Morphological evolution and surface and interface structure of aluminum
on polyimide
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Al growth and nucleation on polyimide and the resultant surface morphologies and interfacial
structures have been investigated by atomic force microscopy, focused ion beam scanning electron
microscopy, Rutherford backscattering spectroscopy, and x-ray photoelectron spectroscopy. Al
growth on polyimide proceeds in a two-dimensional-like mode. Initial Al deposition results in the
formation of nanoparticles, exhibiting the interface structures arising from the Al interacting with
the carbonyl groups of the polyimide. Subsequent Al growth produces a landscape of crystallized
islands, and these islands have submicrometer dimensions with different orientatid®20
American Vacuum SocietyDOI: 10.1116/1.1467658

[. INTRODUCTION to these investigations. We have noticed that there have been
several previous publications mentioning surface morphol-
Polyimides have attracted increasing attention mainly duggqy studies. For examplépickland and co-workers have
to their microelectronic applications. The characteristic propstudied thermal chemical vapor deposited Al on polyimides
erties of polyimides include high thermal stability, reliable coated with the TiN thin films, and focused on exploring
mechanical strength, and low dielectric constants. Thesghemical composition, surface morphology, and adhesion
properties are critically important when packaging metal—characteristics of the formed filmt$Other studies have con-
insulator multilayered structures of metals and polymers orzentrated on examining the effects of either thermal cycling
semiconductor chips. Since interfacial structures usually playyr  ion  irradiation  on metal/polyimide  surface
a key role in influencing these properties, better manipulatiofopographies?~** Silvain and colleagues used transmission
and characterization of these properties have motivated marg{ectron microscopy(TEM) to characterize surface mor-
studies aimed at understanding metal—polymer interfages. phologies of metals grown on polyimides, but their study
In the past few years, a variety of techniques have beeBmphasized identifying different growth behavior of Al and
employed to study the chemistry of metal—polymer surfaceg 15
and interfaces and the mechanisms of interfacial structure Surface structures and morphologies of metal growing on
formation. Metal/p0|y|m|de interfacial structures have beenpo|yimides not On|y affect surface electronic structures but
observed on several different metal/polyimide compoundsg|so significantly influence the chemical, mechanical, and
Specifically, Al, Cr, Ni, and Ti atoms strongly interact with electronic properties. In this article, we report our results of
the carbonyl groups (£-0) of the polyimides, giving rise to  A] thin films growing on polyimide by using several differ-
the interfacial structures for initial stages of metal growth.ent characterization techniques. The objective of this re-
Cu/polyimide systems are an exception in which no strongearch is to study Al growth, nucleation, and surface and
interaction between Cu and carbonyl groups of the polyiminterfacial structures on polyimide. Atomic force microscopy
ides has been observed, and Cu atoms usually migrate QAFM) and Rutherford backscattering spectroscéRBS)
diffuse into polyimides forming metal clustefs:® ~ \ere used to monitor surface morphological evolution and
Compared with extensive studies on the deposition kinetyariations of depth profiles and stoichiometries of the Al/
ics and interfacial electronic structures, surface morphology,ojyimide film complex as a function of Al film thickness.
and surface structures of thin films formed from metals de'Compared with previous TEM measurements of the Al/

posited onto polyimides have been less well systematicall¥)o|yimide film complex, AFM studies of surface morphol-
characterized, and relatively little attention has been devoteggy can give both high surface sensitivity and high resolu-

tion of surface structures. Also, since the surfaces of the
3Electronic mail: xlin@cea.com polyimide before and after growing the Al thin films are
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nonconducting or rough on the nanometer-scale, AFM is th€. RBS
preferred technique for investigating the morphological

\)/<ar|at|onhs tOf Ipo{ylmlde aE[ dlfferen'ltagtageg ]?f Al %rO.Wth' were acquired at backscattering angles of 160° and 110°
-ray photoelectron spectroscopXPS) and focused ion with the sample perpendicular to the incident 2.275 MeV

beam scanning electron microscofylB-SEM) were also “+ jon beam. The experimental parameters have been

used to obtain chemical bonding and geometric structures %rhosen to optimize the signal from the deposited Al layer.

theEinterfa_ce for:med .be.tweeanI apd polyimide. hi b The different depth resolution and backscattering kinematics
xamining the variations of sur ace topograp 1es at Otr}:lf'forded by the use of different detection angles improve the
early and later stages of Al depositing on polyimide and

