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ABSTRACT: Chemical reactions induced by heat and particle bombardment at low energy in PMDA-ODA 
have been studied by XPS and REELS. Different chemical reactions involving the chemical state of oxygen 
and nitrogen are shown to occur with different products and rates depending on the peculiar way of energy 
deposition. In particular, thermal treatments proceed mainly by decarbonylation of imidic rings, leaving the 
ether linkage in the PMDA-ODA unit essentially unaffected. Evidence is found that thermal treatment 
results in the formation of large condensed aromatic systems, possible precursors for true graphitization at 
higher temperature. Also, a characteristic REELS signature is observed, diagnostic of the formation of a 
hydrogenated amorphous carbon phase. In the case of particle bombardment, the destruction of imide and 
phenyl rings occurs through a random fragmentation mechanism, leaving a detectable concentration of the 
imidic moiety at the steady state. A specific reaction channel has been identified, involving the production 
of recoiling oxygen atoms, which react with the carbon backbone to form new additional ether or hydroxyl 
groups. Also the electronic structure of the irradiated samples is shown to be different from that of the 
pyrolyzed samples. In particular, no evidence is found for the formation of large delocalized aromatic systems 
observed in the thermal case, while the predominant effect is the formation of highly disordered a-C:H phases. 

Introduction 
Ion bombardment of organic materials and particularly 

of polymers has been widely investigated in the last few 
years, in connection with the possibility of obtaining 
interesting modifications of their basic physical and 
chemical These have been shown to depend 
upon a number of parameters including ion energy and 
fluence, Le., the total deposited energy per unit volume, 
and the predominant energy deposition me~hanism.~J 

However, the connection between ion-induced chemistry 
and the fundamental ion-olid interaction events as well 
as the structural evolution of the bombarded phases and 
the basic modification mechanisms is not yet understood. 
As an example, we recall that ion-induced processes in 
polymers are often discussed in terms of "carbonization" 
or "graphitization" of the target? supporting the idea that 
the ion-polymer interaction essentially is equivalent to 
some kind of violent thermal p r o c e ~ s . ~ ~ ~  At variance with 
this picture, in recent papers we demonstrated that the 
structure of the polymer under ion bombardment is 
continuously evolving toward a state that can be char- 
acterized as a hydrogenated amorphous carbon. During 
this evolution the chemical functionalities are modified, 
producing new definite chemical bonds, still depending 
on the initial composition of the polymer.2 

One of the relevant problems when dealing with "fragile" 
objects like polymers is the basic nature of the ion-induced 
chemical reactions. In particular, it is not yet clear if the 
ion-induced process should be considered just equivalent 
or if it is intrinsically different from the "conventional" 
heat-induced ones. In the first case the emphasis is put 
on the very high deposition rate in the ion track. In the 
second case, the very specific nature of the energy 
deposition mechanisms is emphasized. In line with this 
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view, in several recent papers we investigated the different 
chemical modifications induced by particle beams depos- 
iting energy mainly by electronic interaction or by binary 
collisions. Our results suggested that different energy 
deposition mechanisms induce different types of react- 

The aim of the present paper is to study the chemical 
products obtained with a typical ion bombardment ex- 
periment and those obtained in a classical heat-induced 
degradation of a model polymer. It is noted that the role 
of trivial thermal effects due to beam-induced heating 
should be distinguished from the effects of high-energy 
deposition rate, referred to as "electronic heatingna3 In 
order to avoid the overlap of the two effects, in this study 
the attention has been focused on a heat-resistant polymer, 
poly( N,"- (p ,p'-oxy diphen ylene) p yr omelli t imide) (here- 
inafter indicated as PMDA-ODA), also known as Kap- 
ton. This polymer is resistant to heat-induced decom- 
position up to temperatures to the order of 400 "C, so 
preventing possible effects coming just from trivial beam- 
induced heating. Furthermore, both the thermal degra- 
dation and the ion-induced effects in polyimide have been 
widely studied and characterized by several techniques, 
including XPS, IR, FTIR, optical absorption, RBS, 
etc.,11-22 so providing a large literature body with which 
to compare the present experimental data. 

The present work is based on the use of XPS (X-ray 
photoelectron spectroscopy) and REELS (reflection elec- 
tron energy loss spectroscopy) techniques to characterize 
the chemical changes produced in PMDA-ODA samples. 
Due to the fact that ion-bombarded surfaces of polymers 
are known to be very sensitive (dependingon the projectile 
fluence) to exposure to the atmosphere, the irradiation 
treatments have been performed using a low-energy source 
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Table I 
Elemental Comporition Obtained by XPS of Bombarded and Thermally-Treated PMDA-ODA Samples 

5-keV ArQ thermally treated 
dose % C  % O  % N  T, O C  (time, min) % C  % O  % N  

untreated 76.9 16.6 6.5 
4.7 x 1013 78.2 15.7 6.1 
2.35 x 1014 83.9 9.9 6.2 
4.7 x 1014 86.8 8.0 5.2 
9.4 x 1014 89.9 5.8 4.3 
1.4 X 10ls 93.8 3.2 3.0 

fitted to the XPS apparatus, to avoid any exposure of the 
sample surface to the atmosphere. For the same reason, 
the thermal treatments were performed in an Ar atmo- 
sphere and the samples were extracted from the oven only 
after cooling in inert atmosphere. 

