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ABSTRACT:

Low dielectric polyimides were synthesized from a new diamine, bis(4-aminophenyl)-1-adamantyl

phosphine oxide (DAAPO) containing adamantane cage structured group in the pendant position. Thermomechanical

properties were investigated using differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), and ther-
momechanical analyzer (TMA). The thickness dependence of dielectric constant was measured using a LCR meter, and
the results were compared with those of other polyimide systems reported. Variation of stress during film coating and

annealing processes was analyzed using a bending beam curvature measurement system complemented with an in-situ

film thickness measurement system, the interferometer. Stress was developed as solvent evaporated during film baking

process, and the residual stress was obtained when the coated films were prepared. The stress behavior was significantly

affected by ramping and annealing schedules.
KEY WORDS

Aromatic polyimides have been used as dielectric,
coating, and adhesive layers in microelectronics fabri-
cations, because they have excellent electrical, chem-
ical, thermal, and mechanical properties compared to
other organic polymers.! ™

In order to fabricate a high performance chip, how-
ever, solutions to some problems should be addressed.
One is about the dielectric performance. As dielec-
tric constants of commercial polyimides (PIs) are re-
ported to be higher than 3, it should be lowered to trans-
port more signals through more integrated circuits. The
residual stress is another problem, especially in the thin
polymer film application for chip and wire packaging.
Stress is usually developed by thermal expansion differ-
ence between the film and substrate. Organic/inorganic
pairs like Pl/silicon wafer imposed high stress due to
relatively high thermal expansion difference. When
it is considerable in multiplayer fabrication process, it
sometimes results in cracking, delamination, or bend-
ing of films.

Among many trials to reduce the dielectric constant
and residual stress, one has recently proposed introduc-
tion of nano or molecular foams in PI matrix. This was
based on the idea that the dielectric constant of air is
close to 1 and that the stress is significantly affected
by relative density of polymer foams, p/0y; moduli of
foams are known to be proportional to (o/p),>® under
the circumstances that thermal expansion coefficients
of bulk and foam polymers are almost the same. More
than 10 year trials for insertion of nano or molecu-
lar foams in Pls are summarized by two approaches:

Polyimide / Dielectric Constant / Adamantane / Cage Structure / Stress /

i) the phase separation by heat and non-solvent dur-
ing preparation of PI systems,’ and ii) the synthesis of
block copolymer composed of polyimide and thermally
degradable polymer.® Thermal degradation of the sec-
ond component leaves nano-scaled pores behind it. Not
many of these, however, were successfully industrial-
ized, because their preparation process was too com-
plicated and the resulting material properties were not
fairly satisfied.

Preparation of polyimide containing cage structured
molecules is another strategy to reduce dielectric con-
stant and residual stress in their application as micro-
electronic multilayers”'> Among some cage struc-
tured molecules, adamantane (tricyclo[3,3,1,1] decane)
is characterized by fused chair-form cyclohexane ring
structure.!* 15 As this substance has high thermal and
oxidation resistance, it has ever been inserted into the
backbone of a few polymeris systems, e.g., polyimides,
polysulfones, polyesters, and polyamides'®2? to in-
crease the thermal and oxidative stability.

As this cage molecule is expected to induce di-
lution effect on the polar imide groups due to its
fully aliphatic hydrocarbon structure?? 3 recently, new
polyimides containing adamantane in the pendant po-
sition were synthesized in our group. As the synthe-
sis and chemical identification of these types of Pls
were reported in detail in other contribution?* in this
study, dielectric constant and stress behavior were con-
centrated, especially when these polyimides were ap-
plied as coated films. Fundamental thermo-mechanical
properties were also investigated.

"To whom correspondence should be addressed (Tel: +82-31-290-7250, Fax: +82-31-290-7272, E-mail: djkim@skku.edu).

697



D.K.