. N . . . . accuracy of the analysis for both thickness and stoichiom-
investigating the interfacial structures will provide a more

; i etry. In addition, channeling of the substrate Si allows a more
complete picture for the development of the prominent sur-

e . . . -~ precise determination of the N, O, and C concentrations.

face characteristics associated with Al growing on polyim-

ide, such as chemisorption, nucleation, growth, etc. This will

help improve the understanding of physical and chemicaP- FIB-SEM

properties of the metallized polymers. Cross sectioning and imaging of the sample was per-
formed in an FEI DualBeam Model 830 FIB at a vacuum
pressure of~10" 8 Torr, using a primary ion beam voltage

II. EXPERIMENTAL PROCEDURES of 30 kV. Once sectioned, the field emission scanning elec-

tron microscopeg FE-SEM was used to image the sample.

No tilt correction was made during the acquisition of the

The polyimide used for this study is Hitachi PIQ-L100 images. By tilting the sample forward we should be able to

biphthalic dianhydrid¢BPDA/PPD diluted 50% by weight ~work with the top surface without charging. It will be best to

solution inN-methylpyrrolidinone. Film preparation follows work at the highest voltage possible to get as much of the

standard spin casting methods on(800) oriented wafers. beam through the sample.

No surface modification was used on these wafers prior to

spinning. Following casting, the films were thermally imi- E. XPS

dized with an initial “soft bake” at a nominal temperature of

100°C to remove solvents. Following soft bake, the poly- .

iamic acid was thermally imidized in a partial vacuum dry tum 200_(r)hu5|tngl;< a ?ono?hromatjgok\%_y%ﬁ e\t/ x-ray |

nitrogen environment with a maximum temperature ofSOUrce. 'he fake-ofl angle was - [N€ acceptance angle

N o , . : ; was +23°.

325°C. Polyimide film thickness was determined using a Deoth il lished by alt i it

Dektak 3ST surface profilometer. e uisiion evelos. 1y order o i
At a vacuum pressure of X810 ° Torr, the aluminum etching and data acquisition cycies. In order to minimize

crater roughening and smearing of the interfaces, Zalar rota-

was e-beam evaporated onto the substrate coated with po(l{\ion was employed during the sputter etching. A 4 keV' Ar

imide films. Deposition rate and thickness were monitore eam rastered over a 4 mm area was utilized to Sput-
and controlled by a Leybold-Inficon IC5 deposition control-ter icklv throuah most of the Al laver. Just befor: the
ler, with a nominal incident rate at the substrate of 10 A/s. Ta quickly ug yer. Ju

ensure film thickness uniformity, the substrates with polyim-z]tn(::;ici’msgu?r?rofg:rdt'gor?jmv:q ?;; gganageedirgotht li(r:at\(:r}grce
ide films were rotated in a planetary motion above the Al ' 9

source. The deposited Al thickness was also calibrated using 9" : .

a Dektak 3ST surface profilometer. Quantification (gtomlc concentration of e!ectron spec-
troscopy for chemical analysiESCA) data relies on relative
sensitivity factors and assumes a homogeneous distribution
of elements within the analysis volume. The analysis volume

B. AFM is the product of the analysis aréspot size or aperture sige

Surface morphologies were examined using a Digital In-and the depth of information. Photoelectrons are generated
struments Nanoscope lll multimode AFM. The AFM was Within the x-ray penetration deptitypically many micronk
operated in a tapping mode, and images were acquired &t only the photoelectrons within the top three photoelec-
both height and phase mode. A commercial silicon cantilevetron escape depths are detected. Escape depths are on the

(length 100 um, spring constant 42.0 N/with an integrated ~ order of 15-35 A, which results in an analysis depth of

pyramidal tip (size less than 10 nmwas used, combined ~50-100A.

with a laser level detection technique. All AFM measure-

ments were performed on the surfaces in air at room temH|, RESULTS

perature. Surface particles and islands were analyzed fo .

