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Effects of He Plasma Pretreatment on Low-k Damage during
Cu Surface Cleaning with NH; Plasma
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In this study, the effect of the sequential He and NH; plasma treatments on a chemical vapor deposition SiOC:H low-k dielectric
is evaluated in the wide range of experimental conditions. Results show that the active NH; plasma radicals penetrate the porous
low-k bulk and remove the hydrophobic Si—~CHj; groups, which leads to hydrophilization and results in the degradation of
dielectric properties. The implementation of He plasma pretreatment reduces the damage imposed by the NH; plasma by a
stimulation of the surface recombination of active radicals from NH; plasma. He plasma causes a surface modification of 10-20
nm presumably due to the energy transfer from the extreme UV photons and the 2'S He metastable atoms to the low-k structure.
The plasma damage reduction is proportional to He plasma density and the treatment time. The mechanism of plasma damage
reduction is explained on the basis of the Knudsen diffusion mechanism and random walk theory.
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The integration of porous low dielectric constant (low-k) materi-
als is a persistent issue in microelectronics industry.1 One of the
most difficult challenges is related to the high sensitivity of porous
materials to chemicals and plasmas. Pores and their connectivity
significantly increase the penetration depth of active species during
different technological processes such as plasma etching and clean-
ing, deposition of barrier layers, and chemical mechanical polishing
(CMP).? The most severe damage of low-k materials occurs during
their exposure to strip/cleaning plasmas containing oxygen or a mix-
ture of nitrogen and hydrogen. The active radicals formed in these
plasmas are able to remove carbon-containing hydrophobic groups
with the formation of volatile compounds such as CO, CO,, H,O,
and CH,. The formation of these compounds is thermodynamically
favorable. As a result of the carbon depletion, the films become
hydrophilicll‘3 Subsequent moisture absorption in the pores signifi-
cantly increases the k-value due to the high polarizability of water
molecules. All these phenomena have been extensively studied and
documented for the resist strip and post-dry-etch cleaning.4 How-
ever, some additional issues are related to the cleaning of the
Cu/low-k stack after planarization by CMP. The purpose of the post-
CMP cleaning is the reduction of Cu oxide on the Cu surface. There-
fore, only reducing plasmas can be used for this purpose. NHj
plasma treatment is a popular approach because this plasma enables
both the reduction of Cu oxides without deterioration of the adhe-
sion with the subsequent dielectric liner and the removal of residual
particles.S’6 However, NH; plasma treatment leads to a significant
modification of the chemical composition and degradation of low-k
films (carbon depletion and subsequent hydrophilization). This deg-
radation is related to the penetration of active radicals from NHj
plasma into porous low-k materials. Therefore, low-k materials with
porosity larger than 20% require process optimization with respect
to plasma damage.

One of the effective strategies to reduce bulk low-k damage is
surface activation to trap the radicals at the surface. The reduction of
O and NO, plasma damage by using He plasma pretreatment in a
plasma-enhanced chemical vapor deposition (PECVD) chamber
were reported by Wang et al.” and Yanai et al.® respectively. How-
ever, the mechanism of plasma damage reduction was not discussed.
Authors reported“’s’9 that the preliminary exposure of the low-k sur-
face to He plasma makes it more resistant to NH3 plasma and pro-
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posed the mechanism of plasma damage reduction. The extreme
ultraviolet (EUV) emission from He plasma creates chemically ac-
tive sites and decreases pore radii on the low-k surface, which leads
to the recombination of active radicals on the surface. In certain
cases, the activated surface could stimulate and localize chemical
reactions, providing sealing of low-k materials. In this work, we
discuss the effect of the NH; plasma on the low-k dielectric and the
effect of He plasma pretreatments at different radio-frequency (rf)
powers and exposure times on the NH; plasma damage resistance of
the low-k dielectric. We demonstrate, in addition to our previous
work,” that the low-k bulk damage reduction in the sequential
plasma He + NHj treatments is proportional to He plasma density.
Furthermore, we discuss a model to describe key parameters for the
plasma damage reduction in the sequential He + NHj treatment on
the basis of the Knudsen diffusion mechanism and random walk
theory. Finally, we show that differential Fourier transform IR
(FTIR) spectroscopy can be used to monitor the pore sealing effi-
ciency in the sequential He + NH; plasma treatment.

Experimental

Dielectric material— Porogen-based Aurora® ELK (extreme
low-k) HM (high modulus) low-k films from the American Society
of Metals (ASM) with a k value of 2.5 were used for the
experiments.10 Approximately 180 nm thick films were deposited on
300 mm Si wafers by PECVD. The porosity of the deposited low-k
films was typically close to 25% with a mean pore radius of 0.7 nm,
measured by ellipsometric porosimetry (EP).'"!?

Plasma treatment conditions.— All experiments were carried
out in the Eagle 12 plasma chamber from ASM. This reactor is a
capacitive-coupled plasma (CCP) system. Using an rf of 13.56
MHz, the rf power was varied from 400 to 1400 W. The effect of ion
bombardment was minimized because a wafer sat on a grounded
electrode. The wafer temperature was approximately 350°C. For the
damage evaluation, blanket low-k films were exposed to NHs, He,
and successive He and NHj plasma treatments. The experimental
conditions are summarized in Table 1. The effect of the NH; plasma
was evaluated after the exposure of low-k samples to 900 W NH;
plasma for 15 s at a gas pressure of 530 Pa and a gas flow of 400
sccm.