Br

0-50,2-3h

?
0-50,2h
’ R Te ..
Room Temp., Mg/ THF 240;m emp-, QP@
24h —_—
DPPC
MgBr

DPAPO

O0s500100,2h
HNO3/H,50, Room Temp., 24 h

o o
" Pd/IC
HN— b= )NH, P OZNAQ—?)A@—NOZ

Ethyt Alcohol

DAAPO DNAPO

Figure 1. Synthetic scheme of
adamantyl phosphine oxide (DAAPO).

bis(4-aminophenyl)-1-

EXPERIMENTAL

Synthesis of Cage Monomers

Bis(4-aminophenyl)-1-adamantyl phosphine oxide
(DAAPO), a type of diamines possessing adaman-
tane group in pendant position was synthesized.
Synthetic scheme of DAAPO is illustrated in Fig-
ure 1. First, 1-adamantyl diphenyl phosphine ox-
ide (DPAPO) was synthesized through Grignard re-
action of 1-bromoadamantane (Aldrich, Milwaukee,
WI) and diphenyl phosphine chloride (Aldrich). Sec-
ond, DPAPO, the product of first step was nitrated us-
ing sulfuric acid and nitric acid to synthesize bis(4-
nitrophenyl)-adamantyl phosphine oxide (DNAPO).
The next step involved synthesis of DAAPO. DAAPO
was produced by hydrogenation of DNAPO in the pres-
ence of PD/C catalyst. Detailed procedure and condi-
tion of each synthetic and purification step are repre-
sented in other report.* The chemical structure and pu-
rity were identified®* using infrared spectroscopy (FT-
IR, IR 2000, PerkinElmer) and 'H and 3! P fourier trans-
form nuclear magnetic resonance spectroscopy (FT-
NMR, 300 MHz, JEOL), etc.

Synthesis of Polyimide Containing Adamantane Pen-
dant Group

Polyimides containing pendant adamantane was syn-
thesized from the reaction of DAAPO with 22-
bis(3,4-dicarboxyphenyl) hexafluoropropane dianhy-
dride (6FDA, from Chriskev). Poly(amic acid) (PAA)
was first prepared. DAAPO, 5 g (13.63 mmol), was dis-
solved in 50 mL of dry N-methylpyrrolidone (NMP)
in a 500 mL three neck flask equipped with a me-
chanical stirrer, a thermometer, a condenser, and a
N, inlet line. After phthalic anhydride (PA), an end
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Figure 2. Synthetic scheme of DAAPO-6FDA polyimide via
the two step route.

capping agent, 0.16 g (1.1 mmol), was introduced to
the DAAPO/NMP solution to attach non reactive end
groups, 6FDA, 5.82 g (13.09 mmol), was slowly added
to the reactant solution. After reaction for 24 h under
nitrogen atmosphere, the yellow colored product, PAA,
was obtained.

Full imidization reaction was conducted in solution
state. PAA was dissolved in NMP/o-DCB (80/20 vol%)
co-solvent. The PAA solution was mechanically stirred
in a flask at 175 °C for 24 h under nitrogen atmosphere.
After the mixture was cooled down to room temper-
ature, the product, PI, was precipitated in methanol.
Once filtered and dried, PI products were dissolved in
chloroform (20-30 wt%) to remove residual impurities.
White PI samples were filtered and dried in a vacuum
oven at 200 °C for 12 h before storage.

The synthetic scheme of PI is illustrated in Figure 2.
Molecular weights of PIs synthesized were measured
using a gel permeation chromatography (GPC, Waters
M38003, M515). The chemical structure of PI prod-
ucts was identified using FT-IR spectroscopy (IR 2000,
PerkinElmer) and 'H and 3'P FT-NMR spectroscopy
(300 MHz, JEOL).?*

Measurement of Physical Properties

Glass transition temperature was measured using
a differential scanning calorimetry (DSC, TA-2910,
PerkinElmer). 10mg of PI sample was heated from
25 to 400°C at the scanning rate of 10°Cmin~' in
the nitrogen atmosphere. The second heating ther-
mograms were obtained after the first heated polymer
melts were quenched to room temperature. Thermal
stability was examined using a thermogravimetric an-
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Figure 3. Schematic of the in-situ measurement system for

film thickness and bending curvature.

