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Micro-to-nano scale filling behavior
of PMMA during imprinting
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The filling behavior of polymers in narrow gaps or small pores is important for the dynamics of

. polymeric micro/nanostructure fabrication. Here, the filling behavior, the mechanical properties, and
Accepted: 12 July 2017 . the stress versus strain relationship of 996 kD poly (methyl methacrylate) (PMMA) at a scale from
Published online: 11 August 2017  micron to molecular confinement are measured. It has been found that the solid polymer exhibits

. elastic-plastic dominant deformation behavior at micron scale. As the scale reduces to submicron, the
resistance to deformation of the polymeric solid has a pronounced reduction. A softening effect and the
visco-dominant behavior which is always exhibited by melt flow is observed. In confinement conditions,
an anomalous hardening effect is found. The modulus and the hardness of 996 kD PMMA have been
found to increase dramatically. The stress-strain curve also exhibits an obvious hardening phenomenon
which is contrary to the conventional shear thinning and deformation acceleration results. The results
of this paper show that the PMMA can exhibit a change of “solid-fluid-solid” in mechanical character at
micron to molecular confinement scale.
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Polymers have become common in the manufacturing of semiconductor devices, organic electronics, optics,
and biomedical microdevices due to their ease and economy in processing and mass producing® 2. The most
well-known methods to fabricate polymeric micro/nano devices are hot embossing and nanoimprint lithography.
They exploit solid polymer deformation or melt polymer flow at micro/nano scale to form patterns. During fab-
rication, a rigid, patterned die squeezes a supported polymer film. Filling of the die cavities or gratings requires
longitudinal and lateral flow of polymer. The change of polymer mechanical properties at different scales has
significant effect on the processing conditions and ultimate replication fidelity®->.
As the fabrication temperature is above or near polymeric melting temperature (Tf), the polymer exhib-
its melt or near-melt mechanical properties which is called “viscous-dominant”®7?, The flow dynamics of
© viscous-dominant polymer into millimeter to nanometer scale cavities are mainly determined by capillary force,
shear-thinning, as well as the buckling®-'°. Its filling behavior usually exhibits dual-peak viscous flow, which
means the polymer flows into the cavity and form two peaks along the cavity sidewalls'!~'*. In contrast, as the
imprint temperature is slightly above polymer glass transition temperature (Tg) but far below melting temper-
ature, the polymer still exhibits solid-state mechanical properties which is called “elastic-dominant™* !>, At this
state, the pressing may induce localized stress concentration and hardening which can reduce the motion of solid
molecular chains. The surface force cannot dominate the deformation of a polymeric solid. As the ratio of cavity
depth to cavity width is 1.0, the solid polymer usually exhibits single-peak elastic-plastic deformation during the
filling of a millimeter or micron scale cavity®'* 6, which indicates the filling peak forms in the center of the cavity
and cannot generate near the cavity side wall surfaces. As the cavity size reduces to nanometer scale, conventional
studies still support the issue that elastic-plastic character domains the deformation of solid-state polymer. The
filling modes is still “single-peak’”. In some cases, dual-peak is observed in a cavity with an aspect ratio far more
than 1.0 1718, But the form of this type of dual-peak is attributed to the extensional stretching which means there
are not enough deformation force to support the form of a peak far from the cavity sidewall. An anomalous
fluid-like behavior is found at the molecular confinement scale for polystyrene (PS)"°. An illustration for those
phenomenon is that the surface force and viscous force will dominate the chain motion of polymeric solid at
nanometer and molecular confinement scale. Some studies also have found that localized stress concentration
can cause rapid shear thinning to enhance the viscous flow. Furthermore, Tg, modulus, as well as forming stress
will also have an obvious decrease at this scale.
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Figure 1. The embossing die. (a) The gratings and pores on the die. (b) The nanometer gratings and pores on
the die.