Successive He + NHj; plasma treatments.— He plasma expo-
sure was followed by the NH; plasma exposure. The NH;3 plasma
treatment was the same for all experiments (as described above). All
the He pretreatments were performed using the same gas pressure of
630 Pa and gas flow of 1000 sccm. Two parameters of He plasma
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Table I. Summary of experimental conditions.

Parameter He plasma pretreatment NH; plasma treatment
Time (s) 0-60 0-15
Pressure (Pa) 630 530

RF power (W) 400-1400 900

He flow (sccm) 1000 0

NH; flow (sccm) 0 400

were varied for successive He + NH; plasma treatments: rf power
(400, 600, 800, and 1400 W) using the constant time of 20 s and
time (20, 40, and 60 s) with a constant rf power of 1400 W. Further-
more, we used 600 W of rf power for 60 s. This additional experi-
ment was done to evaluate the influence of rf power on the surface
sealing of the low-k material.

He plasma treatments.— To study the effect of He plasmas, we
first used 400 and 800 W of rf power and a constant time of 20 s.
Furthermore, 1400 W He plasma with times of 40 and 60 s and,
additionally, 60 s of 600 W plasma treatments were used.

Metrology.— The thickness and refractive index of reference and
plasma-treated films were measured by a SENTECH 801 spectro-
scopic ellipsometer (SE) mounted onto a vacuum chamber. The
measurements under vacuum allow us to eliminate the effect of
adsorbed moisture on the optical properties of the hydrophilic films.
The spectra were recorded in the wavelength range of 350-850 nm.
Optical properties and thickness were determined by fitting models
to the measured spectra of the ellipsometric polarization angles at
70° by single- and double layer optical models using the Marquardt—
Levenberg algorithm. The film thickness was estimated using a
double layer SE model based on the Cauchy approximation. The
bottom layer was assumed to have optical properties of the as-
deposited film, while the optical characteristics of the top modified
layer were determined by fitting. The open porosity, pore size dis-
tributions, and surface sealing effects (i.e., top surface densification
by plasma treatment) of the low-k films were evaluated by toluene-
based EP "2 using the ellipsometric system coupled with vacuum
chamber, as described above. EP used in situ ellipsometry to deter-
mine the amount of the adsorptive (i.e., toluene), which was
adsorbed/condensed in the film. A change in the refractive index
caused by toluene was used to calculate the quantity of toluene
present in the film. The volume fraction filled with toluene at satu-
ration vapor pressure (SVP) determined the open porosity of the
low-k film. The pore size distribution was calculated using toluene
desorption isotherms.'! EP was also used to evaluate surface sealin
effects caused by plasma modifications of the porous low-k film."!
The surface sealing effect appeared when the pore neck size at the
top surface decreased, which resulted in the decrease in the toluene
diffusion rate through the densified surface layer. This was reflected
in the delay between the toluene adsorption and desorption iso-
therms. The full surface sealing effect appeared when the toluene
absorption was not observed. In this case, the pore neck size was
comparable with the toluene molecule size (6 A).

The hydrophilization of low-k materials was characterized by
three methods. The first one was water-based EP.'® This method was
sensitive to the bulk hydrophilicity of low-k films. The volume frac-
tion of the porous low-k film filled with water at SVP reflected the
degree of the hydrophilization of the porous film bulk. The second
method was water-based goniometry that measures water contact
angle (WCA) with the film surface. The WCA reflected the hydro-
phobic properties of the film surface. The third method was FTIR
spectroscopy to study the integrated absorbance of —OH and H,O
groups.

The molecular bands of low-k films before and after plasma
treatments were analyzed using FTIR spectroscopy (Biorad QS2200
ME). The spectra were recorded in the range of 4400-400 cm™' in
nitrogen ambient. The nitrogen ambient was applied to reduce ab-
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sorbance from ambient such as moisture and CO,. In certain cases,
the spectrum before the plasma treatment was subtracted from the
spectrum after the treatment. The obtained differential spectra re-
flected the difference in absorbance between the as-deposited and
the plasma-damaged film and allowed us to analyze the small modi-
fications that were not pronounced in normal spectra.

Time-of-flight secondary-ion mass spectroscopy (TOF-SIMS)
was used to obtain the concentration profile of the film components.
The data were obtained using an IONTOF IV instrument in a non-
interlaced dual beam mode with a Xe sputtering beam and a
bunched 15 keV Ga analysis beam to detect negative secondary
ions. The Ga analysis beam was rastered over a 100 X 100 pm
area. The Xe sputtering beam was used with 1 keV of impact energy
and 80 nA of current using a raster size of 500 X 500 pm.

Results

Effect of power and time of He pretreatment.— Structural modi-
fication.— The reduction in the concentration of organic hydropho-
bic agents (carbon depletion) is one of the measures of plasma dam-
age. The depth of carbon depletion as measured by TOF-SIMS is
shown in Fig. 1. The pure He plasma causes minimal C-depletion,
while the NH; plasma produces the highest C-depletion. The degree
of C-depletion is strongly reduced by a He plasma treatment preced-
ing the exposure to the NHj; plasma. This effect becomes more
pronounced at higher rf power levels of He plasma pretreatment.
The depth of the C-depletion is twice as low after the combined
1400 W He + NH; plasma when compared with the pure NHj
plasma treatment.

