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Rapid deformation of thin gold layers in polymer matrices studied
by x-ray reflectivity
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We have used x-ray reflectivity to measure the morphological profiles of thin Au layers of three
different average thicknesses sandwiched between two polystyrene layers with different molecular
weights. The results showed that the equilibrium structures of the samples with the layers less than
4 nm thick, where discontinuous islands are expected, were very close to those of the nonannealed
samples. However, the morphologies of samples with layers more than 4 nm thick, where a
continuous layer structure was formed, were influenced by annealing. Comparison of transmission
electron micrographs from unannealed and annealed samples showed that annealing promotes
spherical shapes for the Au particles and breakup of an elongated, randomly connected structure
visible prior to the annealing. The fractional area covered with Au obtained from transmission
electron microscopy images is in good agreement with x-ray reflectivity results. These results were
interpreted in terms of capillarity induced spheroidization of the ultrathin Au layers20@3
American Institute of Physics[DOI: 10.1063/1.1591414

I. INTRODUCTION facgs). For example, when such systems are heated above
the glass transition temperature of the polymer substrate, the
Metal nanoparticles have been extensively studied beassembled noble metal clusters tend to diffuse into the poly-
cause of their unique optical, magnetic and electronigmer substraté*!® In this case, the total free energy associ-
properties:>The desire to develop metal/polymer nanocom-ated with the various interfaces acts as the driving force for
posites tailored for particular applications has generated inthe phenomena. The morphological evolution of such metal-
terest in the characterization of metal nanoparticles on polyjzeq polymer composites during annealing is expected to be
mer substrate:® Polymers are often used in thin film 5 fynction of the average metal layer thickness, or, more
geometries in such applications as lawelielectric inter-  gpecifically, the average metallic particle size and inter-

layers, insulators and adhesives of fabricated metallic Strucparticle spacing. However, such evolution has not been quan-
tures in integrated applicatiod$.However, the substantial titatively investigated.

differences in the physical properties of these materials fre- Many groups have employed gold nanoparticles in a
quentl_y cause gnexpectet_:l p.roblems; this is particularl)_/ tru?)olymer matrix as markers to increase the contrast between
of their interfacial propertiesi.e., weak adhesion, cracking two chemically identical polymer layet471®When distrib-

or distortior), which negatively impact device density and uted sparsely at the interface of two polymer layers, such

performance in integrated circuitsUnderstanding of the . . . e .
. : . particles permit the interdiffusion dynamics of the polymer
metal/polymer interface is also important for fundamental . o . )
. . . . e 11 layers to be monitored. For such applications the interaction
issues including dewettin, diffusion! and surface wave . .
spectra? of the noble nanopatrticles with the polymer molecules must
pe minimal so as not to alter the intrinsic polymer properties.

Numerous studies have focused on the behavior of the o )
mally evaporated metallic particles on polymer substratesiowever, a recent study utilizing Rutherford backscattering
9 to study the interaction between poly-

and shown that the physical properties at the metal/polymetPECroSCOPYRB : =€n poly-
interface are comple%*}~1°When the metallic particles are Mer and golq nanoparticles s_howed that subs_tanual d|ffg$|on
placed on the polymer surface, the deposited metals exhibit@ 90ld particles can occur in polymer matrices, a serious
strong clustering tendency that is characterized by nucleProblem for interfacial marking applications. The rheological

ation, growth and coalescence. This typically results in segProperties of the gold nanoparticles in the polymer matrix,
regation of metals on the polymer surface through the formalncluding molecular mobility and viscosity, were found to

tion of large particles3~*® The evolution of these particles Vary substantially due to interactions between the polymer

can also be influenced by the presence of air/polymer intecchains and the metal particles. Factors including particle

size, effective cross-linking of polymers, and their interac-
ions at the interface appeared to affect the results.
dAuthor to whom correspondence should be addressed; electronic mai}: PP .
kwshin@Kkjist.ac.kr There have been numerous studies of gold nanocompos-

BCurrent address: Department of MSE, Michigan Technological University.ites using scattering techniques with focused beams. Such
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techniques are highly surface sensitive due to the large scat-
tering cross sections of the interfacés*!’~°Examples of
such studies include the use of x-ray reflectiviyR) to
probe the position of the gold particles in a polymer mafix
as well as the use of RBS to profile the displacement of gold Si
markerd!’ already noted. A combined study of x-ray reflec-
tion and standing wave fluorescence spectroscopy has also
been used to probe small volume fractions of gold nanopar-
ticles inside polymer thin film&® However, due to the rela-
tively low resolution(2—8 nm of the measurements in the
noted studies, none permitted detailed analysis of the struc- T
ture or evolution of the gold nanoparticles themselves.

