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ABSTRACT: We have studied the lamellar orientation in thin films of a model diblock copolymer, symmetric
poly(styrene)b-poly(L-lactide) (PS-PLLA), in the melt state on supported silicon wafer surface. In this system,
while the PLLA block prefers to wet the polymer/substrate interface, the polymer/air as well as polymer/polymer
interface is neutral for both blocks due to the similar surface energies of PS and PLLA in melt state. Our results
demonstrate that the interplay of the interfaces during phase separation results in a series of structures before
approaching the equilibrium state. Lamellar orientation of thin films with different initial film thicknesses at
different annealing stages has been investigated using atomic force microscopy (AFM), transmission electronic
microscopy (TEM), and X-ray photoelectron spectroscopy (XPS). It is found that in the early stage (annealing
timet < 10 min), the polymer/substrate interface dominates the structure evolution, leading to a parallel lamellar
structure with holes or islands formed depending on the initial film thickness. Later on, the neutral air interface
becomes important and leads to a transition of lamellar orientation from parallel to perpendicular. It is interesting
to see that for films with thickneds> 2L, whereL is the bulk lamellar period, the lamellar orientation transition

can occur independently in different parallel lamellar domains due to the neutrality of polymer/polymer interface.
This independent transition leads to a new intermediate stage; i.e., the perpendicular lamellae in two adjacent
layers can be either parallel or cross to each other. Certainly, these interlaced structures are not the thermodynamic
equilibrium forms; they emerge into the uniformed perpendicular structure upon further annealing.

Introduction components. In both cases, the lamellar structure is parallel to
the substrate. The film thickneds) (s quantized ab = nL for
symmetric system dn = (n + 1/,)L for antisymmetric system,
wherelL is the bulk value of the copolymer lamellar period and
p Nis aninteger. If the initial film thickness is not commensurate

other, the microdomains formed in thin films have a preferred with these values, relief structures of islands or holes with a

orientation with respect to the interface. Taking advantage of St€P height ol form on the surface of the thin films.

this effect and combining with other external fields, such as If the substrate is neutral for both blocks in symmetric diblock

electric field, one can now create well-defined nanopatterns over cOPolymer, a perpendicular lamellar structure could be formed

large areads This technique has been widely used nowadays N€ar the substrate. A hybrid structure with parallel and

in nanotechnologies. perpendicular lamellar mixture could be formed from air surface
Since the past decade, there is a significant amount of researc nd neutral substrate. Recently, the formation of perpendicular

related to the orientation of symmetric block copolyrie amellae_in symmgtric diblock copolz)émer thin f_ilm has been
For symmetric diblock copolymer, phase separation results in 'éPOrted in theorf:1°and experimeni™2’ Seif-consistent mean-

a lamellar structure with two alternative phases. In thin films field theory predicts that perpendicular 'orientation is more
on supported substrate, specific interactions between polymer,fz’“lorz"blf4 at a neutral interface due to higher conformational
air, and substrate determine the final lamellar orientation. If two [T€€don:* Sivaniah et al. have investigated the effect of the
blocks have different surface energies, the block with lower roughness of the substrate on the lstrz%cztfre of the symmetric
surface energy wets the air interface and the block with a PhS_PMMﬁA dlb|0C]1( copolgmer thin f'lm'ﬁ_b.-rhiy fcf;und that f
preferential interaction to the substrate wets the substrate. Therd"€ roughness of a substrate can inhibit the formation o
are two types of lamellar structurd&?-° (a) symmetric structure substrate-directed parallel lamellae. When the air surface is

if the same block segregates to both interfaces and (b) sufficiently enthalpically neutral, the perpendicular lamellae can
antisymmetric structure if each interface absorbs different be observed. The structure of lamellar-#E3MMA diblock

copolymer thin films on neutral poly(styremandommethyl
) ) methacrylate), P(8-MMA), brush surfaces was examined by
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2,23 i i 1
e-mail tbhe@ciac.jl.on, Fax 86 431 85262126, Tel 86 431 85262123, uang et ak?2*Upon annealing, microphase separation occurs
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When phase separation of a diblock copolymer occurs in thin
films, the effect imposed by interfaces dominate the final
morphology and structure2 In contrast to its behavior in bulk
state in which the grains orient randomly with respect to eac
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interfacial energies between each component and the surfaceand AFM after scratching with a blade. Films with different
If the difference in the interfacial energies was not strong thickness were annealed at 180 or @0under vacuum for various

enough, a mixed orientation of the lamellar domains could be times and then quenched to room temperature. The very similar
observed. FTIR spectra for thin films before and after annealing indicate that

the copolymer does not degrade during sample preparation proce-

In contrast W'.th the condltl_on yvhere the substrate_ |s_neu_tral dure (data not shown). The topography and structure of the resulting
for both blocks in a symmetric diblock copolymer thin film, if g0 \¢ \were examined by AFM, TEM, and XPS.

