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ABSTRACT: Highly asymmetric block copolymers forming spherical microdomains arrange in a hexagonal
lattice as a monolayer, while the bulk equilibrium structure is body-centered cubic. We report a complex transition
from two- to three-dimensional packing in thin films of spherical-domain poly(stylbe2einylpyridine), measured

by grazing-incidence small-angle X-ray scattering and transmission electron microscopy. The monolayer hexagonal
symmetry persists through three layers, with close-packed AB and ABA stacking in films two and three layers
thick. At four layers, coexistence between an equilibrium hexagonal close-packed symmetry and a metastable
face-centered orthorhombic structure is observed. As the number of layers is further increased from 4 to 23, the
hexagonal phase vanishes, and the symmetry of the face-centered orthorhombic phase deforms to approach
asymptotically a structure similar to a body-centered cubic lattice with the closest-packed (110) plane oriented
parallel to the substrate. Self-consistent-field theory calculations demonstrate that these thickness-dependent packing
symmetries result from a competition between the packing preferred in the bulk with that at the interfaces.

Introduction can exhibit lamellar-like wetting layers induced by strong surface
or substrate interactions, despite the entropic penalty associated

The physics of bulk diblock copolymer melts are well ) i ; -
gwith producing a flat interfacé Strong layering parallel to the

understood, where the equilibrium phase behavior is determine . ° X : oo
by chain stretching and interfacial energy contributions to the Substrate is typically observed in systems forming cylindrical
total free energy. Below an ordedisorder transition, a range domains; as well as in systems of spherical domaihgnd
of composition-dependent two- and three-dimensional periodic terraced structures form when the as-cast film thickness is
morphologies are observétHowever, the structure in thin films ~ incommensurate with the equilibrium periodicityHowever,
may differ from the bulk as a consequence of both geometric When a block copolymer system forming a three-dimensional
frustration and surface interactions. These confinement effectsmorphology in bulk is confined to a quasi-two-dimensional thin
are most thorough|y studied for the lamellar morpho]ogy film, another degree of geometric frustration is introduced. This
observed in volume symmetric systefnmhere the domain  is exemplified by highly asymmetric block copolymers forming
orientation is largely determined by the surface energy of the spherical domains, where the body-centered cubic (BCC)
blocks at each boundary. For a typical case of symmetric Symmetry is stable in bulk and hexagonal (HEX) symmetry is
boundary conditions, such as confinement between two hardpreferred by the monolayer. The BCC lattice in three dimensions
walls, the preferential attraction of one block to the interface and the HEX lattice in two dimensions minimize packing
induces layering parallel to the boundaries. If the wall separation frustration, which arises from competition between stretching
is incommensurate with a multiple of the equilibrium lamellar and interfacial energies: The interfacial energy is minimized
periodicity, frustrated structures can result despite the entropic when the interfacial curvature is uniform, while the stretching
penalty for compressing or stretching the donfaiéd. more energy is minimized by uniform extension of the chdif%
technologically relevant system is realized in substrate supportedThese constraints cannot be simultaneously satisfied, so the
films, a form of asymmetric boundary conditions. In these equilibrium lattice reflects the packing arrangement that mini-
systems, the surface energy and substrate interfacial energy ofnizes variations in the domain thickné4s.
a given block are not necessarily equal, and an extra Tpe gransition from two- to three-dimensional packing in
half-lamellae is produced at one or both interfat®ghen the spherical-domain block copolymers has not been explored,
f|Im thickness is incommensurate with the.stable conflggratlon, largely due to the absence of a suitable experimental technique
relief structures fo'rm at the free. interface in the fqrm of |sland.s for measuring such structures. The most relevant work to date
of EXcess mate_rlal or deple_t|on holeg to r_eheve entropic employed dynamic secondary ion mass spectrometry to depth
frqstraﬂon. The film then consists of regions W'th. two d|st|nct_ profile multilayered films. Strong ordering of the spheres normal
thlc.kngs.seés;hat are commensurate with the equilibrium domamto the substrate was reported, with layer thicknesses consistent
periodicity> - . with the periodicity of the BCC (110) plart€. Measurements
Many of the findings from symmetric block copolymers are of the lateral structure at the free surface by scanning force