. . . AFM analysis

each image, and the surface roughness was measured in the

height images. The average height of the islands or features Figure 1 shows five characteristic AFM height images of

on the surface was also calculated. All AFM images showrthe surfaces of polyimide with nominally 0 £), 10 A (b),

here were processed by leveling and contrast adjustment. 20 A (c), 1100 A (d), and 1300 A(e) Al thin films coating,

Under a vacuum pressure of low 10Torr, RBS spectra

A. Sample preparation

XPS data were collected on a Physical Electronics Quan-
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Fic. 2. High resolution AFM height image (0.2®.25.m) of the surface
with 10 A Al grown on 660 A polyimide, showing nanoparticles condensing
into clusters.

characteristics of this rough surface. The mean roughness of
the surface is 5.66 A. The rough landscape of the clusters
might be correlated to the specific chemistry of polyimides
and Si substrates used for polyimide growth. Of course, the
sample preparation condition is another important factor that
influences the formation of surface structures. We note that
several AFM studies have been previously carried out to ex-
amine both surface topographies of different polyimides and
the effects of surface chemistry and substrate, as well as the
sample preparation condition, on the surface morphologies
of polyimides!®~%

In comparing surface structures of clean polyimide in Fig.
Fie. 1. Five characteristic AFM height images X1 um) of the surfaces  1(8) with that of 10 A Al deposited on the polyimide in Fig.
with nominally 0 A Al / 630 A polyimide(a), 10 A Al/660 A polyimide(b), 1(b), we see overall similar surface cluster landscapes and
20 A Al/670 A polyimide (c), 1100 A AI/800 A polyimide(d), and 1300 A gjzes. However, a closer inspection reveals a difference in the

Al/400 A polyimide (e) thin films growth, respectively, showing the surface . . .
morphology evolution with increasing Al film thickness. A phase image (1 Images of these features. In qu'bl each cluster is com-

X1 um) in (f) was simultaneously taken with the height imd¢a] on the ~ P0sed of small particles. These small particles are clearly
same surface location, showing the oriented islands. seen in a smaller-scale image in Fig. 2, which was taken in a

zooming mode on the same surface shown in Fig).IThe

small particles exhibit a relatively uniform lateral dimension
respectively. The image in Fig(d shows surface topogra- of about 70 A, with a vertical extension on the order of about
phy before Al deposition, serving as a reference to monitod5 A. These nanoparticles appear disordered within each
the variations of the surface structures arising from the Alcluster. We estimate that each cluster is composed of about 7
growth. The last four images in Figs(ll—1(e) demonstrate particles. Nanoparticles condense into larger clusters with
the surface morphologies at the early and later stages of Aklatively regular sizes; this is associated with the growth of
deposition. The brighter and darker contrasts in the imageal thin films. It is observed that there is a tendency for the
represent the higher and lower surface features, respectivelglusters to grow and coalesce with each other. The mean

The clean surface of the polyimide without Al deposition roughness of this surface is 6.05 A.

shows a rough landscape of clustgfgg. 1(a)]. These clus- As the Al film thickness is increasdéfig. 1(c)], a similar
ters are roughly round in shape with different sizes. A crosstandscape to the rough surface shown in Fidga) and Xb)
section measurement indicates that these clusters lateraliy visible. However, each individual cluster becomes blurred.
range from 175 to 550 A, with the vertical extensions be-It appears that the nanoparticles enlarge and cover the whole
tween 4 and 28 A. On some brighter surface areas, severalirface when compared with those observed in Figs.and
clusters either appear closer to each other or residing on thEb), where there are some dark surface areas without the
underlying clusters, showing a strong contrast compared temall clusters. These indicate an initial coalescence of the
the dark surface areas with the scattered clusters. These aeisters in the film. The particles have larger lateral dimen-

© ®
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Fic. 3. AFM phase image (0260.5um) of the surface with 1300 A Al
grown on 400 A polyimide, showing small particles residing within the
islands.

25001
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sions in the range from 95 to 320 A and higher extensions
between 5 and 250 A. It is also observed that some indi-  1s00}
vidual bright large features are present on the surface, anc WKC
these features are surrounded by small particles, indicating [

that the clusters nucleate and grow. The mean roughness c oo W W
this surface is 5.73 A. /