Experimental Section 
Thin fiis of PMDA-ODA were obtained by spinning a 

solution of polyamic acid in N-methylpyrrolidone at a suitable 
dilution (Pyralin 2545 from E.I. du Pont de Nemours and Co.) 
at 5OOO rpm for 45 s onto 5-in. Si wafers. The wafers were heated 
at 90 O C  for 30 min in air to drive off the solvent, and therefore 
the polyamic acid film was imidized according to the procedure 
of ref 14a. The complete imidization was monitored by means 
of IR and XPS analyses. The typical thickness of the PMDA- 
ODA films obtained in this way was about 9OOO f 600 A, as 
measured with an Alpha-Step apparatus (Tencor Instruments). 
XPS and REELS analyses were performed using a Kratoe ES 

300 electron spectrometer, equipped with a Kratos electron gun, 
for REELS spectroscopy, operating with XMOOO-eV electron 
beams at variable currents (between 100 nA and 100 PA). The 
XPStake-off angle was Eo. The angle of incidence of the electron 
beam in the REELS experiments was 45O with respect to the 
normal to the sample surface positioned parallel to the analyzer's 
entrance slits. 

The bombardment was performed in situ in the preparation 
chamber fitted to the XPS apparatus using an llNF FAB source 
(from Ion Tech La.) operating at 1-10 keV of noble gas atom 
beams with an incidence angle of 30° with respect to the normal 
to the sample surface. The particle currents were estimated by 
measuring the steady-state current due to the emission of 
secondary electrons and charged particles on a Cu target of known 
area and considering an ionization cross section on the order of 
0.5, according to literature data.29 The estimated current was 
5.5 &cm2 for 5 keV ArO with a residual pressure of Ar of 6 X 
1Oa Torr. 

The XPS spectra were calibrated to the low binding energy 
(BE) component of the C 1s peak of PMDA-ODA assumed at 
285.0 eV of BE before irradiation and pyrolysis. 

The irradiation as well as the pyrolysis generally resulted in 
a shift of all the peaks of about 2.0 eV for particle bombarded 
samples and about 2.3 eV for heat-treated samples toward higher 
kinetic energies (KEs), implying a substantial increase in the 
electrical conductivity of the modified surfaces. Therefore, after 
treatments the referencing was performed by putting a gold sheet 
in electrical contact with the samples and taking the Au 4f7/2 
peak at 83.8 eV. 

Results and Discussion 
Among the various types of heat- or radiation-induced 

chemical effects we will consider those consisting of 
compositional modifications, properly involving the vari- 
ation of elemental ratios (Section l), and chemical 
modifications of the primary structure, mainly involving 
the variation in the chemical state of oxygen and nitrogen 
(Sections 2 and 3) and the backbone structure (Section 4). 

A preliminary point to be discussed concerns the 
homogeneity within the XPS and REELS sampling depth 
of heat- and irradiation-modified samples. The evaluated 
sampling depth for the C 1s photoelectrons (for Al Ka 
photons a t  1486.6 eV) is about 85 A and slightly less for 

untreated 76.5 16.9 6.6 
377 (50) 79.9 13.9 6.2 
547 (72) 86.2 7.7 6.1 
617 (81) 88.9 6.0 5.2 
727 (95.6) 91.8 4.6 3.7 
927 (122) 93.0 4.0 3.1 

N 1s and 0 1s  photoelectron^.^^ The same holds for 
electrons of comparable energy in REELS experiments 
(see Section 4). This thickness is lower than the mean 
projected range (about 100 A) and the total range (about 
123 A) of Ar 5-keV projectiles as evaluated by TRIM ~ode.2~ 
Furthermore, there is not a significant variation of the 
energy deposition mechanism along the track for the Ar 
5-keV particles; i.e., the collisional term is the predominant 
one.26 These two facts make us confident that the 
modification of the irradiated layer can be considered 
substantially homogeneous within the XPS and REELS 
sampling depth. On the other hand, no significant depth 
dependence of the surface composition is expected in the 
case of heat treatments, at  least within the thickness 
relevant for XPS and REELS measurements. 

However, the occurrence of different chemical reactions 
for particle irradiation, related to the variation in the 
energy deposition mechanism,2~~*~l~  as well as the possi- 
bility of near-surface cage-type effects, also for thermal 
treatments, suggests the need for angular-dependent XPS 
studies to clarify the problem of the homogeneity of heat- 
or irradiation-induced surface modifications (outer 100 

(1) Compositional Modification. Let us consider first 
the trends of compositional modification induced respec- 
tively by particle beams and thermal treatments. 