The bonding structure of the low-k material was studied by
FTIR. The amount of Si—CHj groups is expressed as a ratio of
integrated absorbance of Si-O (970-1260 cm™) and Si-CHj
(1260-1290 cm™') groups, as shown in Fig. 2. The reduction of
Si—CH3/Si—O ratio indicates the removal of Si—-CHj3 groups. The
dotted line represents the Si—CH;/Si—O ratio of the as-deposited
film (reference level). The removal of the Si—-CH; groups is ob-
served after each plasma treatment, but the biggest C-depletion oc-
curs after NH; only and 400 W He + NH; plasma treatments. FTIR
data (Fig. 2a) support previous conclusions based on TOF-SIMS
results that the minimal C-depletion occurs in He plasma, and the
degree of depletion is reduced by the combination of He and NHj
plasma treatments starting from a He rf power of 600 W.

Figure 2b represents the Si—-CH3/Si—O ratio vs time of He
plasma treatment. The Si—~CHj bond depletion is limited for com-
bined He + NH; plasma treatments and decreases with time of He
pretreatment. For a constant time of 60 s, the higher power of He

20 s He 800 W

Carbon Intensity, a.u.

0 200 400 600
Sputtering time, a.u

Figure 1. Carbon depth profile of the as-deposited and plasma treated films
as measured by TOF-SIMS.
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pretreatment (1400 W) results in a more effective reduction of the
Si—CHj; bond depletion. Figure 3 shows open porosity as measured
by the toluene-based EP. The pristine low-k film has 25% of open
porosity. The open porosity increases slightly by 1-2% after the
NHj; plasma treatment. On the contrary, the pure He plasma treat-
ment reduces the open porosity by 3-4%.

Increasing the rf power (starting from 600 W) of 20 s He pre-
treatment inhibits the effect of porosity increase imposed by the
NH; plasma. However, we did not find any evidence of surface
sealing effect. The adsorption and desorption isotherms followed the
same trend, as in the pristine material. In contrast, longer exposure
times (40 and 60 s) of He plasma with a maximal power of 1400 W
in the combined He + NHj; treatments caused the surface sealing
effect, as shown in Fig. 4b and 5.

The hysteresis loop between adsorption and desorption branches
of the isotherms is related to a delay in the pore filling and emptying
during the adsorption and desorption cycles (Fig. 4b). The integral
refractive index measured in vacuum increases slightly from 1.367
for a reference sample to 1.382 after the 60 s He + 15 s NH;y
plasma treatment. This suggests that the total porosity changes in-
significantly, and, therefore, the bulk of the film is still porous.
Therefore, the diffusion limitation of the toluene penetration is only
related to the densification of the top part of the film. Such “partial
sealing” indicates a decrease in size of the pore necks at the surface.
In this case, it is not possible to calculate the pore size distribution.
We can only conclude that the effective pore size in the top part of
the film becomes comparable with the size of toluene molecules,
approximately 6 A.

29
28] ~@ 20 s He + NH,
27 —(O—20 s He only
\O 1 —_——
& 264
= ] Ref.
g 25—- *********************************************
g 24 —
= 4
g 23] \
@) |
22
21 TRy
204
19 T T T T
0 400 800 1200 1600

RF Power of He pretreatment [W]

Figure 3. Open porosity (as measured by EP) vs rf power of He pretreat-
ment.

Quantification of the sealing efficiency can be based on the “de-
lay” between the toluene adsorption and desorption branches /2 vs
time of the plasma treatment. The 7/2 is the difference between the
values of P/Po on the adsorption and desorption curves that corre-
spond to the pore filling of 50%, as indicated by an arrow in Fig. 4b.
In all these experiments, the rate of the pressure change was the
same. Therefore, this delay reflects the change in the toluene diffu-
sion rate through the top densified layer. A longer delay corresponds
to a smaller size of the remaining pores. The 7/2 increases with the
time of He plasma treatment, as shown in Fig. 5. Therefore, the
degree of densification of the top densified layer depends on the

[} i [}

c Y g < Al

g e g s o

o L 5 z o A

b= 20 —O— Toluene adsorption 5 S —A— Toluene adsorption

-‘; 161 —a— Toluene desorption ] o] —O— Toluene desorption

° ° Q

i} L) o}

= ) —1/2~0 =

E 12 1 . "g— 121 g 2=0.1 .

9 2 :

g sb 4 1 8 st ¢ 1

= < g I 60's He 1400 W +15's NH,

£ 4r 1 E 458/ 2= 1 1

S ot . 4 S oot L, :
00 02 04 06 08 1.0 00 02 04 06 08 1.0

(a) PIPo (b) PIPo

Figure 4. (a) Toluene adsorption/desorption isotherms (as measured by
toluene-based EP) for as-deposited low-k film (reference). (b) Toluene
adsorption/desorption isotherms (as measured by toluene-based EP) for
low-k films after 60 s of He plasma treatment and subsequent 60 s He
+ 15 s NH; plasma treatment.