relevanF for asymmetric systems forming .morphologies with microscopy resembled the symmetry of the BCC (110) pline.
curved interfaces. For example, asymmetric block copolymers The (110) plane is the closest-packed in the BCC lattice,

resembling a “distorted” hexagonal lattice, and this preferential
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In this paper, grazing-incidence small-angle X-ray scattering detector ]
(GISAXS) is used to measure the lattice symmetry in silicon-
supported films having 423 layers. This relatively new
technique is ideally suited for probing the structure with high
accuracy and provides a statistically meaningful measure of the
structure. (The illuminated area is on the order of 1%nas
compared with direct measurements of the lattice by microscopy,
which measures-1 um?.) We present a simple methodology
for structural analysis: First, the in-plane symmetry is deter-
mined by fitting the in-plane scattering data to a two-dimensional
lattice model. A basis is then assumed to describe the stacking
of layers perpendicular to the substrate, and the GISAXS pattern
is simulated for comparison with the experimental data. This Figure 1. GISAXS geometry.
approach is complemented by direct measurement of the lattice
with transmission electron microscopy. We find that hexagonal 10"

close-packed symmetry breaks to form a face-centered orthor- =il

hombic phase when the number of layers is increased from four (S

to five. As the number of layers is further increased from five, < 10° Ocs
the in-plane symmetry of the orthorhombic unit cell deforms 10 m——E J,r
to discretely approach a structure similar to the BCC lattice with 0.5 1.0 15
the (110) plane parallel to the substrate. o,/ o,

Figure 2. X-ray penetration depti\ of polystyrene, for a film of
semiinfinite thickness. The shaded region marks the range of incident
Polymer System Poly(styreneb-2vinylpyridine) (PS-PVP) was angles used for this study.

synthesized by anionic polymerization, producing a polydispersity ) ) )
index of 1.04, an overall degree of polymerizatidn= 626, and a  Drush thickness. This results &iyyer = 21.8+ 0.4 nm ancb = 18
composition of 12 vol % PVP. The PVP minority block forms £ 1 nm. ) ) )
spherical domains in a PS matrix. Small-angle X-ray scattering from  Grazing Incidence Small-Angle X-ray Scattering. Grazing
bulk Samp|es demonstrates the expected body_centered Cubidnc|dence Sma”'angle X'ray Scat-terlng (GISAXS) eXpel’ImentS were
morphology, and scanning force microscopy measurements of theconducted at the XOR Beamlines 1-BM-C and 8-ID-E at the
monolayer structure are consistent with hexagonal symmetry (not Advanced Photon Source (APS) of Argonne National Laboratory,
shown). The scattering length densities of PS and PVP were With X-ray energies of 11.8 keVA(= 0.1042 nm) and 7.5 keVA(

measured by X-ray reflectivity and are 9510-1%n? and 10.1 = 0.1675 nm) at the respective lines. The GISAXS geometry is
x 10-1%cn?, respectively. illustrated in Figure 1. The sample is irradiated at a fixed incident

. L anglea; on the order of a tenth of a degree, and the off-specular

rar?‘?‘:\“ﬂ? grigiﬁﬁ'?n oformthhs'/-I\<X?—;2|In fllrrns OfrPS;PVF: 4 scattering is recorded with a 2D MAR-CCD detector. The strong
ging from 00.p ick ( aye s) were prepa € specular reflection from the samples is blocked by a lead beam

by spin-casting from £9 wt % toluene solutions onto 5 mm thick stop. The resulting data set is a map of inten§80,as), where

silicon substrates. The silicon was cleaned prior to spin-casting with 55" "y 0 in-plane diffraction angle and is the éut-'of-plane

Piranha solution (2.5:14$Q,/30 wt % H0, by volume) to destroy diffraction angle. Each data set is stored as a 204848 16-bit

any organic contamination. Precautions undertaken when handlingTIFF image '

Piranha included wearing a full fac_:e shield, acid resistant apron, o thesé experiments, the incident anglevas varied about

and heavy-duty rubber gloves. All films were ar]nealed under high the critical angle of the polymaxc pin the range 0.6< ai/ac.p <

vacuum (107 Torr) to order the structure according to two thermal 1.2. This produces controlled peﬁetration depths ranging A

profiles: (1) a direct anneal, consistir;lg of a short heating _period nm where only the top layer of spheres is measured, up to the full