alyzer (TGA, TA 2910, PerkinElmer). Measurements
were conducted from room temperature to 660°C at
the scanning rate of 10°C min~! in the air and nitro-
gen atmosphere. Samples were dried to remove resid-
ual solvent before measurement. Thermomechanical
analyzer (TMA, SS6100, PerkinElmer) was used to
measure the linear thermal expansion coefficients of PI
films. Measurements were conducted from room tem-
perature to 300°C at the scanning rate of 20°C min~!
in the nitrogen environment. Intrinsic viscosity was
measured using a Cannon-Ubbelohde viscometer in N-
methylpyrrolidone (NMP) at 25 °C. Dielectric constant
was measured using a LCR meter (HP4294, Hewlett
Packard) at 1 MHz frequency. For this measurement,
PI films were spin-coated on the <100> type silicon
wafers in the thickness of 360 um (Hyundai Electron-
ics Company). Aluminum electrodes were vacuum
deposited on both film surfaces. The film thickness
was controlled by solution concentration and revolu-
tion speed. It was ranging from 130 to 1140 nm, and
was measured using an alpha step (500, KLA-Tencor,
USA) and then confirmed using a scanning electron mi-
croscope (SEM, XL-30 Philips, Netherlands).

Measurement of Stress and Film Thickness

PlIs were dissolved in tetrachloroethane (TCE). The
polymer solution was coated using a spin coater (model
1-EC101DT-R485, Headway, USA) at 1800 rpm for
30 s on the <100> type 360 um silicon wafer (Hyundai
Electronics Company). The film-coated substrates
were baked by raising temperature in the nitrogen en-
vironment to remove solvent absorbed in films. The
ramping rate was 2, 4, or 6°C min~!, respectively.
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The stress change during the fabrication of polyimide
films was analyzed using a bending beam curvature
measurement system as shown in Figure 3. The bend-
ing curvature measurement system was composed of an
8 mW He—Ne laser I (model 1134P, Uniphase), a posi-
tion sensitive detector (model 1239, UDT sensors), and
an oscilloscope (model OS3040, LG Precision, Korea).
The beam from laser I was focused on one end spot of
the film. As the beam reflected from the film was ini-
tially positioned at the center of the sensor, it moved
along the x- or y-axis of the sensor as the film was be-
ing bent. Displacement of beam position from the ini-
tial spot induced linear change of output (voltage) from
the position-detecting sensor. The output signal was
magnified by an amplifier (model 301DIV, UDT sen-
sors), before it was sent to a personal computer. The
end deflection, ¢, was determined from the beam posi-
tion displacement, A, using the calibrated relationship
between them.

Film thickness was in-situ measured with bending
curvature. The film thickness change during drying of
polymer film was measured using a laser interferome-
ter system as shown in Figure 3. Polyimide samples
in the dimension of 71 X9x0.003 (+ 10%) (in mm)
were clamped vertically in a heating box purged with
nitrogen gas. A temperature controller (model 3000,
LFE Instruments) was used to stabilize the tempera-
ture inside the heating box. The beam with the wave-
length of 632.8nm from 1mW He—Ne laser (model
1507-0, Uniphase, USA) was focused on a fixed spot
of polymer film. The laser beam reflected from the
film was interfered due to the optical path length differ-
ence between the beam reflected from the surface and
that from the bottom of the film. A silicone photodi-
ode (model S2386-8 K, Hamamatsu, USA) was used
to detect the interfered beam intensity, and a personal
computer was used to store the data after digitaliza-
tion by an A/D converting multimeter (model Fluke45,
Fluke, Germany). All measurements were performed in
a black box to minimize the surrounding light, and all
instruments were placed on the optical table (Edmund
Scientific Co., USA) to reduce environmental noise.

