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Introduction

Flip Chip (FC) and Wafer Level Packaging (WLP) are tiithe fastest growing segments in the
IC packaging industry. The practice of incorporating FC or buaghbrology in devices are
experiencing significant growth. The primarily reason for the grosvthe improvement that they
provide in power and ground distribution with the attendant reductiddSIN (simultaneous
switching noise). The demand for WLPs is increasing due to tlad sonm factor and the
increased demand for portable products.

Both FC and WLP technologies impose significant new demandsdeétathe materials used for
permanent dielectric layers and photoresists for fabricatioregses. Cleaning chemistries must
be designed to remove highly cross-linked films such as photorasidtfiuxes; but keep the
solder bump, exposed metals, under-bump metallization (UBM), and dedeatrdamaged.
Device reliability and performance rely heavily on the properkimgrof all these components.
In situ or discrete analytical procedures are required forngggtie reliability of the materials
used.

Typical quality assurance and control procedures for fabrication ondah& appearance (surface
condition, shape) of the solder bumps as well as obvious visiblamimation or metal etching
damage. Wafer or device inspections are commonly done underdiesooipe and indicate if
the device is free of photoresist after cleaning and whetheotometal remains after etching.
However, in some instances, visual inspection does not provide aatacapresentation of the
damage done. For example, it is difficult on an assembly lirfendonon-physical defects in
organic dielectrics that may still influence its effeeness and therefore the overall device
reliability. Examples of these dielectric layers arezioegiclobutenes, (BCB), polybenzoxazines,
(PBO), and polyimides. This paper will discuss how to detect pulgipassivation damage in
wafer-level cleaning processes.

Polyimides are a class of organic polymers that have bssshwidely by the semiconductor and
electronics industries as a dielectric due to their thermadlility, ease of use, low dielectric
constant, and ability to act as a stress buffer layer with temg- stability. Downstream
processing of wafers with polyimide films presents importantiainges because damaged films
correlate directly with decreases in device performancenatder yield, thereby increasing the
cost of ownership.

Figure 1 shows scanning electron microscope (SEM) images ofeangak polyimide sample on
a wafer with copper pads on it, before and after processingimbraaly images were taken of
polyimide samples in Figure 1(a-c). They show some contaminatidhe surface but overall a
continuous and smooth surface, devoid of holes or craters. Tyienjggl samples were then
exposed to an agitated solution of an aggressive photoresistakohemistry for 3.5 min at

30°C. Post-removal samples are shown in Figure 1(d-f). Thgesmdepict damage in the form
of large craters on the polymer surface. Upon further exposthie tame system, the polyimide
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sustains so much damage that it is completely removed fromutfece of the wafer. These
observations are made using optical or scanning electron microscopy.

The chemical resistance and performance of a polyimide is thaagdepend greatly on its
chemical structure and degree of curing. Due to the organicenat the polymer, the changes
can be monitored and identified using the Fourier Transform InfraRectrescopy (FTIR)
technique. FTIR is a rapid and simple method for obtaining preliy information on the
identity or structure of an organic molecule, compound, or polynteis a well-established
technique: commercial infrared spectrometers have beelalaeasince the late 1940s, and FT
instruments since the 1980s. Over the years, a very largeenwhinfrared spectra have been
compiled into collections of reference spectra, which are now comithegoiailable.

(@) (b) (€)

(d) e) s . R
Figure 1. Scanning Electron Micrsoscopic (SEM) images of fulled virgin polyimide sample
(a-c), and (d-f) sample damaged by processing in a common formulation for 3.5snain80SC.

The IR spectrum is a plot of the percent of IR radiation trétesinthrough a sample versus the
wavelength (inmm) or wave number (cf), of the radiation and is typically recorded between
4000 — 400 ci. The positions and relative strengths of the absorption peaks (often called bands)
can be attributed to stretching and bending motions of specifitdaatgroups in the molecule.

In this way, the peaks can be assigned and monitored for changes during an experiment.

