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An atmospheric-pressure plasma jet has been used to etch polyimide films at 1.0– 8.0
60.2mm/min at 760 Torr and between 50 and 250 °C. The plasma was produced by flowing helium
and oxygen between two concentric electrodes, with the inner one coupled to 13.56 MHz rf power
and the outer one grounded. The etch rate increased with the O2 partial pressure, the rf power and
the substrate temperature. The apparent activation energy for etching was 0.16 eV. Langmuir-probe
measurements revealed that the ion densities were between 131010 and 131011cm23, 5 mm from
the end of the powered electrode. Biasing the substrate had no effect on the rate. Ozone, singlet
sigma metastable oxygen (b 1Sg

1), and singlet delta metastable oxygen (a 1Dg) were detected in the
plasma by emission spectroscopy. More ozone was produced in the effluent through the
recombination of O atoms with O2. Based on the production rate of O3, the concentration of O
atoms 6 mm from the powered electrode was estimated to be;731014cm23 at 6.6 Torr O2 and 200
W power. It is proposed that O atoms are the principal reactive species involved in etching
polyimide. © 1999 American Vacuum Society.@S0734-2101~99!01705-4#
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I. INTRODUCTION

We have recently developed a new plasma source,
atmospheric-pressure plasma jet, which may have severa
plications in materials processing.1–3 The jet is a nonequilib-
rium glow discharge: neutral temperatures range from 50
250 °C, while electron temperatures range from 1 to 4 eV3,4

Current-voltage measurements have revealed that the ph
of this source is similar to a low-pressure gas dischar
With increasing current, the jet passes through a Towns
dark region, followed by normal glow and abnormal glo
regions, and finally into an arcing mode. Normal and abn
mal glow are observed at currents ranging from 0.01 to 1
A. The breakdown voltage of the atmospheric-press
plasma jet is also quite low, between about 50 and 150
depending on the electrode design and the operating co
tions. Reactive species are generated in the plasma tha
be used to etch a variety of substrates, such as polyim
silica, tantalum, and tungsten.1 In addition, the source may
be used for the plasma-enhanced chemical vapor depos
of silicon dioxide films at 150–350 °C and atmosphe
pressure.2,5

Polyimide is used as a dielectric layer in microelectro
devices because it exhibits good thermal stability~glass tran-
sition ;300 °C!, its dielectric constant is comparable to SiO2

(e53.4– 4.1), and it is generated in thin film form throug
reliable manufacturing processes.6,7 For applications in the
semiconductor industry, polyimide films must be pattern
into precise submicron structures. For this reason, much
search has focused on the plasma etching of this materia8–15

a!Corresponding author; electronic mail: rhicks@ucla.edu
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In order to assess the capabilities of the atmosphe
pressure plasma jet for materials processing, we have un
taken a detailed study of polyimide etching using oxygen a
helium feed gases. Here, we report on the effect of the p
cess conditions on the etch rate and on the compositio
reactive species in the plasma. We have found that the
produces ions, electrons, ozone, metastable molecular
gen ~a 1Dg andb 1Sg

1!, and oxygen atoms. Our results su
gest that the latter species is responsible for etching the
ganic film.

II. EXPERIMENTAL METHODS

Shown in Fig. 1 is a picture of the plasma jet durin
operation. A gas mixture of oxygen and helium was f
through an annular region between the two electrodes.
center electrode was biased with a rf generator operatin
13.56 MHz, while the outer electrode was grounded. T
total gas flow rate was kept constant at 51l /min, while the
rf power was varied from 150 to 550 W or the oxygen part
pressure was varied from 1.5 to 23.0 Torr. Raising the
power from 150 to 550 W caused the gas temperature at
exit of the jet to increase from 50 to 225 °C. In order
control the sample temperature independently of the gas t
perature, the polyimide films were mounted on a stage
was equipped with two 250 W cartridge heaters and a th
mocouple, both of which were connected to a proportio
integral differential ~PID! controller. The plasma flowing
past the electrodes exited through a nozzle, 6.4 mm in di
eter, at a velocity of 26 m/s. The sample holder was pla
5–15 mm from the nozzle, and a circular aperture over
2581/17 „5…/2581/5/$15.00 ©1999 American Vacuum Society
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polyimide~kapton! film restricted the area etched to 71 mm2.
The etch rate was determined by measuring the film we
before and after each experiment.

