Chemical Etching of Polyimide Film
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SYNOPSIS

Chemical etching rates of BPDA/PDA/ODA/BMI polyimide film by an alkaline etching
solution with the presence of different kinds of etchants were studied by film-thickness
measurement and UV absorption spectroscopy of dispersible etching residue. The etching
rate of polyimide film in alkaline ethylene diamine solution is highest among the etching
solutions studied in the present experiment. If an external bias voltage was applied during
etching, the etching rate was increased. The effects of temperature, solubility of the etchant,
and ultrasonic vibration on etching rate are also discussed. The presence of a radical in
the process of etching reveals that the etching reaction is a type of radical chain reaction.

© 1995 John Wiley & Sons, Inc.

INTRODUCTION

Because of their thermal and chemical stability, low
dielectric constant, and ease of processing, polyim-
ides have been found to be suitable materials for an
interlevel dielectric in the production of electronic
packaging materials.!® In the process of manufac-
turing some microelectronic components, such as
multilayer flexible printed circuit board or laminated
interconnecters, it is required that the polyimide be
etched, either to enhance its adhesive properties with
respect to a deposited metal or to provide an elec-
trical connection between various levels via holes.
Mechanical roughing of the polyimide surface by
scrubbing with an abrasive slurry, by rolling, or by
abrasive sandblasting does not abrade the surface
uniformly, resulting in poor resolution of the printed
circuit pattern. Dry etching of polyimide with an
ion-beam, plasma,” 2 or laser'*!® are other alter-
native methods employed. Wet etching of polyimide
was disclosed by De Angeio!® using an ethylenedi-
amine alkaline aqueous solution with an etching rate
of 0.5 mil/h. Long etching time, degradation of the
resist adhesion, and formation of nondispersible
etching residue are drawbacks of etching by alkaline
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solutions. A selective wet etching method was re-
ported by Saiki et al.,'” providing a pattern with
high-dimensional accuracy. An improved process of
etching polyimide by adding a reactive material, such
as aluminum metal, to an acidic or alkaline etching
solution was studied by Youlton.!® It was reported
that the generation of nascent hydrogen could dou-
ble the etching rate and disperse the etching residue.
However, in the practical manufacturing process,
the etching time needs to be shortened further in
order to produce highly reliable electronic compo-
nents.

The main purpose of this study was to discover
an etching solution and etching process capable of
etching polyimide film at a high rate and especially
capable of etching polyimide film made of BMI. Also
investigated were the kinetics and mechanism of the
etching of polyimide film.

EXPERIMENTAL

The polyamic acid employed in this study was de-
rived from biphenyl tetracarboxylic dianhydride/
1,4-phenylene diamine/oxydianiline/bismaleimide
(BPDA/PDA/ODA/BMI), 15% in N-methylpy-
rolidone (NMP). The viscosity was 2200 cps.

The polyimide (PI) film was made by first coating
BPDA /PDA/ODA/BMI polyamic acid on glass
plate or metal (copper or platinum) strip and then
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was thermally imidized by heating the sample in air
from room temperature to 65°C over a period of 1
h and then heated up to the following successive
temperatures of 150, 250, and 350°C over a period
of 1 h each, and, finally, maintained at 350°C for
another hour. The thickness of the PI film was
around 6 um.

The thermal stability of the PI film was studied
using a thermogravimetric diagram (TGA) and dif-
ferential scanning calorimetry (DSC), employing a
Perkin-Elmer Model TGA 7 thermogravimetric an-
alyzer and a Perkin-Elmer Model DSC 7 differential

Table I Etching Rate of PI/Pt and PI/Cu

scanning calorimeter in N, at a 10°C/min heating
rate.

The PI film was etched in an alkaline etching
solution of dimethylformamide (DMF), N-meth-
ylpyrolidone (NMP), ethylenediamine (EN), am-
monia, or some other amines (Table I). Because of
the common ion effect, less concentrated alkaline
solutions allow more amine etchant to go into so-
lution, with the converse also being true. In the
present study, the concentration of sodium hydrox-
ide was kept at 2 M unless otherwise stated.