Sandwiched metallized polymer thin films, where both 0
surfaces of the metallic layer are in contact with polymer
layers, permit investigation of the metal-polymer interaction
without the complications posed by a free surface. Structures -2
with gold layers of different average thickness between two
thin polystyrene(PS layers were fabricated for this study.
X-ray reflectivity was used to quantify both the evolution of
the gold nanoparticles into which the gold layers were de-
posited, or evolved during annealing, as well as the evolution 6
of the polymer/polymer interface. The samples were studied
ex situduring interrupted anneals. . ) AT T VO S B S S S

In this article, a Fourier method for analyzing XR data
was used to increase XR sensitivity?’ This technique uses
different limits of integration inq space so that interfacial
parameters can be determined with high accuracy even when
the density profile of the structure being examined is com-
plex. The detailed structure of the gold nanoparticles at the
nanoscale was thus monitored, permitting examination of the
interaction between the nanoparticles and the polymer ma-
trix. Transmission electron microscofyEM) was also used
to obtain microstructural information for comparison.
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Il. EXPERIMENTS

A. Experimental procedure

The two polymers with different molecular weights used 0 20 40 60 80 100

in this study are deuterated polystyreni (/M,=1.04), Z[nm)

designated as RS of M,,=52.3 k and hydrogenated poly-

styrenes #,,/M,=1.04) designated as PS of M,, FIG. 1. (a) A schematic structure of a gold layer confined at two polymer

=168.5 k22 Specimens were fabricated by first spin Coatingthin Iayers.(b) X-ray reﬂe_cti\(ity data of a gold layer cgnfined at two poly-

a PS layer of approximately 60 nm onto a clean silicon g1er th|n_|ayers. Th? soI|d_||ne‘ repre_s_ents the _best f|t_s to the experimental
. ata points. Inset: Fourier intensities obtained with a cutoff,q,

wafer from toluene solution. Next a gold layer of the re- —o.g95nm? chosen in Fig. ®). Arrows in the inset indicate the Fourier

quired average thickness was deposited on top of the figst P$eaks from the thicknesses of the gold,P8S , and total layer, respec-

layer using an electron beam evaporator source. The sourgiely (from the lefy. (c) The open triangles are the total dispersion profile

material was 99.99% gold n a grapie crucible, The subte 0S80 e e . TEin e el e v s

strates were clamped to a water-cooled block for the deposi-

tion, and a deposition rate 6£0.2 nm/s was used. The base

vacuum of the system prior to deposition was mid 4®a

(108 Torr) range or better, though pressures in the highwere floated on distilled water and deposited onto the Ay/PS

10" ° Pa were reached during deposition as the presence ebvered substratgFig. 1(a) shows a schematic of the speci-

the PS layer precluded use of a pre-bake or pre-depositiomeng.

step to remove contaminants adsorbed on the surfaces inside The geometries of the Au/RStructures was character-

the chamber. Five different specimens were fabricated witlized by XR prior to addition of the RSlayer. The full

the average thickness of the gold filmd,() ranging from PS /Au/PS structures were also characterized prior to an-