In this paper, we investigate the mechanical characters and filling modes of solid poly (methyl methacrylate)
(PMMA) at the scale from microns to molecular confinement. The filling experiments at the scale from 20 nm to
2 pm are performed to show the influence of size scale on the deformation modes of solid PMMA. The moduli,
hardnesses and stress-strain curves at different scales are established to exhibit the effects of scale reduction on
PMMA mechanics. An anomalous phenomenon of “solid-fluid-solid” mechanical deformation is observed.

Experimental Section

Sample preparation. In this paper, we used two kinds of PMMA materials with molecular weights of
996 kD and 100kD respectively for experiments. PMMA with average molecular weight (MW) 996kD and
100kD was purchased from Sigma-Aldrich, with Tg=105°C and density of 1.2 g/cm3. The chain length (h) can

be given by?*2!
h = 21\ My, /My, )

where | =0.153 nm was bond length, M;;, was molecular weight and M;;, = 100.12D is the molecular weight of the
repeating chain unit. It can be derived that for 996 kD PMMA, h =30.5 nm, and for 100kD PMMA h=9.7 nm.
For 996 kD PMMA, as the deformation of polymeric solid was confined within a space less than 30.5nm, it was a
molecular confinement scale deformation. For 100 kD PMMA, as the molecular confinement scale was 9.7 nm.
The experimental samples were prepared by spin coating the PMMA solutions (dissolved in chlorobenzene) onto
a silicon wafer. For nano-indentation tests, the casting speeds ranged from 2000 to 6000 rpm, the dilution of solu-
tion ranged from 0.1% to 1%. The obtained 996 kD PMMA films had thicknesses of 23nm, 36 nm, 71 nm, 130 nm,
220nm, 450 nm and 680 nm respectively. The 100 kD PMMA films had thicknesses of 20 nm, 32 nm, 53 nm,
70nm, 130 nm and 220 nm respectively. For embossing experiments, the casting speed was 1000 rpm-1200rpm,
the film thicknesses were all 6 pm.

Embossing die. A glass die was used for filling experiments. The deposition of 2.3 um TiN layer was per-
formed in Changzhou Institute of Dalian University of Technology. Ion beam was used to etch the gratings and
pores on the TiN layer. The etching was done in Tianjin Micronanoelectronic Manufacturing Technology Co.,
Ltd. Figure 1 shows the features on the die. The features are composed of 20 gratings and 14 pores. All the cavities
have an aspect ratio of 1. The widths of the gratings range from include 2.0 um, 1.6 um, 1.2 pm, 800 nm, 400 nm,
200nm, 120nm, 70 nm, 30 nm and 20 nm. The diameters of the pores include 2.0 um, 1.6 um, 1.2 um, 700 nm,
400 nm, 200 nm, 100 nm and 50 nm. The spaces between the cavities are shown in Fig. 1, which vary from 1.09 um
t0 2.93 um.

The filling of 996 kD PMMA into the cavities of 20 nm and 30 nm were molecular confinement scale deforma-
tion due to the size of 20 nm and 30 nm were less than the chain length (h) of 996 kD PMMA. The sizes of 50 nm
pore and the 70 nm grating were slightly above h of 996 kD PMMA. Here, we call the filling behavior of PMMA
into these two cavities as “near-confinement scale deformation”

Micro/nano features replication procedure. The embossing machine was developed by our group. It
can provide an imprint pressure of 100 N to 10000 N with an accuracy of 1 N. It uses thermoelectric cooler to heat
and cool the samples and the die. The embossing temperature can be ranged from 25 °C to 150 °C. The value of
pressure and temperature were recorded and processing by PMAC board and shown in computer through a pro-
file. This research used this machine to replicate the features of the die onto the PMMA samples. The replication
processes were as follows. First, the die and the sample are heated to 90 °C and remain for 2-3 min. Second, the
die and the sample were heated from 90°C to 110 °C with a heating rate of 0.2 °C/s. Embossing pressure is applied
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during the heating process with a rate of 0.02 MPa/s. As the pressure increasesd to 2000 N and the temperature
increased to 110 °C, remaining for 2 min.Third, reducing the temperature to 40 °C and decreasing the pressure to
500N. Re-heating the PMMA sample to about 70 °C, subsequently, releasing the die from the PMMA sample and
recording the filling peak mode of PMMA.

