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Damage induced in low-k porous organosilicate glass (SICOH) dielectric films by exposure to an
electron cyclotron resonance (ECR) plasma was investigated. The effects of charged-particle
bombardment and vacuum ultraviolet radiation were separated. Flux measurements showed that the
ECR plasma has a greater photon flux in the vacuum ultraviolet (VUV) range than in the UV range.
Damage was measured by examining the surface potential and capacitance-voltage characteristics
after exposure. It was found that during argon ECR plasma processing, 75% of the charge
accumulation comes from ions at the surface, while 25% of the charge accumulation occurs from
charge trapped within the bulk of the dielectric film. The charge accumulation can be modified by
changing the bias voltage of the wafer chuck. UV exposure was shown to repair both sources of
damage. Fourier transform infrared (FTIR) spectroscopy results showed no significant change
except for Si—(CHjs), bonds. It was found that both charged-particle bombardment and radiation
from the ECR plasma damage these bonds. Ellipsometric measurements showed that both the
dielectric thickness and the dielectric constant changed during plasma exposure. In addition, both
plasma-induced swelling and UV-exposure shrinking effects were observed. The plasma-induced
swelling occurs at the surface of the dielectric without changing the porosity of the dielectric, while
UV-induced shrinking changes the porosity significantly. © 2010 American Institute of Physics.
[doi:10.1063/1.3506523]

I. INTRODUCTION letting the plasma radiation through.14 Examination of the

electrical, chemical, and mechanical properties can then be

During the plasma processing of microelectronic de-
vices, dielectric materials are often damaged."2 The damage
results in the accumulation of trapped charges and an in-
crease in defect-state concentrations. This leads to large leak-
age currents and jeopardizes the electrical reliability of
devices.® Also, mechanical/chemical damages take place that
result in undesirable deviations from the expected physical
properties of the dielectric film.*

Low-k porous dielectrics, as alternatives for traditional
SiO, films, have been investigated extensively.s’6 For ex-
ample, organosilicate glass (SICOH) is recognized as a
promising low-k porous dielectric.” However, during plasma
processing of SiCOH dielectrics, damage has been
observed.*” The damage primarily comes from charged-
particle bombardment and plasma radiation.'” Hence, an in-
vestigation of the mechanisms of these two effects is impor-
tant in order to determine the damage levels and the potential
for curing the damage.

In this work, we investigate the damage effects of elec-
tron cyclotron resonance (ECR) argon plasma exposure to
SiCOH dielectric films. ECR systems can be used for
deposition,11 etching,12 sputtering,13 and ashing.11 A
capillary-array window was used to separate the plasma ra-
diation from charged-particle bombardment. The capillary
array window is able to shield out most of the particles while
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made while separating the two processes.

Il. EXPERIMENT
A. ECR plasma system

Figure 1 shows the schematic diagram of the ECR
plasma system. The wafer chuck is 20 cm in diameter and is
covered with Kapton tape except for the area that makes
contact with the dielectric sample. The dielectric sample is
attached to the wafer chuck with double-sided conductive
tape. The substrate can be biased negatively while measuring
the current during plasma exposure with a picoammeter. Ar-
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FIG. 1. (Color online) Schematic diagram of ECR plasma system.
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FIG. 2. (Color online) Arrangement of the SiCOH dielectric samples and
the capillary array window.

gon gas is fed in at the top of the 42X 40 cm? vacuum
chamber. ECR plasma forms with the synergism of the static
magnetic field and a 2.45 GHz microwave source. A mono-
chromator is connected to the chamber and is able to mea-
sure the vacuum ultraviolet (VUV) spectrum with a wave-
length range from 50 to 300 nm. A Langmuir probe is used to
measure the electron density and electron temperature. These
quantities are used as input to a code that calculates the pho-
ton spectrum emitted from the plasma.15

B. Plasma exposure of the SiCOH dielectric samples

ECR plasma exposure was made on two SiCOH dielec-
tric samples. The SiCOH dielectric films were plasma-
enhanced-chemical-vapor-deposited on a silicon substrate
with a thickness of 200 nm and dielectric constant k=2.65.
Figure 2 shows the arrangement of the SiCOH dielectric
samples on the wafer chuck. Each sample was attached to the
wafer chuck with conductive tape. One of the samples was
covered with the capillary-array window to keep particles
from traveling to the sample while allowing VUV photons to
pass through.14 The uncovered area of the wafer chuck was
covered with Kapton tape such that no plasma-wafer-chuck
contact took place during exposure. Thus, any measured sub-
strate currents are totally due to the plasma effects on dielec-
tric samples. In order to maintain the same processing con-
dition, both samples were exposed simultaneously. However,
separate exposures for the covered and uncovered samples
were also made to verify the results.

