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Vaper Depasition of Polyimide and Polyimice Precursors on Ccpper

R.N. Lamb®, M. Grunze**, J. Baxter, C.W. Kong and W.N. Unert!
Laboratory for Surface Science and Technology and Department of Physics and
Astronemy, University of Maine, Orono, ME 04489 U.S.A.

1 Abstract

Adhesion between metallic substrates and polymers is an important issue in
microelectronic devica {abrication and packaging. Cne of he most widely used
classes of polymers are the polyimides wnich are 2moployved as dielectric soacars in
muitichio mcaules and as x-oarticie darriers in charge sensitive memory Jevicas.
in order to siudy the polymer/metal interfaca with surtac2 sensitive techniques, the
ooivmer films have (o nave thicknesses on the orcer of a jew nancmeters (o cotain
chemical and pnysical information abcout the interfaca.

In ihis article we descnbe axperiments in wnich uitra-thin iims of polvimide were
formed on polvcrystailine ang (111) single crystali ccooer subsirates ‘cllowing
heating of a vapor depasited layer of goivamic acid arocucsd v ccdenacsition af
1, 4'-diamincdiohenyi ather (CCA) and !.2,4,3- denzenetetracarcexyiic dianhvdride
(PMDA). The acsorpticn of the pure ccmocnents and ‘heir subsaquent
Joiymerization was fotloweq, in situ. with X-ray aJnotoeieciron specirosccoy.
Molecular adscrption of the mcnomers was siugied 0 cetermine :heir thermai
stapiiity. The camposition and adhesion of the thin jolyimice flm is influenced 2y
iragmentation of precursors at the interface. In contrast ‘o studies on silver and
gold surfaces the polyamic acid interacts strongly with ‘he ccoper subsirates
leading o a fragmented polyimide layer at the intertace aiter imidization.

] ti

In microeiectronics, the appiicaticn of temperature resistant polymers as insufating
interlevel dielectrics has led to increasing interest in their preparation and
subsequent adhesion to metal substrates {1]. The most popular of these dielectrics
have been the polyimides and, in particular, those formed by the reaction of 4,4'-
diaminodiphenyl ether (oxydianiline (ODA)) and 1,2,4,5- benzenetetracarboxylic
anhydride (pyramellitic dianhydride (PMDA)). The chemical reaction leading to this
polyimide is descrihed in Figure 1.

The two main methods ot film preparation are soin coating (SC) and vapor
deposition polymerization (VOP). They differ in the way in which the fiim precursor
is applied to the substrate. VDP is a solventless technique in which the evaparated
monamers (OOA, PMDA) are codeposited direcily onto the substrate whereas spin
coating requires that the polymer precursor polyamic acid (PAA) is applied in a
solvent.
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Fig. 1 Schematic representation of the reaction between PMDA and CDA to form
olyimide. The numbpers in the structurai formulae are given to facilitate the
interpratation of the x-ray photocemission data.

To evaiuate the microscopic mechanism in polymer/substrate interfaces the
undisturbed interface has to be probed with sufficient sensitivity. In the case of
studies using electron spectroscopy, this requires that either the metai or polymer
be sutficiently thin to allow eiastic electron transport away from the interface and
out to the vacuum for analysis. The relative ease with which this has been
achieved in studies using metallized polyimides has led to interfaces for metal films
depasited on P! being the main source of chemical interface information (2-8]. The
difficuities associated with producing an (insulating) organic overiayer of
sufficiently thin film thickness (usually d<10 nm) have oniy recently been overcome.
Uttra thin SC films have been prepared on smooth, gold coated Si (100) wafers
and the integrity of the film was investigated [9]. Alternatively VOP methods have
been shown to routinely produce uitra thin and thin P! films on a variety of
substrates (10-13].

It is this VOP class of interface which is of interest in this report. VOP for the
formation of polyimide was first described in the production of thick ( d > 1um) films
(15]. The ability to deposit ultra-thin (monalayer and submonociayer) and thin
(monolayer < d <10 nm) films of gither monomer on a clean substrate, heid at any
temperature and investigate the interfacial interaction, is unique to this method. In
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ccmparison, ST requires that the interface be heated o at least 373 K to remaove
the solvent prior to any specircscopic investigation. This heating may intrinsically
change the interface. Information available from vapor deposited monomer specira
alss provide important referenca data for the analysis of (he more complex specira
arising from thin polymeric fiims.

The interfacial chemistry and adhesion is directly influenced by the way in which
the interfacs is formed. Therefore, variations in the preparation of the polymer
and/or metal will lead to polyimide/metal interfaces with different physiochemical
properties. One particularfy relevant examofe of this is the ccmearisen between
Pl/copper interfaces iormed by (i) cooper depagsitiocn an cured polyimide (P!) and (i)
soin coating of the polymer grecurser (PAA) anto a copper film prior to curing ‘o
form Pl

Kim and coworkers /2/ measured the adhesion strength by 20° peel tests for (i)
and (ii). They found, that in casa (ii) adhesion is significantly snnancad as
ccmpared ‘o copper cescsited anta cured polyimice (i) and iney attnouteg ifus (0
the cifference in interfacial chemistiry, i.2. chemical reaction Setween golyamic acid
and buik csooer (i) as comgarad o csorer atoms ar ciusters interacling with cured
ocivimide. The diiference in interface chemisiry was also avident in cress-saciicnal
T=M acservations /2/. In the case =f 2 sputter Seposited ccooper film onto 3 cured
oclvimide film, a sharo Soundary was oosarved, wnereas in he case of a
pclyimice/ccpper interface prepared 2y soin <oating polyamic acid and
subsacuent imigization, cuorous axide (CuzC) 2tarticies were ‘ound distributed in
the golymer matnix 2eyond 3 Jrecivitaticn iree zcne of ~3-20 nm thickness. That
ccoper oxide particles are aistributed 3ver 3 thickness of ~300 am was 3iso
recently found in an XPS stwucy 3v 3urreii at al. /14/ fer sgun-an 2clyimide iims an
ccooer supstirates. !n their XFS anc IR - Reflecticn Atbsoroticn measurements ‘hey
attributed 3 degracgation or chemical mocification of the thick Zcivimice ‘iims ‘o
csoper Jxige particie formation 14/,

