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The atomic layer deposition (ALD) of different potyde thin films has been studied. We have
demonstrated self-limiting ALD deposition of PMDAABI, PMDA-EDA, PMDA—-ODA and
PMDA—-PDA thin films at 160 °C. The maximum depasitirate of 5.8 A cyclté was obtained
for the PMDA-DAH process. Although the depositiaterwas high at 160 °C, a sudden
decrease was observed when the temperature wasasect. Regardless of the process studied,
no film growth was obtained at 200 °C or above. @#ed polyimide films were analysed by
FTIR, AFM and TOF-ERDA. According to the FTIR mee=mments, imide bonds were formed
already in as-deposited films indicating polyimfdemation without any additional thermal
treatment.

Introduction

Polyimide thin films are interesting materials daeheir resistance to high temperatures,
mechanical stress and a variety of chemicals. kamele, they have been considered for use in
microelectronics as insulating materials for iragdr dielectric materiatst or as the gate
dielectric in all-organic thin film transistops.

The most common way to produce polyimide thin filsiased on the liquid phase reaction
between selected dianhydrides and diamines. Potyaon is thus formed and is then used for
the coating of substrates by various methods, ductuspin coating and dipping. Finally
thermal annealings are used to remove solventsransform polyamic acid to polyimide.

In addition to traditional wet chemical polymer miéarcturing processes, different gas phase
methods have also been applied. The most oftenmsétbd, vapor deposition polymerisation
(VDP), is based on the evaporation of the monomedscontrolling the film properties by
changing the evaporation ratesOptimisation of the VDP process often requiretriats
control of the evaporation temperatures to avadkformation during the post-deposition
imidisation. Typically these as-grown films by #BP method consist of mixed dianhydride
and diamine, which are converted to polyimide lsrithal treatments usually below 300 °C.
VDP produces polyimide films with better thicknesstrol and conformality compared to the
liquid phase methods. It is capable of processingsfwith a thickness from tens of nanometres
up to a several hundreds of microns. The mostatifactor in VDP is the optimisation of the
imidisation process, since an excessive heatirganadl unstoichiometric films will lead to
increased stress and subsequent cracking of thé fil

Atomic layer deposition (ALD) is a variant of theemmical vapor deposition (CVL
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technique. In ALD, the thin film is deposited byeaihating, saturating pulses of the
precursor gases separated by inert gas putgifigpically ALD has been utilized for the
deposition of inorganic compounds where metal preaos have been either halides, alkoxides,
B-diketonate chelates or organometallic compouh#sThe second precursor has been either
an oxygen, nitrogen or sulfur source, when oxidésdes or sulfides are deposited,
respectively.

In practice, due to steric hindrances, one reaayate usually produces only a distinct
fraction of a monolayer, giving a deposition ratgitally less than a few Angstroms per
deposition cycle. Self-limiting and surface ternting growth of ALD enables processing of
high-quality thin films on large area substratesregnto deep trenches, and thus ALD has
gained increasing attention in the microelectromdsistry.

For inorganic compounds the deposition temperatirédd D are typically in the range
200-500 °C although some processes enable neartemoperature growth. The deposition of
organic compounds by ALD has not been extensivelgisd. Previously a variant of ALD,
namely molecular layer deposition (MLD), has betenlied for the growth of the PMDA-DNB
and PMDA-QODA thin films at 50-80 °C (PMDA = 1,2,38nzenetetracarboxylic anhydride,
DNB = 2,4-diaminonitrobenzene, ODA = ‘1,4 -oxydiamd) 12 These, about 10 nm thick, films
were deposited at a reduced pressure of 5%THir. It was observed, however, that in the case
of PMDA-DNB the desorption of DNB from the PMDA $ace destroys self-limiting growth.