In the process of etching, the PI radical was mon-

External Etching
Temp Ultrasonic Voltage Rate
Etching Solution (°C) Stir V) Current {(um/10 min)
2M NaOH 25 Yes —1.8 108-238 mA Negligible
60 Yes -1.8 162-674 mA Very small
2M NaOH + 50% NMP 25 Yes —-1.8 12.7-18.9 mA Small
25 None -1.8 14.2-21.3 mA Small
25 Yes None Negligible
25 None None Negligible
2M NaOH + 50% DMF 25 Yes ~1.8 10-25.2 mA Negligible
60 Yes ~-1.8 52-144.6 mA Small
60 Yes None Negligible
EN 25 Yes -1.8 26-36 uA Very small
25 None -1.8 31-42 pA Negligible
25 Yes None Negligible
25 None None Negligible
60 Yes -1.8 24-60 puA 1
60 None —-1.8 19-48 uA 1
60 Yes None Small
60 None None Smali
2M NaOH + 28% NH3 20 Yes -1.8 87.8-208 mA Small
25 Yes —1.8 100-250 mA 1.5
25 Yes None 0.5
60 Yes -1.8 131-513 mA 1
2M NaOH + 50% EN 30 Yes -1.8 15.5-28.1 mA 1
30 Yes None 0.5
40 Yes —-1.8 34.7-82.1 mA 2.0
40 No —-1.8 35.1-87.9 mA 2.5
50 Yes —1.8 61-137 mA 3.5
50 No —-1.8 54.3-126 mA 3-3.5
60 Yes —-1.8 36-97 mA 5
60 No —-1.8 42-155 mA 5.25
60 Yes —3 216-409 mA 9
60 Yes -5 42-155 mA 6.5/5 min
70 Yes —-1.8 183-246 mA 8/5 min
70 No -1.8 198-261 mA 7/5 min
80 Yes -1.8 179-353 mA 8/3 min
80 No -1.8 132-218 mA > 6/5 min

(Continued)
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Table1 (Continued)
Etching Solution Temp Ultrasonic External Current Etching
°C) Stir Voltage Rate
2 (xm/10 min)

2M NaOH + saturated 25 Yes -1.8 9.1-25.1 mA Negligible
EDTA

25 Yes None Negligible

60 Yes -1.8 40.7-106.3 mA Very small
2M NaOH + 50% 25 Yes —-1.8 63-110 mA Very small
hexylamine

25 Yes None Negligible
2M NaOH + 50% 25 Yes —-1.8 22-34 pA Negligible
triethylamine

25 Yes None Negligible
2M NaOH + 50% 25 Yes -1.8 19-30 pA Negligible
dipropylamine

25 Yes None Negligible
2M NaOH + 50% EN 60 Yes ~-1.8 62-157.4 mA 3.5
on PI/Cu

60 Yes —1.94 79-224 mA 3.5

itored by a Bruker Model ER 200D 10/20 EPR
spectrometer. The etching rate was studied at tem-
peratures that varied from 25 to 80°C by measuring
the thickness difference of the PI film before and
after etching or by UV spectroscopy of dispersible
etching residue when the etching rate was low. The
thickness of the PI film was measured with a digi-
matic micrometer from Mitutoyo. The UV spectra
were obtained from a Model DU-65 spectrophotom-
eter. To investigate the effect of stirring on the
etching rate, the etching solution was agitated in an
ultrasonic bath. The reduction potential of the PI
film was studied by taking the voltammogram of PI/
Pt or PI/Cu laminate as a working electrode in an
etching solution with a PAR 273 potentiostat /gal-
vanostat equipped with a 270 programmer. The ref-
erence electrode was a saturated calomel electrode.
The counterelectrode was a platinum electrode. A
negative bias voltage of —1.8, —3.0, or —5.0 V (vs.
platinum electrode) was stepped to the PI/metal
laminate to study the effect of external voltage on
the etching rate.