Optical emission spectroscopy~OES! was used to detec
electronically excited O atoms, O2

1 ions, singlet sigma meta
stable O2(b

1Sg
1), and He atoms. The monochromator w

equipped with a charge coupled device~CCD! camera hav-
ing a resolution of 1 Å with a 150mm entrance slit. A rect-
angular aperture placed above the jet effluent restricted
emission detected by the spectrometer to a cross secti
310 mm2. A germanium infrared diode with a single-lin
filter was used to monitor the emission of singlet delta me
stable oxygen (a 1Dg) at 1.27mm. During these measure
ments, the rf power supply was pulsed by a square-w
generator at 1.6 Hz with a 50% duty cycle. The detec
signal and pulse generator outputs were fed through a loc
amplifier so that the background emission from the plas
could be eliminated. The ozone concentration was monito
by an electrochemical detector~GasTech, SC-90!, using a
stainless steel sampling tube of 1.6 mm inside/diam place
the nozzle of the jet.

III. RESULTS

The effect of rf power on the kapton etch rate is shown
Fig. 2. The minimum rf power required for stable operati
of the jet is 30 W. However, etch rates below 150 W a
insignificant to within the experimental error~60.2 mm/
min!. On the other hand, when the rf power exceeds 600
the plasma jet starts to arc. The data in Fig. 2 show that
reaction rate increases with the rf power. From the slope
the log-log plot, the dependence isRetch5Prf

1.5. Also, shown
is the dependence of the etch rate on the substrate tem
ture. It obeys an Arrhenius relationship with an apparent
tivation energy of 0.1660.02 eV.

Presented in Fig. 3 is the effect of the oxygen par
pressure on the kapton etch rate. The reaction rate incre
from 3 to 8mm/min as the O2 pressure is varied from 1.5 t

FIG. 1. Picture of the atmospheric-pressure plasma jet during operation.
bright plume is due to emission from electronically excited species.
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10.0 Torr. Upon raising the O2 pressure from 10.0 to 23.0
Torr, no further change in the rate is recorded. The oxyg
pressure could not be increased above 23.0 Torr bec
arcing will occur at the end of the electrodes.

Optical emission spectra taken inside the jet exhibit
tense bands from electronically excited He and O ato
metastable O2(b

1Sg
1), and O2

1.1 Examination of these spec
tra reveals He lines at 447.1, 501.6, 587.6, 667.8, 706.5,
728.2 nm; O lines at 436.8, 533.1, 615.8, 645.6, 777
794.8, 822.2, and 844.6 nm; a weak band of molecular o
gen ions at 580–640 nm; and a strong band for singlet sig
metastable O2 at 758–770 nm (b 1Sg

1O2˜X 3Sg
2O2).

16,17

By contrast, the emission spectra taken of the jet efflu
contain a band for singlet sigma metastable O2 and only a
trace of the peaks for electronically excited He and O atom1

No emission from ions is detected in the plasma jet efflue
A planar Langmuir probe was used to measure the den

of the charged particles in the plasma 5 mm downstre
from the end of the powered electrode. When the probe
negatively biased by 100 V to the floating potential, a curr
of 3.5 mA is recorded. This current corresponds to an i
flux of 531013particles/cm2 s, which is about 100–1000
times lower than the fluxes measured in low-pressure cap

he

FIG. 2. Effect of rf power and substrate temperature on the kapton etch
at 51.0l /min helium, 9.1 Torr O2, and 5 mm jet-to-sample distance. Fo
varying rf power the temperature, is equal to 275 °C, while for varyi
temperature, the rf power is equal to 200 W.

FIG. 3. Effect of oxygen partial pressure on the kapton etch rate at 5
l /min helium, 500 W rf power, 250 °C film temperature, and 5 mm jet-
sample distance.
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tive discharges.18 Evidently the etching process is not dom
nated or limited by ions.

The plasma jet also generates a considerable amoun
ozone. The O3 concentration at the exit of the nozzle in
creases rapidly with increasing O2 partial pressure. A maxi-
mum ozone concentration of 22565 ppm is detected at 20
W rf power and 12.9 Torr O2. Figure 4 shows the effect o
the rf power on the O3 concentration. A linear decrease o
curs from 16 to 6 ppm as the power falls from 100 to 400
In Fig. 5, the influence of the gas temperature on the oz
concentration is illustrated. Here, the cooling water to
electrodes was turned off att50, and the gas temperatur
was allowed to rise under the action of the plasma. As
gas temperature increases from 143 to 168 °C, the oz
concentration drops from 165 to 75 ppm. Evidently the re
tions involved in the production and/or consumption
ozone are highly activated.