Self-limiting ALD-type reactions between APTMS, PM[and DAH (APTMS =7 -
aminopropyltrimethoxysilane, DAH = 1,6-diaminohegahave been previously studiédn
high surface area silica bulk powders. In thesdistuan oxidised silicon surface was first
treated with the APTMS in order to achieve an sNK#minated surface where PMDA can

anchor. In this type of deposition experiment anfgw pulsing cycles were used since pulsing
and purging times of precursors are often severatsh

In this paper we report the atomic layer depositibdifferent polyimide thin films by using
PMDA as a second reactant and report the effediffeirent diamines on the film growth.

Experimental

Commercia’¥ -aminopropyltrimethoxysilane, pyromealidianhydride (1,2,3,5-
benzenetetracarboxylic anhydride), 1,6-diaminohexdry. -oxydianiline, 1,4-
phenylenediamine (PDA), ethylenediamine (EDA) wased as precursors. Their volatility was
either obtained from available literature datatweaked by simultaneous TG/DTA
(thermogravimetry/differential thermal analysiskitseiko SSC 5200 thermobalance. 2 mbar
pressure and nitrogen (99.999%) carrier gas weze imsorder to simulate the ALD deposition
conditionst®
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Scheme 1Precursors used for ALD of
polyimines.

Polyimide thin films were deposited in a commerdiav-type hot-wall ALD reactor (F-120
by ASM Microchemistry Ltd) using PMDA as a precursbhe second precursor was a
diamine, being either EDA, DAH, PDA or ODA, whicleve evaporated at 25, 40, 100 or 150 °
C, respectively. All precursors were evaporatedhfaopen glass crucibles, except for EDA
which was evaporated using an external reservtdrdteroom temperature. Nitrogen
(>99.999%, Schmidlin UHPN 3000,enerator) was used as a carrier and purgingrgas.

film depositions were carried out under a 2—3 ngrassure onto (100) oriented silicon and
soda lime glass substrates measuring 10 x% Alinsubstrates were cleaned ultrasonically in
ethanol and water before use. The deposition fatelgimide thin films was studied as a
function of the deposition temperature at 160-20D0 °

Reflectance and transmittance spectra were measugelitachi U-2000 double beam
spectrophotometer. The obtained reflectance data wsed for calculating thicknesses of the
deposited films using the method described by kiitda and Ranta-aht.

Crystallinity of the deposited films was determir®dX-ray diffraction using Cu
radiation in a Philips MPD 1880 diffractometer. Blorg information for the films was obtained
from Fourier transform infrared (FTIR) spectra. Transmission spectra of the films were
obtained using a Nicolet Magna-750 Fourier tramsforfrared spectrometer equipped with a
deuterated-triglycine-sulfate (DTGS) detector. FiMRasurements were exploited for the
deposited samples in order to verify the imide bfmmthation during an ALD cycle.
Polyimide—silicon structures were analysed by trattance measurements and the silicon
substrate contribution was removed by subtractiegspectra measured from clean silicon
wafer alone.

Surface morphology was studied by a Nanoscopddihe force microscope (Digital
Instruments) operated in tapping mode. Samples measured with a scanning frequency of
0.5-1 Hz. Several wide scans (5—-10 um) were peddritom different parts of samples to
check the uniformity of the sample. Final imagesen@easured from a scanning area of 2 x 2
pm. Roughness values were calculated as root nogmmes(rms) values. Adhesion of the
deposited films was evaluated with the adhesive tagt.

Composition of selected films was analysed by -of-flight elastic recoil detection analy:
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(TOF-ERDA). For these TOF-ERDA studies, a 16 MéYU’* ion beam was used, samples
were measured at 19° tilt and the recoils wereotiedeat 38° with respect to the incoming
beam?’ For heavy recoils, energy spectra were obtainad the TOF signals and hydrogen
spectra from the charged particle detector with?a@@tection efficiency. Film homogeneity
was confirmed by means of converting elementalgynspectra to depth profiles. The average
film composition was, however, calculated diredttyn the number of detected recoils per
element in order to avoid the effect of possiblypeeous ion stopping powers. As polymer
films are sensitive to the ion bombardment, exténa evas taken when elemental yields were
extrapolated to the beginning of the measurement.