1] [~O— 1400 W He A
1 | 41400 W He + NH,
| | -@ 600 W He + NH,
0.14 o
& ‘ o
= 0.01- /A
S o
1E-34
el  a Reference
0O 10 20 30 40 50 60

Time of He pretreatment, s

Figure 5. Delay between adsorption and desorption isotherms of toluene
(calculated from EP data) for different times of plasma treatment.
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Figure 6. The thickness loss as measured by visible (VIS) (in the range 350
nm-780 nm) SE.

time of He plasma treatment. The porous low-k film after subse-
quent 60 s He and NH; plasma treatment does not show any toluene
adsorption (Fig. 4b). This proves that the pore size approaches the
toluene molecule size of 6 A (surface sealing effect).

The surface sealing effects can also be studied using the EP
system and analyzing a solvent filling time at the solvent SVP. '* The
solvent penetration increases with the filling time dependent on the
barrier integrity (surface sealing efﬁciency),m’15 To study this, the
fully sealed sample treated with 60 s He + 15 NH; plasma was filled
with toluene for approximately 3000 s. The toluene vapor pressure
was increased from O to 24 Torr (toluene SVP) in 2000 s. Next, a
1000 s sample was kept in a vacuum chamber at a toluene pressure
of 24 Torr. After 1000 s, the change in refractive index was less than
0.003. This shows that after this time, the diffusivity of toluene
through the densified layer was close to 0.

The thickness loss after all plasma treatments was measured by
SE (Fig. 6). The thickness was extracted from the best fits of a
Cauchy model, as discussed in the Metrology section. The NHj;
plasma reduces the thickness of the low-k film by about 20 nm. On
the contrary, the thickness loss for the pure He plasma treatment is
smaller than 8 nm. The thickness loss after NH; plasma is reduced
in the He pretreatment with an rf power higher than 600 W.
Hydrophobic properties.— Figure 7 shows the amount of adsorbed
water measured by water EP for different (a) rf powers and (b) times
of He plasma pretreatments. The dotted line represents the water
adsorption in a pristine film (1.6%). After 15 s of NH; plasma treat-
ment, the amount of adsorbed water increased up to 16%. Compar-
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ing this value with the total open porosity (24%), one can conclude
that more than 50% of the film becomes hydrophilic. The pure He
plasmas of 400 and 800 W almost do not change the hydrophilicity
of the film bulk. Pretreatments in He plasmas reduce the degree of
bulk hydrophilization imposed by the NH; plasma. This reduction is
proportional to the rf power of the (a) He plasma and (b) time of the
plasma treatment. The treatment of the 1400 W He + NH; plasma
results in 5.5% of adsorbed water. The combined treatment of the 60
s He 1400 W + 15 s NH; plasma results in hydrophilization of
1.6%, which is equal to the as-deposited sample (Fig. 7b). The WCA
of the as-deposited film is 95°. The reduction in the CAW is ob-
served after all treatments. However, it was possible to distinguish
two groups: only He plasma and all treatments containing NH5. For
pure He, the WCA was higher than 20°. For all NHj-containing
treatments, the WCA was lower than that after He plasma only.
Therefore, contrary to the bulk properties, the low-k surface be-
comes hydrophilic after all the plasma treatments.

Figure 8a shows the integrated absorbance of —OH groups
(3100-3800 cm™!) obtained by FTIR. The hydrophilization is pro-
portional to the amplitude of the Si-OH absorbance band. The dot-
ted line represents the reference data for the as-deposited film. The
reference films reveal the —OH absorbance close to 0. He plasma
treatment increases the —OH amount. This increase, however, is
smaller than that for all NH;-containing treatments. The pure NH;
plasma treatment resulted in the highest -OH incorporation. The He
pretreatment reduced —OH group incorporation imposed by the pure
NHj; plasma. This reduction was proportional to the rf power of He
plasma.

The FTIR spectra of some samples in the spectral range of
600—-4000 m~! are shown in Fig. 8b. The investigated low-k is char-
acterized by the Si-O-Si backbone (1000-1200 cm™'), Si—-CH;
(1274 cm™"), and Si-H (2250 and 890 cm™!) bonds. The appear-
ance of the absorbance of the Si-OH and H,O groups
(3900-3100 cm™!) depends on hydrophobic properties of the film.
The intensities of the Si~CH; and Si—H absorbences are decreased
after plasma treatments, while the absorbencies of the Si—-OH groups
are increased. The decrease in Si—~CH; and Si—H bonds and the
increase in Si—-OH after He and combined He + NH; plasmas are
relatively small compared with the pure NH; plasma chemistry. The
absorbance of the Si—OH groups increases the most after NH; due to
the significant film hydrophilization and subsequent moisture ab-
sorption.