two blocks have 3|m|I§1r surface energy, then the polymer/air — A;0mic Force Microscopy (AFM). Tapping mode AFM was
and polymer/polymer interface will be neutral for both blocks, conducted at ambient conditions using a SPA-300HVwith a
too. Further, if one of the blocks shows strong affinity for the sp|3800N controller (Seiko Instruments Industry Co., Ltd., Japan).
substrate, a reversed hybrid structure may be formed, i.e.,Both height and phase images were recorded simultaneously using
parallel lamellae and perpendicular lamellae emanating from the retrace signal. Etched Si tips with a resonance frequency of
the substrate and neutral air surface. Recently, Olayo-Valles et~70 kHz and a spring constant of about 2 N/m were used, and the
al. reported that thin films of polystyrengolylactide (PS- scan rate was in the range from 1.0 to 2.0 Hz. Each scan line
PLA) diblock copolymers form perpendicularly oriented cyl- contains 256 pixels, and a whole image is composed of 256 scan
inders and lamellae due to the similar surface energies of PS/ines: o o _
and PLA2526 However, little is known about the effect of Transmission Electronic Microscopy (TEM). TEM experi-
interfaces during the structure formation in thin films. Moreover, MENts were performed on JEOL 1011 TEM with an accelerating
- - . voltage of 100 kV. The polymer thin films were floated from the
the polymer/polymer interface is also a neutral interface for both

o . ~~ " silicon wafers and quickly transferred to copper grids. A saturated
blocks. What role does this interface play during an annealing ko solution at~90 °C was used to etch away the silicon oxide

procedure in thin films? layer and release the film. This method has been used to separate
In this paper, we present the experimental results of a polymer thin films from substrate without altering the properties
symmetric poly(styrenel-poly(L-lactide) (PS-PLLA) copoly- of the films3* To avoid damage, the samples were not stained, and

mer thin films on supported the silicon wafer surface. We the contrast came from the difference of the electron density
focused our attention on the effects of both the initial film between PLLA and PS (380 and 340 Tihfor amorphous PLLA

thickness and the annealing time on the lamellar orientation in and PS, respectively.) o

thin films upon annealing. We found that the lamellar orientation FEFgeEMEg(E::?mnei?sw;?g cilrer%:joghct gﬂr:cgopsﬁmgg gfLEESSOEéAS)I'EM
of a film with film thickness larger than a lamellar peridd, - g y
was controlled by different interfaces in different stages during FEG. The samples were etched by UV for about 30 min and then

i | h | Isub ) ¢ rinsed in acetic acid for 15 min in order to remove the degraded
annealing. In early stage, the polymer/substrate interface p|) o For cross-section observation, the sample was quenched and

dominates the lamellar orientation, resulting in a parallel lamellar ¢yt in liquid N,. Both the top and cross-sectional morphology were
orientation. The neutral polymer/polymer and polymer/air observeds
interfaces dominate the later stage of evolution, resulting in a  X-ray Photoelectron Spectroscopy (XPS)The surface chemical
transition of lamellar orientation from parallel to perpendicular composition of thin films was determined with a VGESCALAB-
with respect to the substrate. Some interesting intermediateMKIl spectrometer with an Mg X-ray source. Pass energy of 20
structures are observed before reaching the equilibrium state.eV was used to obtain the high resolution, and the takeoff angle of
the X-ray source was 90The main chamber of the XPS instrument
Experimental Section was maintained at 2.2 107 Pa during the spectral measurements.
The relative photoelectron intensities of the C 1s peak (289 eV)

Materials. The diblock copolymer, PSPLLA, was purchased \yere used to determine the composition of the upper layer of the
from Polymer Source, Inc. The number-average molecular weight polymer thin film.

(Mp) is 40 500 (PS 21 000 and PLLA 19 500) with a polydispersity

of 1.1 characterized by gel permeation chromatography (GPC). The Resuits and Discussion

total degree of polymerization I = 473 determined byH NMR.

