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The electronic structure of polymide and several related compounds was investigated theoretical-

ly and experimentally. The compounds include pyromellitic dianhydride, oxydianiline, and polyarn-
ic acid. Experimental electronic-structure determinations for poly(methyl phenylene oxide) and

poly(vinyl methyl ketone) are also reported. The theoretical approach employed valence-effective-
Hamiltonian calculations. Photoelectron spectroscopy (x-ray photoelectron spectroscopy, soft-x-

ray photoelectron spectroscopy, and ultraviolet photoelectron spectroscopy) was used to experimen-

tally measure the total valence-band density of states (VBDOS) from thin films of the above com-
pounds. The theoretical VBDOS s were cross-section modulated to facilitate comparison with ex-
periment. Very good agreement is found between the theoretical results and the experimental
VBDOS's.

I. INTRODUCTION

Polymers in general and polyimides in particular are
becoming very important in microelectronic applica-
tions. ' " Among the properties that are important to
understand is adhesion between polyimide and other ma-
terials, especially metals. Much effort and some success
has been made in trying to relate interfacial chemistry to
adhesion and ultimately to intelligently control adhesion.
There have been a number of fundamental surface-
science studies of the interactions of metals with surfaces
of polymides in the last few years. Recently, investi-
gations of the initial interface formation of polyimides on
metal surfaces have been carried out using vapor deposi-
tion of components of polyimides' ' or model mole-
cules representing parts of polyimides. ' ' To under-
stand the surface and interfacial chemistry, a firm
knowledge of the electronic structure is necessary. Pho-
toelectron spectroscopy has been shown to be a very good
experimental tool to study polymer electronic struc-
ture. ' ' Such understanding is also necessary simply to
interpret spectra from and calculations of surfaces and
interfaces.

There have already been a number of studies of po-
lyimide, both experimental and theoretical. ' Here,
we extend these studies in several of ways. This work is a

very closely coupled theoretical and experimental effort.
The experimental approach involves high-resolution pho-
toelectron spectroscopy, primarily x-ray photoelectron
spectroscopy (XPS) and soft-x-ray photoelectron spec-
troscopy (SXPS) using synchrotron radiation. Also,
ultraviolet-photoelectron-spectroscopy (UPS) measure-
ments at low temperature were performed. A very
beneficial feature of using these higher photon energies is
that the entire valence region is observed as opposed to
previous He I UPS measurement where only upper most
levels are observed. ' The theoretical approach ern-

ployed is the Nicolas-Durand valence —effective-
Hamiltonian (VEH) model. An important extension
here is the convolution of cross-section modulation with
the theoretical density of states in the comparison with
measured XPS. ' The key feature is that at low photon
energies (UPS} the photoionization cross section is
greater for C 2p than for C 2s, while at higher photon en-
ergies (XPS) the photoionization cross section is smaller
for C 2p than for C 2s. Another feature of this study is
that we investigate not only polyimide (PI), but also the
related monomers, pyromellitic dianhydride (PMDA),
oxydianiline (ODA}, and pthalimide (PIM). In this pa-
per, when we refer to polyirnid, we are specifically refer-
ring to PMDA-ODA polyimide (du Pont 5878). The po-
lyimide samples included films prepared by both standard
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PMDA

ODA

PIM (c)

solution casting techniques and a dry UHV-compatible
process. We also investigated the precursor to polyimide,
polyamic acid (which upon curing, i.e., thermal treat-
ment, undergoes a condensation reaction to form po-
lyimide). Polyamic acid is, in fact, the key chemical
species involved in interfacial reactions for polyimide
formed on surfaces (see Refs. 10—12). In addition, we re-

port on experimental results for the related model poly-
mers, poly(methyl phenylene oxide) (PMPO), which con-
tains an ether linkage between the phenyl rings similar to
the ODA part of PI, and poly(vinyl methyl ketone}
(PVMK), which contains carbonyl groups as does the
PMDA part of PI. Figure 1 shows the molecular repeat
structures of the compounds investigated in this study.

The main purpose of this study is to understand the
electronic and spectral features in photoemission spectra
in the valence region of polyimide and related com-
pounds. This information will facilitate interpretation of
surface and interface studies of polyimide. Generally, we

find very good agreement between our theoretical calcu-
lations and experiment.

H N
II. EXPERIMENTAL DETAILS
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FICx. 1. Molecular structure of the compounds (a) PMDA,
(b) ODA, (c) PIM, {d) PAA, (e) PI, {f)PMPO, and (g) PVMK.