Typical polyimide formation, as shown in Figure 2, consists of a twogsiyamic acid process
in which a dianhydride and a diamine are reacted under ambient conditioripatea @protic
solvent such all,N-dimethylacetamide (DMAC) to yield a polyamic acid. The polyaaaicl
undergoes cyclization and dehydration to yield the final polyimide. Theafsgmistry of the
first step is generalized using brackets indicating a position for rsimmmeation since, in the first
step, it does not have an outcome on the polymer properties. This is not oftesetive olymer
chemistry: regio- and stereo-chemistry are often very important.
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Figure 2. Formation of Polyimide

Polyimide films may be prepared with different chemical priogeiby varying the type or ratio

of constituent polymers, photoinitiators, adhesion promoters, -tinbkess, and non-reactive

polymers. Each of these behaves differently in a given rehsmution. Polymers are selected
based on ease of formation and processing requirements. Riaitoimiare selected to react
with the radiation from the mask aligner and initiate polymenzatiAdhesion promoters may be
added to improve the adhesion of the polymer to the wafer surfamess linkers are used in
negative photoresists and are used to increase the itysobshe cross-linked polymer and
decrease the reactivity of the polymer towards developing sobresblutions. Non-reactive

oligomers may be added to change the rheological properties of the phofibmesis

When thin film measurements are made, it is possible to obtaim chemical and physical
information, provided the film is sufficiently thin and the suefain which it is deposited is
smooth and reflective. In addition to the absorption or IR radiateamples of this type may
reflect the radiation off the underlying substrate and pagsfttaeed beam back through the film
(transflection). Films that have smooth, flat, shiny surfacag cause a small amount of energy
to be reflected internally off the film surface, as showrhaEigure 3(a). This ‘double passing’
of the infrared beam causes interference patterns in thmedbtspectrum. Interference fringes
result from a pattern of constructive and destructive intnter caused by the interaction of the
transmitted radiation with a portion of the infrared beam liaatbeen reflected between the two
inner surfaces of the sample. Between maxima (radiatiactlgxin phase giving complete
constructive interference) and minima (radiation exactly outpbase giving complete
destructive), the transmission values change periodically. rékelting spectrum has an
interference pattern superimposed on the absorption band pattern as shauneirB).
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The phase relation between the transflectance radiation and thie gaissed radiation depends
on several factors. If the rays of the incident infrareahbare perpendicular to the film surface,
the phase relation depends on the cell or film thickness, thelevegth of the radiation, and the
index of refraction. If the phase relationship, the wavelength, efrattive index are known, it
is then possible to determine the thickness of the sample Alitnof the information except for
the refractive index is available in the interference fripgdern on the spectrum of the film. If
the film thickness is known by another measurement, the refractive iaddbeaetermined.

The mathematical expression for film thickness can be gewefatm the reflectance fringe
pattern data and is shown in Equation 1.

Number of Maxima
Thickness = 2¢—sirf )Y .- ») (1)

where thickness is calculated in centimeters (cm). The nuofb@axima (or minima) is the
number in the interval from; to ,: it is an integer and one complete interference pattern is
measured peak to peak (from point A to point B in Figure 3(bilg;the refractive index of the
sample film; is the angle of incidence of the IR radiation;is the frequency at which first
maximum (or minimum) occurs, in units of wavenumbertsm, = A in Figure 3(b); , is the
frequency at which last maximum (or minimum) occurs, in wfitsavenumber (ci), ,= B or

C in Figure 3(b).

Experimental Details

Absorption FTIR spectra were obtained using a Nicolet Nexus #7R €oupled to a Spectra-
Tech Continuum FTIR microscope using the discrete Fourier foramgDFT) method. FTIR
spectra of the background were collected and subtracted from eattuispbefore processing.
No further baseline corrections were made. Five (5) diffepwlyimide film samples were
obtained from customers. FTIR spectra of the films were olotdoeéore and after processing.
The matrix of experimental parameters for each sectiorhefpaper is shown in Table 1.
Thickness measurements were calculated using Equation 1.