Discussion

The presented experimental data demonstrated that a pure NH;
plasma produces significant damage to the low-k material. Structural
and chemical modification of the bulk of the low-k material is mini-
mal in pure He plasmas. The He plasma pretreatment before expo-
sure to NH; plasma has beneficial effects, such as reduction in
plasma damage and possibility of sealing of the low-k surface. The

—@— 1400 W He + NH,
A 600 W He + NH,
—O— 1400 W He

Figure 7. (a) The amount of adsorbed
water (as measured by water-based EP)
of as-deposited He-plasma-treated and
He + NHj-plasma-treated low-k films vs
rf power during He plasma treatment. (b)
A The amount of adsorbed water (as mea-
sured by water-based EP) of as-
deposited He-plasma-treated and He
+ NH;-plasma-treated low-k films vs
treatment time.
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Figure 8. (Color online) (a) Integrated absorbance of OH groups as mea-
sured by FTIR vs rf power of He plasma pretreatment. (b) IR absorption
spectra of chosen low-k films in the range of 4000-400 cm™' as measured by
FTIR.

sealing efficiency depends on the time and power of He plasma
pretreatment. In the following section, we analyze the nature of the
observed phenomena.

Effect of NH; plasma.— The most important active components
formed in NHj plasma are NH,, N,H,, and H radicals. Hydrogen
radicals play a key role in the Cu oxide reduction during the post-
CMP cleaning. However, all these radicals are chemically active
with respect to SiOC:H-based low-k materials and result in their
damage. The different effects of the NH; plasma have already been
discussed in addition to the papers reporting damage of the low-k
materials.**1718 Peng et al.! reported that NH; plasma in certain
conditions is able to seal the surface of the MSQ-based low-k film.
We also showed in our previous work with different types of chemi-
cal vapor deposition (CVD) low-k materials that pure NH; plasma
damages the low-k material, but the consecutive treatment by He
and NH; plasmas is able to reduce the plasma damage and seal the
surface.

The effect of H radicals on SiOC:H low-k films has been exten-
sively studied and well documented 41924 because of the wide ap-
plication of the hydrogen-based plasmas for the resist strip and post-
dry-etch cleaning. However, the H,-based plasmas cause many
different effects. Some groups report that these plasmas have no
effect on the SiOC:H film,*'*?*?? others report that it enhances the
dielectric propel’ties,24 and yet others indicate that H, plasmas cause
significant damage.™

The replacement of CH; groups by H atoms with a formation of

less stable Si—H groups and the breakage of Si—O-Si groups with a
formation of hydrophilic silanol groups are thermodynamically
favorable

=Si-CH; + 2H — = Si-H + {CH,
(AHr = — 411 kJ mol™" at 298 K)

=Si-0-Si = +2H — = Si-H + — = Si-OH(AHr
=—325 kJ mol™! at 298 K) [1]

Therefore, the H radicals are able to damage low-k dielectrics if they
have sufficient activation energy required for Reaction 1. Indeed,
detailed analysis of the available data shows that the ability of the
H,-based plasma to break Si—CHj bonds strongly depends on ex-
perimental conditions. According to our study, H radicals formed in
downstream H, and He/H, plasma do not reduce the concentration
of Si—-CHj groups in the temperature range from 20 to 350°C. 2%
This observation agrees well with the literature data, demonstrating
no low-k damage in downstream H,, He/H,, and He/Ar
plasmas. """ However, certain additional activation provided, for
instance, by ion radiation and UV light makes these reactions pos-
sible, causing the difficulty to realize damage-free processes in the
reactive ion etching (RIE) condition.'™? For instance, Matshushita
et al."” showed that the damage during the H, plasma treatment
depends on the type of chamber used. The processes were damage-
free in the ion-free discharge. The effect of charged species from
H-plasmas for cleaning in the pressure range of 200-400 mTorr was
also discussed by Fu et al.” The authors compared the H, plasma
effect on low-k with and without plasma leakage reduction (PRL)
hardware to reduce the plasma density. They found no Si—CHj
depletion only when the PRL hardware was used. Similar work and
conclusions have also been presented by Lazzeri et al.??

The effect of N radicals has also been studied in the
literature.'*’ Pure N, plasma damages only the top surface of low-k
materials and makes it hydrophilic. Some nitrogen incorporation and
reduction of a Si—CHj group in the surface area has also been ob-
served. Our_ study based on FTIR analysis confirms these
observations.”* The low-k film treated with the downstream N,
plasma shows a small Si—~CHj3 bond reduction and a decrease in the
water surface contact angle from 95 to 60°. The ability of nitrogen
radicals to change surface energy plays a positive role in post-CMP
cleaning. The presence of nitrogen radicals remarkably improves the
adhesion force of a cleaned stack with the deposited dielectric
liner.?® However, the presence of nitrogen (for instance, in N,/H,
plasma) initiates the damage of low-k material by hydrogen
radicals.*!"

Effect of NH, radicals.— One possibility how the NH; plasma
leads to the film hydrophilization is the replacement of Si-CHj
bonds by Si—-NH,, which are in turn replaced by Si-OH."”

The chemical interaction is represented by the following equa-
tions

ESl—(:I'I3 + NH2 +H— = SI—NH2 + CH4T

=Si-NH, + H,0 — = Si-OH + NH; [2]

Hydrolysis of =Si—NH, groups was proposed by Posseme et al.l’
Using in situ and ex situ X-ray photoemission spectroscopy analy-
ses, they showed that the nitrogen content in low-k films treated in
NH;-RIE plasma has been strongly reduced after air exposure, and
the surface became hydrophilic. An additional proof of possibility of
hydrolysis is the value of the enthalpy of reaction, AHr
= —258 kJ mol~! at 298 K. This explains the carbon depletion (Fig.
1) and the film hydrophilization (Fig. 7 and 8).