2.5 to 7 nm. Finally, for the top layers, P&yers~=70 nm  nealing. Subsequent XR studies were conducted by interrupt-

thick were spun onto a clean glass substrate. These filmag specimen annealing every 10 min. This time interval is
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close to the estimated 700 s reptation time of the bottonwhered is distance from the substrate in real space. In this
layer at the 120 °C annealing temperature, which is highecase each layer gives a unique peak inli{fe phase space.
than the~100°C bulk glass transition temperature. Speci-The shape of the peaks becomes a sensitive function of the
men annealing was done in a vacuum~o10~* Pa. interfacial widths, the ratio of the roughnesses and theqow
XR was performed in the standard symmetric reflectioncutoff, q, . In addition, this method allows one to differ-
geometry using a two-axis reflectometer with a ®u entiate between the roughnesses at the AuiRt@rface and
source. In this geometry, the scattering wave-vector transfeat the two Au/P$ interfaces. In particular, ag, oy, iS in-
is given byq,=4mx/\ sin(¥) and is varied by changing the creased, the amplitude of the peak corresponding to the
angle # between the specimen normal and the incident radiarougher of the interfaces decreases. The positions of the two
tion. The detector, at@ meets the specular condition. The interfaces are readily distinguished by theivalues. An ex-
horizontal detector slits were wide open to achieve integraample data set, which is Fourier transformed with a cutoff,
tion overq, and the vertical slit in front of the analyzer was g j,,=0.95 nm ! indicated in Fig. 1), is shown in the
set to 0.2 mm defining thg, and g, resolutions. Specular inset to Fig. 1b). The four peaks corresponding to the gold,
scattering is sensitive to variation of the electron densityPS,, PS and total film thicknesses are evident. Small
p(2) in the direction of the surface normal, averaged in thechanges at the interfaces can be more readily resolved by
(x,y)-plane region being studied, making these results serfitting this Fourier transformatiofFT) curve simultaneously
sitive to the layer thickness, density contrast and interfacialith the entirety of the untransformed XR data. In this study,
roughness. fits to the reflectivity data were done using this FT method,
where three FTs with differem, o, arbitrarily were used in
_ a x? minimization process. Figure(d shows thes profile,
B. Data analysis procedure as a function of distance from the Si surface that was used

Figure ](b) shows representa‘[ive reﬂectivity data versusto fit the reflectivity data. More detailed descriptions of the
q, from a Au film of 5.7 nm average thickness sandwicheddata analysis technique can be found in the literattifé.
between a 60-nm-thick F(?Slayer and a 40-nm-thick PSS IIl. RESULTS AND DISCUSSION
layer on the silicon substrate. This sample was annealed for . .
120 min at 120°C. The solid line in the figure is the fit A- Experimental data and modeling resuits
calculated by the Parratt algoritAfwith the modeled den- Figures 2a)—2(c) show the XR data from three repre-
sity profile in the region of the gold layer optimized to fit the sentative specimens. They differ only in the thicknesses of
experimental datéand assuming oxide-covered)SThe fit  the gold layers. The solid lines are the fits obtained from the
has been obtained as follows. The dispersiin expressed corresponding volume fraction profiles, consisting of a high-
in terms of the electron densitye Using 6=\?pelr /27 density region of gold in the middle and two low-density
where r, is the classical electron radius (2.82 regions of PS on either side. Each layer is modeled using
X 10" cm™ 1), the wavelength\ is (0.155 nm for 8 keV  three adjustable fitting parameters: thicknes$, (electron
from CuKa andpg is the electron density of the material. density () and roughnesgp) for the interface between that
Neglecting absorption, the indices of refractios1—J are  |ayer and the next layer away from the Si substrate. Figures
Nay=1—4.773<10"° (using p,=4.418<10° e”/nm’) and  3(a)—3(c) show the distribution of the gold corresponding to
Nps=1-3.602 10" °® (usingpe=3.34x 10* e /nn?) for Au  the fits of Figs. 2a)—2(c), respectively, as a volume fraction
and PS, respectively. In fitting the scattering data, the elecs,,, which equalspe(z)/pa,, Where pa, is the electron
tron density(equivalently the dispersiod) at each interface density of bulk gold at an incident energy of 8 keV (4.418
was modeled as a hyperbolic tangent function having a probx 10* e”/nm?®) along the surface normal. The detailed fitting
ability density with rms roughness consistent with variationparameters used are listed in Table .
of the layer thickness within the plane of the specirfien. Figure 2a) shows specular reflectivity data for the speci-