Results and Discussion

A. Effect of Solvent and Base Combinations on a Variety of Polyimide PBistisre

Using the FTIR technique described above, five polyimide samm@es analyzed using a matrix
of conditions, as shown in Table 1, A. The matrix conditions of combirgbf three solvents
and three bases were tested on five polyimides. Generaltiganing, a solvent is selected that
will swell the polymer, wet its surface, and transport tteetree base into the polymer matrix.
The base hydrolyzes the photoresist, aiding in its solubilizatidimeisolvent. Each component
can effect photoresist removal individually, but in combinatibay tare much more effective. In
this study, the solvents and bases selected at are commonlyuke cleaning industry to effect
removal of photoresist according to the swell and attack mesthawmithout attacking bump or
under-bump metals on the wafer surface.

Figure 4 shows spectra of polyimide 4 after exposure to threeedhitfeplutions containing a

different base each, as shown in Table 1, A (lll, VI, and 1X). ®Bhseline spectrum was
recorded prior to processing in the removal solution.
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Figure 3. (@) lllustration of double pass and transflectectiadiand generation of interference

fringes (b) FTIR spectrum showing interference fringes.
maximum B is one complete fringe.

Table 1. Matrix of Experimental Parameters.

Tiseamkce from maximum A to

A B C
T=97°C, t=40 min t =40 min T =97°C, t = 4(
min,
D1
Base SB1 SB2| SB3| Formulation| 97°C| 105°C| Curing Condition
Inorganic hydroxide [ Il 1] D1 X Xl 1
Organic Alkaline v | V Vi D2 X Xl 2
Source

Solvent Amine VII| VI IX Cl XIV | XV 3
Cc2 XVI | XVII 4
5

T = temperature, t = time, SB = solvent blend, SB1 = 50% OM®% proprietary solvent (PS),
SB2 = 70% DMSO, 30% PS, SB3 = 30% DMSO, 70% PS, D1 = Dynakgyrmulation 1, D2 =
Dynaloy Formulation 2, C1 = Common formulation 1, C2 = Common formulation 2.
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Using the periodic reflection signals, and a constant value=86° for our instrumental system,
and a calculated refractive index of 1.634 from a standard thihpadgimide, it is possible to
determine the thickness of other polyimide films using Equatiofus, the thickness of the
original polyimide sample, shown in Figure 4(a), was found to be 5mO0In Figure 4 (b), the
film thickness decreased to a value of 1.56 estimated by doubling the distance between the
peak and the valley to get a value fer— ,. This film is much thinner than the original film
indicating that the formulation using an organic alkaline source, 50% DMS80&8fgroprietary
solvent, (Table 1, A, (IV)), attacks the polyimide and remove§he FTIR spectrum shown in
Figure 4(c) (Table 1, A, (V)) shows no absorption features duelyopde indicating that the
polyimide was removed completely. The FTIR spectrum in Fig(a¥ shows three interference
fringes and corresponds to a thickness of 4/®1 In this system, the polyimide passivation is
attacked by the organic alkaline source, 30% DMSO, 70% praprisblvent blend formulation,
(Table 1, A, (V1) but it does not suffer as much damage dilitn the conditions associated
with (b) and (c).

The change in thickness is plotted relative to the origimakmhess for each base and solvent
blend formulation in Figures 5(a - f). Three outcomes are possible:
- The polyimide thickness remains the same, indicating no effettedbase and solvent
blend formulation on it,
The film thickness could decrease, indicating removal of the pumlgifnom the surface,
or
The film thickness could increase, indicating that the polyimeswelling due to
interactions with the solvent.

With data plotted in the format of Figure 5, it is easiesgot trends in polyimide behavior for
processing with various base/solvent systems at 97°C for 40asinBiased of the data obtained,
we may draw the following conclusions:

- Figure 5 (a) indicates that the decomposition of polyimide 1 is relatnednsitive to the
choice of solvent blend, but is sensitive to the base usklin—-decomposition and
removal is greatly enhanced by the use of the solvent amine as the base.