The Si—-NH, groups on the silica surface might also be formed by
the reaction of NH; molecules with “highly strained” or ionic silox-
ane bridges.zg’30 The reaction is represented by the equation
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Si—O-Si 44 + NH; — Si-NH, + SiOH (3]

It is also important to analyze the role of NH, radicals in structural
changes occurring in low-k dielectrics. We simulated IR Si—O-Si
absorbance after the NH; plasma exposure.3 ! The band related to
CH; groups shifts to the lower frequencies, which is also evidence
of a strong increase in the m-bonding contribution in the Si—~O-Si
system. Because an increase in the m-bonding causes an increase in
the Si—O-Si angle, a pore of 1 nm in radius can increase by 0.4-0.5
A (that is, by about 2%). This calculation supports the experimental
data. We observed an increase in the porosity after the NH;3 plasma
treatment of about 1-2% and also a small increase in the pore size.
The increased pore size might be also due to the removal of porogen
residues by NHj plasma (amorphous carbon and cyclic hydrocar-
bons) embedded in the low-k matrix. The porogen residues are gen-
erated during the UV curing step of the PECVD low-k material. The
porogen residues might actively react with the NH; plasma radicals
and be removed from the low-k matrix, which results in the in-
creased pore size.?

Effect of He plasma.— In our previous work,” we speculated
that the major modifications caused by He plasma are due to the
energy transfer from EUV photons (He has intense spectral lines
below 60 nm) and 2'S He metastable atoms™ to the low-k struc-
ture. The effect of the ion bombardment in a He plasma is not
significant because the wafer is placed on the grounded electrode
(only self-bias is applied to He ions), and, moreover, the mass of He
atoms is relatively small.

The modification of SiO, layers caused by EUV radiation from
He plasma has been reported.34’35 EUYV light is able to break Si-O
bonds on the SiO, surface and form so-called “E’ defects” (oxygen
vacancies). Using the absorption coefficients reported by Philipp,36
one can calculate the penetration depth of EUV photons from He
plasma into the silica. These calculations show that the intensity of
EUV light with wavelengths of 60—100 nm decreases to 1/e within
the first 10 nm of silica. Therefore, most photochemical modifica-
tions of a silica-based low-k film should be restricted to 10-20 nm
of the top layer. A more detailed study of the modified layer can be
found in our previous work.

We also consider the effect of He metastable atoms on the low-k
surface. They were reported to cause damage to the porous silica.”
The typical energies of metastable He atoms are 19.82 eV (23S
state) and 20.62 eV (2 'S state),*® which are close to the energies of
EUV photons. The high energy metastable atoms could create
electron-hole pairs in the film.*® The holes trapped at the low-k film
surface form fixed positive charges. The positive charge leads to the
Si—O and Si—C bonds scission. The effect of metastable atoms is
reported to be localized in the top 1-2 nm of the film.

The defects formed by EUV light and metastable atoms are
chemically active and could result in the formation of surface active
centers localizing the chemical reactions to the surface. The oxygen
vacancies are centers for the chemisorption of active radicals. An-
other important factor of He plasma pretreatment is a decrease in the
size of pore necks.

It is less clear how the He + NH; plasma treatment reduces the
pore neck size. It was speculated31 that a rupture of a proton from a
CH; group also occurs when exposed to He plasma, resulting in a
shift of the Si—O-Si bond angles distribution toward larger angles. A
subsequent treatment of the film in the NH; plasma, after He, pro-
motes cross-linking over these —CH, groups, as well as Si atoms;
—NH, may serve as a bridge. As a result, the pore size decreases, or
the pores get sealed, because the reaction proceeds at the very pore
entrance. Because of this, if porosity is measured on the basis of the
refractive index, one would not see any essential changes. The num-
ber of built-in NH, groups may be small because building-in occurs
only at the surface; this may be why these groups do not manifest
themselves in the IR spectra.

Another factor that might influence the plasma damage reduction
is the surface roughening induced by He plasma. The effect of the
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different He rf power levels on the low-k surface roughness was
studied by Yanai et. alt They found, using atomic force microscopy,
that the mean surface roughness (MSR) was in the range of 0.18—
0.39 nm. The as-deposited film showed an MSR of 0.39 nm. With
irradiation with He plasma at 100 W, the surface became smoother
(MSR = 0.18 nm); when the plasma power was increased to 500 W
(MSR = 0.31 nm), the surface became rougher. Yanai et al® pre-
sumed that the rougher surface is due to surface carbon depletion at
the first monolayer. No correlation between the surface roughness
and the damage reduction effect of He plasma was found. The main
effect on damage reduction was related to the densified surface by
EUYV radiation from He plasma. This corresponds with our conclu-
sion that the reduced mean pore size in 10-20 nm of the modified
film layer is the most important factor to reduce the depth of radical
penetration and therefore the depth of the plasma damage. The mean
travel distance of the chemically active radical is significantly re-
duced due to multiple collisions on narrow pore necks. The multiple
collisions significantly increase the probability of recombination or
chemisorption of active radicals.