Table I reporta the data obtained by XPS analysis for 
PMDA-ODA bombarded with Aro 5-keV particles and 
the same polymer thermally treated. 

The trend of compositional modification for 5-keV ArO 
is very similar to the experiments performed using ions of 
similar energy.17p21*22 In particular, the XPS signals of 
oxygen and nitrogen decrease for increasing particle flu- 
ence. Oxygen is more sensitive to depletion than nitrogen, 
the estimated elemental percentage being reduced from 
16.6% to 3.2% in the sample bombarded a t  the highest 
dose (1.4 X 1Ol6Aro/cm2), while the corresponding decrease 
of nitrogen ranges from 6.5% to 3.0%. In particular, it 
is noteworthy that the depletion trend of the N atoms is 
a very slow process (on the fluence scale), and no saturation 
point is observed, at  least in the fluence range studied 
here. This behavior contrasts with the idea that ion-beam- 
induced carbonization is a violent process, leading essen- 
tially to a graphitelike phase losing any memory of its 
initial chemical ~tructure .~ The data in Table I in no way 
suggest that such a drastic process is occurring during ion 
bombardment. In fact, we can observe as much as 65% 
of the initial N at the polymer surface after a bombardment 
fluence of 1 X 10l6 Aro/cm2, when the chemical structure 
of the polymer and its physical properties are completely 
changed.2 

It is also important to realize that the fluence depend- 
ence of the compositional modifications in our experiment 
(low-energy particles) is very close to the fluence depend- 
ence observed for bombardment with high-energy ions 
(more than 100 keV) on respectively PMDA-ODAsJ6JsJ8 
and BTDA-ODA.14 

A). 
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the characteristic modification trend of the 0 1s peak for 
untreated, particle-bombarded, and heat-treated samples 
of comparable composition. 

According to a well-established literature, the 0 la peak 
for PMDA-ODA has been analyzed in terms of two bands 
respectively assigned to the imide carbonyl (at 532.3 eV) 
and to the ether linkage (at 533.8 eV). The thermal 
treatment as well as the particle bombardment does not 
change the BE of the two 0 1s components. However, it 
should be recalled that the real chemical nature of the 
groups contributing to the 0 1s bands after thermal or 
particle beam treatments is not unequivocally assigned 
with respect to the untreated polymer. In fact, it is well- 
known that the oxygen atoms belonging to several types 
of chemical groups like phenolic and alcoholic hydroxyls, 
esters, and ethers fall in the BE region around 533.0- 
533.8 eV, and many types of C==O-containing groups give 
a peak around 532.0-532.5 eV of BE.26>27 Therefore, we 
will indicate the component at  533.8 eV in bombarded 
and thermally-treated samples as "ether-like", keeping in 
mind that also hydroxyl groups can be present. 

The expected stoichiometry of carbonyl-to-ether com- 
ponents for untreated PMDA-ODA is 4:l versus an 
experimental ratio of 3.61, showing the well-known and 
widely reported small deficiency in the carbonyl content 
which has been generally found from XPS studies of the 
surface of fully cured polyimides.a* Both heat treatments 
and particle bombardment produce the modification of 
this characteristic ratio, mainly seen as a strong depletion 
of the carbonylic component. This effect has been 
explained in terms of imide ring degradation and related 
molecular rearrangements starting with the loss of the 
carbonyl groups, while the apparent stability of the 
intensity of the ether-like band has been attributed to the 
high radiation resistance of the ether linkage, stabilized 
by the two contiguous benzene rings. The effect seems 
qualitatively very similar, but quantitative differences are 
seen for the two types of treatments. 

We remark that while in general only the relative 
decrease of the carbonyl component with respect to the 
ether-like component of the 0 1s band has been 

in the present experiment we fo- 
cused our attention on the determination of the absolute 
concentration trends of the two different types of oxygen. 
In particular, parts a and b of Figure 2 report the absolute 
quantitative modification, with thermal or particle treat- 
ments, of the percentage of carbonylic or ether-like ox- 
ygens with respect to the initial total oxygen (see Table 
I). 

In particular, Figure 2a shows for heated samples astsep 
decrease of the carbonyl concentration from 78 % to 7 % 
of the initial total oxygen content. This corresponds to 
a decrease from 13.2% to 1.1% as a percent of the total 
number of atoms (i.e., C, N, and 0) excluding H atoms. 
On the other hand, the ether-like component undergoes 
a very small total decrease from 22% to 17 % of the total 
initial oxygen corresponding to a decrease from 3.7 % to 
2.9% asapercent ofthe totalatoms (seeabove). Therefore, 
the total decrease of oxygen in heated samples is due 
essentially to the preferential depletion of C=O groups, 
while the higher expected stability of the ether linkage is 
confirmed. 