;?élr?qwffsz g fcd§1¥oinr:]eﬁ1leatc)r2 dﬁ d?so(?a:rnt?z;r?gi;l)%wa?%%gg film thickness!® The sharp increase in X-ray penetration depth near

7°C (yNone ~ 54) t ZgSﬁ: 5°C (4N ~ 60). foll d 3d Fhe_ critical angle of polystyrene _is illustrated in_l_:igure 2. AI_I

(¢Nopr ~ )o 0 (N ~ 60), followed ly a 3 day incident angles were below the critical angle for silicon, which is

anneal at 215= 5 °C. The PVP block wets the native oxide at the dcs= 1.5ucp Typical individual exposure times ranged from 10

silicon surface, producing a brush layer. The layers of spheres formto 40 s, and several measurements from each incident angle were

on top of the brush. Typically, the as-cast film thickness is summéd to provide a signal well above the background

incommensurate with the equilibrium layer thickness, so a low For analysis, the summed data sets were converted fror-n the 2048

density of island or hole relief structures is observed at the free | 5 g ma0es to @,a5) coordinates. This conversion is a function

'”te’.“?“?e- The number of _Iayers per sample was determined _by depthof the detector resollutiop and the sémple-to-detector distarice

pr(iflllng with secondary ion mass spectrometry (SIMS), using the The detector pixel size for all runs was 7n. The sample-to-

O," beam at a voltage of 2 kV, c_urrent of 60 n_A, and a rastgr areéa jetector distance for each run was calibrated with a silver behenate

of 0.07 mn. Charge compensation was provided by.a static 600 standard ¢ = 58.376 A). The diffraction angles @) are

V electron beam. Negative ions of G CN -, and Si~ were calculated from eqgs 1 and 2, whebg,y,) denotes the coordinate

monitored as a function of time, where the Chignal is unique of the beam center in pixels

to the PVP domains. Strong layering of the PVP domains '

perpendicular to the substrate is observed, consistent with previous (X — %)

reports. The layer thicknesgyer (required for GISAXS simulations) 20 = arctar(p—b)

is approximately determined from reflectivity measurements on &

films havingn = 1—8 layers, using a Philips X'Pert MRD operating

at a wavelength of 0.154 nm (Cudi. The reflectivity for each o, = arctal r(P(y - Yb)) Cw @

sample was fit following the Parratt formalism to obtain tb&al £ '

film thickness as a function of the number of laye(s).16:17 This

was fit to a linear profilet(n) = aayen + b, where the parameter ~ Within the small-angle approximation, @as) O 1/£. Therefore,

a is the approximate layer thickness and the parametisrthe the error associated with calibration &fs virtually eliminated by

Experimental Procedures

@



Macromolecules, Vol. 40, No. 7, 2007 Spherical-Domain Block Copolymers2455

measuring the ratio of peak positions, which is particularly important
when comparing data from multiple runs and beamlines. \®/’

The incident angleo; was calibrated by9—260 scans in the 1 \/®\‘/ 4
specular plane with a pin diode point detector. This results inerrors s T ¥ -

on the order of+0.01°, which are measured as follows: The
specular reflection from a silicon wafer is recorded with the 2D

detector for a range of incident angles. The position of the specularly
reflected beam inx is compared to the expected value calculated 2 3
by eq 2 to determine the deviation. The following sections review

why this error is significant and how to account for it during data Figure 3. Four scattering events, demonstrating different combinations
analysis. of reflection from the substrate with diffraction from the microstructure.
Transmission Electron Microscopy.Samples were prepared as ] ] ] ) ]
follows: A 200 nm thick layer of Si@was deposited onto silicon 0 be considered. Such single-scattering events with reflection
wafers by plasma-enhanced chemical vapor deposition. Thin films from the substrate are illustrated in Figure 3, and the corre-
of PS—PVP ranging from three to six layers thick were spun-cast sponding out-of-plane scattering vectors are calculated by eqgs
on top of the silicon oxide and annealed under high vacuum by 8—11.
slow cooling at a rate of 0.048/min from 275+ 5 °C followed

by a 4 day anneal at 21% 5 °C. Upon removal from the oven, .=k, k, (8)

samples were rapidly quenched below the glass transition temper- ' ' '

ature of both PS and PVP to freeze the structure. The film was G, = —k,— k (9)
7,2 Z i,z