Most of the samples for this study were prepared by
in situ molecular-beam deposition (MBD). C ls, N ls,
and 0 1s XPS core-level spectra were used to character-
ize the samples. Except for PIM, room-temperature sub-
strates were used for deposition. The PIM depositions
were done at —60'C because of its high vapor pressure at
room temperature. For the vapor-deposited films, the
substrates were optically Hat Si wafers coated with Cu or
Au. The organic films were deposited such that no sub-
strate signal could be observed using XPS. For PMDA
and ODA, quartz ovens were used. Codeposition of
PMDA and ODA from individual quartz ovens was used
to prepare poly(amic acid) (PAA) ftlms. ' When PAA
is annealed (150-400'C), it loses water and cycloimidizes
to form a PI. The standard method of preparing PI films
is to use a solution of PAA in a polar solvent followed by
drying and sequential curing to 400'C. Figure 2 shows
the C 1s core-level-spectra characteristics of PAA and
PI. We do not show other core-level spectra, since they
have been discussed and analyzed elsewhere. Our
intent here is only to show one of the indications which
demonstrate that the dry-processed MBD-grown films
are indeed PAA and PI. Core-level spectra from PMDA
and ODA films agree well with those of Grunze, ' ' as
do the PAA and PI spectra of Fig. 2.

The XPS measurements were performed on a Hewlett-
Packard 5950A electron spectrometer which had been
especially modified for UHV studies (base pres-
sure & 8.0X 10 ' Torr). Monochromatized Al Ea x
rays (1486.6 eV} were used. The photoelectron emission
direction was kept fixed at 51.5' from the sample normal.
The system resolution as determined from Au 4f core-
level spectra was 0.70 eV. The system had an isolated
preparation chamber where both metal and monomer
depositions could be performed. Quartz ovens wrapped
with a W coil were used for the depositions of the mono-
mers and PAA, while baskets were employed for metal
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depositions. One important issue that must be addressed
in any XPS study of organic materials is x-ray induced
damage. X-ray-induced damage was, in fact, noticed for
long-term exposures () 16 h) of PMDA and ODA. The
most striking evidence of radiation-induced damage came
from visual inspection of the films. After the long expo-
sures, discoloration of the films was observed. For ODA
this discoloration was an image of the x-ray beam (1
mmX 5 mm), while for PMDA the pattern was more
complex, somewhat larger than the beam size and not
uniform in a pattern that suggested interference fringes.
Preliminary analysis using small-area XPS analysis (150-
}Mm spot} suggests that the ODA is fragmenting and the
PMDA is evaporating under the long-term
exposures. " ' The PMDA and ODA spectra reported
here were obtained in & 2 h —before any effect of
radiation-induced damage was noticeable, either visually
in the films or in the spectra. No damage, either visually
or in spectral line shapes, was observed for PAA or PI
under any conditions employed in these investigations.
Another important effect, which has to be considered in
photoelectron spectroscopy of electrically insulating ma-
terials such as the ones under investigation here, is charg-
ing. There was little charging observed for films of =100
A thickness. For films much thicker than 1000 A, homo-
geneous charging was apparent. This effect produces rig-
id shift of all spectral features with little effect on the ob-
served linewidth or line shape as determined by experi-

(a)PAA

ments using a low-energy-electron Good gun for charge
compensation. In this work, we are not interested in ab-
solute core-level binding energies, but in relative posi-
tions and intensities of characteristic features in the
valence-band density of states (UBDOS). Thus, charging
is not an important problem in this study. %e focus
mainly on the VBDOS structure, where the top of the
valence band or, in fact, any well-understood feature can
serve as a good fiducial for comparison with theory.

SXPS studies were done at the National Synchrotron
Light Source (Brookhaven National Laboratory, Upton,
NY) using a 10-m toroidal-grating monochromator in
conjunction with an ellipsoidal mirror analyzer. Pho-
tons in the energy range 80-500 eV were used to obtain
the VBDOS spectra. MBD-grown films of PI and PAA
were prepared in situ as discussed above for the XPS
studies. Again, films were grown in a separate, isolatable
UHV preparation chamber. For comparison, PI films
spun-cast from solution were prepared by spinning a
solution of PAA in dimethyl sulfoxide (1 g/1) onto a Cr-
coated Si wafer at 6000 revolutions per minute (rpm) for
1 min and imidizing the film in vacuum at 360 C for ap-
proximately 30 min. The PMPO films were prepared
from a solution of PMPO in toluene (1.25 g/1), spun on to
a Cr-coated Si(100) wafer at 2500 rpm for 1 min. These
were out-gassed by heating for 40 min at about 5 X 10
Torr. The PVMK films were spun™cast from PVMK in
methyl ethyl ketone (1 g/1) at 5000 rpm for 1 min. The
spun films were in each case 50-100 A thick.