As Reiteret al*® pointed out, the overall reflectivity of men with the thinnest Au layer at accumulated annealing
Au embedded systems is often dominated by a high refleGimest=0, 30 and 240 mirtfrom the top. Length scales and
tance from the Au-PSinterface. Thus, the underlying infor- composition profiles were obtained by fitting the scattering
mation, especially from the bottom PS layer (P& often  data. A pronounced low frequency oscillation, with a first
considered insignificant and ignored. To overcome this probminimum atq,~2.1 nm %, indicates that the average thick-
lem, we used an analysis that helps to amplify the intensityess of the gold layer prior to annealingdig,~2.9 nm with
from weakly scattering interfaces during the fitting processyelatively sharp interfaces of 0.8 and 0.7 nm for the /P&
In Fig. 1(b), the sandwiched Au layer with-50% coverage and Au/P$ interfaces, respectively; the solid circles in Fig.
produces a complex interference pattern with several corres(a) give the corresponding Au profile. The maximum area
lated frequencies arising from the thicknesses of the top layefaction of Au, occurring essentially at the midplane of the
(PS), bottom layer (P§, combined polymer and gold lay- Au layer, is ¢5,~0.45. This indicates formation of a non-
ers (P$+Au and Aut PS), and total thickness (RS Au  continuous structure within the Au layer. Two oscillations
+PS). To enhance the signals from these interfaces, weyith higher frequencies arise from the thickness of the PS
take the Fourier back transformatioRBT) of the scattering films; beating is visible in the signal because the frequencies

intensity, 1(q,), as introduced by Seeot al”® Following  are similar. The small amplitude oscillation at the highest
the Fourier method described in Ref. 20, the Fourier intenSiIYrequency arises from the thickness of the entire |ayered

(F) is given by, F(d,dz0w) =|/g* 471 (a,) expladda?  struc-
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0 1 2 3 d=2.9 nm,(b) d=3.7 nm andc) d=5.7 nm confined between two PS lay-
q (nm") ers, at indicated annealing times are obtained from the fits of Figs-2
z

2(c), respectively. The distanceis relative to the substrate.

FIG. 2. X-ray reflectivity data of gold layers with various thicknesses con-
fined between two PS layer¢a) d=2.9 nm, (b) d=3.7 nm and(c) d ) .
=5.7 nm at indicated annealing times. The solid curves are fits, with data ~ After annealing for 30 min at 120 °C, the low frequency

for different annealing times offset vertically for easier viewing. oscillation essentially disappears from the reflectivity profile
of the specimen witld,,~2.9 nm[Fig. 2@)]. The loss of
this signal indicates broadening of the metal-polymer inter-
faces due to decreased sharpness of the interfaces. This
ture. Figures @) and Zc) show the reflectivity profiles ob- broadening arises from deformation of the gold layers as
tained from specimens with thicker Au layers. The low broadening by interdiffusion is not possible for the Au-PS
frequency oscillations are more pronounced, indicatingsystem. The open circles in Figie® show the corresponding
sharper interfaces, and the Kiessig fringes are at higher fréAu distribution obtained from analysis of the XR data. The
quencies. The Au distributions obtained from fitting the datanterface roughnessegeg_a, and ops,-a, have increasetf,
are shown in Figs.®) and 3c). The average Au layer thick- the volume fraction of gold at the midplane of the gold layer
nesses are 3.7 and 5.7 nm, respectively, with higher maxhas decreased slightly, and the region containing the gold
mum area coverageg,= 0.55 andg,,=0.75. particles has thickene@ee Table)l The center of the gold
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TABLE I. Electron densities and thicknesses obtained from the specular reflectivity data fits. The typical errors of the thickness are 0.1-0.2rors. The e
of the electron densities and roughnesses are 5% and 10% of the value, respectively.