then floated off of the silicon substrate onto a TEM grid in a 25 wt
% HF solution, which etches away the oxide layer to free the

polymer film from the substrate. Precautions undertaken when 3=k, + ki, (20)
handling the HF solution included wearing a full face shield, acid-
resistant apron, and heavy-duty rubber gloves. Samples were 0= —k,+k, (11)

exposed to iodine vapor at room temperature~¥drh to stain the

PVP domains prior to measurement by TEM. Measurements were The approach taken to determine the lattice symmetry is

completed with a FEI Tecnai G20 operating at 200 kV. Samples desianed imoli h of th il vsis. Fi
were imaged at several tilt angles normal to the substrate, and thed€Signed to simplify much of the out-of-plane analysis. First,
resulting projections were compared with simulations to determine the position of the in-plane peaks is fit to a 2D model, thereby

the three-dimensional lattice symmetry. obtaining the in-plane symmetry. Then a basis is assumed to
. describe stacking of layers out-of-plane, and {l{20,0x)
GISAXS Analysis scattering is simulated for comparison with the experimental
GISAXS Scattering Vectors.Thin films of spherical-domain ~ data. ) o _
block copolymers form periodic layers parallel to the subsfitate, ~ In-Plane Analysis. For each measurement, line integrations

so analysis is restricted to the case where diffracting crystal- are performed to extrat20) profiles from the two-dimensional
lographic planes are perpendicular to the substrate. The incidentlata sets. The position of the line integratioruiris somewhat
and diffracted wave vectors inside the film, corrected for arbitrary butis always in the range:p < ar < oc,swhere the

refraction at the airpolymer interface, are denoted ksand diffracted intensity is a maximum. TH¢0O) data are converted
ks, and calculated as follows: to I(dpay) coordinates by eq 3. The background is subtracted using
either the sum of a Gaussian and a Lorentzian function or a
k. = k(cosa;, 0, — /nz — cod ) 3) polynomial baseline, and the maxima in intensity are fit with

Voigt functions to obtain the reciprocal space peak positions.
For a hexagonal lattice, the ratio of in-plane reciprocal-space

ki = k(cosay cos M), cosay sin 20, 4/n” — cos o) 4 peak positions isf*: v/3g*:2g*, and for the BCC (110) plane
) the ratio is g*:+~/4/39*:v/8/3q*, where g* denotes the first

polystyrene matrix, andk is the wave vector modulusm2i. is consistent with the HEX phase, films thicker than three layers
Calculation of the in-plane scattering vectpg, is straightfor- ~ do not match either symmetry. For this reason, the data are fit

ward: to a general 2D model, which is described by eqs-12, and

illustrated in Figure 4.
_ 2 2

Gpar = VO + 0 ®) a, = (a, sin¢g, a, cose, 1) (12)

Oy = ki — Kix (6) a,=(0,a, 1) (13)

a, =k, — kiy 7 a,= (0,0, 1) (14)

However, calculation of the out-of-plane scattering vector is . . .

considerably more complex. Above the critical angle of the The in-plane reciprocal lattice vectdps andb, are calculated
polymer, the theoretical maximum penetration depth (calculated in the usual way, wittb; = 27(a; x ag)/(ai*(az x ag)). The
for a semiinfinite film) is much larger than the film thickness model scattering vector g, = hb; + kb, where b.k) are
of our samples. The transmitted wave can therefore be reflectedthe 2D plane indices. The experimental peak positipasare
at the polymer-substrate interface in combination with diffrac-  fit to the model Q7. using a;, a, and ¢ as adjustable
tion from the microstructure. Under the assumptions that each parameters. All fits are implemented with a Levenberg
ray scatters no more than once from the spheres (the kinematidVlarquardt algorithm to search for the values that minimjize
approximation) and there is no transmission through the = Zi(|mear| — |gpadi)?/0i? and calculate the standard deviation
substrated; < ac,g), there are four possible scattering events for each parameter.
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Table 1. The Three Bases Considered To Describe Stacking of Layers

case symmetry X1 A z X2 ) y2) X3 Y3 Z3
1 HCP 0 0 0 1/3 1/3 1/2
2 FCC 0 0 0 1/3 1/3 1/3 -1/3 1/3 2/3
3 FCO 0 0 0 1/2 0 1/2