In the particle-bombarded samples (Figure 2b) the 
modification trend of the oxygen content is very different. 
In fact, the continuous decrease of the carbonyl-like 
component is initially balanced by the absolute increase 
(roughly a fador of 2) of the ether-like component a t  low 
fluence (up to 5 X 1013 Aro/cm2). At  this fluence there is 

0 1 s  

PARTICLE B E A M  T H E R M A L  

. " "  * '  1 '  ' 
536 532 B E  lev) 536 532 B E  (eV) 

Figure 1. 0 1s XPS peaks for PMDA-ODA (a) untreated; (b) 
bombarded with 4.7 X lo1' Aro 5 keV/cm2; (c) heated at 547 O C  

for 72 min; (d) bombarded with 1.4 X 1OI6 Aro 5 keV/cm2; (e) 
heated at 927 "C for 122 min. 

The heat-treated samples (Table I) show very similar 
qualitative and quantitative trends of compositional 
modification with respect to particle-irradiation effects. 
In particular, the composition of the samples treated at 
temperatures higher than 600 "C closely resembles that 
of samples bombarded at  a fluence higher than 5 X 1014 
particles/cm2. Also the composition at the highest tem- 
perature we used in this experiment is very close to that 
obtained for the samples bombarded at the highest flu- 
ence 1.4 X 10l6 Afl/cm2. 

On the basis of the data reported in Table I, we conclude 
that heat-treated and particle-bombarded samples show 
a common compositional modification trend, which does 
not allow us to distinguish between different chemical 
processes for the heat- and beam-induced modification of 
PMDA-ODA. 

(2) Chemical Modifications of the Primary Struc- 
ture. A preliminary comment is needed about the 
comparison between thermally-treated and Ar-irradiated 
samples. A correct comparison should be performed 
considering the chemical structure of samples in which 
equal amounts of energy have been deposited by respec- 
tively heating or particle bombardment. Due to the fact 
that it is very difficult to evaluate correctly these amounts 
of deposited energy in such different conditions of energy 
deposition, we will compare directly the chemical structure 
of samples having very similar elemental compositions, 
arguing that any differences in the chemical structure of 
compositionally similar samples are indicative of different 
chemical processes. 

In particular, the samples irradiated at  4.7 X 1014, 9.4 
X 1014, and 1.4 X 10ls Aro/cm2 and samples respectively 
treated at  547 "C (for 72 min), 727 "C (for 81 min), and 
927 "C (for 122 min) have very similar compositions and 
can be considered in parallel two by two. Figure 1 reports 
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Figure 3. N 1s XPS peaks for PMDA-ODA (a) untreated; (b) 
bombarded with 4.7 X 10" Aro 5 keV/cm2; (c) heated at 547 "C 
for 72 min; (d) bombarded with 9.4 X lo*' ArO 5 keV/cm2; (e) 
heated at 727 "C for 95.6 min; (f) bombarded with 1.4 X 10'6 A+' 
5 keV/cm2; (g) heated at 927 "C for 122 min. 
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Figure 2. Percent variation of the total oxygen and related 
functional groups: (a) thermally-induced traces; (b) bombard- 
ment-induced traces. The mows refer to samples of comparable 
elemental composition. 

a very small loss of total oxygen, suggesting that carbon- 
ylic oxygen is transformed in the ether-like one. This 
unexpected increase is then followed by a slow depletion 
at higher fluence. The final concentration of the ether- 
like oxygen, with respect to the initial total oxygen content, 
is lower in the case of Ar irradiation (10% , i.e., 1.7% of 
the total number of atoms) than in the case of thermal 
treatments(17%,i.e., 2.9% ofthetotalnumberofatoms). 
This fact suggests that the particle irradiation is finally 
more effective in depleting the ether-type oxygen. 

TheN 1s band shows a complex pattern of modification, 
with the creation of new components corresponding to 
the formation of different chemical states of nitrogen. 
Figure 3 shows N 1s bands for heat-treated and particle- 
bombarded samples of comparable composition. 

The band shape for the virgin samples (Figure 3a) 
according to the literature28129 and previous results from 
this lab0ra tory~~J~1~ is resolved into two bands respectively 
assigned to the imidic ring nitrogen (at 400.8 eV) and to 
a small quantity of isoimide (at 399.3 eV), always present 

after thermal curing in polyimide~.~8*~~ 
The thermal treatment (see Figure 3c,e,g) essentially 

decreases the intensity of the imidic band (component A) 
and produces the transient increase of the band at  399.3 
eV (component B), also creating two new bands respec- 
tively at  398.6 eV (component C) and 401.4 eV (component 
D). At the highest temperature only these new bands 
(components C and D) remain in the pyrolyzed samples. 

According to Toth et al.,12 we assign the band at  399.3 
eV (component B) after thermal treatment to the forma- 
tion of linear =C=N- linkages (imine group) or to ni- 
trile groups -C=N, which are expected to fall in the same 
BE range. The formation of both such groups is expected 
for thermal degradation, involving the rupture of the im- 
ide ring and its r e a r r a ~ ~ g e m e n t . ~ ~ ? ~ ~  

Component C at 398.6 eV is assigned to pyridine-type 
nitrogen present in aromatic rings produced during 
thermally-induced condensation processes, according to 
several authors.32 This assignment is also supported by 
previous measurements in our laboratory on poly(2-vi- 
nylpyridine) and poly(4-vinylpyridine) yielding a BE for 
nitrogen in isolated aromatic rings of 398.8-398.9 eV, very 
close to the present result. 