RESULTS AND DISCUSSION

Properties of Polyimide Film

The IR spectrum of imidized BPDA /PDA /ODA/
BMI P1I film prepared on glass is shown in Figure

1. The thermal stability curve obtained by T'GA for
P1I film prepared on glass is shown in Figure 2. The
TGA thermogram showed that the PI film is stable
to near 425°C because of incorporation of BMI in
the polymer backbone, which is more stable than
those without BML!® The glass transition temper-
ature studied by detecting the enthalpy change with
DSC shows that incorporation of BMI in the poly-
mer backbone lessens the rotational freedom and
increases the energy barrier for rotation, resulting
in a high T, (~ 425°C). Besides, this type of PI
film is more chemically stable than are those without
BMI and need more severe conditions to etch.

Etching of Polyimide Film

Because of the high dielectric constant of water
which can absorb microwaves, the EPR signal is very
difficult to be observed in an aqueous solution.
However, the signals of free radicals were observed
when PI/Pt or PI/Cu laminate was etched in an
alkaline etching solution of NMP or EN. When the
temperature of the etching solution was below 60°C,
the etching rate was slow and only one small broad
peak of the EPR signal was observed [Fig. 3(a)],
which was expected to be the signal of PI radicals
because the g value estimated was the same as in
the previous report (g = 2.0038).2° When the tem-
perature of the etching solution was around 80°C,
the etching rate was much faster; meanwhile, several
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Figure 1 IR spectrum of imidized PI film.
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Figure 2 Thermal stability curve of PI film.




DPPH

a.25°C,no external bias voltage
b.60°C,under -3 external bias voltage
¢.80°C,no external bias voltage

Figure 3 The EPR spectra of PI/Pt in 2M NaOH +
50% EN.

small sharp peaks of the EPR hyperfine splitting
signal were observed [Fig. 3(b)]. The presence of
radicals during etching indicates that the etching
reaction is a type of radical chain reaction.

Effect of Temperature on Etching Rate

The etching rates of PI films are listed in Table I.
It is found that temperature, concentration, and the
nature of the etchant are the main factors that in-
fluence the etching rate of PI film. In general, the
etching rate of PI is higher at higher temperature.
But the etching rate did not vary much when the
temperature of the etching solution was below 60°C.
At temperatures above 60°C, the etching rate in-
creased drastically with temperature. However, the
reaction follows the kinetics of transition-state the-
ory due to the fact that the logarithm of the etching
rate in an EN alkaline solution and (—1/T') are
approximately linear in the temperature range of
the present study (Fig. 4).
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Figure 4 Variation of etching rate with temperature in
50% EN alkaline etching solution.

Effect of Etchant on Etching Rate

The etching rates of PI films are influenced by the
kinds of etchants present in the etching solutions
as shown in Table 1. The etching rates of PI film in
a 2M NaOH solution is negligible except at high
temperature, and the etching rate in an EN solution
is 1 pum/10 min at 60°C. However, the etching rate
in a 2M NaOH alkaline EN solution is much higher
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Figure 5 Hydrolysis of DMF and NMP in alkaline so-
lution.
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Figure 6 Effect of NMP concentration on etching rate.

(~ 5 um/10 min) at 60°C due to the synergistical
effect of the alkaline solution and EN. Also, the
etching rate of PI in alkaline solutions of EN is much
higher than those with other amine etchants of tri-
ethylamine, N-hexylamine, or dipropylamine due to
better solubility of EN in an alkaline aqueous so-
lution.

Although the solubility of DMF is high in an al-
kaline aqueous solution, its incorporation does not
influence the etching rate either at room tempera-
ture or at 60°C. Such a phenomenon may be due to
the hydrolysis of DMF in an alkaline solution, re-
sulting in the cleavage of the C— N bond and pro-
ducing dimethylamine (Fig. 5),% which is very vol-
atile (bp 7.4°C).