Out-of-Plane Analysis. The scattering for the four events point basis to describe a face-centered orthorhombic ABA
illustrated in Figure 3 is simulated by the distorted-wave Born symmetry (FCOFmmm), which includes stacking of BCC (110)
approximation (eq 6)°2! In this approximation, the electron  planes. The vectors = xa; + Yja; + zas then describe the
density is calculated as the superposition of two terms, where position of spheres within the unit cell. The three-dimensional
one term describes a perfect sample that has no lateral variationattice vectors, a,, andag are calculated by eqs 321, where
in density and the second term describes the in-plane distur-the parametersy, ap, and ¢ were previously determined by
bance. The scattering from the perfect sample is calculated fromfitting the in-plane symmetry. The paramety denotes the
dynamical theory, while scattering from the disturbance is height of the unit cell along theaxis and depends on both the

treated kinematically. layer thicknessdayer ~ 22 nm) and the assumed basis.
1 a, = (a8, sin¢, a, cos¢, 0 19
|(2®’af) = r&#'TinF(qpanqz,l) + TinF(qpar'qz,Z) + 1 ( 1 ¢ 1 ¢ ) ( )
a,=1(0,a,0 20
TRF(0par,) + RRF(Gpar,) [ (15) 2= (0,3, 0) (20
a;=(0,0,a,) (21)

The coefficients Ti(ay), Ti(ar), R(ay), and Ri(as) are the
amplitudes of the transmitted and reflected waves inside the The scattering vector corresponding with the plamk{ is
film, where the subscripts i and f denote incoming and outgoing q = hbs + kb + Ibs. While h andk are integers, the indexs
waves. Thesg are calculated from d37/nam|cal theory by the a continuousvariable, producing a maximum iB(q,) when|
Pa_lr_rhatt rec?trs[ons fo; Ia%{elrefd Si’ﬁte*g'.é't b . takes an integral value (the Bragg point).

€ scattering potential for the aistur anG&fpar Q). 1S The objective of the simulations is to produce an intensity
approximated as the product of the spherlcal form fale{args), map 1(20,05) to compare with the experimental data, so the
the structure factof(q), and a geometric factd(q). The form diffraction coordinates @,0y) are calculated for each value of

factor utilized in these simulations describes perfect hard ; N o)
spheres with a radius d®& = 7.5 nm (eq 7). The structure a(h.k) by solving egs 811 for oy > 0 and eq 3 for B. Tt(1b()a

. 1 _ 2 _ _(3a) 3 _ 4 _
factor dictates which reflections are allowed and depends on gi?r(‘]:]elri]ff/r?r:]e Izmlétrll(t):g:)n_ofaé _6 (;‘ a?lg(\jvi(;f ;oﬁ &aﬁén o
the basis that describes the stacking of layers within the unit P P q y 9 P

cell (eq 17). The geometric factor accounts for finite film be split into two parts, detailed by eqs-227.

thickness (eq 18).
@ = arcsin\/(iz)2 + sinfa, — z—qzwnz —1+sirfa
5, SiN@R) — gRcos@R) 4= k ok ‘
P(a.q,) = 47R; s exp-GR) (22)
(16) . 0,2 29, 5
o = arcsin o + sinfa, + N’ - 1+ sirf
Saq) = zeﬂq'ri (17) (23)
J
2 © a1 20@P) = arcco cos as*+ cos o (qpa,/k)z (24)
G(q) = g(nd-a) gl(na-ar) gl(nsa-ag) (18) 2 Cosogﬁa’b) COSOL
nlzw nzzm nsz:O !

(a) (@ @) = T !
The limits for the summations in eq 18 denote the number of AD20%,0%) = TTF(Gparz 1) + TiRF(GpanClz2) (25)

unit cells along the, y, andz axes. In bulk samples, the sample

(b) (b) by —
is effectively infinite in every direction, and the function is AT(207,a7) = TfRiF(qpar’qz,:%) + RinF(qpar’qZ,él) (26)
sharply peaked at the Bragg points. For thin films, however,
the number of unit cells is only infinite ir andy. Along thez 1
axis, the finite number of unit celld; produces crystal 1(20,04) = 167t2|A(a)(2@(a)'0‘1(a))+A(b)(2@(b)a0‘1£b))|2
truncation rod$? where the Bragg peaks are elongated in (27)

or and connected by rods of nonzero intensity. This scatter-
ing alongay is amplified near the critical angle of the poly- Thel(20,ar) data calculated from eq 27 are broadened@n 2
mer, a consequence of coherent interference between thespace by a Gaussian function with the form exp@pa/w?),
transmitted and reflected waves inside the film (the Yoneda the Warren line shapgewith w ~ 0.0013 nn1?, describing a
peaks)23.24 grain size on the order of Zm.