Increasing the Al film thickness still further to 1100 A soof I
[Fig. 1(d)] and 1300 A[Fig. 1(e)] produces a landscape of |
individual islands or grains on the surfaces. Overall, together . -
with irregular sizes, these islands often appear disorganized ~ ° n.eoryl 0 20 Channer 3% W_j‘?"mmmm se0
These could be easily identified from the depressions or
boundaries that distinguish the different islands or grains. (b)
These 'SIar_‘dS EXh_Iblt lateral Q|men3|0ns ranging from 330 tche. 4. Two typical RBS spectra taken on the Si samples coated with 630 A
1330 A, with vertical extensions between 200 and 344 A polyimide (a), and 1100 A Al grown on 800 A polyimidéb), respectively,
Some of the islands have a regular shape and flat top, reprehowing variations of C, O, N, and Al spectra before and after the Al
sentative of the crystalline structures. Two typical crystallined"owth:
orientations within these islands could be observed from
strong contrast changes and grain boundary distributions,
where the two oriented surface planes on different islandextension. The particles are disordered, and an average inter-
appear tilted in two directions. The oriented islands could balistance of center to center is measured to be 160 A. We
easily identified in a phase image shown in Fi¢f),lwhich  think that these small particles are most likely the nucleated
was simultaneously taken with the height im@Bay. 1(e)] at Al oxide, as will be discussed later. The islands show a va-
the same surface location. A bright island seen on the loweriety of lateral dimensions and vertical extensions and the
left side of the image shows a square shape and flat top, anghrticles within each island display no periodicity. It is im-
five different faceted planes could be observed. The latergdossible to identify specific orientations of the facet planes
and vertical dimensions of this island are 1330 and 344 Awithin the crystalline islandgFigs. 1d) and Xe)].
The mean roughness of these two surfaces is 15FAT.
1(d)] and 33.84 AFig. 1(e)], indicating that the island struc-
tures become more prominent with increasing Al growth.  1,q,c | 630 A polyimide on Si.

The surfaces of the islands are composed of small pake

o
[
[

ticles. Figure 3 shows the fine structures of these particlesDepth Atomic concentration Density
within the islands. This phase image was taken in a zooming (4) c N o Si (at/co

mode on the same surface as shown in Fige) and XIf), “o%0 260 oo 5o L 09107
and the particles within each island on the surface is clearly -~ ' o : 100 5 00X 1622

visible. The particles appear to have a regular round shape, - g5q 100 5.00¢ 1072
with about 140 A lateral dimension and about 10 A vertical

JVST B - Microelectronics and  Nanometer Structures
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TasLE IIl. 10 A Al on /660 A polyimide on Si. TasLE IV. 1100 A AI/800 A polyimide on Si.
Atomic concentration . Atomic concentration .
Depth Density Depth Density
A C N o] Al Si (at/co A C N o] Al Si (at/cq
<10 100 6.02x< 1072 <30 60.0 40.0 6.68x 107
10-670 76.9 8.5 146 - 1.09x 107 30-1130 100 6.02x 107
670-700 100 5.00< 1072 1130-1930 76.8 8.1 151 - 1.09x 107
>700 100 5.00< 1072 1930-1970 100 5.00< 1072
>1970 100 5.00< 107

B. RBS analysis
. . _ ., cate that the deposited Al resides on the polyimide films and
To quantify the depth and composition of Alfpolyimide yho A qoes not diffuse into the polyimide to form metal

films shown in Figs. (8)-1(e), RBS spectra were acquired ¢y ,qters. This is consistent with previous studie€:® At

on each sample. '!'he e_xpenmental data was f't_ to a theoreth'igh metal film thickness Tables IV—-VI show the oxidation
cal model by manipulating several parameters in this modelyr o| syrfaces, and the oxide thickness is about 30, 40, and
This model simultaneously fits the normal and grazing deteCyg & ' regpectively. The thickness of Al oxide layers increases
tor spectra to represent the physical and chemical StruCtUr€gy, increasing Al deposition. The formation of oxide layers
of Al/polyimide. The adjusted parameters include, amongg qye to the fact that after coating Al in the vacuum, the
others, atomic concentrations and different stoichiometriessample had been taken out and exposed in air. However, this
Figures 4a) and 4b) show two typical RBS spectra taken on g, itace Al oxide is not clearly seen at the initial stages of 10
the Si samples coated with 630 A polyimifiéig. 1@], and & 5n4 20 A Al deposited on the polyimide, as shown in
110_0_AAI 9”_800 A polylmlde[Elg. ud)], a_nd_these _spectra Tables Il and Ill. We think that two factors play key roles
exhibit variations of depth profile and stoichiometries of thep o g First, the deposited Al at the initial stages interacts with

films due to Al growth. In Fig. 4, the solid lines and dotted .., ,ny| groups of the polyimide and forms an interface, and

lines represent experimental and theoretical results, respegse g rface appears terminated by the interfacial structures

tively. o o _ associated with AHO—Ccomplex, as will be discussed later.
Spectra in Fig. €8) taken on pure polyimide spin-coated geconq, the deposited Al layer at the initial stages is so thin

onto an Si substrate show four distinct features, representin[gi;]at the RBS detection could not distinguish the oxygen in
C, N, O, and Si. The first three ones are characteristic of th't:’ne polyimide from that in the Al oxide.