Figures 5(b) and (d) indicate that the removal of both polyim2dasd 4 from wafers is
dependent on solvent composition to a small but significant exteitjs far more

strongly dependent on the nature of the base. Both atweblastable towards simple
inorganic hydroxides, but may be readily removed by an organiareksburce and a
solvent amine.

The removal of Polyimide 3 is effected primarily by thee wdf the organic alkaline
source as base, in combination with solvents containing 50% or more DMSO.

In contrast to the above, polyimide 5 exhibits evidence of filmllgvg (i.e. increase in
film thickness), dependent largely on the composition of swellBased on the physical
data alone, it would appear that polyimide 5 is very stable towards hsidroly
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Figure 4. (a) FTIR of polyimide 4 prior to processing. All preteg was carried out using an
organic alkaline source as the base, for 40 minutes at 95°G=TIR)spectrum of polyimide 4
after processing, Table 1, A (IV). (c) FTIR spectrum okbaafer following complete removal
of the polymer under the conditions shown in Table 1, A (V). (dRF3pectrum of the
polyimide after exposure to the conditions specified in Table 1, A (VI).

Figure 5 (f) is a representation of the decrease in thickisessach sample under the various
experimental conditions. Note that a positive value indicgat@sval of the film from the wafer.
Overall, the organic sources are more likely to hydelyze polyimide samples than the
inorganic solutions are. Polyimide samples treated with asblplend that is closest to its
solubility product show an increased likelihood of suscepfjbititdamage as illustrated by the
difference in solubility with different solvent blends. Such an aladiem is also consistent with
the notion that close match in solubility product between the polyane the cleaning
formulation enhances the degree of swelling in the film, (Iidi(e)). However, despite these
generalizations, the results indicate that differenyipoties behave markedly differently in
similar base/solvent compositions. Therefore, to select ao@ygte formulation, it is clear that
a systematic investigation of specific formulations andditmms for the removal of photoresist
from individual samples using polyimide dielectrics must beedout. Dynaloy does licence
the know-how for the use of this technology in compliance with labehding limited to use of
this technique to its products.
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Figure 5. Summary of the Susceptibility of Polyimide Samples Matrix of Solvent and Base
Formulations (see Table 1). All samples were processed for 40 mingesGit
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B. Effect of Temperature and Formulation on a Variety of Polyimides

One would expect that the rate of polyimide hydrolysis (a iratdp organic reaction with
significant activation enthalpies) should show a strong dependentee temperature at which
processing occurs. Thus, at higher temperatures, the damagepolyimeide film should be

more extensive over the same period. Similarly, thermodynandasates that where polymer
swelling occurs, the degree of swelling would also be expectddctease with increasing
temperature.

The effect of increased temperature on polyimide removal wesstigated using two of
Dynaloy ’'s photoresist formulations and two common strippers as shown ie Tal8. The
results are shown in Figure 6. As above, the plots reprdsethitkness of the polyimide film
post-processing, compared to the initial thickness of the film.

Polyimide 1 exhibits a high degree of chemical resistancd teraoval conditions. However,
significant swelling of the film is observed following tteent with the formulations denoted C1
and C2 at 105 °C, conditions XV and XVII. The best conditions for prasen of polyimide 1
are afforded by Dynaloy Formulation D2 at either 97 °C or 105 °C, (Conditions XII and XIII).

Polyimides 2 and 3, when exposed to the common formulations, were renmwetetely at
97°C, XIV and XVI. At 105°C, the polyimide film remained on the evafbut the adhesion
between wafer and film was significantly compromised. Téwst ftormulation for preservation of
these polyimides was DynaloyFormulation 1 or Dynaloy Formulation 2 at 97 °C or 105 °C,
(Conditions X, XI, XlI, and XIII).

Polyimide 4 was completely removed in the common formulations atC&arfd 105 °C,

(conditions X1V, XV, XVI, and XVII). The best solution for minimizan of damage to the
polyimide was either Dynaloy Formulation 1 or Dynaloy Formulation 2 at 97 °C or 105 °C
(Conditions X, XI, XlI, and XIlII).