Selected thin film samples were heat-treated mpadrthermal annealing (RTA) furnace
PEO 601 (ATV Technologie GmbH, Germany). The aringakas carried out in a nitrogen
atmosphere for 10 min at temperatures between 20330 °C.

Results and discussion
ALD growth of polyimide thin films

Previously reported modification of the initial surface by APTMS-@ prior to polyimide

deposition was first tested in the thin film depiosis. The polyimide deposition rate was
studied as a function of the deposition temperatsneg sufficiently long precursor pulsing
times to obtain complete surface saturation. Dejoosiemperatures were kept below 250 °C to
prevent thermal decomposition of the precursor$oi@epolyimide deposition, 10 cycles of
APTMS—H,0 were applied to the surface. For initial expeniséehe pulse time of PMDA was
3.0 s while the diamine pulse time was kept constt.0 s. Purge times of 1.5-3.0 s between
the reactive pulses were used but this had notedfethe growth rate. However, it appears that
—NH, termination by APTMS—HD was not necessarily needed for the growth imtatsince

the same deposition rate was also obtained witthigitreatment. It suggests that growth also
starts from the —OH terminated surface. Adhesiomege films was quite good according to
the tape test, since no peeling was observed walpolyimide films deposited onto bare Si or
onto the APTMS—ED-treated substrates. Therefore, during the folgvexperiments

polyimide depositions were carried out onto unedebi and soda lime glass substrates.
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Scheme 2Suggested ALD sequence for
PMDA-EDA polyimide formation depicting
starting surface (a), surface after PMDA pulse
(b) and surface after EDA pulse (c).

The deposition rate of polyimide films was greatgpendent on the precursor selection as
well as the deposition temperature. Because theoeation temperature for PMDA is around
150 °C, the lowest temperature for ALD was seletteloe 160 °C in order to avoid precursor
condensation. A distinct plateau in the growth reés not observed-{g. 1) while the
deposition rate decreased with the increasing tesyre.
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Fig. 1 Growth rate of polyimide thin film as a
function of the deposition temperature.

A maximum growth rate of 5.8 A cycfewas measured for the PMDA-DAH process at 160
°C. If other diamines were used, the depositioe vais lower, being 4.9, 3.9 and 1.4 A cytle
for the PMDA-ODA, PMDA-EDA and PMDZ/PDA processes, respectively. If the deposi
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temperature was increased a sudden drop in thetlyrate was observed regardless of the
precursors used. No ALD growth was observed ab8@e’C except for PMDA-DAH, which
gave the deposition rate of 1.7 A cyélat 190 °C. A sudden decrease in the depositienisat
most likely due to the low sticking coefficient monomeric precursor desorption at elevated
temperatures. It may be noted that the deposidtmis significantly higher than in the
conventional ALD processes for inorganic matenelere the deposition rate is typically
significantly less than a monolayer being rarelgrol.5 A cycle! due to the bulky ligands that
cause steric hindrancé&slnstead of depositing a single layer of atomsei&vIDA and
diamine units are deposited yielding a high groratie. Furthermore, one monolayer of
deposited film consists of one PMDA and one diamini. If the deposition rate of polyimide
thin films is expressed as monolayers formed (Mar) gieposition cycle it can be seen that for
both linear diamine precursoig. PMDA-DAH and PMDA—-EDA processes, the deposition
rate is 0.4 ML cycle at 160 °C which is quite comparable with valuestife deposition of
inorganic materials. Furthermore, if aromatic diaesi,i.e. ODA or PDA, were used as
precursors, deposition rates were only 0.3 andM.tycle™!, respectively. One possible
suggestion for the lower deposition rate of PMDA-2&nhd PMDA—-PDA is sterical effects of
the more bulky diamine precursors. Previously enMMDA-ODA depositions by MLD a
deposition rate of about 6.7 A cydiénas been reported, which represents a depositterof
0.45 ML cyclet.!3

ALD-type growth was verified by increasing pulsitiges of the reactive precursofsd.
2). At the same time the purging time between reagiulses was increased in order to avoid
pulse overlapping. Uniform films were obtained whileea PMDA precursor pulsing time was
1.5-7.0 s indicating an ALD-type film growth. Fteet PMDA-DAH process a constant
deposition rate of 5.8 A cycfewas obtained at 160 °C all along the length oflfbem long
substrate. Regardless of the pulsing time the digloims were smooth with thickness
variation of less than 5%. Self-limiting growth waerified also for PMDA with the other
diamines at 160 °C.