polyimide films and the fourth corresponds to the Si suob- Tables |-V show that there are slight variations of the C,
strate. A ratio of the C, N, and O is determined to be 76/oQ and N concentrations in the polyimide. We think that

8.8%, and _15'2%' as listed in Table |. These data are COnSi?ﬁese changes probably arise from the RBS detection uncer-
tent well with 78.6%, 7.1%, and 14.3% calculated from they,iny The measured data errors fall in the range of the RBS
chemical formula of BPDA/PPD polyimides. By including getection limits, and it is hard to correlate these small

H, the ratios of C, N, O, and H are estimated to be 61.1%¢panges to the Al deposition with different film thickness.
5.6%, 11.1%, and 22.2%, respectively.

In spectra taken on Al deposited on polyimideg. 4(b)], )
we see two additional features, labeled Al and O. The puré:‘ FIB-SEM analysis
Al layer is detected on the top of the C, O, and N in the FIB-SEM was used to reveal the structures of Al/
polyimide. The surface O is acquired on the Al layer, imply- polyimide interface. Figure 5 presents the cross-sectional
ing Al oxidation at the outer part of the layer. The results areFE-SEM image of 1600 A Al deposited on 1100 A polyimide
indicated in Table IV. on a Si substrate. The sample was tilted to 52° in order to
Depth profiles and chemical compositions of all samplesbserve the structures of both the surface and cross section of
shown in Figs. (a)—1(e) are summarized in Tables I1-V. For the films. Surface topography appears similar to those seen
comparison, we also show the RBS results of 900 A Alon the surfaces presented in Figéd)land Xe). The cross-
grown directly on the oxide Si substrate in Table VI, wheresection structures of the Al layers/polyimide films on the Si
no C and N were detected. The results in Tables 1I-V indi-substrate could be resolved from contrast changes in the im-

TasLE Ill. 20 A AI/670 A polyimide on Si. TaBLE V. 1300 A Al/400 A polyimide on Si.
Atomic concentration ) Atomic concentration )
Depth Density Depth Density
A C N 0 Al Si (at/co A) C N 0 Al Si (at/co
<20 100 6.02x 107 <40 60.0 40.0 6.68x 107
20-690 76.0 8.8 15.2 1.09x 107 40-1340 100 6.02x 107
690-710 100 5.00< 107 1340-1740 78.0 8.1 139 - 1.09x 107
>710 100 5.00< 1072 >1740 100 5.00< 1072
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TasLE VI. 900 A Al on Si oxide. depth profile. Photoelectron spectra from carbon, nitrogen,
Atomi : oxygen, and aluminum are shown in montage format, with
omic concentration . . o L .
Depth _ Density the elemental peak intensities and binding energies plotted as
A o Al Si (at/cq a function of sputter cycle. In the plots, point “0” represents
<20 60.0 40.0 6.68<10%2  the unsputtered surface and the profile propagates alorgy the
20-920 - 100 6.02x10”  axis, and the directions in Figs. &) and &b) are plotted to

920-940 60.0 40.0 6.68x 1072

=040 100 £ 00< 1072 be opposite to these in Figs(d and d) in order to clearly

see the evolution of the spectra. For convenience, in Fig. 6
we identify the surface, Al layer, interface, and polyimide
regions by “I-1V,” respectively.