More difficult is the assignment of component D at  401.4 
eV in heat-treated samples. A previously proposed 
assignment to amide-like groups contrasts with the fact 
that the BE of the -NH group in PMDA-ODA parent 
polyamic acid is found at 400.4 eV. On the other hand, 
literature reports assign a BE of 401.4 eV to a quaternary 
nitrogen or to a tertiary amine moiety.% Evidence 
for the formation of quaternary nitrogen in PMDA-ODA 
has been claimed in high energy electron irradiation 
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Figure 4. Percent variation of the total nitrogen and related 
functional groups: (a) thermally-induced traces; (b) bombard- 
ment-induced traces. The arrows refer to samples of comparable 
elemental composition. 

e~periments?~ but this species should be very unstable, 
so that we suggest that 401.4-eV band is due to tertiary 
nitrogen groups, probably enclosed in condensed cycles. 

The absolute quantitative trends for thermally-treated 
samples are reported in Figure 4a in terms of the initial 
total nitrogen content. The monotonic disappearance of 
the imide component is accompanied by a transient 
increase of the imine group concentration, followed by ita 
complete depletion with the delayed formation of the 
component attributed to tertiary amine, which starts to 
be formed when the concentration of the imine is at its 
maximum. This behavior recalls the kinetics of a con- 
secutive reaction, in which the imine groups, starting at  
a critical concentration, are progreaeively transformed in 
(cyclic) tertiary nitrogen groups. Furthermore, we may 
observe the growth of the pyridine-like component reach- 
ing a steady state, 80 that the final state composition for 
N-containing groups consists of these pyridine-like groups 
and tertiary nitrogen. 

x i X C T o N *  C' 
I /  
O 1 - co*  

In the case of Ar-irradiated samples (Figure 3b,d,f) the 
modification pattern is quite different. In particular, the 
imide band (component A in Figure 3, falling at  400.7 eV 
after bombardment) is still present at  the steady state 
while the imine component at  399.3 eV becomes the most 
intense of the pattern (with a small transient increase 
around 1 X 1014 and 5 X 1014 Aro/cm2). It should be noted 
that the band at 400.7 eV in bombarded samples could 
contain a small contribution from amide groups, expected 
at 400.4 eV14p28 and close enough to the imide band to be 
seen as a unique component. 

As to the new componenta, a pyridine-like band is 
observed also in this case with an appreciable intensity, 
but the tertiary nitrogen component at  401.4 eV is of 
negligible intensity through all the particle bombardment. 
The whole process of nitrogen conversion, as summarized 
in Figure 4b, therefore consists of the parallel, simultaneous 
increase of the linear =C=N- and pyridine-like com- 
ponents at  the expense of the imide nitrogen, which is not 
completely depleted. 

(3) Chemical Mechanisms. Comparison of parts a 
and b of Figure 2 allows the identification of two main 
chemical processes related to the oxygen-containing h c -  
tionalities. 

The fiit consists of the rupture of imidic rings via the 
elimination of carbonyl groups, either through an isomer- 
ization and decarboxylation mechanism (see Scheme I) 
yielding a residual imiie group or through the process 
summarized in Scheme 11, producing a reaidual nitrile. 
These mechanism seem to operate for thermal as well as 
particle bombardment treatments. 

The second process, observed here for the first time, is 
characteristic of particle bombardment treatmenta. It 
produces the transient increase of the ether- or hydroxyl- 
like groups at  the expense of the carbonyl groups (Scheme 
111). This peculiar pathway of production of ether- or 
hydroxyl-like groups can be understood in terms of the 
transformution of the carbonyl groups due to the colli- 
sional breaking of these groups, producing recoiling free 
oxygen species (radicals or hot atoms) available for 
reactions with suitable carbon sites. The proposed chem- 
ical effect is in part similar to that reported for the 
bombardment of PMDA-ODA directly with low-energy 
02 ions (OrRIBE), where the formation of both C-0 and 
C - 0  groups was observed.% 
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particles/cm2, while at higher fluence, this new oxygen 
species is sputtered away with a slowly decreasing tail, 
suggesting a balance between the production of new ether- 
like groups and the rate of sputtering. In the same flu- 
ence range around l O I 4  particles/cm2 some authors find a 
definite improvement of the adhesion performances of 
PMDA-ODA-metal layers under keV ion beam irradia- 
tion, which degrades at higher ion f l ~ e n c e . ~ ~  Therefore, 
our finding provides a chemical basis for explaining the 
observed adhesion improvement following low-energy 
bombardment of PMDA-ODA in terms of the increase of 
reactive oxygen sites available for bonding with metal 
atoms at the bombarded  surface^.^^^^^^^^ 

In the case of nitrogen-containing groups, the thermally- 
induced modifications are characterized by a consecutive 
reaction producing a transient increase of the imine-like 
concentration followed by the transformation of this group 
in some kind of cyclic tertiary amine and an apparently 
independent process of transformation of the imide groups 
in pyridine-type structures (see Figure 4a). 