Cantrary o the oosearvations made Sy Kim 2t ai. /2/ 9n spun-an Jolvimide fiims,
Kowalczyk at al. /3/ found no ccpper axide particies in the polymer matnx in
peolyimide fiims produced by vapor deposition (VD). However, if pricr to imidization
a droco of the solvent N-methyipyrrolidone ‘was apolied o the vapor deoosited
polyamic acid film, copper oxige particle formation in the doiymer matrix was ob-
served. Their resuit clearly showed that the solvent provicdes mobility for copper
oxide particles to diffuse into the polymer matrix, and suggest that initially the
poiyamic acid functionalities reac: with the substrate surface mast likely forming
carooxylate species which decompose during curing and act as a source for
copper oxide formation. In this respect we recail our previcus resuits cn vapor
depaosited polyimide films on copper /13/ which showed that it is not possible to
produce polyimide films of a thickness less than 4 nm. The thinner films (d<4nm)
showed a strong deviation from the 2xpected polyimide stoichiometry and
exhibited x-ray photoelectron spectra characteristic for decomposition products.

The organization of this paoer follows the reaction pathway far the formation of P!
as described in Figure 1. Comparisons of monomer (OOA and PMDA) adsorption
on single and polycrystalline copper suostrates will be made and their effect on the
formation of the polymer film assessed. The thermal siability of each adsorbate is
examined in the context of the imponance of the resuiting polyimide as a
temperature resistant polymer.




3, _Experimental

The vapor deposition and XPS experiments were carried out with an apparatus
described previously {11]. Tungsten wire was wrapped around quartz lubes
containing the pure PMDA and QDA (Aldrich Gold Label) and heated resistively. At
sublimation temperatures of between 373 K and 423 K, the resulting evaporation
pressures ranged from 2x10-S {0 8x10-9 mbar. The "measured” deposition tem-
perature was, howsever, sansitive to the positioning of the chromel alumei
thermocoupie in this design of oven.

The Cu substrate remained at room temperature during the cadeposition process
or was coaled down o 200 K in some instancas ‘or single monomar depositions.
An arpitrary axposure scale, L=(background pressure in 1073 mbar) x (exposure
time in seconds) is used to indicate the eoxtent of deposition. The polymer was
‘ormed by heating a ccdeposited layer cf PMDA and OOA to temperatures ranging
from 400 K to greater than 830 K for at least 1 hour. No effort was made to maintain
a stoichiometric mixture of vapor fluxes during the expenment.

Sampie cieaning prior to film deposition was carried out by heating the sampie o
800 KX in 13 mbar of C2 ollowed by 3 mbar of H2 to remove the surface oxygen. In
some insiancas argon ion sguttering 'was aiso used. The Mg K x-ray source was
operated at 100 'V and zn 2xcerimental resciution of 0.82eV was measured ‘cr Ag
3d a2mission. The 2iectron 2incing 2nergies (Ez) were caiibrated against the Au
df= amissicn at S3=34 aV.

Primary analysis of the XPS soectra arising frem the arganic depcsitions inveives
the determination of Jeak «inetic 2nergy and integrated deak sreas ootained after
subtracting 2 inear seccndary siectron 3ackground. The mean stcichicmetry of
the film is cziculated as & ratio of integrated areas dy
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where N is the number of atoms/unit area ior species 1 and 2 and | their cara level
intensities (propcrtional to peak area). The reiative photoelectron excitation cross
sections. o, are 100, 285 and 177 for C 1s, Q ts and N 1s, respectiveiy (16]. The
transmission of the electron spectrometer (E-0.73) and electron mean free
pathlengths (i) for organic materiais are functions of the kinetic energy E.
Combining these leads to the form for E shown in equation 1. The value ior m
(between 0.5 and 0.71) refers to the thick films (d > 6 A) limit and leads to
uncertainties of approximately 153 in the relative compositions [17). Note aiso that
final state effects such as shake-ups effectively borrow intensity from the primary
peaks. Calibration spectra of pure moncmers were used to assign additional
features to incorporate them into the overall calculated stoichiometry.

The absolute peak binding energies are affected by charging within the film. The
general trend was shifting to higher Eg with increasing film thickness. This can be
explained by charging effects and/or a decrease in the final state screening of the
photoionized molecules by metal electrans in the thicker films. Because of the
indeterminate nature of these shifts, no corrections have been made to the data

reported.




The distributions of bonding environments of the atoms within the films are
contained within the XPS line shape. The complexity invoived in analysis cf
lineshapes for pclyimide films has been discussed recently [17). In this paper,
assignments of the components within the measured lineshapes are therefore
made with reference to previcus studies on P! and associated model compounds
(11]. Calculated ratios of the various atomic and functional group species are
compared with that expected from stoichiometry. The resuiting deficits and/or
additions are used to infer changes in the film campaosition.

