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Deposition of polyimide layers by applying argon plasma
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A new method for physical deposition of thin polyimide layers was developed by applying argon plasma assisting
process. The study included both the impact on the individual precursors (oxydianiline (ODA) and pyromellitic
dianhydride (PMDA)) and that on the combined molecular flux of both precursors. SEM study showed considerable
changes in the structures of the condensed precursors. It was established that the plasma assisted deposition leaded to an
increase in the layer thickening with remarkable changes in their surface morphology. As a consequence the measured
microhardness of the polyimide layers increased more than two times. The results from FTIR analyses confirmed the
formation of closed anhydride rings of PMDA, which is an indication that in this way the “soft” plasma treating
contributes to the proceeding of the imidization process. The observed effects were explained by the increased energy
of the precursor molecules as a results of the interaction with the plasma.
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INTRODUCTION

Polyimides have evolved in the past decades to
emerge as attractive materials in a wide variety of
industrial and research applications. Due to the
considerable range of characteristics displayed by
polyimide  (PI) materials, their potential
applications appear unlimited [1]. Different
methods such as spin-coating, dipping, roll to roll,
vapor deposition polymerization, ionized cluster
beam deposition and the recently developed method
- glow discharge have been used for obtain PI
coating [2]. Danev and Spasova have prepared thin
PI layers by physical vapor deposition of precursors
[3] and studied their properties [4] in view of their
applicability in optics and electronics. It was found
that the prepared films exhibited specific surface
defects due to the low thermal energy of the
deposited precursor molecules [4]. By adding extra
energy during their deposition it can be expected
the improving the film quality.

In this paper we investigate the effect of plasma
assisted deposition of the precursor molecule flux
on the properties of obtained PI layers. Our
assumption was that the influence of the plasma
flux would result an increase of the precursor
molecule mobility. This would lead to a
considerable reduction of the number of surface
defects in the layers and probably to a greater film
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density.

EXPERIMENTAL
Sample preparation

The 500 nm thick PI layers were formed on
static soda - lime glass substrates by vacuum co-
deposition of the precursors (oxydianiline — ODA
and pyromellitic dianhydride — PMDA), from two
independent thermally heated Knudsen-type vessels
sources (Fig.1). The pressure was < 5x10™ Pa. The
evaporation temperatures were 120 - 145°C for
PMDA and 100 - 110°C for ODA, and they were
strictly controlled at all steps of vacuum deposition.
The deposition rates were 0.2 — 0.38 nm.sec’,
controlled by quartz oscillators. The layers were
grown by argon plasma assisted processes. The ion
beam was irradiated perpendicular to the vapor flux
as it can be seen in Fig. 1. The plasma conditions
were: cathode current — 22 A; anode current — 0,6
A; anode DC voltage — 120 V at constant Ar flux.
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Fig. 1. Detailed scheme of the experimental set up.
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In our past work we have found that for
complete transforming of deposited co-precursors
into polyimide, the films had to be treated for 5 min
in microwave oven followed by thermal treatment
for 15 min at 300°C in air environment [5].

Methods of investigation

The surface morphology of the films was
studied by means of scanning electron microscope
(SEM), Philips 515. The FTIR spectra of PI on KBr
substrate were recorded by a Bruker interferometer
in the range of 4400-450 cm™ with a resolution of 2
cm’. The film microhardness (Mhd) was
determined by the Knoop prism method, known to
be sensitive for measuring the hardness of the thin
films. The polar and dispersion surface free energy
of films were determined on the basis of the theory
of Owens, Wendt, Kaeble and Uy according to
procedure explained in details elsewhere [9].

RESULTS AND DISCUSSION

SEM micrographs of the studied films are
presented in Fig. 2 and Fig. 3. The surfaces of
PMDA and ODA precursors films obtained in Ar
plasma (Fig. 2-b, d) a smoother than those of the
films obtained without plasma (Fig. 2-a, ¢). Both

Fig. 2. Top-view SEM images of as-deposited films of
PMDA (a, b), ODA (¢, d), obtained without (a, ¢) and
with Ar plasma assisted deposition (b, d).

surfaces of the PI layers without (Fig. 3a) and with
Ar plasma assisted deposition (Fig. 3b) are smooth
and defectless. The SEM investigation of the cross
sections indicates a thickening and better ordering
of the layer volume as well as a change in
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Fig. 3. Top view (a, b) and cross-sectional view (c, d)
SEM images of PI films obtained without (a, ¢) and with
Ar plasma assisted deposition (b, d).

fracturing of the plasma treated films (Fig. 3d). The
observed changes in the film structure (Fig. 2b, d
and Fig. 3d) could be explained as results from the
reordered and increased thickening of the layers
prepared by “soft” plasma treated precursors. Most
probably the precursor molecules condense on
substrate with higher energy and the films are
grown up with higher density. It is also possible a
polymerization process of precursors to take place.