The volume fractions of PS and PLLA are 0.51 and 0.49, 1. Morphology and Structure of Thin Films: Initial Film
respectively. The temperature-dependent Fidtyggins interaction Thickness Dependence. 1.1. Initial Film Thicknes$ < L.
parameter between PLA and PS reported by Zalusky &t\ahs Figure 1 presents the results of thin films with an initial film
x(T) = 98.11 — 0.112, whereT is the Kelvin temperature and  thickness smaller than the lamellar repeat distancall the

is the Flory-Huggins segmental interaction parameter. Assuming fjims presented in Figure 1 were annealed at 280for 60
that the solubility parameters between PLA and PLLA are similar, min under vacuum before quenching to room temperature.

i i i i — 1,29,30 . N ! . ..
the theoretical criterion of phase separatiop(ifoor)N = 10.5: Further prolonging the annealing time gives the similar results

The order-disorder transition temperaturédpr) of our system is - . .
calculated a3opr = 458°C. The copolymer investigated here lies (data not shown). Figure 1a presents the AEFM height image of

in strong segregation regime under present experimental conditions @ thin film with h ~ 10 nm < */5L. The copolymer thin film
i.e., yN = 49 and 47 at 180 and 19T, respectively. The long  dewets the substrate, forming droplets, indicating a disordered
period of lamellar structure of PSPLLA was L = 25 nm structure®®-37Figure 1b shows the AFM height topography and
determined by SAXS! The surface energy of PLLA (38.3 mN/  the cross-section line profile for a thin film wifilbL < h ~ 20

m)32 is similar to PS block (40.7 mN/n¥}. nm < L. Holes with depth of about 25 nm are observed after

Thin Film Preparation. Polymer films were prepared by annealing, in good agreement with symmetric wetting of-PS

dissolving the sample in chloroform and spin-coating the solution pLLA film over the oxidized silica surface® The TEM
onto freshly cleaned silicon wafer with native oxide layer. By experiment (Figure 1c) further confirms the parallel orientation
controlling the concentration of polymer solution and spin speed, ¢ the |amellae with respect to the substrate. Therefore, the top

thin films with thickness ranging from 10 to 200 nm were obtained. . -
All the wafers were cleaned in a mixture 0580y, H;O5, and HO layer is PLLA due to the polar PLLA preferring to segregate to

(70/21/9 vol %) for 30 min at 126C, followed by extensive rinsing  th€ Substrate. Figure 1d shows the XPS profiles of relative
with deionized water. The cleaned wafers were dried in a stream Photoelectron intensity of a film before and after annealing. The
of nitrogen and used immediately for the film deposition. The C 1s peak at 289 eV corresponds to the carbonyl group. The
residual solvent was removed under vacuum for 24 h at room increase of the relative intensity of C 1s peak after annealing
temperature. The film thickness was determined by ellipsometry indicates that the top layer is mainly composed of PLLA.
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Figure 1. (a) AFM height topography and cross-section line profile ‘.cé:zﬁ
of the thin film withh ~ 10 nm < %,L annealed at 186C for 60 min. T 0 2_4 & 8
T Distance (pum)

The thin film with Y/o.L < h ~ 20 nm < L was annealed at 18 for

60 min. (b) AFM height topography and cross-section line profile. (c)
TEM micrograph. (d) XPS C 1s spectratof- 20 nm thin film before
and after annealing at 18@ for 60 min.

1.2. Initial Film Thickness h > L. Figure 2 shows the AFM
and TEM results for samples with an initial film thickness larger
thanL. All the films presented in Figure 2 were annealed at
190 °C for 720 min under vacuum before quenching to room
temperature. Figure 2a shows the AFM height topography and
the cross-section line profile of a thin film with the thickness
of L < h~ 33 nm< 3,L. This is the situation discussed in our
previous publicatiorf! we would further study the origin of this TR L fors % > 200nm
structure. We ConCIUdeq that the symmetric wetting behaVIor Figure 2. Thin films with different thickness were annealed at 190
of P.LLA blogks resu'lts in a parallel lamellar structur.e with a °C for 720 min. (a) AFM height topography and cross-section profile
continuous film having a thickness &f. The formation of of a thin film with h ~ 33 nm,L < h < 3.L. (b) Corresponding TEM
islands on the free surface is due to the commensurability effectmicrograph of the thin film in (a). (c) AFM results of a thin film with
betweenh and L. However, the height of islands is about 32 {]h;] Lf‘ilzmnm,Z:Z)L (Z)hAT:’%AL-re(g&Itcsog?esFt’ﬁi’:]d]jifl‘r% I\Etm mi%rg?{r?,prffithe
nm, larger than the bulk repeat peritd= 25 nm3! Further 5 y ! . o9 T <
investigations by TEM (Figure 2b) indicated that the lamellae h = %L () Corresponding TEM micrograph of the thin film in ().