- 7] PMDA-DAH
6] . .
(%) f
s /  PwpaoDA
T4 /L
P PMDA-EDA
#8371 /
=

2 =
G

0 - .

e 4 B
PMDA pulsing time /s

Fig. 2 Film growth rate at 160C as a functiol
of PMDA pulse times using DAH, ODA or
EDA as a second precursor.

In a similar manner, pulsing times of diamines watalied Fig. 3. For example, DAH
pulse times of 1.0-5.0 s resulted in uniform fililnoughout the substrate area of 5 x 16.cm
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Fig. 3PMDA-DAH film growth rate as a
function of DAH pulse time. Deposition
temperature was 160 °C.

Although the deposition rate observed is quitedathe film thickness could be controlled
by the number of deposition cycles and therefor@lab-type linear dependency of film
thickness on the number of deposition cycles wasied Eig. 4).

350
300 -

250 - PMDA-DAH
200
150 -
100
50
U T T T T
1] 100 200 300 400 500 600
Number of cycles
Fig. 4 Thickness of polyimide films as a
function of the number of deposition cycles at
160 °C. Solid squares represent depositions
carried out using PMDA and DAH as
precursors. Open squares correspond to

depositions carried out by the PMDA—-ODA
process.

Film thickness /| nm

The reaction between pyromellitic dianhydride aiftetent diamines is a polycondensation
reaction where water is formed. Since the reagiiuse separation in ALD is essential to avoid
CVD-type reactions, we studied the effect of puggimes between reactive pulses in more
detail. In addition, it has been reported thatdésorption of diamine precursors was observed
in some cases at around 508@. was observed that even 7 s purging times af&ctive
pulses did not affect the deposition rate of tiim.fOne possible explanation for this may be
the higher deposition temperature where reactietsden carbonyl-oxy-carbonyl and amine
should be more facile.

Film composition
The presence of ring closure in the PMDA—ODA film®ften followed by monitoring the

intensity of the peaks at 1860 and 1806'amniginating from the unreacted anhydride. the
ALD -deposited polyimide films no traces of peaks oagimy from the unreacted precurs
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were observedHg. 5. Typically incomplete imidisation is seen eitlaarthe presence of
isoimide or amide bonds. In general, isoimide bfamchation,i.e. amine reaction with the
carbonyl of PMDA can be seen in the IR spectrdiefRMDA—ODA films as the isoimide C—N
stretch at 1399 and 1709 cimwhereas amine bonds can been seen as the caviitmnayion of
polyamic acid around 1650 cht In the ALD-prepared PMDA-DAH films a small peak
originating from the amide bond at 1665¢nvere observed in as-deposited films.

[ *‘M‘@* PMDA-PDA

W

818

NS

_ N b
m —
£ | B
= o PMDA-ODA
2 2 0
G ~ -
= = | «—
8 N H - ; Q
E 0 o =3«
= S
[ PMDA-DAH
o
=

3000 2000 1000

Wavenumbers cm-1

Fig. 5FTIR spectra of different polymer films
deposited at 160 °C onto a Si (100) substrate.

The degree of the imidisation in the PMDA—-ODA filinas been typically calculated by
using the aromatic= C bond peak at 1500'@s an internal reference and measuring the
height and area of the characteristic imine pediB80 cm®. In this method, aromatic ring
absorption is considered constant while the imiolediis formed?2°In the as-deposited
PMDA-ODA films the ratio between imide and aromauéak height was calculated to be 0.3
which increased to 0.45 after annealing at 300FiCther increase was not observed if the
annealing temperature was increased. If the paakat400 °C is considered to correspond to
100% imidisation, as-deposited films had an imitigarate of about 60—65%. This is quite
close to the values obtained for the VDP-fabrici8DA—-ODA films after thermal treatment
at 350 °C: For the other polyimide thin films a similar calation would yield incomparable
results, since there are no reference peaks otiggntom the aromatic ring of ODA.