The solubility of ammonia in an alkaline aqueous
solution is also rather high, but ammonia is volatile,
resulting in an ammonia alkaline solution with a
moderate etching rate (1.5 um/10 min at 25°C, 2.0
pum/ 10 min at 60°C). The etching rate of NMP is
comparable with an ammonia alkaline solution if
the NMP etchant is mixed with a sodium hydroxide
solution at 80°C for 40-60 min prior to use to get a
homogeneous one-phase solution, and the etching
rate is higher in a more concentrated solution as
shown by the UV spectra of a dispersible etching
residue (Fig. 6). Hydrolysis of NMP in an alkaline
solution at high temperature (80°C) results in the
formation of a secondary amine (Fig. 5). Free rad-

icals were observed by EPR spectroscopy when a
homogeneous one-phase solution is formed. It was
speculated that the etching ability of an NMP al-
kaline solution was enhanced by the generation of
free radicals in the process of hydrolysis of NMP
because there was no signal of a free radical observed
for an extended hydrolyzed (>6 h) NMP alkaline
solution and the etching ability of such a solution
was decreased. The etching rate of an NMP alkaline
solution is low if the solution is mixed at 60°C with
too few free radicals to be observed by EPR spec-
troscopy. However, a homogeneous one-phase so-
lution will also be formed after 10 h of mixing. If
NMP was mixed with an alkaline solution at a tem-
perature lower than 60°C, it is very difficult to get
a homogeneous one-phase solution, and the etching
rate is very low (negligible).

Ethylenediamine tetracetic acid (EDTA) is a
tertiary amine and the etching rate in an EDTA
alkaline solution is very low. The results of the pres-
ent study show that an alkaline solution with a con-
centrated EN etchant is a high etching rate solution
for PI film.

Effect of Agitation

In general, the etching rate of PI is increased in an
ultrasonic bath for all etchants at high temperature
(Table I and Fig. 7). Among the etchants studied,
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Figure 7 UV spectra of dispersible etching residue.



the etching rate of an EN alkaline solution at 80°C
is at least doubled with ultrasonic vibration.

Based on the synergistic effect of sodium hy-
droxide and EN and the results of present experi-
ment, it is speculated that the first step in the etch-
ing of PI is the opening up of the crosslinking net-
work of PI by amine. The swelled sites are then
etched by an alkaline solution. Agitation assists the
dispersion of the etching residue in the solution and
the penetration of the amine into PI film for further
expansion of polymer network.

Effect of External Bias Voltage

One important characteristic of Pls is their ability
to undergo a redox reaction in electrolytic solu-
tions.?*** When a constant potential of —1.8 V (vs.
Ag/AgNO;) was applied to PI/Pt electrode in non-
aqueous electrolytic acetonitrile solution, a PI rad-
ical was observed by EPR spectroscopy.”

In the present experiment, the reduction potential
of PI to the PI radical was investigated by scanning
from the equilibrium potential of P1/Pt or PI/Cu
laminate in an etching solution toward a more neg-
ative voltage until a significant reduction peak was
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observed. The voltammograms thus obtained are
shown in Figure 8. The reduction potential of PI
film interfaced with copper was more negative than
was the film interfaced with platinum. Also, the
etching rate was lower when interfaced with copper
than when interfaced with platinum if the other
conditions were the same (Table I).

The rate of etching increased when an external
bias voltage more negative than the reduction po-
tential of PI film was applied during the etching
(Table I and Fig. 7). Also, in general, for the same
etchant, the etching rate was higher with a higher
current recorded at the external bias voltage. If an
external bias voltage was applied during the etching
of the P1/Pt laminate in an alkaline etching solution
of NMP or EN at high temperature (~ 80°C), sev-
eral small peaks of the EPR hyperfine splitting sig-
nal was also observed [Fig. 3(c)], which was similar
to the peaks observed without external voltage. The
signal decreased when the external voltage was
turned off again, indicating that the free radical was
rather reactive and a coupled chemical reaction fol-
lowed right after the free radical was formed, which
might result in the further degradation of the PI
film. The detailed processes of the etching reaction
mechanism need further investigation.
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Figure 8 The voltammograms of PI/Pt and PI/Cu in 2M NaOH + 50% EN etching

solution at 60°C.
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CONCLUSION

The following conclusions are drawn based on the
results of our studies:

1. An alkaline solution with a concentrated
amine etchant, such as ethylenediamine, will
result in a high etching rate of PI film.