Nano-indentation tests. MTS Nano Identer XP had been used to perform the nanoindentation on the
PMMA films with different thicknesses. Two types of indenters, including berkovich tip and sphere tip, were used
for indentation. As the stress and strain generated by using a sphere tip can be derived from experimental param-
eters, such as applied pressure, tip radius, whole indenter radius and pressing depth, we used sphere tip to obtain
the stress-strain relationship of a PMMA film in this study. The berkovich tip was used to obtain the hardness and
modulus. The operation platform of the indentation machine had been modified to heat the PMMA substrate to a
certain temperature. In this experiments, the PMMA substrate had been heated to 110 °C which is the embossing
temperature used in normal replication of micro/nano structures.

Results and Discussion
Filling Mode from Micron to Molecular Confinement Scale. Figure 2a shows the filling peaks of
996 kD PMMA into a 1.6 um wide pore and a 2 um wide pore. The peaks were obtained by using AFM. Results
have shown that the filling of PMMA into a micro scale cavity (or a pore) has exhibited a single-peak mode.
Experiments have also shown that the single-peak filling mode can be observed as the cavity width is above
700 nm. This filling mode means the elastic-plastic character domains the deformation behavior of solid PMMA
at this scale. It is well-known for the replication of micro scale structures. We called this as “solid” filling mode.

As the cavity size reduces to 400 nm, the dual-peak filling mode is observed (Fig. 2b). The solid state polymer
deforms into the cavity (or the pore) with two peaks form near the cavity sidewalls. The dual-peak filling is also
observed as the cavity width further decreases to 200 nm and 120 nm. The dual peak filling is also observed within
the pores with a diameter under 700 nm and above 100 nm. In a pore, the “dual-peak filling” means that the peak
forms around the pore sidewall. The profile of the polymer deformation is similar with a “volcanic shape” within
the pore. Some scholars have reported the dual-peak filling mode of molten polymer®-'°. The capillary force
of molten fluid has been seen as the cause of the dual-peak. For solid state polymer, the “dual-peak” has been
observed as the aspect ratio of the cavity is far more than 1.0. But the cause of the each peak of the “dual-peak” is
actually similar with the single-peak mentioned above. Elastic-plastic character still domains the deformation.
The two peaks is just caused by the extensional stretching which means there are not enough deformation force
to support the form of a peak far from the cavity sidewall. However, in a submicron cavity with an aspect ratio of
1.0, the form of dual-peak has rarely been reported. In our former work, the dual-peak filling mode of solid state
poly(methyl methacrylate) (PMMA) at a scale from nanometer to submicron has been discussed'*. This filling
mode is taken as the “fluid-like” behavior shown by polymeric solid at this scale. The cause of this deformation
can be attributed to the domination of surface force and viscous force in the motion of the polymeric chain® 114,

As the cavity and pore sizes further decrease to below 70 nm, the filling behaviors of PMMA into the cavities
or pores become “near-confinement scale deformation” and “confinement scale deformation”. Unlike the reported
fluid-like behavior of solid polymer'®!° the PMMA has been found exhibited “solid state” character at this scale.
Figure 2b shows the filling peak of solid PMMA as the pore and the cavity sizes are 70 nm, 50 nm, 30 nm and
20 nm, respectively. It can be seen that the filling peaks are all single-peak. The results mean that the elastic-plastic
character domains the deformation of PMMA at this scale. The fluid-like behavior which is observed at nanome-
ter scale to submicron scale disappears. This phenomenon is different from the experimental results for PS. It has
been found that the resistance to deformation of PS has a markedly reduction at molecular confinement scale.
And the deformation of PS during squeeze flow has an obvious acceleration. This phenomenon of PS is attributed
to the local entanglement depletion and shear thinning induced by high shear rate.

This solid-fluid-solid filling behavior of PMMA at a scale from microns to molecular confinment also can be
exhibited by the moduli, hardnesses and stress-strain curves. The following sections will give these experimental
results.