Film thickness (d) was calculated by attenuation of the Cu 2p3/2 or Cu 3p3/2
intensity as

d=-Aln (Vo) (2)

where A is the mean free path length of the Cu 2p or 3p photoelectrons in the
overiayer and has been assumed {0 have values of A20=0.3nm (E(=320.2 aV) cr
A3p=1.3 "Mm(E=1177.4 aV) [18]. lg is the intensity measured ¢n the clean surfaca.
The values of d generated irom (2) are considered reasonable estimzatess of lrue
film ‘hickness. A discussion of assumptions involved in (2) has been repcened
alsewhere {17]. In some instances, up to 32.28% attenuation of the Cu 2o signat
(d< 7 nm) ccuid be measured.

in ~igs. 2 and 3 we show the C 1s and Q s scecira of a muitilayer film of MDA(a)
3nc ihe specwral changes sccurring wnen the film is Jeated stepwise 10 373 K.

The C 1s snotoemission of the concensad film {d > 7nm) 2xhibits ‘we seaks, due
o the phenvi ring carbon atoms (Ct in ~ig. 1) at £3~287.1 aV and caroonyi
carpon atoms (C2, Fig. 1) at Eg~291 eV. These peaks are shiited dy ! eV o higher
dinding energies as compared to a monolayer of PMDA adsorbed on Cu(1171) at
200 K indicating decreased final state screening of the core hale and/or charging cf
the film. The high binding energy tail on the carbonyl C 1s emission (Fig. 23) is
due ‘o final state affec:s ("shaks up”) in the photoemission process. The exact
origin of this shaks up feature, i.8. its association with 2ither the phenyl! sarbon or
caroonyi carbon or both emissians, is not known. For the stoichiometry evaiuation,
the intensity in the high energy tail was added to the carbonyi C 1s intensity which,
if this assignment is naot strictly correct, leads to an overestimate of carbonyi groups
in the PMDA film.

The corresponding O 1s spectra for the condensed PMDA muitilayer is shown in
Fig. 3. The unresaoived doublett arises from emission from the carbony! oxygen
atoms (O2) at E5~534 eV and from the anhydride oxygen (O1) around Eg~535 eV.

The thick film of PMDA condensed at 200 K was subsequently heated to
investigate the film stability. The resulting C 1s and O 1s spectra are shown in Figs.
2 b-2 and 3 b-e. The reappearance of the Cu substrate signals following treatment
at temperatures exceeding 373 K indicates either a considerable reduction in film
thickness or film break up into PMDA aggregates. Accompanying this
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Fig. 2. C1s spectra for thermal treatment of a thick PMDA film deposited on Cu
(111): (@) d > 7nm at 200 K; (b) d > 7nm following heating to 298 K; (¢) d > 7nm
following heating to 373 K; (d) d ~ 3.4nm following heating to 473 K; (e) d ~ 2nm
following heating to 573 K.

reappearance of Cu is peak broadening of the C 1s and O 1s emission, a shift to
lower binding energy by (0.9 eV) and a disproportional reduction of the carbonyl C
1s and O 1s emission . In Fig. 4 we plot the integrated intensity of carbonyl carbon




ZCc=0 (x) and total oxygen O (0) nermalized to !ctal carbon ZIC as a function of
temperature and mean ‘ilm thickness astiimated from the increasing intensity of the
ccpoer substrate emission. The resuit for axygen are calcuiated in the “thick flm*
(i.a. m = 0.7) and “thin film" (i.e. m=Q) limit. The lcwer stochiometry vaiues
incicated by the dots at the lower end of the vertical lines are obtained in the thick
film limit, the thin {ilm limit yields the uoper dots. To the extent that the PMDA fiim
remains uniform and homogenecus, the composition will D@ detween these limits
for d< 4 nm. Fer thicker layers, the thick fiims limit applies, the thin film iimit is valid
only for monoiayer coverages (d«A) .

The deviation from the 2xpected comoasiticn of the condensad fiim (0=6)
reflects the uncertainties in cur stoichiometry sevaluation precadure, i.e. the
cefinition of the correct background (o de subtracted ircm the 2mission 2nveicoe
and the errors associated with the value of min eq. 1 used {0 carrect ‘or the 2nergy
dependence of the eleciron mean free path.

The change in lineshape occurs simultaneously with a loss of both cartonyi
caroon {C2) and axygen. The comparatively smail decreasa in <arcenyi caroon
compared 0 the oxygen loss suggests ‘he 'atter may originate 2nmaniv ‘rem the
anhycride {O1) functionai groun. Further lemgerature increases |5 > 3C0 K| resuit
in decreases of Jcoth carobonyi carcen ance oxygen and signify increasing
deccmpoasition within the film. Tnere ‘s aise 2videnc2 Jor 2arly onic xygen
indicative of ccpper oxide ‘grmaticn at the aighest lemoerawure wvhere 3 .ow
ginging 2nergy snouider sppears in the J 1s specira at S5~ 330 aV.

Thermal decomuoosition of the PMLCA fiim is ziso svident in nfrared refleciion
apsorotion (IRAS) measurements. A {uil account of the lecanicue ang the
axperiments are given 2isawnere /13.2C/. We zive 2nly 3 2rief summary 2f the
resuits af :hese [HAS stucies. 'R specira 3f PMCA akan aiter agscrotion 3t 223
are representative sf molecuiar "MCA. Heating the acscroate ‘ayer o 2C0 X
resuits in specirai changes indicating Jartial ragmentaticn 3t the nterace. 'c
wnica the R reflection aosorption ‘ecanicue 's most sansitive. At this temoperature,
however, both caroonyi and annydrice siretching dands are siiil aresent in the
spectra in addition 0 a new dand at 1708 cm-1 which is incicative for a
moncdentate type bond of the PMCA fragment o the surfacs. Further neating to
373 K leads to the disappearance cf the molecular vibration of PMCA. Consigering
the selection rules for IR-reflection absarption on metallic surfaces this cculd sither
be due !0 3 rearientation of the molecule o lie flat on the surface so that the IR-
active carbonyi and anhydride stretches are very weak due 0 image cioole
cancellation or, in view of our XPS data, due o a decamposition of \he molecule.