The details of the preparation and characterization of
PIM films are given in Ref. 13. The film was deposited
by vapor-phase deposition onto Cu-coated, optically Hat
Si substrates. The UPS measurements employed an un-
monochromatized He II resonance source.

III. THEORETICAL DETAILS

A. Methodology

(b) p(

The electronic band-structure calculations presented
here were performed using the valence-effective-
Hamiltonian (VEH) technique. This method was
developed for molecular calculations by Nicolas and
Durand ' and extended for the treatment of stereo-
regular polymeric systems by Andre et al. In the
framework of the linear combination of atomic orbitals
(LCAO) approximation, the molecular orbitals, P„(r),are
expressed as linear combinations of atomic orbitals,
g~(r R~ },centered on—the nuclei p:

g„(r)=gy (r —R )C„
P

(la)

295 290 285 280

BINDING ENERGY (Relive to EF)

275

In stereo-regular polymers, with cyclic boundary condi-
tions, the crystal orbitals, g„(k,r} are Bloch sums of the
cell (molecular) orbitals centered in cell j:

N

P„(k,r)=(2iV+1) '~ g g exp(ij ka)
j=—N p

Xy (r —R~ —ja)C„p(k),
FIG. 2. C 1s core-level spectra of (a) PAA and {b)PI. (lb)
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where a is the length of the unit cell and 2%+1 is the
number of unit cells of the polymer chain. The LCAO-
expansion coefficient matrices C and C(k) and the corre-
sponding energy eigenvalues are obtained by solving the
following sets of secular equations:

F C=S CE,
F(k)C(k ) =S(k)C(k)E(k)

(2a)

where F and S are the Fock and overlap matrices with
elements defined by

F~q
= fyq(r)hyq(r —Rz)dv,

S~= J gz(r}gq(r —Rq)dv; (4)

in the crystal-orbital representation the matrices F(k)
and S(k) are written

N

F (k)= g exp(ijka) fy (r)hy (r —R ja)du—,

h = —b/2+ g g V„(j),
j

(5)

where the summations over j and A run over the polymer
unit cells (in the molecular case this summation is exclud-
ed) and the atomic potentials present in the cell. All pa-
rameters entering a given atomic potential are optimized
individually on model molecules, a procedure which per-
mits consideration of the inhuence of the chemical envi-
ronment. The optimization process is completely
theoretical and is performed in such a way as to provide
polymeric or molecular energy levels of the same quality
as those obtained with a Hartree-Fock ab initio double-g
basis-set calculation.

From the solution of Eq. (2b), the VBDOS in the po-
lymeric case is calculated following the methodology of
Delhalle and Delhalle. To obtain a theoretical simula-
tion of the XPS spectrum, it is necessary to include the
relative photoionization intensities of the molecular (or
crystal) orbitals into the density-of-states curve. Here use
is made of the model of Gelius. This model relates the
photoionization intensity, I„,of the nth molecular orbital
to the Mulliken gross atomic populations and the experi-
mental relative photoionization cross sections, o. , of the
atomic orbitals y:

(6a)

This relation is extended to the polymeric case as fol-
lows:

I„(k)~ g C„(k) gS (k)C„(k}cr

q

(6b)

N

S (k)= g exp(ijka) fy (r)y (r —R ja)du . —(4')
j=—N

The one-electron Fock operator, h, is constructed in the
VEH model as the sum of the kinetic operator and vari-
ous atomic potentials, V„(j),

The values used for cr are the following: o(02s)=1.4,
cr(O 2p) = —", , e(N 2s) =1.2, o (N 2p)= —', ,

', o(C 2s) =1,
o (C 2p) =

—,', , and o (H ls) =0, o (C 2s) is being taken as a
reference.

The features in experimental XPS (or UPS) spectra al-

ways exhibit finite linewidths due to instrumental resolu-
tion and lifetime effects. It is therefore a common pro-
cedure to convolute the UBDOS curves by a Gaussian
function whose full width at half maximum can be adjust-
ed. The value of this broadening parameter is chosen in
such a way as to obtain the best fit with the experimental
linewidths. In the molecular case, each eigenstate energy
is represented by such a Gaussian function, and the con-
voluted UBDOS curve is obtained as the sum of all of
these functions.