Modulus and Hardness. In the 996kD PMMA used in our experiments, the deformation scale has an obvi-
ous effect on the modulus and hardness at 20nm to 70 nm. We measure the moduli and hardnesses of 23 nm,
70nm, 130 nm, 220 nm, 450 nm and 680 nm films by using nano-indentation technique at 110 °C. The ratios of the
film thickness to the chain length of PMMA are 0.75, 2.3, 4.3, 7.2, 14.8 and 22.3, respectively. Figure 3a shows the
surface modulus of 23 nm and 70 nm films. For each thickness, the modulus has been measured three times. It can
be seen that, for 23 nm and 70 nm films, their moduli will increase to follow the increase in indentation depths.
The increase of 23 nm is more pronounced than that of 70 nm. The top value of the modulus has reached about
12 GPa which is approximate 5-6 folds of the bulk modulus of PMMA. The dramatic rise of modulus means that
the resistance to deformation increases. The elastic-plastic mechanical character will become more obvious than
normal state at molecular confinement scale and near confinement scale. Figure 3b shows the moduli of 130 nm,
220nm, 450 nm and 680 nm films. The experiments have been repeated four times. Its changing trend is contrary
to that of 23 nm and 70 nm. Their changing trend all shows a pronounced softening behavior. The moduli sharply
decrease by an order of 50-70% as the indentation depth increases to 10 nm-20 nm, and the values retain steady
as the indentation depth continues to increase.

Figure 3¢ shows the hardnesses of 23 nm and 70 nm films. The changing trends are similar with that of the
modulus. The hardness of 23 nm film increases sharply from 0.5 GPa to about 3 GPa-4 GPa on the order of 600%
to 800%. The hardness of 70 nm also exhibits a pronounced increase on the order of approximate 400%. The
increase in surface hardness means that the resistance to deformation increases, and the filling of a small gap
becomes difficult. The “solid-state” characters will become more obvious. The increase in modulus of 70 nm film
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Figure 2. The filling peak of 996 kD PMMA at different scales. (a) The single-peak filling mode of PMMA at
micron scale. (b) The filling peaks at a scale from sub-microns to molecular confinement.

has a slight decrease as the indentation depth increases from 0 to 10 nm. And an acceleration of modulus increase
has been observed as the indentation depth increases from 60 nm to 70 nm. As compared to the curves of 23 nm,
the change has exhibited the difference in hardness between the confinement scale and the near confinement
scale. The hardnesses of 130 nm, 220 nm, 450 nm and 680 nm films are shown in Fig. 3d. The softening behaviors
are also observed. The surface hardness has decreased by an order of 40-60% as the indentation depth increases
to 10nm-20 nm. Then, the hardness retains steady at this value. The low surface hardness and modulus can obvi-
ously reduce the resistance to deformation of molecular chain.

Stress versus Strain Relationship. To highlight the anomaly in the mechanical behavior of 96kD PMMA
at near-confinement scale and confinement scale, we measure the stress versus strain for the films of 23 nm, 36 nm,
70nm, 130 nm, 220 nm, 450 nm, and 680 nm at 110 °C. Figure 4a shows the three values of 70 nm, 36 nm and 23 nm
(black, blue and red traces, respectively). The ratios of the film thickness to the chain length of PMMA are 2.3,
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Figure 3. The modulus and hardness curves of 996 kD PMMA at different scales. (a) The moduli at 23 nm and
70 nm scales. (b) The modulus at 130 nm, 220 nm, 450 nm and 680 nm. (¢) The hardnesses at 23 nm and 70 nm.

(d) The hardnesses at 130 nm, 220 nm, 450 nm and 680 nm.
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Figure 4. Stress-strain curves at different scales. (a) The stress-strain relationships of 996 kD PMMA at 23 nm,
36 nm, and 70 nm scales. (b) The stress-strain curves of 996 kD PMMA at 130 nm, 220 nm, 450 nm, and 680 nm

scales.