Decaomposition of the PMDA molecule when adsorbed at room emperature was
described in qur previous work /13/. These resuits are summarized in Fig. S where
we show the integrated intensity of oxygen (ZQ) normalized to the integrated
carbon intensity (ZC) as a function of exposure.

Comparison of room temperature adsorption of PMDA on copoer and silver /11/
demonstrates that PMDA deoes not stick to highly fragmented PMDA. On ccpoer,
even at exposures as high as 6000 L there is little increase in the film thickness




Fig. 3. O1s spectra for thermal treatment of a thick PMDA film deposited on Cu
(111): (@) d > 7nm at 200 K; (b) d > 7nm following heating to 298 K; (c) d > 7nm
following heating to 373 K; (d) d ~ 3.4nm following heating to 473 K; (e) d ~2nm
following heating to 573 K.
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Fig. 4. (b) Total ZC : £O : ZC2 ratlo normallzed o 10 PMDA carbon atoms ‘or
PMDA deposited on Cu(111) at 298 K

and the non stoichiomatric ZC : ZO ratio ramains. Molecuiar adsorption doas a0t
therefore appear o occur in room temoerature deopositions aven lor very arge
gxposures. Decomposition of PMDA, aithough to a lessar extend than on cogger,
has been reported for adsaorption of PMDA on silver substrates at room temperature
11]. The partial dissociation involving ioss of one CO molecule on silver did not
inhibit multilayer molecular adsorption with further exposures /11/.

The thermal instability of the intertace is highiighted by the obvious difference
between PMDA adsorption on a Cu(111) substrate at room temperature where
fragmentation occurs without multilayer formation and at 200 K where
fragmentation does not occur (these date are not shown here) . It seems likely that
an uitra thin stoichiometric PMDA film formed on a 200 K substrate wouid show
similar dissociative behavic: when heated to 298 K as does the PMDA adsorbed
directly on a substrate held at this temperatura. Clearty witn increasing
temperature the interface breaks down. As noted above, the degree of
fragmentation at the interfacs is difficult to ascertain from the XPS measurements
becausae of the thickness of the film and the unknown homogeneity of the layer. In
our experiments we probe a weighted average compasition of the film, i.e. we
cannot distinguish between the signal arising. from fragmented monolayers or
thicker clusters or islands of PMDA. Heating the film might result in a breakup ot
the film and nucleation of PMDA crystallites. The observed decomposition




products in our XPS data at estimated film thicknesses of d~3.5 nm therefore might
arise fre:n an inhomogenecus surface phasa.
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Fig. 5. Total ZC : ZO : ZC¢aq ratio normalized to 10 PMDA carbon atoms for
thermal treatment of a thick film of PMDA deposited on Cu (111). For the O1s
integrated intensities, the higher stoichiometric values were evaluated for the thick
film limit, the lower vaiues for the thin film limit (eq. 1). ZO:¢,XCe=g: X :

. QDA adsamtion an Cu(111) held at 200 K

The C 1s and Q 1s spectra obtained following from increasing expasura of QDA to
a Cu(111) substrate at 200 K are shown in Figures 6-8. In the C 13 spectrum 6a
the unresoived doublet originates from the C4 atoms (at higher Eg) and the lower
binding energy shoulder corresponds to the C3 atoms. The binding energies
remained constant up to exposures of ~120 L suggesting that charging is not
important up to thicknesses of abcut ~ 4 nm. Shifts of 0.8 eV to higher binding
energies occurs for the thicker films from which spectrum (a) was taken. The
ineshape remained constant above d>1.1 nm and indicates that QDA is adsorbing




as a molecular soecies. The formation of muitilayers of COA without cisscciaticn is
aiso avident in the O 1s spectrum (Fig. 7a). The shiit 0 higher 23 ‘cund ‘cr the C
1s amission at higher exposure was also acoparent in scth O 1s and N {s spectra
and reflects charging in the overiayer. The integrated O is and N is band inten-
sities, normalized to the 12 carbon atoms of COA, confirm a molecuiar
stoichiometry for ail film thicknessas.

Resuits fer room temperature adsorction of DA up to 1140 L on Cu {111} have
been reported previcusly /13/. The spectra and the stcichiometry uf the adscrzate
pnase suggested a compiete dissaciation of the QDA malecule uccn adsorption.

Heating the thick CDA overiayer condensed at 200 X leads ‘0 sutlimation and
decompaosition of the moiecuies. The C 1s, O 1s and N 's spectra are snown in
Figs. 8, 7 and 3b-2 respeciiveiy. As the film thins the Zincing snergies sniit ‘0 iower
vaiues due !o the eciiminaticn of c¢harging. Spectrum d, reccrced at rcom
temperature, carresoonds o a {film thickness d~4 nm 3s judgea Sy ‘Ne reaccearng
intensity of the copper subsirate photoeiectrans.