At variance with this, in the case of particle-bombarded 
samples, the three reactions are observed to occur almost 
simultaneously, with different growth rates (see Figure 
4b). This seems characteristic of specific beam-related 
processes, mainly based on the fact that all the precursor 
states are simultaneously produced due to the very high 
energy input due to the collisional processes as well as the 
random nature of the particle-induced bond breaking. 

The above-described reactions of decarbonylation 
(Schemes I and 11) account for the observed production 
of the imine groups as intermediates of thermal- and 
particle-induced reactions. Trends in Figure 4a suggest 
that the reaction of formation of tertiary amine groups 
may start from such an imine intermediate, but the mech- 
anism of formation of tertiary amine also needs the 
presence of reactive carbons, preferentially reacting with 
the nitrogen site. In the same way, the formation of a 
pyridine-like moiety again may start from the inclusion 
of a -CH=N- group within a broken adjacent phenyl 
ring. 

It is interesting to recall that the formation of tertiary 
amines is not favored in particle bombardment processes 
(see Figure 4b), suggesting that random fragmentations 
like those expected in particle bombardment do not prompt 
the formation of tertiary amines. The mechanisms of 
formation of such complex products are a matter for further 
investigation, belonging to the relatively undefined field 
of *char" formation reactions in pyrolysis studies. 

Beyond the classes of reactions involving the modifi- 
cation of the chemical state of N, we have to take into 
account also the class of reactions producing the depletion 
of N. It is noted that the depletion of nitrogen is delayed 
with respect to its modification, the starting fluence cor- 
responding respectively to a fluence or to a temperature 
where most of the initial imidic nitrogen has been 
transformed into other functional forms. Hence, the 
reaction proceeds as it needs to be prompted by the 
transformation in a suitable precursor for the formation 
of a volatile species. We propose such a precursor is the 
nitrile group, which is easily formed according to Scheme 
I1 as a product of the decarbonylation process. The related 
volatile species is proposed to be HCN or the CN- anion, 
according to literature results for thermal degradation of 
p~ ly imides~~  and to recent SIMS reports on the ion- 
induced fragmentation pattern of PMDA-ODA.39 SIMS 
results also show the presence of the fragment CNO- in 
bombarded PMDA-ODA, again in agreement with Scheme 
I1 of reaction. 

0 
,I 

1 -HCN 

Scheme I11 
0 
II 

0 
I /  

0 
/ I  

'0 --R 

R = H , @  

Such a mechanism is characteristic of particle-beam- 
induced chemistry, and therefore it should not be observed 
for the heat-induced chemistry, as is shown in the present 
experiment, as well as in electronic energy deposition 
processes. In agreement with this hypothesis, irradiation 
of PMDA-ODA samples with 3-keV electrons (i.e., not 
involving collisional energy deposition) does not induce 
any transient formation of ether- or hydroxyl-like groups.l0 

The peculiar increase of highly reactive ether- or hy- 
droxyl-like oxygen sites is expected to enhance the 
reactivity of the beam-bombarded surfaces as compared 
to the virgin or the pyrolyzed surfaces. In this respect it 
is interesting to note that the increase of the ether (or 
hydroxyl) band is observed in the fluence range 1014 
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(a) The low-energy excitation region is characterized by 
the appearance of new states in the band gap of the initial 
material. 

(b) The sharp structure at about 6.8 eV is broadened 
and shifted respectively to 6.3 eV after 1 hand 5.8 eV after 
3 h of treatment. 

(c) The bulk plasmon is made asymmetric and pro- 
gressively shifted from 22.3 eV to respectively 23.4 eV (1 
h) and 23.7 eV (3 h). 

The observed filling of the initial band gap (point a) 
indicates that the pyrolyzed phase is characterized by a 
relatively high density of scattering states in the very low 
excitation region. This finding must be compared with 
the characteristic smaller density of scattering states in 
the same low-energy excitation region for the REELS 
spectrum of graphite, due to its well-known singularity in 
the density of states at the Fermi level.40 Hence, we may 
explain the high density of scattering states either in terms 
of the formation of a set of (low-energy) intraband 
transitions, depending on the formation of a half-filled 
conduction band, or as due to a set of interband transitions 
involving defect states produced by pyrolysis in the initial 
band gap. 

The broad structure observed after thermal treatments 
at  6.3 and 5.8 eV is assigned to a plasmon resonance of the 
r-electrons. Similar structures have been observed in 
connection with the appearance of ohmic conductivity in 
keV bombardedp01ymers.l~ The excitation energy is lower 
with respect to ?r-plasmon in graphite (6.8 eV), suggesting 
that the resonance involves a system different from 
graphite. In particular, the shift of this structure toward 
a lower excitation energy (point b) supports the hypothesis 
that the increase in the density of the scattering states is 
due to interband transitions to defect states. It is known 
that interband transitions induce a lowering of the 
excitation energy of a plasmon re sonan~e .~~  The rising 
intensity of the 6.3-5.8 eV peak is diagnostic of the increase 
of the r-electron density in the pyrolyzed material and 
can be explained as due to the formation of large aromatic 
systems, possibly embedded in the amorphous polymer 
matrix. 