Let us analyze the conclusions stated above on the basis of the
Knudsen diffusion mechanism® and random walk theory.40 In our
case, the plasma species (radicals and molecules) undergo Knudsen
diffusion, traveling into the low-k matrix because a mean free path
length of species in the NH; plasma is a few orders of magnitude
larger than the pore size.*® For instance, assuming a particle size of
2 A, the mean free path length is approximately 43 pm at 20°C at
530 Pa, while the pore size is approximately 2 nm. The Knudsen
diffusion mechanism implies that there are no collisions between the
particles in the gas phase. We consider the Knudsen diffusion
mechanism for further discussion of a plasma damage model. How-
ever, from the viewpoint of the plasma damage, only chemically
active species with low-k film are important (such as NH, radicals).
To find how the depth of the plasma damage depends on pore size
and recombination of active radicals on pore walls, we used the
random walk theory formalism.*’ The random walk theory implies
that the root-mean-square distance gom the origin after a random
walk of N steps with length L is LVN. So, let us assume that active
radicals execute a random walk in the low-k skeleton, that in the Nth
step, active radicals elastically collide with the pore wall and (i) shift
an average of 1.5 times of the pore diameter size L = 1.5d or (ii)
annihilate on the pore wall. The active radical annihilation occurs as
a result of its recombination on the pore wall with probability v,
(i.e., exothermic recombination with another radical on the pore
wall; the radical becomes neutral molecule) or chemical reaction
with the low-k skeleton with probability Y¢pen, as described in a
previous section. Therefore, the total probability of the radical anni-
hilation (total recombination coefficient) iS ¥ = Viec + Yehem: TO
clarify the link between step number N and <y, let us take three
hypothetical recombination coefficients (y) of NH3 on the low-k
pore surface equal to 2 X 1073, 2 X 1072, and 1072, In this case, the
complete radical recombination on the pore walls occurs after 500,
100, and 50 collisions/steps (N). Therefore, vy is inversely propor-
tional to N. All the discussions above lead us finally to Eq. 4, com-
bining main factors influencing the plasma damage depth (Py)

1
Py = ad| ———— [4]
Yree + Ychem

According to the proposed model, there are four main factors influ-
encing the P4. Two factors are related to the pore geometry (a co-
efficient) (i.e., tortuosity) and the pore size (d). Both influence the
mean travel distance L = a X d (a = 1.5) of the chemically active
radical. Two other factors are related to the neutralization efficiency
of chemically active radicals. The first one is the probability of
radical loss in a chemical reaction with the low-k matrix (Yepem)-
The second one is the radical recombination () that leads to
subsequent creation of the chemically neutral molecule. The recom-
bination coefficients vy,.. of N and H radicals on the silica surface at
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350°C are around 1.0 X 107, as reported.41 The total recombina-
tion coefficient (i.e., reaction of O radicals with Si—-CHj3 groups or
recombination on the Si—O low-k skeleton) of active radicals on the
ELK HM low-k surface has also been studied* for O radicals and is
6.0 X 1073; and for H radicals, it is 0.22 X 1073 at 20°C. The lit-
erature study shows that -y, has more impact on plasma damage
reduction.

Figure 9 shows the Pgs for different -y plotted using Eq. 4. The
P, increases when (i) the pore diameter is larger and (ii) the recom-
bination of chemically active radicals on the pore wall is higher.
This explains the severe damage during the NH; plasma treatment.
The pore radius is increased, as discussed in a previous section, and
results in increased penetration of the chemically active radicals into
low-k. The He pretreatment decreases the pore radii and increases
the reactivity of NH, species with low-k film. So, the plasma dam-
age is significantly reduced.

Mechanisms of thickness loss of low-k treated in NH3;, He, and
sequential He + NH; plasmas.— The mechanism of thickness loss
in processing plasmas at elevated wafer temperatures (350°C) can
be caused by chemical (reactive plasma radicals) and physical
plasma effects (UV radiation and hot electrons).43 Higher thickness
loss in the pure NH; plasma than in He plasma (Fig. 6) suggests that
the chemical effect is domineering. The bond breakage caused by
NH, radicals from the NH; plasma occurs within the SiCOH matrix
that results in the formation of activated silyl sites. The activated
silyl sites are then available to react with other activated silyl spe-
cies to form Si-Si crosslinks or possibly with SiOH to generate a
SiOSi crosslink. > The chemical-assisted cross-linkage results in the
film thickness loss. The thickness loss in the pure He plasma is
much smaller because only the UV and electron-beam and He meta-
stable atoms interact with the film. The effect of UV and metastable
atoms is limited to the surface. In the combined He + NHj treat-
ment, the thickness loss is prevented due to the reduced penetration
depth of NHj plasma radicals, which reduces the effect of the
chemical-assisted cross-linking.

The thickness loss can also be due to the etching of the dielectric
in the studied plasmas. It was proposed by Worsley et al.? that the
total depth of ash plasma damage is the sum of etch depth and the
modification depth. They studied the reducing Ar/H, ash plasma in
the CCP-type plasma chamber at room temperature, where samples
were placed on a biased electrode. Worsley et al.} showed that the
etch depth increases with the porosity of low-k film and the physical
sputtering element of etching (ion bombardment). In our case, how-
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Figure 10. Absorbance and differentiated absorbance for He and NH;
plasma treatments as measured by FTIR.

ever, the ion bombardment effect is minimal because films were
placed on the grounded electrode. The only possibility to induce film
etching would be volatilization of the Si-containing reaction prod-
ucts due to increased temperature of the substrate (350°C). How-
ever, only a small fraction of the thickness loss might be due to
etching because the reactivity of the NH3 plasma chemistry with
Si—O bonds is very low. Therefore, most of the thickness loss is due
to the effect of chemical-assisted cross-linking, as described in the
previous paragraph.