As shown in the integrated intensities {Fig. 3}, the relative Icncantraticn =f
nitrogen decraasass at ‘emperatures axcz2ecing 320 X. Y2t the O ‘s scncantration
remains invarant, incicating 3 change n chemical =cmecesiticn =f the iim. Thus
gnange is aiso evident in the ‘ine shaces of the C 1s, C !s 3anc N !s sgectra. The
N 1s snow oniy 3 decrease in intensity, sut nc clear shuit ‘'n =5, wnereas a sniit and
3 cnange in Jeak snape ire cosarved ‘or the C is data. This 's zaraileied 2y the
shiit of the Q is Hana 0 3.3 2V ower Jinding 2nergy. Ncte, ncwever, ‘hat he
value f‘er the C1s 3inding anergy (£33.2 3V) incicates 2 nen-.cnic ‘crm 2f 2xvgen
and ‘s not consisient with ccooer axice ‘crmaticn at the ZCA/metai interfaca, sinc2
this would give risa to 3 cezk at £3~330 2V 22/, The vanaticn .n sicicricmetry =f
the ZOA gepcsit acgurs Jver he lemceraiure -ange 2f 220 < - 229 £, 3t vmicn
temoerature an average ‘hickress of 3~1.4 1m s reachec. At 7 > 3297 < ‘unher
disscciation is ingicated 2y he sarailel decreasa in the T ‘s sna N s niensities
and resuits in an aimaost Jure carbonacacus sverigyer at 1~700 K.

Adsaorption of COA at rgom temperature anto 3 nolycrystailine zcpper foil '‘was
described previcusly /13/. Formation of a carbonaczous surfaca species was
evident at the smallest exposure. It is only at the highest axpcsures (2240 L) :hat
the oxygen and nitrogen become discernible. The Q1s spectra incicated, dy a
weak emission around E3~330 eV, that. besides °organic” oxygen, an Jxigic
species is formed under these conditions. An 2avaiuation of the stoichiometry of the
overlayer after 1140 L exposure resuits in TC:TO:IN of 12:0.2:0.3. If the axidic
oxygen at E3~530 eV is excluded the ratic is 12:0.7:0.8. Clearly the layer cid nct
consist only of molecular ODA. The fact that the carbon 0 oxygen ratio is close to
the one expected (in particular where the oxidic species is included) but that
nitrogen is last in the initial adsorption process, suggested that the molecule
dissociates and releases nitrogen or nitrogen carbon entities. Aniline is one
possibility which would also leave an oxianiline species remaining at the surfacs.
Such a reaction scheme has teen postulated for the interaction of COA with siiver




Fig. 6. C1s spectra for thermal treatment of a thick ODA film deposited on Cu(111):
(a) Thick film d > 4 nm at 200 K; (b) d > 4 nm following heating to 223 K; (c)d > 4
nm following heating to 273 K; (d) d ~ 4 nm following heating t0 298 K; (e) d ~ 2.5
nm following heating to 323 K; (f) d ~ 1.8 nm follow heating to 373 K; (g) d ~ 1.5 nm
following heating to 423 K; (h) d ~ 1.3 nm following heating to 523 K; (i) d ~ 1
nmiollowing heating to 623 K; (j) d ~ 0.9 nm following heating to 723 K




Fig. 7. O1s spectrum of vapor deposited QDA on Cu(111) at 200 K and subsaguent
thermal treatment of a thick QDA film: (a) Thick film, d> 4 nm, at 200 K; (b) d> 4 nm
following heating to 223 K; (¢) d > 4 nm following heating to 273 K; (d) d > 4 nm
following heating to 298 K; (e) d ~ 4 nm following heating to 323 K; () d ~ 4
nmfcilowing heating to 373 K; (g) d ~ 1.5 nm following heating to 423 K; (h) d ~ 1.3
nm following heating to 523 K; (i) d ~ 1nm (ollowing heating to 623 K; (j) d ~ 0.9 nm
following heating to 723 K
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Fig. 8. N1s spectra of vapor depasited ODA on Cu(111) at 200 K and subsequent
thermali treatment of a thick QDA film: (g) Thick film, d > 4 nm at 200 K; (h)d > 4 nm
following heating to 223 K; (i) d > 4 nm following heating to 273 K; (j) d > 4 nm
following heating to 298 K; (k) d ~ 2.5 nm following heating to 323 K; (I} d - 1.8 nm
following heating to 373 K; (m) d ~ 1.5 nm lollowing heating to 423 K; (nj d ~ 1.3
nm lollowing heating to 523 K; (0) d = ! nm lollowing heating to 623 K; (p) d ~ 0.9
nm following heating to 723 K
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Fig. 9. Total C : O : N ratio normalized to 12 QDA carbon atoms ‘or thermal
rreatment of a thick ODA film deposited on Cu(111): (I) ZO:  IN: [J; Uoper and
.cwer stoichiometry values carrespond to the thin flm and thick film limits of aq. 1,
respecively.

suriacas (11] but is speculative and needs to be corroborated by other experimen-
tal lecaniques. Since the film thickness aiter room temoperature adsorption dces
never excaed 0.7 nm it is clear that the dissociation reaction cccurs at the interfac?
and preciudes multilayer adsorption.