When dealing with Hartree-Fock ab initio or VEH en-

ergy levels, it is necessary to perform a contraction of the
total valence-band spectrum in order to obtain the best fit
with experimental positions. This implies that the
Hartree-Fock results usually exaggerate the total width
of the valence band. The contraction factor is most easily
obtained from a graphical representation of the pairs of
corresponding experimental and theoretical peak posi-
tions. With such pairs represented in a Cartesian-
coordinate system, the contraction factor is taken as the
slope of a linear approximation to the set of points. Usu-
ally, the theoretical spectrum has to be contracted by a
factor of about 1.3. When comparison is made with
solid-state spectra, it is also observed that a rigid shift of
the theoretical VBDOS curve is needed in order to align
the spectra on the energy axis. The shift is towards lower
binding energy and is due to polarization of the polymer
chains surrounding the chain from which an electron has
been emitted (extra-atomic relaxation). This effect can
not be included a priori in our band-structure calcula-
tions, which are performed on isolated chains. The shift
is typically on the order of 2.0 eV.

B. Geometry

The structure of the polyimide unit cell is shown in
Fig. 1(e). All numerical values for the bond lengths and
bond angles are taken from crystallographic data of
equivalent geometric parameters for 4,4'-
bis(phthalimide)diphenyl ether (PMDA-ODA). Due to
steric interactions between the close-lying oxygen and hy-
drogen atoms, the phenyl groups are found to be twisted
by approximately 60' with respect to the phthalimide
moiety in the crystal structure of this model molecule.
However, a comparison between ab initio calculations of
the C 1s core-level chemical shifts and experimental XPS
data on polyimide model compounds has shown that the
twist angle in polyimide should be somewhat smaller. '

In order to study the effect on the electronic structure of
variations in this twist angle, 0& [see Fig. 1(e)], we have
performed calculations using two different values,
0, =45' and 0'.

The ODA part of the polyimide unit cell closely resem-
bles the unit cell of (PPO), a polymer whose crystal struc-
ture has been accurately determined. In the PPO
chain, all the oxygen atoms lie in the same plane and con-
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secutive phenyl rings are twisted alternatively by +45'
and —45' with respect to that plane. By analogy, we
adopt the same twist angle, Q2=45 [see Fig. 1(e)] for the
ODA part of the polyirnide unit cell. %e note that the
choice of 0,=02 gives a unit cell in which the oxygen
atom of the ODA moiety and the atoms of the PMDA
group are all in the same plane, whereas for Q&=0' con-
secutive (all planar) PI units will be twisted alternatively
by +45 with respect to the ether oxygen plane. In fur-
ther analogy to the PPO chain, we take the C—0—C an-

gle in the ODA part to be 124'. With this choice of po-
lyimide geometry, the PMDA-ODA unit-cell length
along the chain axis is a =15.94 A (independent of the
values of Q& and Q2), in good agreement with the value of
15.4 A reported for a fully extended PI chain. It should
be noted that it is necessary to perform an inversion (in
this case y ~ —y; see Fig. 1) together with the translation
operation (x ~x +a) in order to represent the polyimide
chain. Such a symmetry operation (glide-plane symme-
try) can easily be performed in the VEH polymer calcula-
tion, which reduces the computational cost considerably.

The structure of PAA is sketched in Fig. 1d. The
geometry we consider for this system is identical to the
geometry used for PI regarding the middle phenyl ring
and the ODA part. For the —CO—N—C link between
these two groups, we use the bond lengths of the corre-
sponding link in PI. The bond angles are slightly
modified in order to reduce the steric interaction with the
oxygen atom. For the carboxylic group (—CO—OH—),
we employ the experimentally observed geometry of the
corresponding group in acetic acid ' (CH3—CO—OH).
In order to avoid the strong steric interaction between
the hydrogen and oxygen atoms (which would exist for a
planar conformation), we assume a twist of the middle
phenyl ring around the C' C' diagonal as indicated in

Fig. 1(d). The twist angle we have considered here is

$, =30'. Furthermore, we assume a twist of $2=45' of
the plane of the carboxylic group with respect to the mid-
dle phenyl ring. This twist is in a direction which in-
creases the hydrogen-oxygen interatomic distance [indi-
cated by a dotted line in Fig. 1(d)]. With this set of
geometric parameters, the hydrogen-oxygen distance is
2.2 A. As in the case of PI, the twist of the outer pheny1
rings with respect to the same plane is Qz=45' and the
C—0—C bond angle is 124'. The PAA unit-cell length,
projected on the chain axis, is a =17.33 A, somewhat
longer than the experimental value of 15.9 A reported for
a chain as extended as possible. Also, for PAA, the
glide-symmetry operation is performed for neighboring
unit cells in order to facilitate the calculations.