Shown in Fig. 6 are the measured etch rate and the
malized emission intensities from the sigma and delta st
of metastable oxygen as a function of the nozzle-to-sam
distance. The reaction rate decreases rapidly from
60.2mm/min at 0 mm to 0.0mm/min at 25 mm. Over the
first 20 mm from the nozzle, the signal for sigma metasta
O2 decreases from its maximum value to less than the de
tion limit. By contrast, the signal for the delta metastable2
rises to a maximum at 20 mm and decays gradually over
next 100–200 mm. The difference in the decay rates of
metastable species is related to their lifetimes, which

FIG. 4. Effect of rf power on the O3 concentration at the nozzle for 51.
l /min helium and 3.0 Torr O2.

FIG. 5. Changes in O3 concentration and gas temperature with time after
cooling water to the grounded electrode is shut off.
JVST A - Vacuum, Surfaces, and Films
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;100 ms for b 1Sg
1O2 and ;100 ms for a 1DgO2.

19 Al-
though not shown in Fig. 6, the ozone concentration w
measured 0, 15, and 30 mm from the nozzle with an elec
chemical ozone detector. The O3 concentration increase
with distance from 27.6 ppm (7.031014cm23) at 0 mm to
56.2 ppm (1.431015cm23) at 30 mm. Note that this trend i
opposite to that of the etch rate, which rapidly declines w
distance.

IV. DISCUSSION

Our experiments have shown that metastable molec
oxygen and ozone are produced in the plasma jet. We n
consider whether these species are responsible for etc
the kapton film. As can be seen in Fig. 6, the emission
tensity for sigma metastable O2 tracks the decline in etch rat
with distance, whereas the delta metastable O2 does not.
Nevertheless, in separate experiments, it was found that
emission intensity from the sigma state decreases with
oxygen partial pressure, which is the reverse of the dep
dence of the etch rate on this variable~see Fig. 3!. Moreover,
previous studies of the reactivity of metastable oxygen w
organic compounds have shown that sigma metastable
gen is unreactive, and converts into the delta state upon
lision with other molecules.20 Thus, it may be concluded tha
neither sigma nor delta metastable oxygen is responsible
etching the polymer film.

Ozone could participate in polyimide etching, since it ox
dizes a wide variety of organic compounds and, in combi
tion with ultraviolet ~UV! irradiation, is used to etch
photoresist.21 However, the ozone concentration in th
plasma jet effluent is never high enough to result in a sign
cant reaction rate. The highest concentration achieved in
study was 225 ppm. This quantity is 50–100 times less t
that used in commercial UV/ozone etching processes.21 In
addition, the polyimide etch rate and the ozone concentra
do not follow the same trends as the plasma process co
tions. The rate goes up with rf power, while the O3 concen-
tration goes down with rf power. Also, the gas temperat
strongly influences the O3 concentrations, as shown in Fig. 5

FIG. 6. Effect of jet-to-sample distance on the kapton etch rate@~j!, max
54.3mm/min] and the emission from the electronically excited delta~m!
and sigma~d! states of metastable oxygen.
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whereas the reaction rate is fairly insensitive to this variab
Therefore, we conclude that ozone is not responsible
etching kapton.

Alternatively, oxygen atoms could be the active etch
species. This species must be present in the jet effluen
ozone to be produced. The reaction of O with O2 generates
O3 as follows:

O1O21M˜O31M,

k151.4310233 ~cm6/molecule2 s! ~Ref. 22!. ~1!

Here, M is a third body, i.e., helium atoms. For the thi
body collision with O2, the collision efficiency increases by
factor of 2.5. The O atoms are consumed by two other re
tions as well:

O1O1M˜O21M,

k252.5310233 ~cm6/molecule2 s! ~Ref. 22!. ~2!

O1O3˜2O2,

k358.5310215 ~cm3/molecule s! ~Ref. 22!. ~3!

Assuming the concentrations of oxygen atoms and ozone
between 131014 and 131015cm23 at 8 Torr O2 pressure,
then the rate of reaction~1! is two to three orders of magni
tude higher than that of reactions~2! and~3!. Consequently,
without the generation of oxygen atoms in the plasma ef
ent, one may conclude that the increase in the ozone con
tration with downstream distance corresponds to an equ
lent decrease in the concentration of oxygen atoms.

To obtain an estimate of the O atom concentration in
jet effluent as a function of distance, the following ma
balances for O3, O, and O2 were solved:

vz•
d@O3#

dz
5k1•@O#•@O2#•b•@M#2k3•@O#•@O3#, ~4!

vz•
d@O#

dz
52k1•@O#•@O2#•b•@M#

22k2•@O#2
•b•@M#2k3•@O#•@O3#, ~5!

vz•
d@O2#

dz
52k1•@O#•@O2#•b•@M#

1k2•@O#2
•b•@M#12k3•@O#•@O3#. ~6!