2. Alkaline solutions with volatile etchants,
such as ammonia or dimethylamine (from the
hydrolysis of DMF) have a relatively low
etching rate.

3. The etching rate for an alkaline solution with
less soluble etchants, such as triethylamine,
n-hexylamine, or dipropylamine, are even
lower.

4. Ultrasonic vibration can increase the etching
rate, especially at high temperature.

5. The etching reaction is a type of radical chain
reaction because free radicals were observed
in the process of etching.

6. The reaction follows the kinetics of transi-
tion-state theory because the graph for the
logarithm of the etching rate in an EN al-
kaline solution and inverse temperature are
linear.

7. If an external bias voltage more negative than
the reduction potential of PI film was applied,
the etching rate would increase.

This work was supported in part by the National Science
Council of the Republic of China, Project No. NSC 85-
2216-E-159-001.

REFERENCES

1. C. E. Sroog, J. Polym. Sci. Macromol. Rev., 11, 161
(1977).

2. L. B. Rothman, J. Electrochem. Soc., 127, 2216
(1980).

3. A. M. Wilson, Thin Solid Film, 83, 145 (1981).

10.

11.

12.

13.

14.

15.

16.
17.

18.
19.

20.

21.

22.

23.

24,

D. R. Day and S. D. Senturia, in Polyimides, Synthesis,
Characterization, and Applications, K. L. Mital, Ed.,
Plenum Press, New York 1984, Vol. 1, pp. 249-258.

. D. P. Seraphim, R. Lasky, and C. Y. Li, Eds., Principles

of Electronic Packaging, McGraw-Hill, New York,
1989.

. K. M. Chen, T. H. Wang, J. S. King, and A. Hung,

J. Appl. Polym. Sci., 48, 291 (1993).

. A. L. Ruoff, E. J. Kramer, and C. Y. Li, IBM J. Res.

Dev., 32, 626 (1988).

. W. E, Vanderlinde and A. L. Ruoff, J. Vac. Sci. Tech-

nol., B-Mictroelect. Process. Phenom., 6,1621 (1988).

. T. Matthies, C. David, and J. Thieme, J. Vac. Sci.

Technol. B, 11, 1873 (1993).

P. M. Scott, S. V. Baby, R. E. Partch, and L. J. Ma-
tienzo, Polym. Degrad. Stab., 27, 169 (1990).

V. V. Rybkin, E. V. Kuvaldina, and V. K. Lyubimer,
High Energy Chem., 27, 78 (1993).

W. H. Juan, and S. W. Pang, J. Vac. Sci. Technol. B,
12, 422 (1991).

R. Srinivasan, Appl. Phys. Lett., 58, 2895 (1991).
G. K. H. Schammler, V. Glaw, and G. Chmil, IEEE
Trans. Compon. Hybrids Manuf. Technol, 16, 720
(1993).

J.Y. Zhang, H. Esrom, U. Kogelschatz, and G. Emig,
Appl. Surf. Sci., 69, 299 (1993).

M. A. De Angeio, U.S. Pat. 3,821,016 (1974).

A. Saiki, T. Iwayanagi, S. Nonogaki, T. Nishida, and
S. Harada, U.S. Pat. 4,436,583 (1984).

H. G. Youlton, U.S. Pat. 4,960,491 (1990).

K. M. Chen, T. H. Wang, J. S. King, and A. Hung,
J. Appl. Polym. Sci., 48, 291 (1993).

S. M. Lian, K. M. Chen, and A. Hung, J. Electrochem.
Soc., 141, 2374 (1994).

A. Streitwieser, Jr. and C. H. Heathcock, Introduction
to Organic Chemistry, Macmillian, New York, 1976.
S. Mazur, P. S. Lugg, and C. Yarnitzky, J. Electro-
chem. Soc., 134, 346 (1987).

L. J. Krause and J. L. Bales, J. Electrochem. Soc.,
135, 1138 (1988).

A. Viehbeck, M. J. Goldberg, and C. A. Kovac, J.
Electrochem. Soc., 137, 1460 (1990).

Recetved February 4, 1995
Accepted June 1, 1995