For the geometries of the ODA and PMDA molecules
[see Figs. 1(b) and 1(a), respectively] we take, in accor-
dance with the geometric specifications made for PAA,
the geometry corresponding to that used for the PI unit
cell. Additional geometric constants necessary to specify
the positions of the end oxygen atoms in PMDA, and the
NH2 groups are taken from experimental data for the
corresponding group in acetic acid ' and from standard
bond length and bond angles, respectively. To test the
influence of the twist angle 02 on the electronic proper-
ties of ODA (as well as PI and PAA), we have performed

calculations using three dim'erent values of this angle, 30',
45', and 60'.

IV. RESULTS

A. Experiment
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FIG. 3. XPS VBDOS's from (a) PMDA and (b) ODA.

In this subsection we present the experimentally ob-
tained VBDOS's of the compounds investigated. The
XPS and SXPS spectra have had their background sub-
tracted. Figure 3 shows the XPS VBDOS from films of
the monomers PMDA and ODA. Figure 4 shows the
XPS VBDOS's of MBD thin films of PAA and PI. The
VBDOS's of MBD PAA and PI taken at photon energies
of 115, 150, 200, and 500 eV are shown in Fig. 5. The
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VBDOS's taken at photon energies of 80 and 140 eV
from a PI film spun-cast from solution are displayed in
Fig. 6. The UPS valence-band spectrum of PIM is shown
in Fig. 7. SXPS VBDOS*s at photon energies of 80 and
140 eV of PPO and PMVK are shown in Fig. 8. There
are a number of important observations one can make
from a casual perusal of the data. The first observation is
the similarity between the PI spectra from MBD films
and the spun films. This confirms conclusions based on
core-level spectra ' that MBD films have the same elec-
tronic and chemical structure at the surface as the spun-
cast films. Secondly, the cross-section variation of vari-
ous features between the SXPS and XPS data is evident.
These will be more fully discussed below. Also to be not-
ed is that the PI VBDOS's are not simply a superposition 40
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t t I

PMDA-ODA Pl
of features of the monomers PMDA and ODA. Finally,
the striking similarity between the spectra of PI and the
model compound PIM should be noted. A more detailed
discussion will be given below, following a discussion of
the theoretical calculations.
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tightly bound region. The cross-section-modulated
theoretical spectra are designated VBDOS's. It will be
explicitly stated when non-cross-section-modified spectra
are discussed.

A. Region A (—35 to —30 eV}

This region of the valence-band spectrum is dominated
by electrons photoemitted from molecular orbitals de-
rived mostly from 0 2s atomic orbitals. The number of
states in the region is equal to the number of oxygen
atoms for the respective systems. As clearly observed, for
instance, by comparing the VBDOS's of PMDA and
ODA (Figs. 9 and 10, respectively), the oxygen content of
these molecules is reflected in the size and distribution of
the peaks. PMDA contains six oxygen atoms whose 2s
orbitals form eigenstates energetically grouped in pairs.
This produces the three-peak structure seen in Fig. 9.
The single 0 2s orbital in ODA is observed, in compar-
ison with PMDA, as a low-intensity peak at —31.2 eV.
The comparison between the theoretical and experimen-
tal VBDOS's for PMDA and ODA is excellent. The
high-binding-energy peak for PMDA is clearly much
broader and more intense than the corresponding feature
in ODA. Extending the comparison to the polymeric
cases, we find in PI a rather narrow, but very intense,
oxygen-derived peak which contains large contributions
from all five of the 2s orbitals in the unit cell. At the
low-binding-energy side of this peak we find the ether 0
2s eigenstate at —31.2 eV, i.e., exactly the same energy as
for the corresponding state in ODA. Also, the ether 0 2s
state of PAA is observed very close to this energy. Such
a perfect agreement does not hold for states including 0
2s states from the carbonyl groups, because of the
different environments of these groups in PMDA, PI, and
PAA. The splitting into a double-peak structure in re-
gion A for PAA, compared to the single peak for PI, is a
result of such differences. This distribution of states ex-
plains the broader 0 2s peak observed in the experimen-
tal XPS spectrum for PAA and PI.