The samples were exposed to an ECR plasma under the
same conditions: 400 W 2.45 GHz microwave power, 5
mTorr argon neutral pressure, —20 V bias on the wafer
chuck, and 12 min of exposure time. Some of the samples
were also exposed to UV with a 4.9 eV HgAr lamp in air
after plasma exposure to investigate the possibility of dam-
age repair.

As mentioned above, the capillary-array window can
shield out charged-particle bombardments and let the plasma
radiation through. This allows for a separation of the particle
and photon bombardment effects. That is, the sample cov-
ered with the capillary array window only receives plasma
radiation while the sample without the capillary array win-
dow is subject to the both particle bombardment and plasma
radiation. The capillary array window is approximately 90%
transparent to the plasma radiation' and this factor was
taken into account.

C. Characterization of dielectric properties

Three dielectric properties are considered: (1) electrical
properties (i.e., charge accumulation within the dielectric and
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FIG. 3. VUV and UV portions of the ECR argon plasma spectrum.

leakage current), (2) chemical properties, and (3) physical
properties including modifications of thickness and porosity
of the dielectrics.

To investigate the electrical properties, the surface po-
tential of the dielectric was measured with a Kelvin probe
and the capacitance-voltage (C-V) characteristics were mea-
sured with a mercury probe. The surface potential is a func-
tion of the total amount of charge accumulation in the
dielectric.'® The flat-band voltage shift in the C-V character-
istics shows the change in the amount of trapped charges
within the dielectric.!” In addition, the surface potential de-
cay after the plasma exposure can be measured to determine
the magnitude of the leakage current.

For chemical property measurements, Fourier transform
infrared spectroscopy (FTIR) was used. Multiple chemical
bonds were identified: Si—(CHjz),_; 5. o 3 at 700-900 cm™!,
Si—O stretch band at 970-1250 cm™!, Si—CH; at
1274 ¢cm™, C=0 at 1710 cm™', Si-H at 2220 cm™!, and
CH, at 2970 cm™!.'8

For thickness and porosity measurements of the dielec-
trics, a three-color ellipsometer (blue at 405.0 nm, green at
546.1 nm, and red at 632.8 nm) was used. The change in
thickness of the dielectrics for various exposure conditions
was measured. In addition, changes in the porosities can be
determined using the same ellipsometer.19

lll. RESULTS AND DISCUSSION
A. Plasma radiation spectrum

Figure 3 shows the spectrum of the ECR argon plasma
measured with a calibrated monochromator. Strong VUV ar-
gon lines at 104.8 and 106.6 nm were observed. Also, it is
seen from the normalized intensities of the spectrum that the
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FIG. 4. (Color online) Comparison of measured and calculated VUV photon
fluxes as functions of microwave power and neutral pressure.

VUV lines have much higher intensities than the UV lines.
Figure 4 shows estimated results of the photon flux densities
as functions of plasma conditions. From Fig. 4, it is seen that
the measurements and code calculations results match well
and the VUV photon flux rates from the plasma are on the
order of 103 photons/(cm? s).

B. Processing-induced charge accumulation

In order to investigate the charge accumulation mecha-
nisms in detail, surface potentials were measured before and
after processing for the samples with and without the capil-
lary array window. Figure 5 shows the surface potential re-
sults. It is shown that before the processing, the two samples
have the same surface potential level (~0 V). After 12 min
of processing, the samples with and without the capillary
window charge up to different surface potentials. (8.5 V and
7.2 V, respectively) In addition, the surface-potential decay
rates of the samples after exposure are different. The surface
potential of the sample that is not covered by the window
shows a faster decay and reaches a steady value of 1.1 V
three hours after plasma exposure. The surface potential of
the sample with the window decays slowly down to 2.3 V at
12 h after processing. This interesting phenomenon leads to

8 l 0 =8~With Capillary Window
— 1\ =¥Without Capillary Window
= 8 \\ ~+Synchrotron Radiati
= 3

£ 6

=

< 4 A

g

& 2

P

=

Z 0%

0 180 360 540 720 900
Time after Processing (min.)