Table 1 shows results from microhardness
measurement of the layers obtained without and
with plasma assisted evaporation. It can be seen
two times higher microhardness of the layers,
obtained by plasma assisted deposition which is
consistent with the result of SEM study.

Table 1. Microhardness Mhd of PI layers obtained
without and with Ar plasma during their deposition

L Mhd

PI layer obtained: [GPa]
without Ar plasma 0.577
with Ar plasma 1.343

The results of FTIR spectroscopy investigations
are shown in Fig 4. The band at 1621 cm™ (Fig.
4a,b) which is related to the stretching vibration of
the C-C bonds from the aromatic rings shows a
high degree of thickening of ODA in the Ar plasma
assisted deposition, since it is single with a slightly
implied shoulder to the left by contrast to the
spectrum of ODA obtained at normal conditions,
where two bands are fixed. This indicates an
availability of more than one state in the
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arrangement of the layer obtained by normal
conditions. The same conclusions are valid also for
the band centered at 827 cm™. The bands for ODA
obtained under normal conditions in the range of
1400 to 1300 cm™ and 1190 to 1000 cm™ lead to
the assumption that the molecules display a great
spatial volume and are not fixed in one plane,
because their capacity for vibration in the different
planes is greater than that of ODA layers obtained
in Ar plasma [6, 7].
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Fig. 4. FTIR spectra of 500 nm thick ODA and PMDA
as-deposited films: a/ and ¢/ obtained with Ar plasma
assisted deposition; b / and d/ obtained without Ar
plasma assisted deposition.

From the spectra presented in Fig. 4 following
interpretations can be proposed: The differences in
the area and peaks within the range 1800-1700 cm™
confirm the changes in the carbonyl group. The
spectra in the range 1300-1100 cm™ register the
deformation vibrations of the acid, ester and
anhydride groups and out of the plane vibrations of
the carbonyl group at 950 —750 cm™. In PMDA
layer deposited in a normal atmosphere there is
opening of the benzene ring (hydrolysis to
pyromellitic acid) which is confirmed by both main
bands in the carbonyl range — peaks at 1731 cm’
'(for the anhydride) and 1696 cm™ for the acid.
Also, in a PMDA layer formed in plasma assisted

deposition this band is single, greatly broadened
and centered at 1717 cm™ where the anhydride
vibrations overlap. The bands at 1406 and 1385 cm’
! confirm the deformation vibrations of the C-O-H
group from the acid. The complex bands at 1259
cm’, 1278 cm™ and 1304 cm™ characterize the
deformation vibrations of the O-C bonds which are
related to the acid, ester and anhydride bonds. A
typical band of the carboxyl group in the field of
the out of the plane vibrations is at 950 - 905 cm™.
On the basis of the results obtained it can be
concluded that greater part of the PMDA molecules
deposited in the presence of Ar plasma are with a
closed ring (anhydride) in comparison with the
PMDA deposited at standard conditions. This
means that a drying process takes place in plasma
deposited PMDA films [8].

The FTIR spectra of PI layers shown in Fig.5
are normalized at 1500 cm™ [3, 4]. It can be seen
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Fig. 5. FTIR spectra of 500 nm thick PI films a/ and ¢/
as-deposited; b/ and d/ thermally treated for 5 min. in
MW oven and for 15 min. at 300°C in air; ¢/ and d/ are

obtained with Ar plasma treatment.

that after thermal treating three imide bands are
emerged at 1384 cm™, 1720 cm™ and 1780 cm'™.
FTIR spectra do not indicate a new phase formation
or destruction as a result of the applying Ar plasma
treatment. Band at 1384 cm™ emerges in the as-
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deposited layer obtained in the presence of Ar
plasma, while under normal conditions such band is
absent, which is indication that the process of
imidization takes place. In the as-deposited layer
obtained at standard conditions without plasma the
quantity of the polyamide acid is high [3, 4]. On the
contrary our results show (Fig.5-c, d) that PI is
formed more easily in the presence of Ar plasma

because the precursor molecules react more
actively and at a greater rate. FTIR spectra
presented in Fig.5-c, d categorically corroborate the
fact that imidization process takes place in the PI
layers obtained by Ar plasma assisted process. The
reason for the appearance of polyimide peaks in as
deposited plasma treated films is not investigated in

Table 2. Contact angle, polar and dispersion component and overall free surface energy of PI layers deposited without

and with Ar plasma.

