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Abstract

Thin poly(styreng,b-2-vinylpyridine,og and poly(2-vinylpyriding,-b-styrenegy-b-2-vinylpyridiney,) films spun cast on silicon and
annealed at 18C for 3 days were directly cross sectioned in less than 1 h using the focused ion beam (FIB) lift-out technique. We show
that with the FIB procedure, it is possible to produce cross sections that reveal structure near the silicon interface and hence the surface
induced phase transitions could be examined and compared quantitatively with theoretical models. Atomic force microscopy, dynamic
secondary ion mass spectrometry, and transmission electron microscopy were used to characterize@h2dd&lsevier Science Ltd.

All rights reserved.
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1. Introduction Most of what is known today on the orientation of poly-
mers at surfaces has been obtained by neutron reflectivity
A two component polymer system, such as a homopoly- [14-16,19-22], X-ray reflectivity [23—28] and secondary
mer blend or a block copolymer melt, in the vicinity of an ion mass spectrometry [5-7,29-38]. These methods work
interactive surface is an inherently inhomogeneous system.best when the orientation occurs perpendicular to the
The difference in chemical affinity between the components surface and is symmetric in the plane parallel to the surface.
and the substrate induces a preferred orientation in theSince phase information is lost in reflectivity methods, it is
system. For example, for polymer blends, numerous groupsdifficult to obtain unique interpretations of the diffuse scat-
[1-10] have demonstrated that spinodal decomposition, andtering data from structures where in plane ordering occurs.
wetting layers with a specific wavelength can be oriented Cross-sectional transmission electron microscopy (TEM) of
parallel to an interactive surface. More recently studies specimens ordered on silicon has proved very challenging
[11-13] have shown that two dimensional structures can due to the difficulty of preparing electron transparent
be nucleated on a two dimensional surface chemical pattern.sections. It was not possible to directly section hard silicon
It is also well known [14—-16] that surfaces can induce both crystals so several authors relied on reconstructive imaging
parallel and perpendicular ordering of block copolymers. In of the film prepared on silicon via a continuous ion milling
most of these studies silicon has been the surface of choicetechnique [39] and preparing films on Ultem followed by
since it can be obtained in single crystal form with an atom- ultramicrotomy [40,41] to determine ordering in the bulk
ically smooth surface. Furthermore, it is used extensively in away from the polymer/substrate interface. Earlier techni-
the semiconductor industry where numerous proceduresques aimed at determining order near the polymer/silicon
have been developed to modify the surface energy andinterface [6,9] involved surface induced ordering on silicon
apply both chemical and topographical patterns [17,18].  followed by removal of the film from the silicon substrate,
using an etching technique, to a more suitable substrate for
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few limited cases where the film is extremely inert to acid Table 1
and base degradation. Block copolymer properties
In this paper we report on the application of the focused
ion beam (FIB)/lift-out method to thin polymer films
ordered on silicon. This method relies on the use of a Diblock copolymer  PS-F/P 210-200 0.51
focused beam of Gaions that are used to mill out electron ! 'Plock copolymer  BVP-dPS-BVP  94-760-94 012
transparent sections from the specimen for TEM analysis
[42]. This method has several advantages that make itby sonicating in Chromerge solution for 60 min. The solu-
potentially suited for the study of polymer films ordered tions were then spun cast at 2500 rpm onto the native oxide
on hard inorganic surfaces. (a) Polymer films need not be covered silicon substrates. In order to orient the block copo-
removed from their substrates and mounted on embeddinglymer chains, the specimens were annealed above the glass
media before sectioning since no knife or blade is used. (b) transition of both polymers, a = 18CC, in vacuum for
The focused ion beam can be manipulated with high spatial 3 days. Following annealing, the specimens were stained in
resolution; hence cross sections can be made accuratelyodine vapor for 12 h. lodine binds preferentially tgViP
through diverse features on the surface of inhomogeneousand hence provides electron contrast for TEM analysis. The
films. (c) Organic/inorganic composite materials can be films were then sectioned via FIB.
sectioned without artifacts induced by differences in hard- The FIB sectioning procedure involved first sputter coat-
ness between the two materials that can potentially deforming the specimen with gold—palladium to protect the top
the sample at the interfaces. surface from subsequent TEM specimen preparation
In order to test the FIB method, we chose the damage. TEM specimens were prepared in cross section
diblock copolymer system, poly(styrete2-vinylpyridine) with an FEI FIB 200TEM Workstation, operating at
(PS-RVP), which is known [6,7,9] to form highly ordered 30 keV, using the “lift-out” technique [42]. Prior to section-
structures on silicon substrates. In a previous study [6,7] theing, a platinum metal line was ion beam deposited using the
ordering of PS-RVP on silicon was investigated using FIB. This serves two purposes: (i) the metal line locates the
neutron reflectivity and standard cross section specimenarea of interest; and (ii) the metal line prevents the outer
preparation followed by ultramicrotomy. In the case of surface of the sample from being damaged during subse-
symmetric diblock copolymers, it was shown [6] that for quent ion milling operations. The finely focused Gin
large degrees of polymerization defects formed around dislo- beam was used to cut out electron transparent membranes
cations to minimize chain stretching. In the case of asym- from the samples [42,50-53] as illustrated in Fig. 1. A glass
metric diblock copolymers [43], neutron reflection showed rod attached to a hydraulic micromanipulator was then used
that regardless of the bulk morphology, the initial layers at to lift out the electron transparent membrane and position it
the substrate were lamella. Unfortunately, due to limitations on a carbon coated copper mesh grid. In less than 1 h a rigid
imposed by the floating procedures the layer near the surfacecross section approximately 20 nm in thickness was
region is destroyed, hence, these transitions could not beprepared for TEM characterization. A scanning electron
studied directly by TEM. In this paper we show that with micrograph of the FIB cross section is shown in Fig. 2. In
the FIB procedure it is possible to produce cross sectionsthe figure we can clearly see the protective coatings, the
with much smaller structures near the silicon interface and polymer film, and the silicon substrate. Note that there is
hence the surface induced phase transition could besome minor damage that occurred at the free surface during
compared quantitatively with theoretical models [44]. deposition of the protective coating. In contrast to previous
work [6,9] where the polymer/silicon interface is destroyed
during the KOH etching process, the polymer/silicon inter-
2. Experimental section face produced by the FIB technique is remarkably uniform
and strain free.