B. Region B (—30 to —24 eV)

The main contributions to the VBDOS in this region
are derived from N 2s orbitals. This is most clearly seen

by comparing the spectral intensity in this region for
PMDA and ODA (Figs. 9 and 10, respectively). The two
amino nitrogen atoms in ODA give rise to the intense
peak at —27.8 eV, whereas in the nitrogen-free PMDA
molecule only one state (at —27.6 eV} is located in this
region. This shows, however, that N 2s states are not the
only contributors to intensity in this region. The peak in
the PMDA spectrum in this region is due to a molecular
orbital with a large contribution from C 2s and 0 2s
atomic orbitals of the C=O groups [see Fig. 3(a)]. In
the ODA spectrum there are also similar states. The
peak at —26.0 eV is due to states localized at the C—0
and C—N groups. The theoretically obtained differences
in VBDOS intensities for PMDA and ODA are clearly
refiected in the experimental spectra (Fig. 3}. Region 8 is
very weak for PMDA and is dominated by the tail from

Region A. For ODA, a broad and intense spectral inten-
sity is observed throughout this region, qualitatively in
agreement with the VEH VBDOS. For the polymeric
cases (Figs. 11 and 12), the peaks originating from the N
2s atomic orbitals are found at —28.2 and —27.9 eV for
PI and PAA, respectively. It should be noticed that the
relative intensities between the nitrogen and oxygen
peaks are quite different for the two polymers. Since the
spectra are normalized by the height of the largest peak,
the peaks in region B appear much weaker for PI than for
PAA. This is caused by the very high intensity of the ox-
ygen peak in PI, which contains five states in comparison
with the nitrogen peak, which only contains two states.
In PAA, however, each oxygen peak as well as the nitro-
gen peak contains two states. This explains the equal in-

tensities of these peaks. The experimental XPS data
shown in Fig. 4(a) are found to be in good agreement with
these experimental observations. For PI, the region-B
VBDOS merely gives rise to some structure in the tail
of the oxygen peak, whereas the heights of the region-A
and -8 peaks are nearly identical for PAA. As in the
monomer case, 2s contributions from C—0 and C—N
groups of PI and PAA are included in the peak at the low
binding energy side of the B region.

C. Region C (—24 to —20 eV)

Region C is dominated by C2s-derived molecular or-
bitals. In this region we find large differences in the
VBDOS's of the two molecules, reflecting the different
structure of the carbon systems. For PMDA (Fig. 9),
four states grouped in pairs form two peaks at —23.3 and
—20.0 eV. These states are mostly from the C 2s orbitals
of the carbon atoms linked to each other —in this case
the phenyl ring. The lower-binding-energy peak also has
a contribution from 2po. -type orbitals from the outer part
of the molecule. The relatively low intensity of the
region-C peaks is explained by the large oxygen to carbon
ratio of the PMDA molecule. Since there are six energy
states associated with molecular orbitals derived from 0
2s states in region A for the molecule, this region will be
more intense than the predominantly carbon region.
Note that the XPS cross section for the 0 2s orbital is
significantly larger than that for the C 2s orbital. For
ODA, the oxygen to carbon ratio is much smaller ( —,', );
therefore we observe the reverse behavior, i.e., the carbon
region is more intense than the oxygen region (Fig. 10).
We find that the main C 2s peak at —21.8 eV originates
from three states spread over the two phenyl rings. The
low-binding-energy feature at -21.0 eV results from
more localized state on the C—N and C—0 groups.
Again, there is good correlation of peak positions and rel-
ative intensities between the theoretical and experimental
VBDOS's. Region C is the most intense region in the
XPS spectrum of ODA [Fig. 3(b)], while for PMDA [Fig.
3(a)] there is only a weak double-peak structure.

Turning to the polymer case, recall that both PAA and
PI contain the phenyl parts of PMDA and ODA. There-
fore, it is interesting to observe that region C for PI and
PAA is well represented by a superposition of their
monomer constituents, as might be expected. More ex-
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plicitly, the tail at the high-binding-energy side of the
main peak is dominated by the C 2s contribution from
the middle phenyl ring, as in PMDA. In the main peak
at —22.1 eV, we find contributions from the ODA part
dominant, while at the low-binding-energy side 2p o.

states appear which are localized at the C—0 and C—N
groups. Experimental and theoretical results exhibit
similar intensity distributions for both PI and PAA.
Again, note that the difference in region C for PAA and
PI is due to the normalization of the spectra.