RESULT AND DISCUSSION

Physical Properties of Cage Molecular Pls

Molecular weight, thermo-mechanical properties of
polyimides derived from DAAPO and 6FDA are sum-
marized in Table I. The number average molecular
weight and intrinsic viscosity of polyimides prepared
were about 19600 g gmol™! and 0.24dL g™!, respec-
tively, and these values were enough to prepare tough
polymer films by casting from TCE solution. The glass
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Table 1. Physical properties of DAAPO-6FDA polyimide
Tg Td(oc) n -1
_ M, °C
CC) Ar Ny (gl M>  a(C)
DAAPO-6FDA PI 353 508 517 0.24 19600  6.927x 1073
33 = situ measurement of R and dr since the substrate prop-
®  6FDA-DAAPO Polyimide . . . K
32p ° | 9 TCA-DDM Palyinide erties such as Ej, ds, and s are invariant during film
- olyimide . . .
s, © PAAC-16 Polyimide preparation process. As the bending curvature, R in eq
B sof v R 1 has correlation with the end deflection of film-coated
g 20 - substrate, ¢ as in eq 2, and ¢ is also correlated with A
;_ 28} . by simple geometric analysis, R can be determined by
gl . . measuring A.
8 26l 26
2.5 - - R = ? (2)
HTe e 12w s o6 0s 02 oo where / indicates the length of film/substrate composite
Thickness(im) strip
Figure 4. Thickness dependence of dielectric  con- The film thickness change, Ad, during the drying

stant for various polyimide films; (M) 6FDA-DAAPO, (O)
poly(diphenylmethane-2,3,5-tricarboxycyclopentyl acetic imide
(TCA-DDM),* (A) Selectilux® HTR-3 (EM industry) and (V)

PAAC-16 (PMDA-ODA),?” respectively.

transition temperature was as high as those of other aro-
matic polyimide, as the bulky and rigid adamantly ele-
ment increased the rigidity of polymer chain. Adaman-
tane containing polyimide exhibited excellent thermal
stability, as it was stable up to 500°C. No degra-
dation was observed below 500°C and only 5wt%
loss was took place 508°C in air and 518°C in ni-
trogen atmosphere. The linear expansion coefficient,
6.9x 1073 °C~!, was also almost the same as those of
commercial PI ones.?

Stress Analysis of Cage Molecular PI Films

Figure 4 shows the film thickness dependence of di-
electric constant of polyimide films containing adaman-
tane pendant group. As the film thickness decreased
from 1.14 pm to 130 nm, the dielectric constant reduced
form 3.03 to 2.49 (+ 5% uncertainty). It is because
molecules were aligned in more ordered state, when
coated in thinner films. The dielectric constants of
present PI samples were lower than those of other bulk
PIs reported.?2

Founded on the bending beam theory?® the equib-
iaxial stress o7, is given by eq 1, when the thickness
and Young’s modulus of substrate, d; and E, are much
larger than those of film, df, and Ef, respectively,

1 Ed?

JR— X _—
6R (1 —ys)ds
Here, y; and R are the Poisson’s ratio and bending
curvature of the substrate, respectively.
In this study, the stress was determined from the in-

ofr =

(1
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process was determined using eq 3 where Ayeam 1S the
wavelength of laser beam, #g is the refractive index of
solvent, and ¢ the phase difference between the lights
reflected from film surface and from film/substrate in-
terface. Eq 3 could be applied when the volume of film
was assumed to be sum of volumes of polymer and sol-
vent, and the refractive index of film to be the volume
fractional average of two components. Total film thick-
ness change during drying was determined by count-
ing the number of fringes, as each interval between the
consecutive fringe corresponds to the reduction of film

thickness given by eq 3.2
Ady _ (d¢/ddi\™ _ Aveam )
fringe 2 2ng

Figures 5a and 5b show the in-situ measured volt-
age signal and sinusoidal interference intensity, respec-
tively when PI films were dried from room tempera-
ture to 300°C at the scanning rate of 2°Cmin~'. In
Figure 3, the voltage signal is linearly correlated with
the displacement of reflected beam spot on the position
detector. In Figure 5b, the film thickness change as-
sociated with two consecutive fringes is approximately
0.212 um, because the laser wavelength A and the sol-
vent (TCE) refractive index, n, 0.6328 um and 1.49430
respectively. As 4 fringes were detected for complete
drying, total film thickness decreased was 0.848 um.
This film thickness reduction resulted from evaporation
of solvent.