Composition Polymerization index f

MonodisperséM,,/M,, < 1.1) diblock and triblock copo-
lymers of PS and f¥P were synthesized via anionic poly-
merization and characterized byC NMR and mass 3. Results and discussion
analysis to determine the,¥P volume fraction [45,46]
(see Table 1). Under the experimental conditions, the The morphology of (A—B)block copolymers in the bulk
chain dimensions (i.e. the statistical segment len@gth is determined byN, f, andn wherey is the Flory—Huggins
0.67 nm [47] and the segment concentratiotp, ~ interaction parametel the total degree of polymerization,
9.4x 10 3 mol/lcm®) [48]) of both PS and J%/P are assumed  f volume fraction of the A component, amidefines the
identical, and PS and,®?P are highly immiscible (Flory  copolymer architecturén = 1, diblock; n= 2, triblock;
interaction parametéyps p,vp ~ 0.1) [49]. and n = 3, starblock). In the strongly segregated regime
The diblock and triblock copolymer films were prepared (yN > 10), lamella, ordered bicontinuous double diamond,
by dissolving 60 mg of polymer in 3 ml of toluene. To cylindrical, and spherical morphologies can exist depending
remove organic deposits, silicon substrates were cleanedon the value of [54].
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Fig. 1. Scanning electron micrograph of the plan view of the final FIB cut prior to lift-out. An electron transparent crosg86gion 5 umx ~ 20 nm is
freed within the specimen trench.

For copolymers ordered on hard substrates, the surfaceexactlyL in height. The morphology of this layer will have
energy difference between the components and the chemicalslands or holes depending on whethkleis smaller or larger
affinity of one block for the substrate forces the orientation thanlL/2, respectively [56,57].
of lamellae or cylinders parallel to the surface [55]. Cross
sectional TEM of specimens prepared by ultramicrotomy 3 1 poly(styrenggb-2-vinylpyridingq)
have been used to illustrate the surface induced lamella
ordering of symmetrical poly(styrerne2-vinylpyridine) In a previous study [6], plan view TEM micrographs
on silicon surfaces [6,9]. The film thickness at any given indicated that for symmetric diblocks the lamella ordering
point can be estimated byn + 1/2)L = A wheren is the is disturbed around the periphery of islands and holis™i
total number of lamella and, the lamella period. If the 500 No dislocations were observed folN = 200
total thickness of the film deviates froim + 1/2)L by a Cross sectional TEM micrographs for symmetric diblock
thickness,A, a partial layer is formed at the free surface copolymers withN = 800 clearly showed the evolution of

Fig. 2. Scanning electron microscopy image of film damage due to FIB procedure. Damaged areas (slightly below metallized area) are slightdy discolore
(stained) as indicated by the arrows near the polymer surface.



1616 H. White et al. / Polymer 42 (2001) 1613-1619

PS
e
- PP

.~ Silicon Oxide
/4 Polished Surface
= silicon

Fig. 3. TEM micrograph of FIB lift-out cross section of a poly(styrggd-2-vinylpyridineyo) film ordered on a silicon substrate. The lamella
period is 40+ 1 nm

dislocations that eventually led to a surface hole morphol- from the lower energy bulk spherical micelle phase to a
ogy. From cross sectional TEM a lamella to cylindrical surface lamella phase. The decay length of the lamella
transition was apparent whénwas large and the deforma- phase to the bulk spherical phase is obtained by balancing
tion imposed by the high surface tension induced an the interfacial tension between the two blockg,, ~
appreciable amount of chain stretching (greater than 6.7yY2, with the bending and compressional energy of
40%). ForN < 500, a small value ofL allows holes to deforming the lamella phase. Hence for smgll the
form without chain stretching. decay length §) is long, spreading the interface over