age. The lower part of the image exhibits the cross section of On the surfacedefined by an XPS sampling depth of
the Si substrate, and polyimide films reside between the Si50 A) indicated by “I,” the centroid of the broad Osl
substrate and Al layers. Slight variations in the thickness Obeak is seen at531.5 eV[Fig. 6(c)]. The O peak includes
the Al layer and a typical columnar grain structure of thecontributions from surface organic speciesiventitious hy-
cross-section Al layer is observed, but detailed structures Ot.fjrocarbon)sas well as oxidized Al. Two distinct peaks in the
cross-sectioned polyimide films are unclear. A well-definedy| 2 p spectrum(Fig. 6(d)] are indicative of Al metal71.37
interface between the Al layer and polyimide is resolved a”q:,-\/) and Al oxide (74.51 eV, confirming the presence of a
tiny changes in the thickness of the interface layer are Visy qtive oxide growth on the surface of the[#Fig. 7(a)]. This
ible. The average thickness of the interface layer is measureglii e surface oxide is consistent with the RBS results.

to ?e_ 113 A. A close examination reyeals slight contrast 551 jevels on the surface of the Al film are likely to be
varlatlop s at the outmost Ia_yers of Al f".m s, and these _pr,Ob'entirer due to adventitious carbon from atmospheric expo-
ably arise from the formation of Al oxide. However, it is sure[Fig. 6a], and the N & line is barely detected on the
diffic_ult to determine the thickness of this Al oxide layer in surface[Fig. 6(’b)]. C. O and N were not detected within the
this image. bulk of the Al film as labeled by “II.” Similarly, the Al
spectrum from within the Al film shows a single asymmetric
peak that is consistent with Al metal.

Surface analysis and a depth profile, both using XPS, Some interesting features are observed in the interface
were undertaken to investigate chemical bonding at the suregion between the Al and polyimide, as labeled by “Ill.”
face and at the Al/polyimide interface, respectively. TheThe interface region is clearly seen in each of the spectral
depth profile and surface analysis were taken on the previwindows, either by increasingC, O, and N or decreasing
ously discussed sample with 1100 A Al deposited on 800 A(Al) peak intensities. Within the interface region, the Al peak
polyimide on Si. Figure 6 shows elemental data from theshows additional structure that indicates the presence of mul-

D. XPS analysis

Fic. 5. FIB-SEM image of cross-

section structures of the Si sample
with 1600 A Al deposited on 1100 A

polyimide, showing the interface be-
tween the Al layer and the polyimide
films. The Al layer, the interface, the

polyimide film, and the substrate Si
are indicated.

Betl| E:Beam | EW R BTt e it 500 nm
TLD-S | 10.0kV|[5.025| 52.0 Aluminum Film
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Fic. 6. Evolution of the core-level spectra of G,IN 1s, O 1s, and Al 2p starting from the surface down to the inside polyimide as a function of sputtering
cycle. The sample was 1100 A Al grown on 800 A polyimide film. The spectra taken on the surface, the Al layer, the interface, and the polyimide are indicate
by -1V, respectively.

tiple bonding states. Figurgy) shows the results of a non- The two remaining Al peaks with higher binding energy
linear least squares curve fit of the Al peak within the inter-shifts in Fig. 7b) are likely associated with Al oxide and/or
face region. Along with the Al metal peatseen here at hydroxide states. The exact binding energies of these bands,
~71.37 eV binding energythree additional curves were fit or their shifts from the binding energy of the metallic state
under the peak. The most intense band, observed at a 1.48 evay not reflect familiar literature values due to the transition
shift above the Al metallic state, is consistent with Al inter- from a conductive metal film to a semi-insulating interface
acting with carbonyl groups in the polyimide; as has beertransitioning further into a bulk insulatginsulating polyim-
previously assigned in the literatute'® Corresponding bind-  ide).

ing energy shifts in the C4, N1s, and O k peaks at this Inside the polyimide as labeled by “IV,” we see that the
point in the profiles are further indication of the interaction C 1s and N 1Is line appear asymmetric and sharp, with the
between Al and the polyimidé-ig. 6). Specifically, the de- major peaks located at 284.85 and 398.79 eV. The decreasing
posited Al adatoms break the=€0 double bonds and form O 1s peak intensity trends with the AlR peak within the

an Al-C—-Ocomplex, and this reaction is accompanied by ainterface until reaching a steady-state intensity within the
charge transfer from Al to &:1° polyimide. The Al 2o line shows no indication of detectable

J. Vac. Sci. Technol. B, Vol. 20, No. 3, May /Jun 2002
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5000— - - ' and shows inhomogeneities such as clusters and boundaries.

4500l Higher resolution analysis often resolves fine structures con-
sisting of nanoparticles within the clusters.