1.2 and 0.75. For 72 nm film, as the strain increases from 0 to about 0.3, the stress increases slightly. As the strain
increases above 0.3, the stress exhibits a sharp increase. This phenomenon means that the resistance to deformation
0of 996 kD PMMA has a dramatic increase at 70 nm scale. At 36 nm and 23 nm scale, the stress exhibits an obvious
increase as the strain increases from 0.2 to 0.3. As the strain increases from 0.3 to 0.35, the stress has a very sharp
increase of nearly 270%, which extend the trend of an increased hardening effect at molecular confinement scale
and near confinement scale. Differs from the bulk deformation behavior, the transition from elastic deformation to
plastic yield is not clear. The hardening emerges just after the elastic deformation process. We think the hardening
effect is the cause of the increase in modulus and hardness shown in Fig. 3a,c. This measured stress-strain response
cannot be attributed to the phenomena, such as shear thinning24, entanglement depletion25, and wall slip26.
Conventional research think that the high shear rate can induce local entanglement depletion and shear thinning
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Figure 5. The mechanical behavior of 100kD PMMA. (a) The filling peaks of 100kD PMMA at the scale from
sub-microns to near confinement scale. (b) The moduli of 100 kD PMMA at 53nm, 70 nm, 130 nm, and 220nm
scales. (c) The hardnesses of 100 kD PMMA at 53 nm, 70 nm, 130 nm, and 220 nm scales. (d) The moduli of
100kD PMMA at 20 nm and 32 nm scales. (¢) The hardnesses of 100kD PMMA at 20 nm and 32 nm scales.

at small scales, which results in the “fluid-like” behavior of polymeric solid27,28. However, the stress-strain curves
shown in Fig. 4a are contrary to those studies. The 996 kD PMMA solid has exhibited a hardening state at the
molecular confinement scale and near confinement scale under large strain deformation in narrow gaps. We think
this phenomenon may be caused by the ordering and bridging effects, the localized stress concentration during
the large strain deformation. The relaxation and extension time and space have been confined, which dramatically
increase the entanglement of molecular chains and results in localized hardening.
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Figure 4b shows the four values of 130 nm, 220 nm, 450 nm and 680 nm (green star, blue triangular, black
square and red circular, respectively). For 130 nm and 220 nm film, as the strain increases from 0 to about 0.45,
the increase of stress is steady. A softening behavior is observed as the strain increases above 0.4, which shows the
reduction of the resistance to deformation. For 450 nm film, the softening behavior is also observed as the strain
increases above 0.45. The increase of stress is sharper than that of 130 nm and 220 nm film as the strain increases
from 0 to 0.45. For 680 nm film, the softening process still emerges, but not obvious. The curves shown in Fig. 4b
exhibits the trend of an increased softening effect as the scale reduces from submicron scale to near nanometer.
The softening trend accords with the results of dual-peak filling, the modulus and the hardness change at this
scale.

Molecular Weight.  We also study the influence of molecular weight on filling modes and mechanical prop-
erties of PMMA. For 100 kD PMMA, the filling peaks are shown in Fig. 5a. Dual-peak filling behavior is still
observed as the scale decreases to 50 nm. As the gap size reduces to below 30 nm, single-peak filling is observed.
The phenomenon is similar with that of 996 kD. As the scale reduces to near-confinement scale (about 2-3 folds
of molecular length), PMMA exhibits elastic-plastic dominant character. As the scale reduces to submicrons but
above near-confinement scale, PMMA exhibits visco-dominant character. The modulus and hardness curves
shown in Fig. 5b,c also exhibit the trend. A softening behavior is observed as from 53 nm to 220 nm scales. This
softening behavior is similar with that exhibited by 996 kD PMMA at a scale above 100 nm. The softening effect
can reduce the resistance to deformation of 100kD PMMA, which may cause the dual-peak filling.

