number of hydrophilic groups.[32] Fig. 2(e)
shows the two-dimensional (2D) GISAXS pattern obtained
from the Si substrate, while Fig. 2(f) shows that of the PEMs
after annealing. A shoulder at q ~ 0.07 nm−1 was observed in
the intensity profile of the (PAH/PAA)3.5 PEMs film (Fig. 2g),
indicating the presence of polyelectrolyte molecules on the
substrate. As previously reported, when the thickness of the
neutral brush is over 5.5 nm,[23,37,38] the preferred affinity of
the substrate will be blocked. Therefore, a seven-layer selfassembled polyelectrolyte film could sufficiently ensure that
the thickness is no less than the critical thickness, which was
measured by UV-Vis reflectance (Filmetrics F20-UV) to be
equal to 10 nm.
The stability of the PEMs should be tested because the PSb-PMMA solution deposited on the PEMs film contained tolu-
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Fig. 2 Water contact angle and 2D GISAXS pattern of Si substrate and (PAH/PAA)3.5 PEMs film: Water contact angle of (a) Si substrate, (b)
deposited (PAH/PAA)3.5 multilayered film, (c) (PAH/PAA)3.5 after thermal annealing at 80 °C for 2 h, and (d) (PAH/PAA)3.5 after ultrasonic cleaning
in a toluene solvent after annealing for 2 h; (e) 2D GISAXS pattern of Si; (f) 2D GISAXS pattern of (PAH/PAA)3.5 after annealing at 80 °C for 2 h; (g)
1D intensity profiles integrated from (e) and (f). The distance from detector to sample was 5000 mm, a Pilatus 2M detector was used, and the Xray energy was 10 keV.
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ene and the PEMs underwent high-temperature annealing
along with PS-b-PMMA. First, the prepared PEMs film was
cleaned in toluene solvent using an ultrasonic device for
1 min, and almost no change in the contact angle was observed after toluene cleaning (Fig. 2d). This result indicates
that the neutral brush was still anchored on the substrates
because the strong electrostatic interaction between the substrates/PAH and PAH/PAA interfaces can resist solvent attack.
Second, AFM was used to characterize the morphology of
PEMs after annealing at 80 and 190 °C. When annealed below
the glass transition temperature of the PEMs, the number of
pores in PEM surface increased, but the overall structure did
not change (Fig. 3b); this change is due to the removal of
water molecules. High-temperature annealing at 190 °C exacerbated the molecular motion within PEMs. The PAH and
PAA molecules diffused and interpenetrated adjacent monolayers, causing the pores in PEM surface to be filled and the
roughness to be reduced (Fig. 3c). The surface morphology of
PEMs was optimized after the high temperature annealing,
and there was no degradation phenomenon, indicating that
PEMs had excellent thermal stability.
Fig. 4 shows the morphology of PS-b-PMMA after annealing at 230 °C (helium atmosphere) on the PEMs annealed at
80 °C; a well-ordered “fingerprint” morphology was obtained
(Figs. 4a and 4b). The interlamellar spacing (D) was estimated
1.0

to be approximately 46 nm (Fig. 4c). However, since the direction of the “fingerprint” pattern was not completely straight,
this local measurement was not sufficiently accurate. To further demonstrate that the direction of the nanodomains is
perpendicular to the substrate over a wide range and to obtain quantified structural parameters of the nanodomains,
GISAXS measurements were performed (Shanghai Synchrotron Radiation Facility). The results of the GISAXS experiment
are shown in Fig. 5. Evident scattering was observed in the inplane direction of the GISAXS pattern (Fig. 5b), indicating that
the PS-b-PMMA nanodomains were perpendicular to the substrate.
Fig. 5(a) shows the intensity profile that is integrated from
the 2D-GISAXS pattern (Fig. 5b). A consistent interlamellar
spacing (D) was estimated as 47 nm by L = 2π/∆q*, which is
consistent with the AFM results. The third diffraction peak
was very obvious and indicated a high-order periodic structure. The ratio of the peak position q was 1:2:3, confirming the
appearance of lamellar structures. According to the reciprocity principle, narrow and strong scattering peaks indicate
a relatively highly ordered structure; thus, the full width at
half maximum (FWHM) and correlation length (ξ) were employed to estimate the direction distribution.[39] FWHM was
determined to be 0.0095 nm−1 by fitting the experimental
data to the pseudo-Voigt function,[40] and ξ = 594.9 nm was
1.0
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quantified using the Scherrer equation ξ = 2πk/∆q,[39,41−43]
where ∆q is FWHM, and K is the Scherrer constant, equal to
0.9 in this study. Fig. 5(c) shows the GISAXS pattern of a PS-bPMMA film coated on a natural silicon wafer. Only the first diffraction peak (10) was observed, indicating that the order of
the periodic structure was weak because the polar silicon
substrate allowed the PMMA molecular chains to be preferentially deposited on the substrate. These results suggest that
the fabrication of PEMs can be used as a surface modification
method for achieving selective affinity of the substrate and
providing a neutral surface.
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atmosphere) on PEMs annealed at 190 °C. The appearance
of the three out-of-plane scattering peaks indicated that the
PS-b-PMMA self-assembly nanostructure on PEMs annealing
at 190 °C was consistent with the nanostructure on PEMs after
annealing at 80 °C (Fig. 5). This means that annealing PEMs at
higher temperature did not further optimize the self-assembled structure of PS-b-PMMA. It would be attributed to the
fact that PEMs would undergo the same subsequent heat
treatment during the self-assembly process of PS-b-PMMA,
whether they were annealed at 80 or 190 °C.
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Theoretically, high-temperature annealing of PEMs allows
better regulation of the vertical orientation of the PS-b-PMMA
nanodomains because the molecular diffusion in the PEMs
after high-temperature annealing makes the surface smoother. However, the experimental results show that the effects of
PEMs annealing at 80 and 190 °C on the vertical orientation of
the PS-b-PMMA nanodomains were similar. Fig. 6 shows the