D. Region D (—20 to —16 eV)

In this region the 2pu states dominate. For the ODA
monomer, the peak at —18.0 eV includes four states
which are best characterized as being due to extended 0
states. The —19.1-eV peak has large 0 2s and C 2s con-
tributions and thus is very intense. The —17.2-eV peak
arises from extended 2pu states. The differences found
theoretically for the two monomers are also well rejected
in the XPS spectra. In the polymer case we find cr states
that are extended either over the ODA or PMDA part.
The states at the low-binding-energy side are more local-
ized to the C—0 and C—N groups. In both PAA and PI
we observe o states involving C—H groups, while in
PAA there are also states from 0—H and N—H groups.
The contribution in the hydrogen-derives states is clearly
visible from a comparison of theoretical VBDOS's with
and without XPS cross-section modulation. At XPS en-
ergies the H 1s photoionization cross section is negligible;
thus the peaks at —16.5 eV for PI and at —16.4 eV for
PAA dramatically decrease compared to those features in
region D calculated with the inclusion of cross-section
modulation. In comparing the theoretical VBDOS's and
the experimental data, we find it difticult to explain the
intensity differences observed. Note that we are able to
find a theoretical correspondence to the intensity between
regions C and D for PI. For PAA there is clearly a dip
between regions C and D experimentally as well as
theoretically.

E. Region E (—16 to —10 eV)

This region has the largest density of states. Since the
C 2p and H 1s character of these states is large, however,
the observed XPS intensity is low. Thus a comparison
with XPS and SXPS is useful in this region. For PMDA
there are 16 states in this region, i.e., nearly half of the
occupied states of this molecule (there are 39 doubly oc-
cupied states). Without going into details, we conclude
that the ——12-eV peak in PMDA is due primarily to
oxygen lone-pair states. The major peak at —14.3 eV
contains delocalized 0. states inc1uding a large portion of
the C—H bonding. Two m states are also found in this
region. The intensity distribution for ODA is quite
different from that for PMDA. The rather sharp peak at—13.3 eV is due to two almost-degenerate states with
large C 2s character. Except for this state, the region has
low XPS intensity. There is good agreement between
theoretical and experimental results in this region for the
monomers.

For PI and PAA we present VBDOS's with and
without cross-section modulation (Figs. 11 and 12). The
latter case facilitates comparison with the SXPS results,
which are more intense in this region (Figs. 5 and 6). The
cross-section modulation at these energies is relatively
small.

The polymers again present features similar to those of
the monomers in this region. The main features appear
at —13.4 and —13.6 eV for PI and PAA, respectively,
and include extended o states, oxygen lone-pair states,
and a few m states. The peak at ——11 eV is dominated
by oxygen contributions and is experimentally (both in
XPS and SXPS) identified as a bump at the low-binding-
energy side of the main region-D peak, clearly visible in
the more oxygen-rich compounds PMDA, PAA, and PI.
It is interesting to note that this feature is more intense
and appears at slightly lower binding energy in PAA than
in PI. This difference is observed in the experimental
spectra as a smaller dip between regions E and F for
PAA than for PI.

F. Region F (above —10 eV)

Since all systems presented here contain coplanar, un-
saturated species, they all exhibit extended m states.
Some estates .have already appeared in region E, but
most are in region F. In addition to the delocalized n.

states, there are also nitrogen and oxygen lone-pair states
in region F. For PMDA, which has a large relative oxy-
gen content, the lone pairs dominate this region and give
rise to the peak at —9.4 eV. The low-binding-energy
peak ( —7.9 eV) is due to two extended n states. In the
experimental spectrum, this peak is not clearly resolved.
Instead, it is observed as the extended tail of the oxygen
lone-pair peak. The ODA VBDOS is somewhat different
than that for PMDA. The low-binding-energy side of re-
gion F shows a barely resolved double-peak structure in
the theoretical spectrum. The states at the high-binding-
energy side of this peak are m states having nodes in the
para positions of the phenyl rings; therefore they do not
interact with other parts of the molecule. Features at the
low-binding-energy side, however, contain m states ex-
tended over the phenyl rings and the nitrogen and oxygen
atoms. In the high-binding-energy side of region F there
is a peak at —9.1 eV which we attribute to nitrogen
1one-pair states mixed with the p, atomic orbitals of oxy-
gen. In the experimental spectrum of ODA we can iden-
tify all the features of the VBDOS. The barely resolved
two-peak structure at the low-binding-energy side and
the peak at higher binding energy are due to the nitrogen
and oxygen lone-pair states.

The XPS valence-band results for the polymers are in
accordance with the findings for the molecular constitu-
ents. In the XPS simulation of the VBDOS for PI, the
oxygen or nitrogen lone-pair peak is found to dominate
over the peak due to the m states. This is observed in the
experimental XPS and SXPS spectra. However, these
two peaks have almost identical intensities in the theoret-
ical spectrum where no cross-section effects are con-
sidered. For PAA the 1one-pair states are more spread
out in energy, resulting in a broader peak which merges
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into the low-binding-energy side of region E. This
feature, as compared to PI, is qualitatively observed also
in the XPS spectrum. However, by comparing the SXPS
spectra for PAA and PI, the opposite trend is observed.
Again, the theoretical result without cross-section effects
taken into account shows a marked difference from the
SXPS results.