The stress and film thickness change during film
preparation process could be obtained from the raw
data in Figures 5a and 5b and eqs 1 and 3. In calcula-
tion of stress, the initial thickness of film and substrate,
dr and dg were 3 and 360 um, and Young’s modulus of
substrate, E; 100 GPa, respectively. In Figures 6 and 7,

Polym. J., Vol. 35, No.9, 2003
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Figure 5. (a) Bending beam displacement and (b) sinusoidal

interference voltage traces during PI film preparation process at the
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Figure 6. Normalized film thickness change during the PI film
preparation process at the temperature scanning rates of 2, 4, and
6°Cmin~!, respectively. Subscript 0 denotes the initial state.

the resulting film thickness and stress changes are rep-
resented at the scanning rates of 2, 4, and 6°C min™",
respectively. Both film thickness and stress curves were
shifted to right (higher temperatures), as the tempera-
ture scanning rates increased in the heating schedule. It
means that the solvent evaporation occurred at higher
temperatures at higher scanning rates. The scanning
rate effect on the film thickness and stress was very
similar each other in their shifted temperature range.
The film/wafer strips gained the residual stress of 30—
60 MPa at room temperature.

Figure 8 shows the temperature dependence of stress
for Pl/wafer strips after films have been completely
dried. Before measurement, samples had been an-
nealed above the glass transition temperature to reduce
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Figure 7. Stress behavior of PI films during drying (heating)
and cooling processes at the scanning rate of (a) 2°Cmin~!, (b)
4°Cmin!, and (c) 6 °C min~!, respectively.

the residual stress at room temperature. The stress in-
creased when samples were heating up to 300°C. When
the heated samples were cooled down again, the stress
was released to have the same stress as heating pro-
cess. The stress development release was reversible
when samples were heated or cooled.

Figure 9 shows the stress behavior of completely
dried PI films during heating and cooling processes
when films were heated above glass transition tempera-
ture. The stress decreased with heating above the glass
transition temperature. Being different from the stress
behavior in Figure 8, the stress was released at higher
temperatures in cooling process. These results were
caused by stress relaxation associated with increased
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Figure 9. Stress behavior of completely dried film during heat-

ing and cooling processes. The temperature range was from 70 to

420°C at the scanning rate of 4°C min~".

molecular mobility above the glass transition tempera-
ture. Residual stress could be eliminated by this opera-
tion schedule.

CONCLUSION

A new cage structured diamine, bis(4-aminophenyl)-
l-adamantyl phosphine oxide (DAAPO), was de-
rived from 1-bromoadamantane.  Aromatic poly-
imide containing admantane pentant group was syn-
thesized from the reaction of DAAPO and 2,2-
bis(3,4-dicarboxyphenyl) hexafluoropropane dianhy-
dride (6FDA). The dielectric constant of polyimide syn-
thesized decreased from 3.03 to 2.49 with the film
thickness from 1.14um to 130nm. These dielectric
values were lower than those of other aromatic poly-
imides reported. Stress was developed during baking
PI films on the silicon wafer substrate. It increased
with increasing temperature, and its behavior was af-
fected by ramping rate. The residual stress was ob-
tained when the dried film/substrate composite was
cooled down to room temperature. Film thickness was
in situ measured with bending curvature to determine
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accurate stress. Temperature scanning rate effect on the
stress and film thickness behavior was similar in that
the transition temperatures where their variation started
and completed were similar each other. The strength of
residual stress was possibly controlled by ramping and
annealing processes.
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