Height (nm)
5538

within the islands are perpendicular to the substrate! morphology in bulk on the surface of a silicon wafer with a

Increasing initial film thickness t ~ 42 nm,*,L < h < native oxide layer. For films of 70 nm, more than twice the
2L, as seen in Figure 2c,d, holes appear after annealing.lamellar periodL = 32 nm, they observed the perpendicular
However, the depth of holes is 32 1 nm, larger tharl but orientation of lamellar domain throughout the film. However,

similar to the height of islands in the previous case (Figure 2a,b). they did not report whether they could see the islands or not in
The thickness of the bottom continuous film contact with the their case. However, it is interesting to see that they observed
substrate is about 25 nm L (Figure 2c, the cross-section line  the islands or holes in thin films of copolymers with a cylindrical
profile). Figure 2d indicates that the top layer is composed of morphology?5:26
perpendicular lamellae, and the rim surrounding the hole is  From Figure 1 and 2, a lamellar orientation transition could
PLLA. The above observations reveal a hybrid lamellar structure pe seen from parallel to perpendicular with increasing the initial
for thin films of h > L; i.e., a perpendicular lamellar structure  film thickness. The formation of the perpendicular lamellar
formed on the free surface while a parallel lamellar structure structure at the polymer/air interface is due to the similar free
with thickness ofl formed at the polymer/substrate interface. energy of PS and PLLA. Theoretical and experimental studies
Figure 2e shows the results of a thin film fof~ 55 nm, 2 have shown that the perpendicular orientation is favoredhfor
< h < %,L. One can still see the islands after annealing. The > L when there is negligible difference in the interfacial
thickness of the continuous film measured by AFM after energies. An important consequence of forming perpendicular
scratching the film is around 58 nm, which is the sum of a lamellae is flattening the whole film by reducing the holes or
parallel lamella with thickness equalslicand a perpendicular  islands because the incommensurability effect of the initial film
lamellar layer with thickness of 33 nm. TEM micrograph (Figure thickness can be accommodated by either increasing or decreas-
2f) indicates the perpendicular lamellae prevail in the whole ing the thickness of the perpendicular lamellar regiéns!
free surface. Olayo-Valles et al. studied the domain orientation Magerle et.af® have investigated the effect of surface fields
of thin films of a PS-PLA diblock copolymer with a lamellar ~ on structure of cylinder-forming poly(styrefebutadiends-
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Figure 3. Morphologies of a thin film with¥,L < h ~ 42 nm< 2L
annealed at 190C for different time; TEM micrographs: (a) 5, (c)
240, and (e) 720 min. AFM height images and histogram analysis of
the thin film annealed at 198C for (b) 5, (d) 240, and (f) 720 min.

styrene) triblock copolymer thin films with different thickness.
They concluded that the effect of surface fields could extend
into the films with about one microdomain space. However, in
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Figure 4. Schematic illustration of lamellar orientation transition during
annealing in Figure 3.

increases to about 32.2 nm (42-710.5 nm) determined from
histogram analysis (Figure 3d). Further increasing the annealing
time to 720 min (Figure 3e), the perpendicular lamellae fill the
free surface except for the hole region. The depth of hole
increases to about 33.3 nm (45:3L2.0 nm) (Figure 3f). Further
increasing the annealing times, the structure of thin film does
not change with time.

The experimental results presented in Figure 3 clearly show

our experiments, although the perpendicular lamellae formed that holes are formed in the early annealing stage and survived

on the top layer foh > L, one can still see the holes or islands
up toh ~ 6L. Moreover, the thickness of the perpendicular
regions (islands or the up layer with holes)~83 nm and

almost does not change with film thickness. In order to explain

the further annealing. This means that the specific interaction
between polymer and substrate dominates the lamellar orienta-
tion in the early annealing stage, resulting in a parallel lamellar
structure. Holes are formed due to the incommensurability of

these observations, the film structure and morphology during the initial film thickness with the quantitative valueslj.
annealing are investigated and presented in the following Further prolonging the annealing time the neutral polymer/air

sections.