Figure 5d,e show the moduli and hardnesses as the size reduces to 32 nm and 20 nm. The moduli have obvious
increases. Their top values have reached about 2-2.7 GPa which is approximate 1-1.5 folds of initial value. The
hardness of 20 nm film exhibits an decrease trend as the indentation displacement increases from 0 to nearly
8nm. As the indentation displacement increases from 8 nm to about 14 nm, the value of hardness exhibits an
sharp increase. As the displacement increases further, the increase in hardness becomes slight. The initial decrease
has not been observed for 32 nm film. Before the indentation displacement increases to about 19 nm, its hard-
ness increases pronouncedly. As the indentation displacement increases above 19 nm, the increase in hardness
also becomes slight. This phenomenon is different with that of 996 kD PMMA. According to our results, 100 kD
PMMA has smaller deformation resistance at nanoscale. Hence, decreasing the molecular weight can be helpful
in increasing filling accuracy of nanostructures.

Conclusions

Our results show the filling peaks of PMMA with large molecular weight change from single-peak to dual-peak
as the gap size decreases from microns to submicrons. At submicron scale, the modulus, the hardness and the
stress-strain curve of PMMA all exhibit a softening behavior which means that the resistance to deformation
reduces pronouncedly. The dual-peak filling and the softening behavior indicate the polymeric solid will also
exhibits some “viscous-dominant” characters of melt polymer. As the scale reduces to near confinement and
molecular confinement, the modulus, the hardness and the stress-strain curve all show a hardening behav-
ior. The resistance to deformation sharply increases. The filling peak becomes single-peak which exhibits the
elastic-plastic dominant character. The hardening behavior is contrary to the conventional studies which obtains
the results that shear thinning, entangled depletion, and shear band et al. will cause the reduction in mechanical
stiffness and accelerate the deformation at molecular confinement scale. Experiments also show the molecular
weight can affect the filling behavior. As the molecular weight is 100kD, the dual-peak filling is still observed
as the gap size reduces to 50 nm, and we have not observed the hardening behavior at this scale. According to
our results, to replicate nanostructures by using the thermoplastics with low molecular weight can be useful in
improving replication accuracy due to the visco-dominant behavior of this kind of polymer. The results have
implications for the study of solid polymer deformation behavior during micro/nano replication or imprint. It is
also useful in the fields, such as ultrathin polymer coatings, polymer-based lubricants, as well as the strength and
fatigue of layered polymer.

References
1. Lin, W. P, Liu, S. ], Gong, T., Zhao, Q. & Huang, W. Polymer-Based resistive memory materials and devices. Adv. Mater. 26, 570-606
(2014).
2. Lu, L. et al. Recent advances in bulk heterojunction polymer solar cells. Chemn Rev. 115, 12666-731 (2015).
3. Stefan, L. & Pierre, G. Influence of thermal diffusion and shear thinning during the leveling of nanoimprinted patterns in a
polystyrene thin film. Appl Phys A. 121, 387-397 (2015).
4. Chester, S., Srivastava, V., Yue, C. Y. & Lam, Y. C. Large-strain thermo-mechanical behavior of cyclic olefin copolymers: Application
to hot embossing and thermal bonding for the fabrication of microfluidic devices. Sens Actuators B. 155, 93-105 (2011).
5. Gilles, S., Diez, M., Offenhausser, A., Lensen, M. C. & Mayer, D. Deformation of nanostructures on polymer molds during soft UV
nanoimprint lithography. Nanotechnology. 21, 245307 (2010).
6. Meissner, ]. Rheometry of polymer melts. Annu Rev Fluid Mech. 17, 45-64 (2003).
7. Abeykoon, C., Martin, P. J. & Kelly, A. A review and evaluation of melt temperature sensors for polymer extrusion. Sens Actuators B.
182, 16-27 (2012).
8. Heyderman, L. J., Schift, H. & David, D. Flow behaviour of thin polymer films used for hot embossing lithography. Microelectron
Eng. 54, 229-245 (2000).
9. Rowland, H. D. & King, W. P. Polymer deformation and filling modes during microembossing. J. Micromech. Microeng. 14,
1625-1632 (2004).
10. Rowland, H. D, Sun, A. C,, Schunk, P. R. & King, W. P. Impact of polymer film thickness and cavity size on polymer flow during
embossing: toward process design rules for nanoimprint lithography. J. Micromech. Microeng. 15, 2414-2425 (2005).
11. Schift, H., Heyderman, L. J. & Maur, M. A. Pattern formation in hot embossing of thin polymer films. Nanotechnology. 12, 173-177
(2001).
12. Chen, J., Bell, G. A., Dong, H. S., Smith, ]. E. & Beake, B. D. A study of low temperature mechanical properties and creep behavior of
polypropylene using a new sub-ambient temperature nanoindentation test platform. J. Phys D Appl Phys. 43, 425404 (2010).