The excitation values of bulk plasmons in pyrolyzed 
samples (respectively 23.4 and 23.7 eV) can be compared 
with the 26.4 eV measured for pyrolytic graphite and the 
values reported for hydrogenated amorphous carbons 
obtained by plasma deposition, ranging between 22.9 and 
24.0 eV depending upon their hydrogen content.42 

The reported data as a whole support the hypothesis 
that pyrolysis up to a temperature of 600 O C  produces 
characteristic hydrogenated amorphous carbon phases, to 
be considered as pregraphitic phases, rich of extended 
condensed aromatic rings, good precursors of the graphitic 
ordering of the materials obtained at higher tempera- 
ture.11~~~ 

The situation is quite different in particle-bombarded 
PMDA-ODA. Figure 6 shows REELS spectra of the ArO- 
bombarded surfaces. The primary beam energy is the 
same as that in Figure 5. 

The particle-induced modification of PMDA-ODA 
includes the monotonic decrease of the intensity of the ?r - r* structure, while its position remains constant 
throughout the bombardment, the filling of the very low 
excitation energy region, and the shift of the r + u bulk 
plasmon toward increasing energy with increasing fluence. 
All these effects reproduce previous results from our 
laboratory obtained for high-energy ion bombard- 
ment.4,8-10914 
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Figure 6. REELS spectraof (a) virginPMDA-ODA; (b) PMDA- 
ODA heated for 1 h at 600 "C; (c) PMDA-ODA heated for 3 h 
at 600 O C ;  (d) pyrolytic graphite. The energy of the primary 
electron beam was 1200 eV. 

(4) Reflection Electron Energy Loss Spectra. The 
above-reported XPS data allow us to follow the chemical 
reactions in terms of the change of the chemical state of 
0- and N-containing groups. 

The REELS technique provides a direct insight into 
the electronic structure of the solid in terms of interband 
and intraband transitions, involving occupied and empty 
levels in valence and conduction bands, and collective 
excitations (surface and bulk plasmons). 

Among the various transitions observed in organic and 
polymeric systems, the ?r - ?r* transitions due to exci- 
tations localized in phenyl rings are particularly evident. 
Therefore, the REELS technique allows control of the 
integrity of aromatic rings and of the change in the 
electronic structure of differently treated PMDA-ODA 
samples. 

Figure 5 shows the REELS spectra obtained for re- 
spectively virgin and thermally-treated PMDA-ODA 
surfaces, as well as for a pyrolytic graphite surface. The 
energy of the primary electron beam was set at 1200 eV 
in order to have a sampling depth comparable with that 
of XPS C 1s peaks, obtained with A1 Kcr radiation, so that 
the two techniques investigate essentially the same layer. 
The IMFP of electrons having this kinetic energy in 
PMDA-ODA has been evaluated to be on the order of 28 
A.24 

Two main features are observed in the virgin 
PMDA-ODA first, the low excitation region from 1 to 8 
eV is dominated by a sharp peak, centered at 6.8 eV, due 
to P - ?r* excitation localized in the aromatic rings; second, 
the high-energy region is dominated by the broad structure 
of the bulk plasmon, whose maximum is positioned around 
22.3 eV. 

The thermal treatment at 600 OC for 1 h (Figure 5b) and 
3 h (Figure 5c) produces a significant modification of the 
initial spectrum: 
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composition, but treated with heat or particle beams, we 
may conclude that samples of similar compositions have 
also different electronic structures, depending on the 
energy deposition way used to produce the compositional 
modification. 

Ti+U 

PLASMON 

- 
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Figure 6. REELS spectra of PMDA-ODA samples bombarded 
with ArO 5 keV: (a) virgin; (b) 4.7 X 10’3 ArO/cm2; (c) 2.35 X 1014 
ArO/cma; (d) 9.4 X 1014ArO/cm2; (e) 1.4 X 1016Aro/cm2. Theenergy 
of the primary electron beam was 1200 eV. 

The most relevant feature in particle-bombarded sam- 
ples consists of the almost complete disappearance of the 
T - T* structure, due to the destruction of aromatic rings 
and in the fact that the r-resonance is not replaced by a 
new plasmon-like structure as in the case of pyrolyzed 
samples. This fact strongly suggests that the phases 
produced by irradiation, in the presently studied fluence 
range, do not contain more or less extended condensed 
aromatic systems comparable to those obtained by thermal 
treatments. The absence of a detectable ?r-resonance 
suggeats that the bombardment produces highly disordered 
phases. This picture is supported by the shift observed 
for the bulk plasmon in bombarded phases from the initial 
22.3 eV to 22.8 eV (Figure 6b), 23.6 eV (Figure 6c), 24.8 
eV (Figure 6d), and 24.6 eV (Figure 6e). Again these values 
are in the same range reported for hydrogenated amor- 
phous carbons42 and far from typical values of 26.5-27.0 
eV for graphite. 