PS Au PS
t dps, Opg, Opg-Au dau Oau Ops-Au dps, Jps, Opg-air
(min) (nm) (nm) (nm) (nm) (nm) Dau (nm) (nm) (nm) (nm)
Parameters for Fig.(2)
0 60.7 0.36 0.8 2.9 2.20 0.46 0.7 67.7 0.36 0.5
30 59.6 0.36 14 2.9 2.14 0.45 1.3 66.4 0.36 0.7
240 59.5 0.36 1.3 2.9 2.17 0.45 1.3 66.2 0.36 0.7
Parameters for Fig.(B)
0 59.9 0.36 0.7 3.6 2.63 0.55 1.1 74.9 0.36 0.6
30 59.3 0.36 1.9 3.7 2.57 0.55 2.2 74.9 0.36 0.6
240 59.1 0.36 1.8 3.8 2.59 0.54 1.9 74.7 0.36 0.5
Parameters for Fig.(2)
0 56.1 0.36 0.8 5.7 3.29 0.73 1.1 75.9 0.36 0.7
30 55.7 0.36 2.4 5.7 2.90 0.60 2.2 75.8 0.36 0.7
960 54.7 0.36 2.6 6.0 2.50 0.52 2.2 76.2 0.36 0.7

layer has also moved toward the substrate during the annealemparable change in the Au layer was observed even after
ing as indicated by the 1.1 nm decrease of thg Rger 10 h at 160 °C in the absence of the top PS layer.
thickness. Subsequent change of the profile during further Because the structural evolution is related to the motion
annealing for a total of 240 min is minimal, implying that of both gold atoms and polymer molecules along the inter-
equilibrium of this system has been reached during the firstaces, one might expect the slower process to limit the de-
30 min of annealingignoring the much slower coarsening of formation. The motion of polymers in the melt can be de-
the ensemble of gold particles and interdiffusion of the PSscribed in terms of a reptation model that predicts the period
layers. of time required for a polymer chain to diffuse out of its
The other specimens behaved similarly. After 1848&  contour. The reptation timerpsS of PS layer (M,
min) of annealing the low frequency oscillations disappeared=52.3 kg/mol) at 120°C is 700 s; this is significantly
[Figs. 2b) and Zc)] and the gold layers shifted in the low- shorter than the reptation timeps =23600 s of P (M,,
M., polymer (PS) direction by 0.6 and 0.4 nifFigs. 3b)  _16g 5 kg/mol) at this temperature. In light of the relatively
and 3c), respectively. Figure 4 summarizes the data on dis- |arge reptation time of the RS the substantial morphologi-

placements of the Au layers for these three specimens. Thgy| geformation obtained at the Au/PBiterface during the
majority of the displacement occurs within the first 30 min of 35 min anneals would seem unexpected. The time depen-

annealing. More work is in progress to investigate if there isyence of the detailed profiles will be discussed later.
a net flux of polymer across the gold layer during longer

anneals. If there is, and it is controlled by diffusion of the

low-M,, polymer, diffusion coefficientDg, then displace- _

ment of the Au layer with time is expected to be propor- B. Interpretation of XR results

; 1/2 17,18 Tpi : .

tional to (Dgt) < This dgformauon was observed only The low maximum area coveragek,, for the non-
when the Au layer was confined between two PS layers. NQnealed samples, e.gs50% of bulk value fordy,

~2.9 nm[Figs. 3a)-3(c)], are consistent with preexisting
intercalation of the polymer matrix and gold nanoparticles.

20 ® PS_/Au,(d=5.7nm)/PS ] The apparent decrease of the gold volume fracihgp at the
C A PSS/Aua(d=3 7nm)/Psl N midplane during _annealing i_s consiste_nt. wi?h Au m_qving
150 - PSS/AUZ(d=2'9nm)/PSI ] away from the midplane during spheroidization of initially
- s ' ] “flat” gold particles due to capillary driving force@nterface
g . L i free energy minimization The decrease of the P$ayer
= 1.0 7 thicknesses, indicating penetration of additional Ibly-
] ] 4 ] polymer into the gold layers during this process, might be
0.5 1: : ® ] associated with such a change in particle shape or migration
e i of the Au particles into the lowd,, polymer to further re-
; duce interfacial energy. The relatively constant thickness of
00 FOUNR TN T [N T T ST [N S Y Y [N OOC U WO P M 0

the P$S layers throughout the annealing process indicates
minimal deformation of the higiM,, polymer, appropriate

t(s) for its higher viscosity(the diffusion coefficient of the upper
FIG. 4. Time dependence of the displacement distance of Au layers betweelf’?lyer with My, = 1‘68 kis expected to be at least ten times
PS layers for specimens witti=2.9 nm (squarel d=3.7 nm (triangles smaller (1.0<10 " cn¥/s) than that of the bottom layer
andd=5.7 nm(circles. (1.1x 10 ¢ cn?/s) with M, =52 k at 120 °C)Y’

