Mesoscopic physical behavior of
macromolecules in ultrathin films
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Outline

¢ Part 1:
¢ Part 2:

¢ Part 3;
¢ Part 4:

¢ Part 5:

Molecular Recoiling Force

Total molecular forces operative in thin

films

Excess free energy of ultrathin films
Enhancement of luminescence of dewet
conjugated polymer films

Vechanical coupling between polymer thin film
and substrate: the 2nd-stage dewetting
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The liquid film on high-energy The liquid film on low-

surface.

The film is broken into dr

The liquid film is spread. (wetting)
oplets. (dewetting)

o Dewetting:d ¥ jF#f 5 & f87)3:":
- JF 03 B = 5 = £ (heterogeneous nucleation and growth)

- spinodal dewetting




Nucleation-and-growth dewetting

a. ik = b. JFeh £ B2y

d. 25 = droplets
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 Driven by stress
concentration at defects.

 Incubation time.



Spinodal dewetting

= 20umx 20 m, zrange: 30nm, 10nm 13.5k polystyrene

= ARG pere Sl BRIk SApE A ZALAEP K AEd A
B hip & 4 & droplets, fi & spinodal dewetting

= No incubation time required.

= Driven by excess free energy.
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gk k¢ g a2 eng g & enZ B (height fluctuations).



excess free energy

» It is used to describe the energy of a thin film system

as a function of film thickness.

» excess free energy (@) is composed of long-range
Interactions (first term) and short-range interactions

(second term). (vd\W)
® =-A/127n* +S" exp(=h/1I)

A:. Hamaker constant
SP: spreading coefficient

> If ©®” >0 — heterogeneous nucleation (meta-stable)
@ < 0 — spinodal dewetting (unstable)
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nucleus
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film thickness
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film thickness

unstable system

metastable system

* Seemann, R.; Herminghaus, S.; Jacobs, K.

J. Phys.: Condens. Matter 2001, 13, 4925
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Part 1

Molecular recoiling force:

Polymer films on hard substrate




) PS solution
Sample preparation '

0 10nm-40nm

200k, 400k, 900k, 2M g/mol) spin coated on
silicon. (M, ~ 17.5k g/mol)

E I
= PS films (10 nm — 80nm, MW= 13.5k, 50Kk,

= Dried at room temperature for 2 days.

= Annealed for various periods of time in an
oven at 170°C. (dewetting)

= Examined under OM and AFMSs.

AFM tip

el




a. Nucleation of holes

Dewetting process: PS on silicon
wafer

crest

—FPS
= Nucleation of pinholes — i

o Local release of the in-plane elastic stress: b. Holes touching substrate
thickness increase at the edge: “crests”

Rim

= Film slippage along the substrate
o After the hole touched the substrate
o Mass pileup at the hole edge: “rim”

c. Rims mergin

= Holes contacted each other and rims merged
o to form polygon structure of “ridges”

= “Ridges” shrank and droplets formed.

d. Droplets formation

*40nm 50k PS



The elastic stress release a. Nucleation of holes

— crest
e

ﬂé— PS

50um -

Elastic stress release due to the incipient hole nucleation and
growth:

Q

| east affected by the viscous process that dominates in the
regime of long annealing time.

At the hole edge, the effect of adhesion is minimal.

From the maximum crest height at the hole edge, the relaxed
molecular recoiling force (released stress) can be measured.
At least, the lower bound, considering the possible effects of

chain relaxation and substrate adhesion.

As will be shown later, the “lower bound” values are very close to
the real ones.



‘ Calculation of the molecular recoiling force

From Hooke” s law,

» yand©Orepresent respectively the normal and
tangential direction, z represents the thickness
direction, e, is the strain in the z direction.