Infrared reflection abscrotion spectrascapy data for the thin QDA flms on clean
polycrystalline copper [20] reveal the complete loss af characteristic moiecuiar
QDA vibrations at T~350 K suggesting that QDA is either completely desorbed aor
converted into an amorphous carbonacsous overlayer. The disappearance of
molecular vibrations in the infrared absorption spectra however, does not nec-
essanly mean that the surface layer loses oxygen and nitrogen completely, as also
indicated by the persistence of the N 1s and O 1s photoemission signal up ‘o
T~700 K. it is therefore probable that the nitrogen and oxygen fragments are
incorporated into the arganic overiayer but are not active in the infrared absorption
experiments. The orientation of the dynamic dipole moments of the fragments with
respect o the metal image plane determines their absorbance. The XPS binding
energies of the N 1s and O 1s emission indicated that the nitrogen and oxygen
atoms in the fragments are not interacting directly with the metal substrate, since
this would lead to a further shift to lower binding energy values.

m n i | in

The PMDA adsorption experiments were only carried out on a Cu(111) surface.
The low sticking coefficient at raom temperature was accompanied by disscciation
of the adsorbate molecules with the loss of carbonyl groups. Multilayer molecular
adsorption occurs for deposition on Cu(111) substrates cooled to 200 K. Heat
treating a thick film produced sublimation and decompasition within the film.




Molecuiar adsarption of QDA occurs on Cu(111) surfaces ccaled to 200 K.
Heating such a layer leads !0 sublimation and decompasition resuiting in the loss
of nitrogen and nitrogen carbon entities. Dissociative adsarption occurs at rcom
temperature on both Cu(111) and polycrystailine Cu substrates.

The copper surface appears to destabiiize the adsorbates 0 a greater extent than
does polycristailine silver or gold /11,21/. The inabiiity to form muitilayer PMDA or
CCA on copcer &t rcom temperature highlignts this. Cbviousiy copoer has a much
stronger aifinity (o iragment the polyimide ccnstituents than the two ather ncoel
metals stucied in our laboratory. However, from our XPS resuits we cannct
canciude that the copper substrate influences the chemical compaosition of the flms
when their thickness is several monoiayers. Thickness astimates are based on the
assumption that the film is homagenecys with uniform thickness. Cn silver
substrates thermal desorpticn and |R-Retflection Absorption measurements /20/
showed conclusively that thick ODA and PMDA layers condensed at lcw
temperatures form crystailites when the thick fims are neated, thus 'eading 0 2
non-uniform thickness of the 'ayer. In this case, XPS would simuitaneousiy orcoe
Soth the thick crysiziline MDA and CCA and the deccmoposad surface ‘ayer so
that the stecira wouid reflect an average ccmposition. This inhomogeneous
comeasite ayer cTuid lead 9 the changes in average stoichiometry as weil as 0
the aroadening of he geaks cbsarved in the heating 2xperiments. Althougn this s
‘he most ikeiy interpretation of qur results, the Jossiviiity that ccoper stoms <r ‘ens
ciffusa from the interfaca into the thick PMDA and CDA films and aiter ‘heir
chemical compasition cannot e ruled cut . Further axpenments need ‘0 be camied
aut 0 rescive this question.

~f D04 e An C

The T 1s,C tsand N is specira icr FMDA and COA czdepesited an to Cu(111)
at room ‘emperature are reoroduced in Figs. 10-12(3-q). This layer was ‘hen
heated slowiy in vacuum and resuited in a reduction in film thickness and changes
within the XPS spectra as shown in Figs. 10-12(e-j). The varation in speciral
lineshape associated with the imicization reaction and the methed for decanvoiu-
tion of these has been reported in detail eisewhere [17]. A similar analysis is used

in the following.

Specira 10-12(a) are taken from the “clean” Cu (111) surface which, however,
shows a small oxygen contamination. Subsequently PMDA and OOA were
codeposited onto the surface held at room temperature, i.e. both evaporators were
operated simultaneously. The first obvious difference from depaesition of the pure
monomers is that after relatively small exposures a muitilayer is formed. This
result, that the condensation coetfficient for codeposition is by orders of magnitude
higher than for pure monomer adsorption, occurs on all substirates studied so far,
i.e. Cu, Ag, Au, Ni and SiQ2. The high condensation coefficient remains for thick
muitilayer film formation; in the example shown here, a formal exposure of 480 L is
sufficient to preduce a film exceeding a thickness of d >7 nm.

The codeposited layer clearly is not a mixed phase of QDA and PMDA, but
consists of polyamic acid (see Fig. 1) as has been discussed previously /11,15/.
The C 1s, O 1s and N 1s spectra of the codeposited films (b.c.d) taken after
sequential exposures have different lineshapes, indicating that the chemical com-




position varies and is more complex than simple polyamic acid. A stoichiometry
analysis showed that spectra b and ¢ have a pronounced deficit of nitrogen, i.e. for
specira ¢ the ratio between ZC: L0O: IN =22: 6.4 =0.7: 1.13 = 0.05 compared !0 the
steichiometric ratio of 22:7:2 {or polyamic acid. For spectra (d) an excess of COA
is indicated from the excess of nitrogen and slight deficit of oxygen (ZC: Z0O: IN =
22: 5.5 = 0.6 : 2.9 £ 0.25). Also consistent with an excess of ODA s the
IN:ZC2:Z0 ratio of 2:2.5:3.5 compared to 2:4:7 fcr polyamic acid [16]. The higher
relative carbon content of CDA with respect to PMDA results in a low value for the
oxygen steichiometry.

The initial deficit of nitrogen is not consistent with 3 PMDA axcess becausa this
wcuid also require excess of oxygen due 'o the higher cxygen/carpon ratic in
PMDA as compared to OQCA. The result, however, resembies our rocom
temperature adsorption studies of QDA /13/, where a pronounced nitrcgen deficit of
the adscorbed phase was found. Since nitrogen is not contained in this adsorbate
pnase, seme moiecular nitrogen species must have been desorbed. The
mechanism by which this occurs for pure QDA adsorption and COA/PMDA

sdegosition is not known, but the similanty of thesa wo cases aignlight the {ac:
that the interfacial chemistry is determined 2y the functional grcups af the arganic
adscroates.