The composition of selected PMDA-DAH films was gsald by TOF-ERDA. The
composition of these films was uniform throughdw thickness of the filmH{g. 6). According
to TOF-ERDA, the composition of the PMDA-DAH filmas 43 + 2 at% hydrogen, 39 £ 2 at%
carbon, 6.4 + 0.5 at% nitrogen and 10.9 + 1.0 atygen being in good agreement with the
stoichiometry of the repeating monomeric unjitg ,N.O,.
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Fig. 6 An raw energys. inverse time-oflight
histogram for a 350 nm thick PMA-DAH film
(left) measured using 16 Me¥Cu’* incident
ions (depth increases from upper right corner
towards bottom left corner) and the
corresponding elemental depth profiles (right).

According to the XRD measurements, the depositetsfivere amorphous regardless of the
precursor combination used. This is quite typicalifiorganic films deposited by ALD at low
temperatures, although crystalline polyimide filnasre been often obtained after thermal
imidisation?! Annealing of the PMDA-DAH and PMDA—-ODA thin filmgas studied at 200—
400 °C. According to the XRD measurements bothgitemained amorphous even after RTA
treatment at 400 °C.

Surface morphology of ALD-deposited polyimide filmas studied by AFM. Images were
collected from 50-350 nm thick polymer films groainl160 °C. Generally as-deposited films
were uniform and no cracks were observed. The dbEp®me of surface roughness on different
types of polymer film was not notable. Regardlesthe film thickness, the roughness of
PMDA-DAH and PMDA—-ODA films was around 0.3—-0.9 nnda0.6—0.8 nm, respectively.
Only a small increase in the roughness as a fumdfidhickness was detected on films grown
on silicon. As a representative example, the AFMgmof a PMDA—-DAH film grown at 160 °

C is presented iRig. 7.

um

0.5

Fig. 7AFM image of a 170 nm thick PMA—
DAH film deposited at 160 °C. The rms value
of the sample was 0.3 nm. Depth scale: 5 nm
from black to white.

Solubility of the deposited polyimide thin films watudied by immersing the-depositec
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and annealed samples into concentratggiQjat 25 °C. It was observed that all ALD-
deposited films were readily soluble in$0,. Typically, increased solubility of the polyimide

films is an indication of the low molecular weigsftthe films or the low degree of the
crosslinking of the chairs.

Conclusions

We have demonstrated the deposition of differeitipade thin films by ALD using PMDA as
an acid anhydride and a variety of diamines, indgd&EDA, DAH, PDA or ODA, as the second
precursor. Due to the evaporation temperature dDRMhe lowest deposition temperature was
160 °C where the self-limiting growth was verififeat all of these processes. In addition, the
maximum deposition rate was observed at 160 °Gt badically decreased when the deposition
temperature was increased, indicating probablergésno of the precursors. Regardless of the
precursor combination used, no growth was obseav@@0 °C or above. The maximum
deposition rate was obtained for the PMDA-DAH pes;éeing 5.8 A cyctéat 160 °C. This
deposition rate is much higher than observed fpicgl ALD processes, which is due to the
different deposition mechanism compared to conweatiALD of inorganic materials.

According to the TOF-ERDA analysis uniform compisitthrough the thickness of the
deposited polyimide films was observed. In additicorrect stoichiometry of the PMDA-DAH
films was confirmed by TOF-ERDA.

The deposited films were smooth and uniform withiekness variation of less than 5%
over the substrate area of 5 x 1(PcAccording to the AFM measurements roughnessef th
measured films was small, being less than 1 nnrdégss of the polyimide film studied.

Imide bond formation with only traces of isoimidenils as well as without unreacted
precursors was observed by FTIR for all the polgiesistudied. Together with the self-limiting
growth nature this indicates a true ALD growthlod polyimide thin films.
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