The DWBA is implemented by assuming a basisy(,z) to . )
describe stacking of layers normal to the substrate. This is a G/SAXS Results and Discussion
trial-and-error process, but there are three logical starting points  In-Plane Symmetry Transitions. The in-plane symmetry is
that are listed in Table 1: (1) a two-point basis to describe the quantified by three parameters that are illustrated in Figure 4a:
hexagonal close-packed ABA symmetry (HG®Bg/mmg; (2) the first-nearest-neighbas, the second-nearest-neighlaarand
a three-point basis to describe close-packed ABC stacking ofthe lattice anglep. Hexagonal symmetry is characterized by
face-centered cubic (111) planes (FE&@3m); and (3) a two- ay/ap = 1 and¢ = 60°, and the symmetry of the BCC (110) by
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HEX  BCC (110) Plane o;= 0.870cp | oy=1.020p
o
w
a
o
w
o
()
w
o
(N
o
o
(b)1.00_lllllllllllllllIIIIII
__ 60]mabe x 025 025
[@)] .
g 58] i, HEX o;= 1.060¢ p
1 *ets BCC
< 564 ¢® . W
541 * e o X o
(c) ||I|Il|ll||ll||l|||l| g
1.15 e eo% &
C
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L et 3
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I = !'1 V' 2 o
1.00 i@ Teg2r @ @ @ ] @* N
III|III|III|lII|III|III .O
4 8 12 16 20 Bﬂl‘k 5
(d) n-layers u
Figure 4. In-plane symmetry results as a function of the number of
layersn in the film. (a) lllustration of model parameters for the HEX 0.25 0.25 0.25 0.25
lattice and the symmetry of the BCC (110) plane. (b) Ratio of second- _ ) )
to-first nearest-neighbaay(n)/a(n). (c) Lattice anglep(n). (d) Mag- Figure 6. n = 5: Comparison between experimental (blue) and

nitude of first- and second-nearest neighbors normalized by values for Simulated|(20,as) data (black) with increasing;, assuming a face-

a trilayer samplegu(n)/ax(3) andas(n)/as(3). The parameters measured ~ centered orthorhombic symmetry. The |r_10|de°nt angles marked for each

from a bulk calibration sample in transmission mode are marked by Pair denote the simulation angle, which~8.0T" larger than the angle

the stars in the shaded region. specified in the experimenE = 11.8 keV. Major/minor tick marks
denote 0.05/0.Clincrements.

exhibits symmetry intermediate to that of the hexagonal lattice
and the BCC (110) plane, characterizedehA)/ax(4) ~ 1.08

= 4 i) and¢ ~ 57°. As the number of layers is increased from 5 to a
§’ = maximum of 23, a pure orthorhombic phase is measured, and
2 @ : .
b Q the symmetry of the orthorhombic unit cell deforms to approach
01— . . ®) asymptotically a/a, = 1.167 and¢ = 54.3. This limit
0.2 0.3 0.4 0.5 resembles the BCC (110) plane stretched by 1% along the base
Qpar (1/nm) 2%4@99?-4 of the unit cellb and compressed by 0.5% along the height of

the unit cellh. To determine whether this apparent distortion is
Figure 5. Experimental GISAXSI(20,as) data and in-plane line due to experimental error, the structure from a bulk sample was
profiles for four layer samples, collected @t = 1.1%cp E = 7.5 measured in transmission mode. The data points from the bulk

keV. (a) Cooled from ODT at a rate of 0.0€/min, followed by an . .
isothermal anneal at 2% for 6 days. (b) Direct anneal at 216 for sample are marked by the stars in Figure-dband are