The obtained amorphous phases are likely rich in 
radicals and otherwise unsaturated, defective structures, 
forming a high density of defect states responsible for the 
filling of the band gap. In fact, such a high density of free 
electrons and radicals has been observed for the high- 
energy ion bombardment of PMDA-ODA by ESR mea- 
s u r e m e n t ~ . ~ ~ * ~  Hence, the appearance of electrical con- 
ductivity in bombarded samples can be related to the 
creation of a large density of defect states in the band gap, 
as an alternative to the formation of extended condensed 
aromatic systems to explain conductivity. 

In order to conclude the comparison between heat- 
treated and particle-bombarded samples, we note the 
difference between REELS spectra of pyrolyzed samples 
in parts b and c of Figure 5, of composition close to that 
of samples respectively in parta c and d of Figure 6. Again, 
as above for the chemical structure of samples of close 

Conclusion 
The chemical state of oxygen and nitrogen contained in 

polyimide has been monitored in order to gain insights 
into the chemical reactions induced respectively by heat 
and particle bombardment at  low energy. 

Compositional data on particle-bombarded and heat- 
treated samples do not allow us to distinguish between 
the different processes going on with different intrinsic 
mechanisms and are not informative of the relevant 
chemical processes. 

Chemical reactions involving the chemical state of 
oxygen and nitrogen in PMDA-ODA are shown to occur 
with different rates depending on the method of energy 
deposition. Furthermore, some specific reactions have 
been proposed respectively for heat treatment and for 
particle bombardment. 

In summary, thermal treatments proceed essentially 
through the decarbonylation of imidic rings, which leaves 
the ether linkage of the PMDA-ODA unit essentially 
unaffected. This pattern of destruction of the imidic rings 
is responsible for the transient formation of imine groups 
which further react in consecutive reactions forming 
tertiary nitrogen as one of the two main nitrogen products 
of thermal decomposition, the other one being imine groups 
included in aromatic rings. It is noteworthy that no imi- 
dic nitrogen seems to remain in the pyrolyzed samples. 
REELS results show that thermal treatment (up to the 
temperature used in the present work) produces large 
condensed aromatic systems, embedded in a hydrogenated 
amorphous carbon phase. Such a biphasic structure, in 
agreement with results from other authors,ll can provide 
a suitable explanation of the conduction properties of py- 
rolyzed PMDA-ODA. 

In the case of particle bombardment, the destruction of 
imidic rings occurs through different pathways, according 
to a random mechanism, leaving a detectable concentration 
of the initial imidic moiety in the irradiated samples. In 
particular, a specific reaction channel has been identified, 
involving the production of recoiling oxygen atoms, forming 
new additional ether or hydroxyl groups with the backbone. 
Another characteristic irradiation-induced process con- 
cerns the simultaneous production of imine and pyridine- 
like groups, while (at variance with thermal treatments) 
tertiary nitrogen formation is found to be of negligible 
intensity. These effects are related to the intrinsic features 
of the collisional term of energy deposition, i.e., impulse 
transfer producing reactive recoiling atoms and random 
fragmentation events. Finally, REELS shows that the 
electronic structure of the particle-bombarded samples is 
different from that of the heat-treated samples. In 
particular, irradiated samples show no evidence of large 
delocalized aromatic systems observed in the thermal case, 
while the predominant feature is the filling of the band 
gap with defect states, related to the formation of highly 
disordered, radical-rich a-C:H phases. 

In general, the particle bombardment induces simul- 
taneous competing processes of backbone reticulation and 
depletion of fragments containing heteroatoms (‘prefer- 
ential sputtering”). In particular, it  should be pointed 
out that in polymeric targets the ‘physical” concept of 
sputtering is no longer suitable, because the emission of 
gaseous molecules or fragments is not governed by mass 
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or impact angle (as in physical sputtering) but rather by 
the stability of the products or the availability of a suitable 
reaction pathway (chemical sputtering). 

The cross-linking reactions produce the densification 
of the polymer matrix and the formation of a complex 
hydrogenated amorphous carbon phase. These effects 
seem qualitatively predominating on the sputtering effeds, 
as is demonstrated by quantitative data reported in the 
present paper. This result is in agreement with previous 
RBS measurements showing that in fact the densification 
process is accompanied by negligible losses of material in 
ion-irradiated polyimides up to 10l6 i o n s / ~ m ~ . ~ ~  

Finally, we remark that previously proposed models of 
the beam-induced modification of polymers as due to the 
accumulation of completely graphitized tracks seem 
inadequate to explain the “mild” and “slow” chemical 
evolution of the polymeric matrices reported in this paper 
for low-energy particles as well as for ion beams up to 200 
keV as reported in previous papers.2~4*g10J4 
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