A TEM image of the FIB lift-out cross section of many lamellae and minimizing the distortion of the chains
PS10b-P,VPye (N <500 is shown in Fig. 3. As in the individual lamella. lfy is large, or greater than 0.1, as
expected, the symmetric diblock copolyméf ~ 0.5), is the case for PS and,¥P, then the interfacial region is
is microphase segregated in a lamella structure that isnarrow and large undulations occur over the space of a few
oriented normal to the silicon interface. From the silicon layers (Fig. 3 in Ref. 44) as the spherical interface is forced
substrate, the polished silicon surface (dark line); the to mesh with the lamella interface. In this limit we can
oxide layer (white line); and a partial , P layer are estimate the value for the decay length of the lamella layer
clearly seen. The lamella height)(is found to be 4Gt to the bulk spherical structure. In the strong segregation
1 nm and the film consists of well-ordered layers. The
polymer/free surface layer is not as distinct as the subse-
quent layers due to the diffuse interface produced when
the protective layer was applied.

Fig. 4 shows a contact mode atomic force micrograph
from the surface topography of the Rgh-P,VP,q film
taken prior to the FIB procedure. The presence of holes,
uniform in depth, indicates that the film is well ordered
with respect to the silicon substrate and tiatis larger
thanL/2. From the depth of the holes we obtain= 41 =
5 nm which is in good agreement with the TEM micrograph
and delta approximation.

3.2. Poly(2-vinylpyriding-b-d-styrengss-b-2- Vertical Distance= 41,270 nm
vinylpyridiney,)

In order to investigate the surface induced ordering in a | /
non-lamella system a film of the triblock copolymer, Q‘M! IR A U A N WA
P,VPy-dPSeq-PoV Py, Was spun cast onto a silicon substrate
and annealed at 180 for 3 days. For this systefn= 0.12
and hence a spherical micelle morphology is expected.
Using a Landau Ginzberg mean field treatment, the profile 8_] 1 .
of highly ordered block copolymers near an interface that is o 10.0 20.0
attractive for one of the components was calculated. When P
the attraction of the _'merface to the m'”Q”W Compo_nent IS Fig. 4. Contact mode sectional atomic force micrograph of poly(styrgne
large, the energy gained by covering the interface with only p-2.vinylpyridineyy) illustrating a film thickness which is not an integer of
one component is sufficient to induce a phase transition the lamella height. Holes form with depth, 40 = 5 nm
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Fig. 5. dSIMS profile of poly(2-vinylpyriding-b-d-styrenegs-b-2-vinylpyridine,) on silicon (PS profile was superimposed on théfPprofile to illustrate the
decaying lamella morphology). An ordered structure is present near the silicon surface. The correlation le@§thrs.

regime, the correlation length is found by minimizing the lus;q, the wavevectora,, the amplitude of the deformation;

free energy of the film given by; and v is q%(K/B)Y2.
Here the gain in enthalpy caused by converting the
Fa = 1a5(KB)"?¢? coth(vé) D surface with the minority component is balanced by
the stretching and compressional energy of creating the
whereB is the compression modulus; the bending modu-  interface between the two structures. Solving forwe

(a)

P2VP
PsS \
Pa2vP __~ L& =25nm
Polished Layer
Silicon
(b)

Fig. 6. (a) TEM micrograph of FIB/lift-out cross section of a poly(2-vinylpyridiple-d-styrengss-b-2-vinylpyridiney,) film ordered on a silicon substrate. A
disordered (i.e. projection of spherical domains) morphology is present within the film and a continuous PS brush is present near the silic(i) surface.
Lamella to spherical phase transition. The lamella ordering is initially surface induced due to the differences in free energies of the two biatkg doen
creation of a lamella layer and bending and compressional energy penalties. The lamella layer begins to undulate causing a break down in ytee éardella la
the formation of a disordered structure near the free surface. Poly-2-vinylpyridine is black.
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find [44]; ments [43] and is similar to the lamella to spherical phase
_ transitions reported in the literature [44].
éh = 3.05+ log [yas/hAF] ) In this study the FIB/lift-out technique was used to

successfully produce cross sectionrs2Q nm thickness) of
interesting surface induced lamella morphologies. The
investigation however lacked care in protecting the free
surface. Future work in this area will should directed
AF = 3.05(y,s/N)?3(0.28 — f) 3) toward; p.rotect'ing the freg surface/po[ymer interface prior
to sectioning with the FIB/lift-out technique.

where h is the thickness of a single lamella layér =
(vas/3Y3N?3), and AF is the free energy difference
between the lamella and spherical phases given by

Substitutingy = 0.1, N = 854, y,g = 2.1 dyn’cm, h=
8 nm andf = 0.12 into Eq. (2) for the triblock copolymer
we obtainé = 28 nm Acknowledgements
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