2. Transition of Lamellar Orientation during Annealing.
2.1. Evolution of a Thin Film with 3/,L < h < 2L. As a typical
example, the results of a film with initial film thickness of 42

interface starts to dominate the lamellar orientation. A transition
from parallel to perpendicular orientation could be observed.
During lamellar orientation transition, both the depth and the
size of holes increase with time. Specially, the depth of holes

nm in the different annealing stages are presented in Figure 3.In the early stage is close to the lamellar perioaind increases

The final lamellar structure of this film as given in Figure 2c,d Step by step to a value around 33 nm. The reasons for this
is a hybrid lamellar structure with a perpendicular lamellae layer increase and why a value around 33 nm is stable in the final
annealed at 196C for a wide time period, ranging from 5 to do not change for further annealing. This transition process is
AFM. In the very early annealing stage, i.e., annealing for 5 System in WhICh the sub_stra_te is a neutral |nterfaqe Whl_le the
min (F|gure 3a’b), holes appear on the free Surface, and thea]r Surface IS a preferen“al Intel’face Huang e%zéPJnVeS“'
contrast of the TEM micrograph is homogeneous throughout 9ated the structure of lamellar poly(styremenethyl methacry-
the film. The average depth of holes obtained from the histogram late) diblock copolymer films on neutral poly(styreneaethyl
analysis (Figure 3b) is about 25.7 nm (34:43.7 nm), in well methacrylate) brush surfaces as a function of annealing time
agreement with the long periadin bulk. On the basis of these ~ and film thickness. They found that upon annealing microphase
observations, it is obvious that a symmetric wetting structure Separation occurred simultaneously with perpendicular and
(parallel lamellar) is formed throughout the filfn? parallel lamellae emanating from the neutral and air surfaces,
With increasing the annealing time to 240 min, some respectively’>?*While in our case the two interfaces play a
perpendicular lamellae around holes appear (Figure 3c) It is dominant role in different annea“ng Stages, the prefel’entla|
interesting to see that the perpendicular lamellae form first at Polymer/substrate interface dominates in the early stage, while
the edge of holes and spread to the interior of the films. Zhang the neutral air surface dominates in the subsequent stage
et al. studied the boundary effect of holes and islands on @ccompanying a lamellar orientation transition.
crystallization of a symmetric PSPCL diblock copolymer in 2.2. Evolution of a Thin Film with h > 2L. As mentioned
thin films 3940They found nucleation events also prefer the edge above, the polymer/polymer interface is also a neutral interface
of holes or islands, and they argued that the extended conformafor both blocks due to the similar free energies. In order to see
tion of blocks in this region decreases the energy barrier for the role of this interface during the evolution of lamellar
forming a critical nucleus. At the same time, the depth of holes orientation in thin films, a thin film witth ~ 55 nm in different
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Figure 6. Schematic illustration of lamellar orientation transition in
different layers during annealing, as shown in Figure 5.

.
Figure 5. TEM micrographs of the thin film with2 < h ~ 55 nm<

5/,L annealed at 198C for (a) 5, (b) 240, and (c) 720 min. (d) Schematic
illustration of interlayer defects labeled in (b) and (c).

annealing stages has been studied. Figure 5a is the TEM
micrograph of a thin film annealed at 19Q for 5 min. Again,
islands appear on the surface and the contrast is homogeneous
indicating the formation of a parallel lamellar structure. Increas-
ing annealing time to 360 min (Figure 5b), perpendicular
lamellae form not only in the islands but also in the continuous
film around the islands. Surprisingly, the perpendicular lamellae
within the islands and the continuous film are different. The
perpendicular lamellae are interlaced in the island forming
various defects as shown in Figure 5d. These defects are formec
due to the overlapping of two layers; each has a perpendicular
lamellar structure with random lamellar orientation. As indicated
in the Introduction, the polymer/polymer interface in-HSL_LA
block copolymer is a neutral interface for both blocks; therefore,
the lamellar orientation transition could occur within the parallel
lamellar domains with polymer/air and polymer/polymer inter-
faces. Further increasing annealing time to 720 min, the perfect
uniform perpendicular lamellae are formed in the surface of thin — _ =
film (Figure 5c). Figure 5d illustrates the typical defects (A, B, ' #120C
C) and the final stable stage (D) formed by perpendicular Figure 7. Micrographs of the thin filmif ~ 150 nm= 6L) annealed
lamellae in two adjacent parallel layers as labeled in Figure 5b,c. at 190 °C for (a) 720 min, TEM micrograph; (8720 min, SEM