0 3600 7200 10800 14400 18000
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FIG. 5. Volume fraction vs thickness of the condensed gold layers, before i ]
annealing(solid circles and after annealingopen circles The solid lines L i
are used only to guide the eye to the transition region at about 4.0 nm. E & é § § 4
c2 i
\.a - .
¥ 3
C. Discussion of midplane Au coverage results g il i i
An atomic force microscope topography imaghata is 1% i
not shown in this articleof the 5.4-nm-thick Au film depos- i 1
ited on PS surface indicates that a smooth surface has been R ]

formed. No sign of discontinuous gold films was observed. Ol L b L
Therefore, a continuous layer structure, prior to annealing, is 0 3600 7200 10800 14400 18000
suggested at this thickness, in contrast to the layers with t(s)
day<4 nm. The maximum fractiogb,, of Au for the nonan- g 6. Time dependence ¢4 the maximum volume fraction of the gold
nealed sample@ssentially the value at the midplangplot-  layers, andb) the average roughnessesafy_a, @nd opg,.a, Obtained for
ted against the average Au thicknesg, in Fig. 5 (solid  specimens wittd=2.9 nm(square} d=3.7 nm (triangleg andd=>5.7 nm
circles. The maximum fractiorkbAu changes rapidly with (circles. The errors of the_ volume fractions and roughnesses are 5% and
. . 10% of the value, respectively.

da, from 2 to 4 nm then changes less rapidly for thicker Au
layers. This result implies a change in the morphology of the
deposited Au layers occurs by approximately 4 nm of Au
deposition. It is proposed here that the morphology change is
substantial impingement of Au particles that are isolated inThis will apply until impingement of adjacent particles oc-
thinner Au layers. curs for

The open circles in Fig. 5 represent tidg, of the gold _

i i i : 2rcrit_a- (2)
layers in samples after 240 min of annealing. From the fig-
ure, ford,,<4 nm, the values are very close to those for theFrom these two relationships, one immediately obtains
nonannealed samples, indicating no significant morphologi- -
cal change of the Au particles during annealing. In contrast, dcm=€a 3
for d,,>4 nm, the volume fractions at the center of the Au
layer decrease significantly during annealing. Both these reas the Au layer thickness at which impingement is predicted
sults are consistent with the existence of isolated particles faio occur. From the micrograph in Fig(bj, a is equal to
the thinner layers and significantly impinged particles in theapproximately 15 nmafter breakdown of the connected
thicker layers proposed above. structure(value for a square array using the 112 particles

Figure Ga) depicts the time dependence during annealvisible in the 256 nrh area of the micrograph Specimens
ing of the normalized maximum density of the gold for all with d,,>d.,;; would be expected to possess significant par-
three specimens. After 30 min of annealing, the gold densiticle impingement. A corresponding decreasedgf, upon
ties reached an equilibrium state, with the PS molecules o@annealing of these specimens in particular would also be ex-
cupying the interstitial volume. Assuming that the clusterspected. It is straightforward to predict the functional form of
are spherical with an average diameter, the morphologicap,, versus film thicknesd,, using Eq.(1), with the particle
structures, including the size of the gold clusters and thepacinga obtained from TEM results, for the films where
inter-cluster distance, can be estimated. Specifically, if thémpingement is not significantd(,,<d;;) and a form that
particles are spherdgither as deposited or after annealing- accounts for overlap once impingement occurs.