G. Comparison of PI with model compounds

A useful approach to study polymer-metal interactions
has been the use of model compounds to model various
possible interactions. ' PIM is a good model compound
and its core-level spectra have been used to model the
PI-copper interaction. ' Figure 7 shows a direct compar-
ison of the VBDOS of PIM with that of PI. There is
quite good correlation between the two experimental
VBDOS's, which further demonstrates the usefulness of
PIM as a model for PI. Since we have not performed
electron-structure calculations for PMPO and PVMK,
we will not make any detailed discussion of their
VBDOS's. There are several qualitative observations that
can be made. First, in the region near the top of the
valence band, approximately corresponding to region F
in the above discussions, PMVK has higher relative in-
tensity than PMPO. Secondly, in the middle region of
the VBDOS, corresponding roughly to regions B-D,
PMPO has greater relative intensity than PMVK. Thus,
PMVK qualitatively varies relative to PMPO as PMDA
varies to ODA, which is the expected behavior.

VI. CONCLUSIONS

The VBDOS's of a polyimide (PMDA-ODA), its pre-
cursor PAA, the monomers PMDA and ODA, and mod-
el compounds PIM, PMPO, and PVMK have been inves-
tigated by photoemission spectroscopy using a variety of
photon energies. Electronic-structure calculations using
the VEH approach including cross-section modulation
were performed for PI, PAA, PMDA, and ODA. Very
good agreement between theory and experiment was ob-
tained, allowing an extensive interpretation of the
VBDOS's.

The most important findings of this study can be sum-
marized as follows. It is observed that the states at the
high-binding-energy side of the valence-band spectra of
PMDA, ODA, PI, and PAA are typically monatomic.
The molecular orbitals in regions A, B, and C are dom-
inated by contributions from the 0 2s, N 2s, and C 2s
atomic orbitals, respectively. The intensities of the peaks
in the respective regions therefore serve as a measure of
the oxygen, nitrogen, and carbon content of the system.
For example, the PMDA molecule, which contains six
oxygen atoms but no nitrogen, has a large VBDOS in re-
gion A but almost no VBDOS in region B. States includ-
ing a mixture of 2s orbitals from different types of atoms
are also formed, but are not, in general, clearly resolved
in the VBDOS, since they fall into regions B and C,
where the pure N 2s and C 2s states dominate. An excep-

tion is seen in the case of PMDA, for which a state with a
mixture of 2s contributions from the carbon and oxygen
atoms of the carbonyl groups appear in region B, which,
in this case, does not contain any N 2s states.

Another characteristic property of the molecular orbit-
als in the high-binding-energy region of the VBDOS is
that they are localized to particular subunits of the whole
system. For instance, the C 2s orbitals of the benzene
rings do not mix substantially with the C 2s orbitals of
the carbonyl groups. This property is essential, since, by
studying the changes in the VBDOS due to interactions
of the system with, e.g., metals, useful information con-
cerning the particular sites that are involved in interfacial
interactions can be obtained from photoelectron spectros-
copy.

As is the case for most valence-band spectra of systems
containing oxygen, nitrogen, and carbon atoms, the re-
gion of intermediate binding energies, regions D and E in
this case, has a high density of states originating from o.

states, including mixtures of 2s-2p, 2p-2p, and 2p-ls (hy-
drogen) atomic orbitals. Therefore, individual states be-
come less well resolved, which makes it difficult to ex-
tract detailed information concerning interfacial interac-
tions.

Finally, the low-binding-energy region of the valence-
band spectra are shown to contain m. states as well as oxy-
gen and nitrogen lone-pair states. For the systems in-
cluded in this study, these different types of states group
into two peaks: the one at the low-binding-energy side is
dominated by the m states and that at the high-binding-
energy side contains the lone-pair states. The effects on
the valence band of twisting the systems, so as to reduce
the overlap between the n systems on different subunits,
are found to be quite weak. For the polymer systems, PI
and PAA, this is because they have intrinsically quite
narrow ~ bands, even in planar conformation. Therefore,
the valence band does not yield much information con-
cerning the values of the twist angles of these systems.
However, it is highly likely that the lone-pair states, in
particular, will be quite sensitive to interactions with ad-
sorbates such as metals, since they can be stabilized by
extending into the space of the metal atoms.

The detailed knowledge of the content of the individual
spectral peaks presented in this investigation should be
useful in interpreting valence-band spectra from polymer
interfaces and should contribute to further understanding
of the adhesion between polyimide and metals on a mi-
croscopic level.
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