SCIENTIFICREPORTS|7:7871 | DOI:10.1038/s41598-017-08409-9 7



www.nature.com/scientificreports/

13. Cheng, S. & Wang, S. Q. Elastic yielding in cold drawn polymer glasses well below the glass transition temperature. Phys Rev Lett.
110, 065506 (2013).

14. Liu, C,, Li, J. M, Liang, C,, Peng, J. & Wang, L. D. Filling modes of polymer during submicron and nano-fabrication near glass
transition temperature. J. Mater. Process. Technol. 210, 696-702 (2010).

15. Jeong, J. H., Choi, Y. S. & Shin, Y. J. Flow behavior at the embossing stage of nanoimprint lithography. Fibers Polym. 3,113-119
(2002).

16. Juang, Y. ], Lee, L. ]. & Koelling, K. W. Hot embossing in microfabrication: Part II. Rheological characterization and process analysis.
Poly. Eng. Sci. 42, 551-566 (2002).

17. Rowland, H. D,, King, W. P., Pethica, J. B. & Cross, G. L. Molecular confinement accelerates deformation of entangled polymers
during squeeze flow. Science. 322, 720-724 (2008).

18. Zhang, H. D. et al. Shear thinning behavior of nanometer-thick perfluoropolyether films confined between corrugated solid surfaces:
a coarse-grained molecular dynamics study. Tribol Int. 93, 163-171 (2016).

19. Manias, E., Bitsanis, I., Hadziioannou, G. & Brinke, G. T. On the nature of shear thinning in nanoscopically confined films. Europhys.
Lett. 33,371-376 (1996).

20. Su, W. E. Principles of Polymer Design and Synthesis. (Springer, USA, 2013).

21. Hu, W. B. Polymer physics: a molecular approach. (Springer, USA, 2013).

Acknowledgements

This work was supported by the National Natural Science Foundation of China (51375076, 51475079), Science
Fund for Creative Research Groups of NSFC (51621064) and the National Key Technology R&D Program
(2015BAI03B08). This work was also supported by Fundamental Research Funds for the Central Universities
(DUT15LABI12).

Author Contributions

J.M.L. conceived the experiment and wrote the main manuscript text. .M.L., Z.Y.L., H.Z., C.L. and X.L. conducted
the experiment and analyzed the results. Chong Liu helped perform the analysis with constructive discussions.
J.G.E. took part in the revision of the manuscript. All authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:7871 | DOI:10.1038/s41598-017-08409-9 8


http://creativecommons.org/licenses/by/4.0/

	Micro-to-nano scale filling behavior of PMMA during imprinting

	Experimental Section

	Sample preparation. 
	Embossing die. 
	Micro/nano features replication procedure. 
	Nano-indentation tests. 

	Results and Discussion

	Filling Mode from Micron to Molecular Confinement Scale. 
	Modulus and Hardness. 
	Stress versus Strain Relationship. 
	Molecular Weight. 

	Conclusions

	Acknowledgements

	Figure 1 The embossing die.
	Figure 2 The filling peak of 996 kD PMMA at different scales.
	Figure 3 The modulus and hardness curves of 996 kD PMMA at different scales.
	Figure 4 Stress-strain curves at different scales.
	Figure 5 The mechanical behavior of 100 kD PMMA.