40001 1 Several nanoparticles condense into clusters, and atomic

. corrugation is not resolved within these nanoparticles. This is

3500 Lo . .
indicative of a two-dimensiongRD) close-packed structure

3000 1 [Figs. 1b) and 2. We think that these nanoparticles are

- probably nucleated Al carbon-oxide rather than the agglom-
02500 f ] erated Al adatoms. The reason for this is quite simple. First,
2000+ . as indicated in the XPS study, the deposited Al interacts with
carbonyl groups of the polyimide to break=0 double
1500¢ / ] bonds and form ALC—O complex. Second, AFM measure-
1000+ : ments were performed in air and Al adatoms on the polyim-
) / ide would be oxidized even if they did not show the&-C
’00'M y \ 1 complex.
ol et s e The landscape of the nanoparticles is ascribed to the lim-
82 g‘.’ . i iR 20 ited mobility or diffusion of the deposited Al adatoms due
inding Energy (eV) . X )
@) to interaction betyveen t'he adsorbate ar\d substrate, i.e.,
Al-O-C complex interactions, as we see in the XPS study.
. . . These complexes grow nuclei initially with relatively high
Pos. - kb probability of the nuclei fusing into clusters separated by
6000F 7137  0.00 10.77 : 1 grooves and depressions before a film coalefEis 1(b)].
72.85 1.49 46.61 \ .
7451 314 2913 | Subsequent coating of the Al adatoms on the surface leads to
5000 B0 /" . a coalescence of these particles or clusfeig.1(c)], indi-
' cating a phase transition from agglomerated small particles
4000+ into clusters. The surface irregularities of-AD—C complex
films are likely correlated to the morphology of the polyim-
< 3000- ide substrate, and the formed thin film reflects the shape of
the surface topography from which it grows.

50001 As the film thickens, the Al adatoms within the clusters
will feel an increasing surface stress arising from the
adsorbate—adsorbate interactions. In order to be energetically

1004 favorable, it is possible that above a critical dimension the
clusters will stop growing together and form the islands of

(s . ‘ ‘ ] crystalline structures. As can be seen in Figsl) And 1e),
80 78 76 74 72 70 the topographies of the surfaces are little changed on a large
Binding Energy (¢V) scale. The Al crystalline islands are also visible from the
(b) columnar structures seen in Fig. 5.

. . o To confirm the growth behavior of Al on polyimide, at
Fic. 7. (a) Al 2p line acquired on the surface, indicative of the Al metal and . )
Al oxide. (b) A nonlinear least squares curve fit of the Al peak within the €aCh deposition stage we took AFM images on a much larger
interface region, showing four features. The key feature at 72.85 eV arisingcale at different surface locations. Overall, the surfaces ap-
from the AI-C-O omplex. pear relatively flat at these larger scales and we did not ob-
serve the prominently larger features or islands which are
levels of Al within the polyimide, indicating that there is no distinguished in size and shape fmm those seen on the sur

o o . faces at each of the growth stagddgs. 1b)—1(e)]. This
metal clustering in the polyimide. These results are COnSISi_ndicates that the growth does not follow a three dimensional
tent with the RBS measurements from this sample. 9 .

(3D) or Volmer—Weber mechanism, nor a layer-by-layer plus
3D islands, or Stranski—Krastanov mechanism. However,
IV. DISCUSSION some variations of the surface topography are observed in

The images in Figs.(b)—1(e) outline surface structures at the clusters or islands on local surface areas. These imply
the early and later stages of Al growth. The surface topograthat the growth is more like a 2D mode, in agreement with a
phy of polyimide before Al growth shows a landscape ofprevious TEM study? Figure 8 schematically shows cross
clusters, which might be of crystalline-like structures orsections of polyimide thin films at different Al deposition
some polyimide aggregations. At the early stages of Alstages. In the schematics, the Al and polyimide interface is
growth, the topographic structures of these films in AFMnot scaled, nor are the Al islands.
images contain features on at least two scales. The large- The adsorbate—substrate interactions and adsorbate—
scale topography gives the overall impression of roughnesadsorbate interactions play a key role in the Al growth. Sev-
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Clusters of polyimide carbonyl groups of polyimide and forms the interfaces of
0 ;&Al Polyimide nanoparticles, as revealed in the AFM imad€sys. 1b),
1(c), and Fig. 3. At high film thickness, the deposited Al
forms oriented crystalline islands, and the surfaces of the
S - - islands are covered by the oxidized layers of the small par-
10 A Al AbYotyimide particks of Interface ticles[Figs. 1d)-1(f) and Fig. 3. Small amounts of C and N