The changing lineshapes of the C 1s, C 1s and N 1s spectra 3-d fcilowing
saguentiai cepcsition reflect the chemical changes in the CCA/PMDA ccdecositeg
layer. The carbon 1s spectrum (b) shows 3 Jroad phenyl carton a2mission arcund
=3 = 286 3V and a oroad emission band around S3=290 &V indicative for carbonyi
grcupos in 3 variety af chemical enviranments. In the C !s 2missicn the hign
sincing 2nergy shouider at 534 a3V is due ‘0 hydroxyl oxygen in the 3olvamic ac:g
decasit. Hcowever, cnly at the higner exposures of spectra {d) dces the C s, C is
ana N s smission Jecame simiiar (0 those of sciventiess Joilvamic acic Jrccuced
cn siiver and goid surfaces 2y zcdepcsition of PMDA anc CCA. The zaroenvi
intensity is suostantiaily suppressed 3ana Jroadened whiie he hyvdraxyi C is
amission decsmes more pronouncad. In the N 1s specirum (d) the increased width
of the peak with the higher binding energy taii indicate that the COA amino groups
arg reaction centers in the formation of the polymer (see Fig. 1).

it is the initial bonding of the PAA to the substrate that uitimately determines the
fundamental adhesion of the polymer. In previous studies of VOP af polyimide ¢n
silver [11] it ‘was postuiated that the fragmented monomers acted as anchors ‘or the
resulting polymer chain. If this hypothesis is extended to the presant case then at
the interface only PMDA would contain any functional groups which could react
with molecular COA. As nated earlier, QDA completely dissociates at the room
temperature Cu(111) interface with loss of functional groups. The 1.6 nm films of
codeposited PMDA and ODA may therefore contain no interfacial ODA. From the
lineshape of the C1s spectrum corresponding to 60 L expasure it is clear that the
broad carbonyl peak is mare pronounced compared to films of increasing
thickness. This may ariginate from PMDA at the interface.
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Fig. 10. C1s spectra for the coadsarption of PMDA and QDA on Cu(111) and
subsaquent heating to farm polyimide: (a) Clean substrate (at 298 K); (B) L = 60 (at
298 K) d~1.6 nm; (c) L = 180 (at 298 K) d~1.7 nm; (d) L = 480 \at 298 K) d~7.3 nm;
§__e) Following heating to 329 K for 1hr; (f) Following heating to 373 K for 1hr; (g)

ollowing heating to 423 K for 12hrs; (h) Following heating to 473 K for 1.5 hrs; )
Following heating to 573 K; (j) Following heating to 673 K

The fact that multilayers of codeposited PMDA and OODA form at room
temperature while neither PMDA nor QDA alone form multilayers suggests that a
chemical reaction occurs during codeposition. Accordingly “the resulting XPS




spectra are not simply a compacsite of the monomer spectra. We are unabie to
determine ifrom the 2xperiments reported here whether the PAA forms at the
interfaca or in the vapor prior !0 adsorption. The relative size of the nolymer does
however suggest that Van der Waais lorces will play some role in initial achesion.
This would of course increasa the initial sticking coefficient.

As the film is heated, the hydroxyi O 1s at E3g=534 eV decreases reiative to the
lower binding energy O 1s emission and the carbonyi C 1s emission is resolved
above the background. Concomitant with this is a narrowing of the N1s amission
and a shiit to higher E3 indicating the onsat of imidization. Heating at 373 K and
above (Figures 10-12 i-j) does not further change the sgectral lineshape which
indicates that the curing to form polvimide is compiete. The C 1s specira co not,
however, indicate gure polyimide. The peak centered around 286.2 2V does not
show the characteristic solitting due o C3 (lower binding energy) and C* and C4
at higher Ea. Similarly, in the O 1s there is an increase in the lower £3 ceak relative
to the higher binding energy shoulder. The N 1s peak exhibits a very weak
shouider at lower binging energy, 5ut otherwise shows very little change.

The ratio of the integrated C:Q:N intensities during heating is sicwn in Sigure
13 a. As the ifiim is hezted there is cefinite ‘oss of mtrogen Jue :0 cescrption of
axcess unreacted CODA. Increasing ‘emperatures leac ‘o imicgization 3and 3
decreasa in axygen content. At emperawures setween 373 K and 473 K ‘here
appears 0 Je stoichiometric poiyimice.

Figure 13 (b) summarnzes the ratio of IN:ZC:ZC2 integrateq intensities anag
sarves ‘0 hignfight seme of the subtleties associated with the reaction. For 75373 K
the totai N:O ratio remains 2ssentially stcichiametric (2:5). in ccmoarison the
carconyl carbon C2 3ppears o increase 3s ‘micizaticn srcgressas. Much of this
imtial increase can 2e sitributed ‘0 ‘he rocscure ‘or Jackgreund suotraction.
3ecausa the 2road carbonyi amission in FAA s ciificuit :0 seoarate ‘rem the shake-
up ransitions the iatter were initially inciuded in the sverzil C2 intensity. As the
temperature increases, the imidization resuits in he raapoearanca aof a well
defined carbonyi band, which makes ‘he integration much 2asier. Also, if the
phenyl carbons have measurable intensity shake-up transitions, then the carbonyi
content wiil be averastimated at all stages [16]. It is unlikely, however, that the
observed large increase in carponyl can bde accounted for in this way. The
increase in total carbon relative to nitrogen and oxygen is thus caused by an
excess of carbonyi carbon C2.