In these equations,vz is the flow velocity~26 m/s!; z is the
distance downstream~mm!; @O#, @O2#, and@O3# are the con-
centrations of each of these species~cm23!; @M# is the gas
density~cm23!; andb is the ratio of the collision efficiency
of helium to that of air at 100 °C~0.71!.23 Plug flow of the
gas is assumed through the use of these equations, whi
not unreasonable given that the Peclet number is around
Equations~4!–~6! have been solved using the Runge–Ku
method. The initial concentration of O2 is that of the feed,
since the conversion is less than 1% in the plasma. The
tial concentration of O atoms is specified so as to give
best fit of the O3 concentration to that measured experime
tally.
J. Vac. Sci. Technol. A, Vol. 17, No. 5, Sep/Oct 1999
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Shown in Fig. 7 are the concentrations of oxygen ato
and ozone calculated from the numerical model. Also sho
for comparison are the measured concentration of ozone
the etch rate of kapton. The theoretical results are given
solid curves, while the experimental data are given by sy
bols. Examination of Fig. 7 reveals that a good fit of t
model to the actual concentration of ozone is achieved
addition, the concentration of oxygen atoms follows t
same trend with distance as the etch rate, suggesting tha
species is indeed responsible for the etching reaction.

The calculated concentration of O atoms is on the orde
131015cm23, which is equal to about 0.5% of the oxyge
fed. If every O atom colliding with the kapton film goes o
to react with it, then this quantity of oxygen atoms is mo
than enough to account for the observed reaction rate.
though these results tend to support the conclusion that o
gen atoms are the primary etchant species, further wor
needed to confirm this finding. In the future, we plan
measure O atom concentrations directly by injecting NO i
the effluent gas and measuring the production of NO2. In
addition, a more sophisticated model will be developed, a
simulations will be run over a wide variety of process co
ditions.

It is instructive to compare the polyimide etching resu
obtained with the plasma jet to those obtained in lo
pressure gas discharges. It has been found that in the l
processes, the etch rate increases with the oxygen pa
pressure, the rf power, and the substrate temperature. In
case of the oxygen partial pressure, a maximum rate is
served at about 0.2 Torr of O2, after which the rate gradually
declines with further increases in pressure.24 These results
are analogous to those obtained in the present study with
plasma jet. We observe a maximum in the etch rate at ab
10 Torr of O2, after which the rate slowly falls off. The
apparent activation energy of etching with the plasma je
0.16 eV, in good agreement with earlier studies using lo
pressure plasmas. In those studies, values ranging from
to 0.26 eV have been reported.25,26 The close correlation be
tween the operation of the atmospheric-pressure plasm
and low-pressure gas discharges suggests that the mecha

FIG. 7. Effect of jet-to-sample distance on the kapton etch rate~d!, mea-
sured ozone concentration~m!, and calculated concentrations of O atom
~solid line! and ozone~dashed line!.
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of polyimide etching is the same in both cases.
A number of researchers have shown that oxygen at

are responsible for etching organic polymer films in lo
pressure plasmas.18,27–29Cook and Benson30 employed elec-
tron paramagnetic resonance spectroscopy to directly m
sure the oxygen atoms and excited oxygen molecu
downstream from the cavity in a microwave asher. Th
concluded that oxygen atoms are the key reactive spe
rather than excited oxygen molecules, since the activa
energy for etching is identical to the activation energy for
loss of oxygen atoms. In addition, they confirmed that
loss of oxygen atoms is not due to a variation in the reco
bination rate with temperature by observing no change in
loss rate when a ceramic sample was substituted for the
toresist. Spenceret al.31 compared the rates of photores
etching in a pure O2 plasma and in a N2O/O2 plasma. Nitrous
oxide provides an additional source of oxygen atoms, but
excited oxygen molecules. Although the etch rate was hig
with the mixture than with pure O2, the activation energy
stayed constant, suggesting that the increase in rate is no
to different surface reactions, but solely to an increase in
concentration of oxygen atoms. Given that the plasma
behaves in a fashion analogous to that of low-pressure p
mas, we may surmise that oxygen atoms are most likely
reactive species involved in the atmospheric-pressure pla
etching of polyimide.

V. CONCLUSIONS

An atmospheric-pressure plasma jet has been develo
for use in materials processing. Using oxygen and heli
feed gases, this source is able to etch polyimide films at r
up to 8mm/min at 250 °C. The close similarity between th
process and the low-pressure plasma etching of polym
suggests that the reaction mechanism is the same in
cases, i.e., that O atoms impinge upon the surface of
organic film and convert it into carbon oxides and water.
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