3 days. Major/minor tick marks denote 0.1/0°GBcrements. consistent with a perfect BCC lattice, suggesting that the

distortion measured in the limit — 23 is not an artifact. The
ar/a; = 1.154 andp = 54.7. Results forT = 215°C (yN ~ data also show two interesting effects: First, the hexagonal unit
60) are presented as a function of the number of layandere cell stretches by 1% with increasimgin the rangen = 1—4.
parts b and c of Figure 4 shaay(n)/ayx(n) andg(n), respectively. Second, the nearest-neighbor spa@ps constant in the range
We find hexagonal packing in films one to three layers thick. n = 4—23 where face-centered orthorhombic symmetry is
At four layers, coexistence between hexagonal (majority) and observed. These results are shown in Figure 4d in terms of the
orthorhombic symmetry is observed. This orthorhombic phase normalized magnitudes;(n)/a;(3) andax(n)/ax(3).
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n=1, EFI(z,04) [(20,0,), a=1.090,
HCP | FCO | FCC §
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¢o'e0 ¥0 g0 90

B

A||_to IREA R : f
04 04| 04 04| 04 o4 -

Figure 7. Comparison between experimental data (blue) and simulated
1(20,0) data (black) atti = 1.030cp, for n =1, 3, 6, 23. Guidelines
mark the position of the (10) reflection for= 1. Red arrows on the
left axis mark the critical angle of the polymegp~ 0.17 and that

of the silicon substratecp~ 0.26°. Top right: electromagnetic field
intensity for a monolayer is shown as a function of the film depth
from the free surface a& = 0 and the out-of-plane diffraction angle
os. E = 7.5 keV. Major/minor tick marks denote 0.1/0°0&crements.

20 €0 ¥0 S0 90

With the exception of four layer films, all phases are 0.4 0.4 0.4 0.4
mdepepdgnt of thermal history (cwcles/trlangl_es denote direct Figure 8. Comparison between experimental and simula(ae. o)
anneal; diamonds/squares denote slow cooling from ODT at g2 forn = 4 with three assumed basd&s= 7.5 keV. Major/minor
respective rates of 0.02 and 0.0&€/min), indicating that tick marks denote 0.1/0.02ncrements.
these are equilibrium properties. The coexistence structure in
films four layers thick suggests that the free energies of the etical model does not capture the deviation from a perfect BCC
HEX and orthorhombic phases are nearly degenerate. However|attice observed in the thickest films studied, wheita, >
slow cooling from the bulk ODT at a rate of 0.0%/min 1.154 andp < 54.7. To see whether the SCFT simulations

followed by an isothermal anneal at 216 for 6 days pro-  can capture this effect would require a full 3D simulation of
duces an equilibrium hexagonal phase. These results arethe multilayer film, which is too time-consuming to be practical
compared with the direct anneal at 228 for 3 days in at present.

Figure 5. Therefore, the orthorhombic phase at 4 is likely

Out-of-Plane Analysis and Space Group Assignmenihe
metastable. three-dimensional symmetry is determined by assuming a basis
Measurements from below (open symbols) and above (closedto describe stacking of the layers and then simulating the
symbols) the critical angle of the polymer demonstrate that the scattering in the DWBA framework to compare with the
structure is uniform throughout the depth of the film. There is GISAXS measurements. As previously discussed, the incident
no evidence of surface reconstruction like that postulated by angleq; specified in the experiments is only accurate to within
Tan et al. in the weak segregation limit in the presence of a ~0.01°, which is problematic for two reasons: First, near the
strong surface field® However, they note that a weak surface critical angle of the polymer, the depth sensitivity changes by
field results in a direct transition to the BCC (110) plane, which 2 orders of magnitude over a range 60.05. Second, the
is consistent with the results shown in Figure 4. position of the Bragg peaks in; is highly sensitive to the
These in-plane symmetry results were reported in a recentincident angle. Therefore, we compare several measurements
letter along with a description of the transition based on a collected over a range af; with a series of simulations to
Landau-type self-consistent-field theory (SCEThe theoretical correct for the offset in incident angle and to verify the assumed
calculations, based on field theoretic simulations of monolayer basis. An example of this process is shown in Figure 6 for a
and bulk free energies as a function of<laj/a, < 1.154, five-layer-thick sample, where the simulations assume face-
demonstrate an abrupt transition from HEX to FCO packing at centered orthorhombic (FCO) symmetry, and we find excellent
a discrete value ofi*. This symmetry breaking results from  agreement between the calculated and experimental GISAXS
competition between the packing preferred at the surfaces with patterns. Data collected below the critical angle of the polymer
that preferred by the internal film layers. Theoretical results for are not useful for analysis of the out-of-plane symmetry, but
xN = 60 suggest the transition to FCO occursnit= 7, above the critical angle both experiments and simulations
consistent with the experimental resultrwf = 5. The theor- demonstrate the elongated Bragg peaks characteristic of scat-
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Figure 9. (a) TEM measurements for= 3 at @ and —32° and comparison with calculated projections for the HCP lattice. (b) TEM measure-
ments forn = 5 at @ and—35° and comparison with calculated projections for the FCO lattice. The dust particles used as reference markers are
circled.