The lineshape changes indicate that the film produced at §73 K is not pure
polyimide but contains a mixture of PMDA and to a lesser extent QDA fragments
(the shouider in the N1is is an indicauon of this). These excess constituents could
be in the form of trapped molecules or terminal groups, but branching and
crossiinking might also explain the resuits. Similar results in very thick films on




Fi%. 11. O1s spectra for the coadsorption of PMDA and QDA oa Cu(111) and
subsequent heating to form polyimide: (a) Clean substrate (at 298 K); (b) L = 80
(at 298 K) d=~1.6 nm; (¢) L = 180 (at 298 K} d~1.7 nm ; (d) L = 480 (at 298 K)
d~7.3 nm; (e) Following heating to 329 K for 1hr; (f) Following heating to 373 K for
1hr; (g} Following heating to 423 K for 12hrs; (h) Fallowing heating to 473 K for 1.5
hrs; (i) Follnwing heating t0 573 K; (j) Foilowing heating to 673 K




Fig. 12. N1s spectra for the coadsorption of PMDA and QDA on Cu(111) and
subsequent heating to form polyimide: (a) Clean substrate (at 298 K); (b) L = 60 ;at
298 K) d~1.6 nm; (c) L = 180 (at 298 K) d~1.7 nm; (d) L = 480 (at 298 K) d~7.3
nm; (e) Following heating o 329 K for 1hr; (f) Following heating to 373 K for 1hr; (g)
Following heating to 423 K for 12hrs; (h) Following heating to 473 K for 1.5 hrs; (i)
Following heating to 573 K; (j) Following heating to 673 K

silver have been reparted previously. The dissaciation of single monomers on the
substrate aiso suggests that the bulk of the additional carbon in thesa films could
be due to carbonyl carbon arising from the PMDA like fragments in the interface.




Similar results have been repcrted on polycrystalline Cu(13], for a 4.2 nm  thick
film. This thicker overiayer did show a much mora stoichiometric ratio of C:O:N.
The lineshape, however, was aisc indicative cf the presence QDA and PMDA like
fragments.

The differences in the polvimide flms formed on polycrystalline and {111) copper
subsirates may then be attributed in part 0 the interface reaction i.e. to differences
in the relative reactive sticking ccefficients of PMDA and ODA. [f the reacive
sticking coefficients of PMDA and ODA leading to carbonyi and nitrogen ioss,
respeciively, are similar on polycrystailine ccoocer sut ODA decompaosition uncer
the releasa of nitrogen containing ragments is {avoured an Cu (111), the resuiting
polyimide/capper interface composition wiil reflect this through an excess of
carconyi groups. Despite having started in the thick polyamic acid film with an
excess of ODA |, curing has led o an 2xcess of PMDA iike species. This is
consistent with PMDA and ODA adscrption at rcem iemperature, ‘where the latter is
comoieteiy disscciated. On palycrystailine Cu the CDA and PMDA were aresent in
much mcre comparabie amounts and the resuiting oclyimide film camposition
reflected this .

‘We can anly speculate about the Zonding =2t ‘he zelyimide/ccoper interface at this
‘ime. Given ‘he 2ehaviour of MDA and CTCA at T~ 372K, we 2xpect that there
weuld in fact be a lass of carbonyi and 3 2reakdown 2of the payimide/conper
interiace into an amorohous carbon layer. However, the golymer has 2 stabiiizing
effect and the chemistry at the interface may ziso De aitered due to this.

In previcus 'werk /13/ the supject 3f the minimum 20ssible polyimice fim
thickness 'was addressad. it was reoorteg that zolyimide fiims thinner than -4 am
'vere not nossible on poiyerystailine Cu wnile uitra thin fims ¢f apout 1 am were
possible an poivcrystailine Ag. Fragmentation zt the nterfsc2 <ouid Je 3 majcr
cause !o this difference. Cilearly monomer gisscciation is much more pronouncad
on copper. Figures $-11a-d show that with increasing exposure an CDA excess is
only realized at {ilms with d>2 nm. f, as suggested previously, this is due to PMCA
adsomption being a possible base for future polymer growth then the minimum
thickness must take into account the axcessive fragmentation at the interface. Cn
siiver there is much less fragmentation and the resuiting fragments are ail available
for polymaerisation. ..

In the context of understanding the ransmission electron microscopy studies of
spun on and vapor deposited polyimide fiims on capper /2.3/ we note that a strong
initial reaction occurs between the substrate and Hoth the monomers and polyamic
acid. This initial reaction invoives covalent and, as has been noted in the PMDA
temperature profile, oxidic (partially ionic) bonded cooper surface atoms. These
then may provide a source for copper ion formation and, subsequent migration into
the palymer matrix in the presence of the solvent.
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Fig. 13.(a) Total C:O:N ratio normalized to 22 carbon atoms for codeposited PMDA
and ODA on Cu(111) at 298 K and subsequent heat treatment. MO (n)IN: [
(b) Tota! O:C2:N ratio normalized to 2 nitrogen atoms for codeposited PMDA and

QOA on Cu(111) at 298 K and heat treated; 20 ; ICc=o:




Summary

it has been shown that thin polyimide films can be prepared by vapor depasition
polymerisation on Cu substrates. The resulting film composition can be related to
the initial monomer adsorption. Copper appears to destabilize the adsorbates at
rcom t{emperature much more than that seen previcusly on Ag substrates. The
minimum polyimide film thickness possible an Cu is found to be about 4 nm and
can be explained by the increasad degree ot fragmentaticn at the interfaca.
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