»E: Young’s modulus, \2. Poisson’s Ratio

» Approximation: Simplified as a plane stress
condition due to very thin film, i.e., o, =0

Therefore, we have




Calculation of the molecular recoiling force —a general solution
of an axially symmetric problem " ._,YCT
Hinm) g g d
4 \/

Considering a thin plate with a round hole,
subject to an equi-biaxial stress, p,, andan ~ * _ I
internal stress p;. )

8 2 16
L fum)

> 2a: inner diameter of the hole; p;: the force acting from “ ...| .+
Inside the hole (for dewetting hole, p;=0) M ,, W

L (jm)

» 2b: the outer diameter above which the local stress
perturbation due to the existence of the hole disappear.
P, Is the molecular recoiling force -

The general solution is
eg. 2

* S. P. Timoshenko, and J. N. Goodier, Theory of Elasticity, 3rd
ed., McGraw-Hill (1970)




‘ Calculation of molecular recoiling force

Before dewetting : no hole, r=a=0,

substituting eq.2, 3 into eq.1

__ eq. 4

+;: film thickness measured

+ T film thickness that corresponding to no stress.

ed.4 can be converted to = >




‘ Calculation of molecular recoiling force

At maximum crest height: maximum release of the recoiling stre
Ss (r=a)

__ eq. 6

+C; = film thickness at maximum crest height

Net strain: substract eq. 4 from eq. 6 yields

where &is the crest height




Calculation of molecular recoiling force

Substituting eq.5 into eq.7, we have

We have ignored the effect of adhesion which is justified as Jis
measured at the edge of film where adhesion is minimal.




Measurements for molecular recoiling force

= The relationship between crest height & and p,,
the molecular recoiling stress, is*

a0 20 O
E™ E 1—(%)2 l+2p0%

AW /
where: s m

o=1,—75=(§ _ez,o)To =(e,

. local thickness under no stress 2b (diameter of

lumped periphery)

;. local thickness under initial stress p,, PS film

;. local thickness under relaxed tension at maximum crest height |
«iL_2a (hole diameter)

.

Si substrate

* M. H. Yang, S. Y. Hou, Y.L. Chang, A. C.-M. Yang, PRL 2006, 96, 066105.



Development of Crest and Rim : 200k and 400 MW
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*M. H. Yang, S. Y. Hou, Y.L. Chang, A. C.-M. Yang, PRL 2006, 96, 066105.

Depth of holes (nm)
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TwO regimes:

Crest formation &

Rim formation.

Crest formation:

Dissipation of the molecular
recoiling force

No substrate exposed.

200k PS film thicknesses:
18 nm, 30nm, and 40 nm.

Insets: (above) Crest and rim height 18 nm
thickness as a function of the hole
diameter; (below) The blow-up plot of the
crest and rim height versus hole depth.



Molecular recoiling force

= The molecular recoiling forces were

o from 8.0 to 35 mN/m.

o Increasing with molecular weight

o Decreasing with film thickness for the regime 10 nm < 7< 40
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*Recoiling stresses and recoiling forces in thin PS films calculated from maximum crest heights.

*M. H. Yang, S. Y. Hou, Y.L. Chang, A. C.-M. Yang,
PRL 2006, 96, 066105.



Molecular recoiling force is operative in thin polymer films,
contributing to the residual stress that may cause film
Instability.

This force can be measured from the incipient hole
geometry.

The recolling stress was found to increase with molecular
weight and decreasing film thickness.



Part 2

Total dewetting forces in thin film:

Polymer films on soft substrate

(unpublished results deleted)




Part 3

Excess free energy-
Effect of MRF

(unpublished results deleted)




Part 4

Luminescent enhancement by dewetting
for conjugated polymers

(unpublished results deleted)




Part 5

Mechanical coupling between
nanofilms and substrate:

Two-stage dewetting

(unpublished results deleted)




Ramifications for future study

Glass transition in ultrathin filims

-t Interactions for surface tension and molecular
recolling force (chain aggregation) vs. Entropy force

Chain motion at glassy state (physical aging)
Entanglement density for ultrathin films

Molecular deformation during spin coating thin films
Frictional/ sliding of polymer films on substrate
Nano-resists

Quantum well / guantum dot polymer LED
Single-molecule polymer LED
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Cooperative motions of chains - Local clustering of entanglements
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. Crazing, shearing, yielding, strain hardening and softening: Nanoscale
observations
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H.C.Lin, I.F.Tsai, A. C.-M. Yang, M.S. Hsu, and Y.C. Ling, Macromolecules (2002).
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