Polyimide are present on the surface, and we think that these are most
likely hydrocarbon-related organic molecules created due to
exposure to air. These two elements comprise about 15% and

Al-Polyimide particles of interface 1% of the surface concentration, respectively. There is no
20 A Al - strong evidence to lead us to believe that these surface C and
Polyimide N arise from inside the polyimide. We note that this is dif-
ferent from a conclusion drawn from previous XPS and UPS
Oriented Al islands studie§ in which C and N from inside the polyimide diffused
| i | 1 | \ up through the grain boundaries of the crystalline Al thin
Al-Polyimide particles of interface films to form Al-C and AI-N complexes and covered the
1100 A Al Polyimide surface. The_ thickness of thg crystalline A! layers was 170
monolayers in one study, which is much thinner than the Al
Oriented Al islands layers we deposited in this studlifig. 1(e)].

7 il I I At the interface, the Al B line shows four features, where
the dominant peak at 72.85 eV arises from the Al interacting
o with carbonyl groups of the polyimide. These features in the
1300 A Al Polyimide Al spectrum gradually smear out and disappear inside the
polyimide, possibly indicating that the Al diffuses slightly
Fic. 8. Schematics of cross sections of polyimide thin films at different Al into the ,pOIylmlde' However' the meta",IC A_‘I s.|gnal dlsap.-
deposition stages. pears prior to the oxidized Al forms, which indicates that if
direct diffusion of unreacted Al metal has occurred, the Al

has since chemically reacted with the polyimide. There is no
eral other factors also influence the growth behavior, such ag| ciystering at this stage. The FIB-SEM image in Fig. 5
sample preparation, Al deposition rate, the specific chemistryjirectly displays the interfacial formation of Al/polyimide

of the polyim.ide substrate, and the polyimide subst_rate teMsnen 1600 A Al grows on 1100 A polyimide. The thickness
perature during the Al growth. We note that a higher Al o¢ o Alpolyimide interface will depend on several factors,
depos[tlon qux(500 As woulld create 3D growth, as |nd|.- such as the deposited Al thickness, deposition rate, sample
gated N & previous TEM. stud§.We used a 10 ’B‘/S. dep93|- 0gPrepara'[ion, etc. In this study, we have focused our attention
tion rate in this _study, t.h's Was_based ona cqns_lderatlon on monitoring the morphology evolution at the early and
obtaining a maximum film density on the Al thin films for & later Al deposition stages, and we did not specifically inves-

specific industrial application. ioate the effects of th diff t fact the f i
The primary purpose of the aluminum coatings under'921€ ;e efiects ot these difierent tactors on the tormation
of the interface structures.

study is to provide visible light rejection while minimizing
signal loss to a detector behind the film. To maximize light
blocking efficiency, a number of depositions were performed
at various deposition rates and their respective densities were
determined. The resulting data show a very strong correla-
tion between deposition rate and film density, with densityv' CONCLUSION

leveling out around the bulk density of 2.7 gftmt a depo- . . .
sition rate of 8—10 A/s. 10 A/s provides good film density at Atomic force microscopy, Rutherford backscattering
a deposition rate well suited to the thickness under study, an_aoectroscopy, x-ray photoelectrpn spectroscopy, and focused
was subsequently used for all Al films produced for this ar-ON P&am scanning electron microscopy have been used to
ticle. We have also conducted a study of Al growth on po|y_study Al growth, _nu_cleanon, ar_1d_ _surface and |_nterfaC|aI
imide free standing films to examine variations of surfaceStructures on polyimide. At the initial growth, Al interacts
morphologies at different Al film thickness, as well as theWith carbonyl groups of the polyimide to form interfacial
resulted material properties. The results will be reported elsestructures of nanoparticles. The topography of the formed
where. thin films at the initial stage is correlated to the surface mor-
Our XPS measurements are essentially consistent witAhology of polyimide. Subsequent Al growth creates crystal-
previous XPS studies, and we would like to address twdine islands with submicrometer size, exhibiting different ori-
points combined with our AFM, FIB-SEM, and RBS results. entations. Al growth on the polyimide follows a 2D-like
First, we see that the initially deposited Al interacts with thefashion.

Al-Polyimide particles of interface
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