2.1

Fig. 7
Change in water contact angle of PEMs film with PAH
concentration (PAA concentration is constantly 0.1 mg/mL).

A series of PAH/PAA films with different concentrations
were prepared to investigate the effect of polyelectrolyte concentration on the PS-b-PMMA self-assembly behavior. When
the PAA concentration was constant, the water contact angle
of the multilayered film increased as the PAH concentration
increased (Fig. 7). This should be attributed to the fact that
the polyelectrolyte molecular chains inside the film are usually confined to several adjacent thin layers, and the polyelectrolyte molecules are dispersed in the vertical direction at a
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contact angle increased to 81°−83°, and the vertical streaks in
the GISAXS pattern became weak (Figs. 8c and 8d). The highorder diffraction peaks disappeared, and the (10) peaks were
broadened, as shown in Figs. 9(a) and 9(b). These variations
indicate that the self-assembled ordered structure became
more disordered and that the PEM film began to exhibit preferential affinity relative to the two blocks. This could be explained by the fact that small changes in the contact angle reflect large variations in the surface properties of the film,
which are sufficient to alter the affinity of the neutral brush
for the two blocks. Similar situations have been reported previously in the literature for P(S-r-MMA) neutral brushes. The
water contact angle of the P(S-r-MMA) film slightly increased
with increasing styrene volume fraction.[18] However, there
have been no reports of other ratios used when applying P(Sr-MMA) as a neutral brush, and the volume fraction of styrene
has been 0.6 without exception, although the contact angle
changed by only a few degrees when the styrene volume
fraction was increased from 0.5 to 0.6.
FWHM and ξ calculated by (10) peak fitting are summarized in Fig. 9(b). When the concentration of PAH was 1.0 mg/mL

Intensity (a.u.)

certain plane into adjacent layers.[44] This unclear interlayer
structure can diffuse and interpolate the molecular configuration in the thermal annealing process; therefore, the contact
angle of the polyelectrolyte film increased as the amount of
the relatively hydrophobic PAH component increased. Variations in the contact angle indicate changes in the properties
of the polyelectrolyte film with a neutral brush; the morphology of PS-b-PMMA on the PEMs also varied.
Figs. 8(a)−8(d) show the 2D GISAXS patterns of PS-b-PMMA
self-assembled on PEMs with various polyanion-to-polycation concentration ratios. All samples were placed in a vacuum furnace at 190 °C for 24 h. For a PAH/PAA ratio of 0.5/0.1,
high-order diffraction peaks and sharp peak shapes were observed on the 2D GISAXS pattern (Fig. 8a), indicating a wellordered nanostructure of PS-b-PMMA under this condition,
while the contact angle of the polyelectrolyte film was determined to be 74°. When the concentration ratio of PAH/PAA
was slightly increased to 1.0/0.1, second-order streaks became
clear, and FWHM (Fig. 8b) was reduced, indicating that the order of the system was increasing. As the PAH/PAA concentration ratio was further increased to 1.5/0.1 and 2.0/0.1, the
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Fig. 8 2D GISAXS patterns of PS-b-PMMA self-assembled on (PAH/PAA)3.5 PEMs films with various polyanion-to-polycation
concentration ratios: (a) 0.5/0.1, (b) 1.0/0.1, (c) 1.5/0.1, and (d) 2.0/0.1. Insets are the FWHM fit of the corresponding (10) peak.
The distance from the detector to the sample was 1990 mm, a Mar165 CCD detector was used, and the X-ray energy was 12 keV.
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(the contact angle was approximately 78°), the minimum
value of FWHM and maximum value of ξ were obtained, indicating the best ordering of PS-b-PMMA nanodomains under
these conditions. In addition, FWHM decreased to a certain
degree compared to that shown in Fig. 5(a) because the significant extension of annealing time increased the ordering of
the nanodomains.[45]

2
3
4

CONCLUSIONS
In conclusion, we developed a polyelectrolyte substrate fabricated on Si by layer-by-layer self-assembly for the effective direction of the self-assembly of symmetric PS-b-PMMA thin films
with perpendicular lamellar nanodomains. Our results demonstrate that the PS-b-PMMA self-assembled nanostructures can
be controlled by changing the polyelectrolyte concentration
ratio. The advantage of this novel method is that the PEMs,
which serves as a neutral brush, can be different from the composition of the block copolymer, thereby avoiding complicated
synthesis steps involving random copolymer of the corresponding components. In addition, polyelectrolytes can be deposited
on substrates without an oxide layer, which undoubtedly expands the range of applications of block copolymers in the
fabrication of nanopatterns and nanotemplates.
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