FIG. 5. (Color online) Surface potential decay after plasma exposure for
dielectrics with/without the capillary array window compared with synchro-
tron radiation exposure at 10 eV.
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FIG. 6. (Color online) Comparison of the surface potential decay with and
without a 1 h vacuum hold after plasma exposure for dielectrics with and
without the capillary-array window.

the likelihood of there being different mechanisms of charge
accumulation from particle bombardment and from radiation
bombardment. From previous work, we showed that VUV
exposure accumulates trapped charges within the dielectric
layers by various photon processes.20 This charge accumula-
tion happens deep within the dielectric and is neutralized
over time by the leakage current through the dielectric layer.
To confirm this, a separate 10 eV VUV exposure was made
at the University of Wisconsin Synchrotron Center. The pho-
ton flux of the VUV exposure was set to be at the same level
as the plasma radiation. From Fig. 5, we show that the decay
rates after synchrotron radiation and plasma radiation (the
case with the window) are roughly the same. Hence, the
charge accumulation mechanism of the window-covered
sample due to photon bombardment and not from particles
that might have been able to pass through the capillary-array
window.

For the sample that is not covered by the window, we
hypothesize that the rapid decay of the surface potential is
due to contact with the air of the ions implanted on the
surface. In order to verify this, vacuum environment was
maintained for one hour after the processing was made. The
surface potential decays were measured for plasma exposure
with and without the capillary-array window. The results are
shown in Fig. 6. It is seen in Fig. 6(a) that with the vacuum
maintained, the surface potential of the uncovered sample
does not decay as rapidly during the same time period. This
indicates that the vacuum helps prevent the surface potential
from decaying for the sample that was directly exposed to
the plasma. Thus we conclude that one mechanism of charge
accumulation for plasma-exposed sample (without the
capillary-array window) is surface ion sticking. In contrast
Fig. 6(b) shows the same decay rate for the sample covered

Downloaded 09 Nov 2010 to 128.104.181.42. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



094110-4 Ren et al.
~ 80 —— As-deposited
= ~ -With Window (Radiation)
Sc S 60 — - Without Window (Plasma)
@ < -
o N 4
g e \t\
S - }'\u_
S 20
O Vigvey  Vespasma Yrasdep
1 Ll | 0 1 y
10 8.5 _54.4 32 0 5 10
Voltage (V)

FIG. 7. (Color online) C-V characteristics of the dielectric samples. (The
surface potential increases for the samples with and without the capillary-
array window are 6.3 V and 4.6 V, respectively.)

with the capillary-array window no matter whether or not the
sample is kept under vacuum. This indicates the leakage-
current-induced charge decay happens within the dielectric
and does not depend on the vacuum/air environment.

In order to quantitatively separate the two mechanisms
of charge accumulations, C-V measurements were made on
the samples as shown in Fig. 7. The surface sticking ions will
instantaneously disappear when they make contact with the
mercury drop of the probe, leaving only the trapped charges
within the dielectric that are generated by photon bombard-
ment. The C-V characteristics were measured for the as-is
sample (a pristine sample with no treatment) and the samples
with/without the capillary-array window after plasma expo-
sure. Thus, both charge accumulation processes change the
surface potential. However, charge trapped within the dielec-
tric produces a flat-band voltage shift as well as a change in
surface potential, while charge that is accumulated on the
dielectric vacuum surface while also resulting in a change in
surface potential does not produce a flat-band voltage shift.
This is because the mercury probe drains the surface charges
when it is in contact with the surface. Hence, to ensure that
all charge was considered, the surface potential was mea-
sured before and after the C-V characteristics were taken.

For the window-covered sample, a surface-potential in-
crease of 6.3 V was obtained before the C-V characteristics
were taken while the flatband voltage shift was 5.5 V. The
surface potential after the C-V characteristics were taken was
about 5.6 V, thus showing that the flatband voltage shift is
roughly equivalent to the surface potential. For this sample,
this result indicates that most (>85%) of the plasma radia-
tion produces trapped charge accumulation within the dielec-
tric layer and is detectable from the C-V characteristics. For
the uncovered sample, the surface potential increase was 4.6
V while the flatband voltage shift was 1.2 V with a corre-
sponding decrease in surface potential after the C-V charac-
teristics were measured. This indicates that less than 30% of
the plasma-induced charge accumulation is due to trapped
charges within the dielectric. Thus, we conclude that the re-
maining 70% of the charge accumulation is due to ion stick-
ing at the dielectric surface. Based on this, we believe that all
trapped-charge accumulation during plasma exposure is due
to photon bombardment as long as the wafer bias is rela-
tively low in order to eliminate ion implantation well below
the surface. For low bias of —20 V, the ratio of the ion-
bombardment to photon bombardment on charge accumula-
tion is around 3:1.