Polyimide 5 was completely removed in common formulation 1 at 97(¢@nhdition XIV).
Again, adhesion problems were seen at 105 °C but it wasfssimeasure the film. The best
formulations for minimizing polyimide damage were Dynaloyormulation 1, Dynaloy
Formulation 2 or common formulation 2 at 97 °C or 105 °C, (Conditions XVI, XVII).

Overall, Dynaloy Formulation 1 and Dynaloy Formulation 2 at both 97 °C and 105 °C
(Conditions X, XI, XIlI, and Xlll) were shown to minimize attack pdlyimide encapsulants.
However, in certain examples, other solutions were found to give reasonalike resul

C. The Effect of Processing on Polyimide Attack.

Processing conditions are very important to the performance yifpadés. Curing temperature,
curing time, curing radiation wavelength (energy), in additthe polymer concentration, and
initiator concentration, to name a few, affect the amount afselioking in the polymer and
therefore its overall performance. It is generally atsspghat cross-linking of a polymer
(whether by step or chain growth) enhances the chemicataressof the polymer, usually
coupled with significant changes in the physical properties dstatichanical & rheological
properties particularly).
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Figure 6. Summary of Susceptibility of Polyimides to a Madfidrormulation and Temperature
Combinations. All samples were processed for 40 minutes.
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Figure 7 shows the results of the effects of curing on th&rnégs of spin-on polyimides as well
as on the integrity of a polyimide cross-linking after a samigl exposed to Dynaloy
Formulation 1 for 40 minutes at 97 °C (Table 1, C). The samplesramrged, 1 through 5, in
order of least to greatest cross-linking. The black Im&igure 7 indicates that as a sample is
cured longer, the thickness decreases until the majoritpleérg has been removed and the
sample is compressed due to cross-linking. The first resulture condition 1 has not been
cross-linked at all and was completely removed by exposure tertiwsal solution. The second
result for cure condition 2 remained intact, but comparisohefTIR spectra before and after
exposure to the removal solution at 97 °C for 40 minutes, showedreasiedn thickness,
indicating that it was attacked also. The last thregplsncorresponding to cure conditions 3 —
5, show less susceptibility to DynaloyFormulation 1 after exposure for 40 minutes at 97 °C.
Sample 3 showed some swelling, sample 4 showed slightly wedBng while sample 5 was
unaffected. The lower reactivity towards removal chemistrias predicted because the film
thicknesses did not decrease significantly with increasedgctime. The samples from cure
conditions 4 and 5, in particular were more highly cross-linked andoheless reactive. These
observations are consistent with the commonly held model of polymer trkisgt

Effect of Curing Conditions on PI
Susceptibility

Change in Film
Thickness ( mm)

-4 3 after processing
-6 — with increased curing

1 2 3 4 5
Curing condition (increased time)

Figure 7. Effect of Curing Conditions on the chemical resigeof Polyimide 1 to Dynaloy
Formulation 1.

Conclusions

This study has shown that there are many factors that #igeettack of polyimide dielectrics by
photoresist removal chemistries. One of those factors, #fispcleaning chemistry, has a
significant effect on the attack of the polyimide. Dynalofas designed its formulations to
eliminate attack on various types of polyimides. This is againg effort since, as it has been
shown, various types of polyimides behave differently in the sateaning chemistry.
Polyimides show different susceptibilities to being attdchksyy the major components of
photoresist removal chemistries, different bases or diffeyelwents. These susceptibilities are
based on the chemical make up of the polymeric system. In additgoprocessing parameters
for a single polyimide can dictate the amount of attack thatilitsustain during cleaning.
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Polyimides that are not cured completely run the risk of undergoarg attack. It is important,
when processing polyimides that the polymer is reacted compfetelyto further the next level
of processing.

Special acknowledgements go to Mr. Gene Goebel, VP New Busiiassbty LLC, and Dr.
James S. Poole, Ph.D, Assistant Professor at Ball State Uitjviensmany helpful conversations
during the writing of this paper.
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