Contact angle Polar component y, Dispersion Surface
PI layer obtained: [mJ.m?] component y,® energy
H0 CHyJ [m].m?] [m].m?]
without Ar plasma 93 31 0.26 43.8 44.1
with Ar plasma 73.6 16.0 4.55 45.36 49.91

details. Most probably the collisions between
precursors, electrons and ions or the ultraviolet
irradiation from the plasma influence strongly the
imidization process.The influence of Ar plasma on
the film surface energy is shown in Table 2. It is
seen that the plasma treatment causes a small
increase in the polar component of free energy. It
can be expected that these changes in polar surface
energy will be stable in time, because the layers are
modified in the whole volume, not just at the
surface. Obviously more detailed investigation is
needed to confirm the assumption.

CONCLUSION

A new method of physical deposition of
polyimide thin films employing plasma assisted
deposition is developed. The impact of Ar plasma
on the precursor molecular flux provokes an
increasing in the kinetic energy of the molecules. In
this way the plasma treating leads to an activation
of the precursor molecules or some change of
molecular structure of the precursors which results
in an enhancement of the imidization process, in the
thickening of the layers as well as in the increasing
of microhardness. The results obtained show that
the proposed method offers the possibility for
changing the parameters of the vacuum deposited
polyimide films in the direction desired by us.
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OTJIATAHE HA ITOJIMMMUIHU CJIIOEBE UPE3 ITPUJIAT AHE HA APTOHOBA TIJITASMA
J. InmoB

Huemumym no onmuuecku mamepuanu u mexroao2uu ,, Axao. U. Manunoscxu*, BAH,
Vn. “Akao. I'. Bonues*, 61.109, 1113 Coghus, bvareapus

Ilocrbnuna Ha 17 okromBpu 2013 r.; kopurupasa Ha 25 HoemBpy, 2013 r.

(Pesrome)

Pa3paboten e HOB MeTOX 3a ()M3MYECKO IIAPHO OTNaraHe Ha TBHHKU CJIOEBE, Ype3 NpWIaraHe Ha IUIa3MEHO
acucTUpalM mpoliecd. M3cinenBaHeTo BKIIOYBA KAaKTO BB3ACHCTBHE BBPXY HWHAMBUAYAIHUTE NPEKypCOpU
(oxkcumuanunuH (OHA ) um nupomenuroB muanxuapun ( PMDA ) ) Taka u BepXy ABaTa MOHOMEpPa €THOBPEMEHHO.
W3cnenBaHo € BIUsHUE BBPXY CTPYKTypaTa Ha MOJyUYCHHUTE CIOEBE U MPOMsiHA Ha cBolcTBaTa uM. Upes SEM ananus,
ca MOKA3aHU 3HAYUTEIHU NIPOMEHM B CTPYKTyparTa Ha KOHJCH3UPAHHUTE NMPEKYPCOPHU. Y CTAHOBEHO €, ue IIa3MEHOTO
aCHCTHPAHO OTJaraHe BOAM OO YIUITBTHSABAaHE HA CJIOS, ChC 3a0CNEKUTEIHH NPOMEHH B IOBBPXHOCTHATa WM
Mopdomorus. HabmogaBaHo e yBenn4aBaHe Ha M3MepPEeHaTa MHKPOTBBPIOCT ¢ moBede ot 50 mporenra. [lomyuenure
pesynrtatu ot FTIR aHamm3a moTBBpKAaBaT (OpPMHUPAHETO HA 3aTBOPCHU aHXHUIPUIHH MPHCTEHH KATO 110 TO3M HAYUH
IUIa3MEHO aCHCTUPAIO OTJIaraHe JOIpHHAcS 3a NPOTHYaHE Ha UMUAM3ALMOHHMA npouec. HabmonaBanure edexru ca
OO0SICHEHH C MOBUINIEHATAa EHEPTHUSI Ha IPEKYPCOPUTE, TTOJTydeHa OT B3aUMO/IEIICTBUETO C IIa3MaTa.
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