23, =da’. )

induced spheroidizationthe Au particle radius,, , the par- When Au coverage of the RSurface is discontinuous,
ticle spacinga, and the average Au thicknedsare related spheroidization involves only the rounding of the mass
by within the original, already circular in cross section, particle.
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WSO RS floated off the oxide-covered silicon substrates by immersion
in a boiling NaOH solution after which they were lifted di-
rectly onto TEM grids for study in the microscope. The av-
erage Au particle size and geometry, as well as the inter-
particle spacing in the polymer matrix, were then determined
from scanned negatives using the UTHSCSA Imageidol.
Figures Ta) and Gb) are planview TEM micrographs from
the specimen withd,,~5.7 nm before(a) and after(b) an-
nealing for 100 min at 120 °C, respectively. The Au particles
appear as the darker regions. Note that, because of the TEM
specimen fabrication procedure, even the pre-anneal speci-
a2 mens do not necessarily possess the true as-deposited micro-
S Ml Y i -
DO MM UEE CUS IS osamea specmens s sulmsvucve,
e e T e From Fig. 7a), the gold layer exhibits a thickness modu-
lation with a well-defined width and a fairly broad range of
lengths. The characteristic wavelengths in the gold morphol-
ogy can be quantified by fast Fourier transfoffaT) of the
figure, where it gives rise to the ring pattern of intensity
[inset to Fig. Ta)]. The inner diameter of the ring corre-
sponds to the average long dimension of the particles, and
the outer diameter to the average short dimension. Using
UTHSCSA ImageTool, values of 1910 and 9-4 nm are
obtained for the long dimension and the short dimension,
respectively. That the FFT is radially symmetric indicates a
random orientation of the pattern in the plane of the inter-
face.

Comparison of Figs. (@ and 7b) shows that increased
annealing leads to a spherical shape for the gold particles.
The diameter of the ring in the FFT indicates the average
FIG67f TranS(rjnibssiOf? electronlmicr;)grzgggfsﬂ’/?h(d=5-7 n?)/E'?Tﬁ'mf ) diameter of the particles while the breadth of the ring arises
f:&(l))rrees:g?\d?r?g('l')E?/I e(;a?;].nel\laoltr;g th(gt the ﬂf)'atir;lsget;rggzdtuse reqiiroest tﬁérom the range of particle SIZ.eS and spacings. These presum-
specimens to contact boiling basic water. ably result from the stochastic nature of the coarsening and

breakup from the elongated random structure visible prior to
The fact that the rapid deformation of the interfaces occurghe annealing. The fractional area covered with Au obtained
only for Au layers more than 4 nm thick, where connectivity from the TEM images is in good agreement with the x-ray
of the Au particles in the unannealed specimen is evident, igata(in Fig. 5).
consistent with this proposed mechanism. The reduced con-
nectivity and more circular cross sections of the Au particles
in the annealed specimens, consistent with spherical par-
ticles, are also consistent. These results show that the defo[X' CONCLUSION

mation process of Au layers confined between PS layers is e have used XR to measure the morphological profiles
highly dependent on the average layer thickness for valuegf thin Au layers of three different average thicknesses sand-
up to 6 nm. wiched between two polystyrene layers with different mo-
The deformation process can be further analyzed byecular weightsM,,=52.3 k andM,,=168.5 k. The results
comparing the roughnesgsobtained from fitting the specular showed that the equilibrium structures of the samples with
reflectivity. The values of obtained for different samples areihe thinnest layersdy,<4 nm), where discontinuous islands
compared as functions of annealing time in Fig)6where  are expected, were very close to those of the nonannealed
the average values ofrpg.a, and opg.ay Obtained are  samples. Annealing of specimeds,>4 nm, where a con-
shown. The growth of roughness will begin as the Au par-tinuous layer structure was formed, resulted in deformation
ticles spheroidize and separate, with associated diffusion ajf the Au layers. This occurred in a period of time that was
PS molecules into the inter-cluster area. From the figure, it iselatively short compared to the reptation times of the more
evident that, in contrast to the two thinner Au layers, a rapidviscous of the polymer matrices. Comparison of the TEM
broadening of occurs after 10 min of annealing for the thick-micrographs from the before and after annealed samples
est Au sample. showed that increased annealing leads to a spherical shape
for the Au particles from the stochastic nature of the coars-
ening and breakup from the elongated random structure vis-
Structural information for the specimens was also ob-ble prior to the annealing. The fractional area covered with
tained using planview TEM. The sandwiched Au films wereAu obtained from the TEM images is in good agreement
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