The results shown in Figure 5 clearly display the role of mMicrograph; and (b) 360 min, TEM micrograph. The insets fpdad
polymer/polymer interface during the lamellar orientation transi- \(Aklagrzrztcérhoesj-jsei%tlonal images obtained by FE-SEM; all PLLA phases
. . . - g UV.
tion and the formation of the defects, as illustrated in Figure 6.
In the early stage, the effect of substrate leads to the formation 2.3. Evolution of a Thin Film with h > 6L. The lamellar
of three lamellae layers with parallel orientation; the thickness structure and orientation competition observed in previous
of each lamella is L, i.e., the first full layer directly in contact  sections (2.1 and 2.2) can persist up to a film thicknesds.of 6
with substrate, the second full layer on above the first layer, Above this thickness, islands or holes disappear in thin films.
and the third top layer formed by islands. Further annealing, The morphology and structure of such thin films can be
the lamellar orientation transition starts in the top two layers described by using the surface TEM micrograph and cross-
except the layer attached by the substrate. The interestingsectional SEM micrograph. Figure 7a displays a TEM micro-
observation is that the lamellar orientation transition occurs in graph of a thin film of 150 nm equal td_.6annealed at 190C
these two layers independent of each other; i.e., the perpen-for 720 min. Perfect perpendicular lamellae were observed
dicular lamellae formed in islands and the layer beneath the throughout the film. The dark regions are PLLA and the bright
islands are randomly oriented in the flat 2D plane, which results regions are PS. Figure 7ia the corresponding SEM top-view
in the interlaced lamellar structure, as illustrated in Figure 5d. micrograph, and the inset is the corresponding SEM cross-
Such structures are definitely not the thermodynamic stable sectional micrograph. The bright regions are PS, and the dark
form. Upon further annealing, the defects between layers emergeregions are PLLA. The cross-sectional micrograph demonstrates
gradually, resulting in uniform perpendicular lamellae. that the lamellae are oriented perpendicular to the surface. The
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volumes of PLLA to PS are similar to each other within the block prefers to absorb on the substrate due to the polar
error in TEM and SEM micrographs. To investigate the structure interaction. Both effects on the initial film thickness and
evolution of these thicker films in the early stage, thin films annealing time were investigated. In the early annealing stage
were annealed for a shorter time before observation. Figure 7bthe specific interaction between polymer and substrate dominates
shows TEM micrograph of a film annealed at 190 for 360 the lamellar orientation, resulting in a parallel lamellar structure.
min; morphology and structure of the thin film are similar to Further prolonging the annealing time, the neutral polymer/air
the island shown in Figure 5b. Various defect patterns could and polymer/polymer interfaces start to dominate the lamellar
be observed (illustrated in Figure 5d). The inset in Figure 7b orientation and lead to the perpendicular lamellar structure.
shows the corresponding SEM cross-sectional micrograph, Because of the neutrality of polymer/polymer interface, for films
which exhibits that one parallel layer attached to the substrate with thicknessh > 2L, the lamellar orientation transition can
and above it; perpendicular lamellae are formed independently occur independently in different parallel lamellar domains. This
in each layer. Therefore, their parallel, mismatch, or interlace independent transition leads to a new intermediate stage; i.e.,
to each other result in the defect patterns observed on the top-the perpendicular lamellae in two adjacent layers can be either
view of the thin film. Because of geometric confinement, it is parallel or cross to each other. Certainly, these interlaced
possible that the cylinder microdomains are in the intermediate structures are not the thermodynamic equilibrium forms. They
state. Further decreasing the annealing time, the structure ofemerge into the uniformed perpendicular structure upon further
thin film is similar to Figure 7b. Even if in the initial annealing annealing. The origin and structure transition of thin film are
stage, complete parallel lamellae or islands or holes cannot bedifferent from those of perpendicular lamellae induced by
observed anymore because the film is so thick that the polymer/crystallizations?
air interface dominates the evolution of the film structtire.
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