J. Appl. Phys. 108, 094110 (2010)

15 1
2 H Ion Bombardment
= OPhoton Bombardment
€ 10 A
g
s
g 5
i m A
5
»n 0 T T T
-10 -20 -30 -40

Bias Voltage (V)
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The above results were obtained for a substrate bias volt-
age of —20 V. To verify our assumption, different bias volt-
ages were used to measure the particle and photon bombard-
ment effects on charge accumulation. Figure 8 shows the
contributions of the ion and photon bombardment to the sur-
face potential for different substrate bias voltages. It is seen
that as the amplitude of the negative bias voltage increases,
ion bombardment results in more charge accumulation while
the charge accumulation from photon bombardment remains
about the same.

To repair the charging damage, a 4.9 eV HgAr UV lamp
exposure on the sample was able to repair the charge accu-
mulation due to VUV radiation by electron repopulation.20
The HgAr lamp curing effects on the plasma exposure-
induced charge accumulation were also examined. After ex-
posure, the UV lamp irradiated the samples for 1 min (a
fluence of 6 X 10" photons/cm?). Figure 9 shows that, with
UV exposure, the surface potentials decrease back to zero.
Thus UV exposure heals both particle and photon bombard-
ment charge accumulation.

C. Chemical bond concentrations

Figure 10 shows the FTIR results on as-deposited
sample and processed samples with and without the capillary
array window. It is seen that unlike plasma with reactive
gases,10 no significant changes in the chemical bonds take
place except for the Si—(CHjs), bonds. From Fig. 10, FTIR
shows that the Si—(CHjs), bond concentrations increase due
to plasma photon bombardment. The concentration is higher
for the uncovered sample showing that plasma exposure also
increases the Si—(CHj;), concentration by ion bombardment.
It is important to note that the increase in the Si—(CHj),
wagging bond concentration does not indicate any chemical
reaction taking place. It only indicates that during the pro-
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FIG. 9. UV-lamp curing for plasma-induced charge accumulation.
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FIG. 10. (Color online) Fourier transform infrared measurements of as-is
and with and without capillary-array window after plasma exposure.

cessing, the dielectric film was subject to physical change so
that a more twisted bonding structure was seen.

D. Dielectric thickness and porosity

Dielectric thicknesses and dielectric constants were mea-
sured with a three-color ellipsometer. Figure 11 shows that
plasma processing has a small swelling effect (2.4 nm in-
crease) on the dielectric thickness while UV exposure has a
significant shrinking effect (30 nm). The dielectric constant
is unchanged due to plasma exposure but does increase after
UV.

The swelling effect from plasma exposure is likely due
to the collection of a large number of ions on the surface
because of the substrate bias. The 2.4 nm of thickness in-
crease is equivalent to approximately ten argon-ion monolay-
ers on the dielectric surface. In addition, according to the
relationship between the surface potential and charge
accumulation,”’ the amount of sticking argon ions per unit
area is calculated as 1.8 X 10'? ions/cm? which is approxi-
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FIG. 11. Modification of dielectric thickness and dielectric constant due to
photon bombardment, plasma exposure, and UV-lamp curing.
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FIG. 12. (Color online) UV shrinking effect of SiCOH dielectric as a func-
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mately six monolayers if the ions are closely packed. In ad-
dition, ellipsometry measurements made after the mercury
drop was in contact with the dielectric during the C-V char-
acteristic measurements, showed that the thickness decreased
back to the level it was before plasma exposure. Hence, the
swelling effect is likely due to ion sticking at the surface and
does not influence the dielectric constant.

The UV shrinking effect has been proposed to be mainly
due to chemical condensation.” Here it is investigated as a
function of UV photon density. It is seen in Fig. 12 that as
the UV photon density increases, the thickness of the SICOH
dielectric layer decreases until it reaches a steady value.
Meanwhile, the dielectric constants measured at the three
colors used in the ellipsometer increase. This indicates that
after UV exposure, the dielectric sample becomes less po-
rous. Although UV curing can cure the charge accumulation
of the dielectric, because of the change in thickness and di-
electric constants, it can cause physical damage to the dielec-
tric and make the dielectric less porous.

IV. CONCLUSION

Using a capillary-array window, it is now possible to
separate particle-bombardment and plasma-radiation effects
during ECR plasma exposure on SiCOH. It was found that
plasma-induced charge accumulation has two parts: surface
ion sticking due to ion bombardment and trapped-charge ac-
cumulation within the dielectric due to photon bombardment.
Both charge accumulations can be cured by a 4.9 eV UV
lamp. For ECR argon plasma exposure, the Si—(CHj3), bond
concentrations are modified. In addition, plasma exposure
results in a small swelling effect that is caused by ion stick-
ing to the surface. UV lamp exposure has a significant
shrinking effect and makes the dielectric less porous and thus
should be carefully used.
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