tering from thin films, which are the most useful feature for the EFI and are therefore assigned as peaks resulting from
structural assignment. standing waves. The EFI for a monolayer is also shown in Figure
Following this approach, the DWBA simulations demonstrate 7.
FCO symmetry in all films having 523 layers, a structure
similar to the stacking of BCC (110) planes. Resultstrfer 5 TEM Results
andn = 6, 23 are shown in Figures 6 and 7, respectively. = The objective of TEM measurements is to assign a three-
Scattering from films three to four layers thick, exhibiting dimensional symmetry for samples having three and four layers,
hexagonal in-plane symmetry, is consistent with the hexagonal where analysis of the out-of-plane GISAXS data is inconclusive,
close-packed ABA lattice and inconsistent with close-packed and to verify the face-centered orthorhombic assignment for
ABC stacking of FCC (111) planes. Comparisons between films having 5-23 layers. All samples were annealed by by
experimental data and simulations based on HCP and FCCslow cooling at a rate of 0.08C/min from 275+ 5 °C through
lattices are shown in Figure 8 for a four-layer sample. Also the bulk ordefr-disorder transition of 25& 7 °C to 215+ 5
shown in Figure 8 are simulations based on FCO stacking with °C, followed by a 4 day isothermal anneal at 215 5 °C.
ay = ap and¢ = 60°, and this is indistinguishable from the Measurements of top-down (i.e., viewed perpendicular to the
HCP simulations. substrate) and tilted projections are compared with calculated
A Comment on Standing Waves and Bragg Scattering in projections for different lattice symmetries. The calculations
Thin Films. As previously outlined, scattering from thin films assume perfect spheres having a radius of 7.5 nm and layer
produces diffraction rods that are sharply peaked in-plane, andthicknessajayer ~ 22 nm. Results for films three to six layers
diffuse out-of-plane, where the intensity is a maximum at the thick are shown in Figure 9. For a three-layer film, the symmetry
Bragg point. This finite size broadening of Bragg peaks is matches the hexagonal close-packed lattice. This is demonstrated
inversely related to the number of unit cells perpendicular to in Figure 9a by measuring the structure at tilt angles céud
the substrate, so as the number of layers is increased, the Bragg-32° and comparing with calculated projections. For a five-
peaks become sharperdn In GISAXS experiments, the diffuse  layer sample, the measured structure is predominantly the face-
scattering is amplified by coherent interference between the centered orthorhombic symmetry assigned by GISAXS simu-
transmitted and reflected waves inside the film, an effect first lations. Tilt projections for ® and —35° are shown in Figure
noted by Yoneda3 These features are evident in Figure 7, which 9b. A very low density of close-packed stacking is measured
shows experimental and simulated GISAXS patterns for films in the five-layer samples (not shown), where these regions are
1, 3, 6, and 23 layers thicla( = 1.03cp, E = 7.5 keV). The only a few unit cells in diameter.
positions of the Bragg peaks, calculated by eqs-22, are Top-down projections for films having four and six layers
marked by the white crosses on the simulated data. Peaksare shown in Figure 10a,b. Coexistence between HCP and FCO
resulting from standing waves are identified by calculating the stacking is observed in four-layer films, where the HCP stacking
electromagnetic field intensity (EFI) inside the film from is the majority. Six-layer samples demonstrate the FCO phase,
dynamical scattering theof}.For example, by eq 18, scattering and like the five-layer systems, a low density of close-packed
from a monolayer does not produce an out-of-plane Bragg point, structures is observed (not shown).
but the data fon = 1 show two peaks in the range:p < oy There is a narrow region of stability for close-packed spheres
< oc,s However, these maxima correspond with maxima in in the bulk phase diagram, where the FCC and HCP symmetries
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