Suboxide as a sign of active centers formation.— The peak
around 1000 cm™' indicates suboxide or strained ring formation in
SiO,-based materials.***> In this section, we discuss the IR absor-
bance at 1000 cm™! after studying plasma treatments using the dif-
ferential FTIR spectroscopy. We presume that the evolution of the
1000 cm™! peak might explain the damage reduction mechanism in
the combined He + NH; treatment. We propose two possible expla-
nations based on the differential FTIR spectroscopy measurements.
The first is that the suboxide appearance after He plasma treatment
might indicate an oxygen vacancy formation. The oxygen vacancy
might serve as a recombination center for NH; plasma radicals. The
second possibility is that the NH; plasma radicals might react with
strained rings, which are mainly formed on the top surface of low-k
after He plasma treatment (see Eq. 3). Therefore, fewer radicals
penetrate the bulk of the low-k material. The strained rings play a
major role in chemical reactivity and defect formation in porous
Si0,-based materials.**

Figure 10 shows FTIR spectra of low-k film before and after
exposure to the various plasmas. The top graph of the figure shows
FTIR spectra of the as-deposited and the NHj3-plasma-treated
sample in the range of 800-1300 cm™!. The FTIR spectra typical of
SiOC:H-type materials contain an absorption band related to the
Si—O-Si network (1040-1070 cm™'), a shoulder of a cagelike struc-
ture  (1100-1150 cm™"), a  suboxide absorption  band
(1000-1030 ¢cm™'), and an absorption band related to Si—-CHj
bonds (1250-1300 cm™!). The SiOC:H film contains bonds local-
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ized at 1200 — 1000 cm™' from C-O-C or Si—-O-C asymmetric
stretching vibrations.”! However, the identification is difficult be-
cause they overlap with the Si—O-Si asymmetric stretching band.
After the NH; plasma treatment, a clear shift to higher wavenumbers
of the Si—O-Si absorption band is observed. This shift is also re-
flected in the differential spectrum (bottom graph). However, the
characteristic changes are much smaller after He plasmas due to the
small thickness of the modified layer of 10-20 nm (around 10% of
the film thickness). Therefore, we used the differential FTIR to
study the changes after successive exposure in He and NH; plasmas,
as shown in Fig. 10 (bottom graph). The change in absorbance at
1275 cm™! arises from Si—~CH; groups” and decreases the most
after the NH3 plasma treatment.

The peaks of the differential spectra related to Si—O-Si have
been reported.44 The negative peak located close to 1150 cm™ is
related to the Si—O-Si (angle ~ 150°) cagelike structure. The posi-
tive peak around 1070 cm™' (angle ~144°) is related to the Si-
O-Si network. The highest positive maximum of the network peak
appears after pure NH; plasma. The peak around 1000 cm™' arises
from the Si—O-Si suboxide (angle <144°). This peak appears after
He plasma treatment. The amplitude of this peak increases with the
time of plasma treatment. The smallest amplitude appears after the
successive exposure to He (60 s) and NH;3 (15 s) plasmas. To evalu-
ate the effect of the plasma treatment, the amount of suboxide was
estimated by the integration of differentiated absorbance using Eq. 5

k=970 cm™!
A= f A(k)dk [5]

k=1030 cm™!

where A; is the integer of differentiated absorbance and k is the
wavenumber. The obtained results are shown in Fig. 11.

One can see that the suboxide is always formed when the pure
He plasma is applied (empty symbols). Moreover, the amount of
suboxide grows with time and power of He plasma treatment. The
suboxide peak disappears when the NH; plasma treatment is applied
(as indicated by the arrows). The only exception is the 60 s He
+ 15 s NHj plasma treatment when the suboxide peak is still posi-
tive, and the film is fully sealed.

Finally, the appearance of the suboxide peak is most probably
related to the formation of oxygen vacancies in the low-k film, as
was discussed in the previous section. The suboxide peak disappears
after their saturation by active radicals (NH,, H, etc.) from the am-
monium plasma. Another possibility is that the NH;3 plasma radicals

might react with strained rings formed after He plasma exposure,
and this limits their penetration into the bulk of the low-k material
(see Eq. 3).

Conclusions

The effect of the combined He and NH; plasma treatments on a
CVD SiOC:H low-k dielectric is evaluated. The pure NH; plasma
has a detrimental effect on the low-k material. The NH; plasma
treatment leads to bulk hydrophilization of the low-k material.

He plasma causes surface modification without damaging the
bulk of the low-k. The major modifications caused by He plasma are
due to energy transfer from EUV photons and 2'S He metastable
atoms to the low-k structure. The defects formed by EUV light and
metastable atoms are oxygen vacancies formed due to the breaking
of Si—O bonds, and they are localized in the thin top layer. Oxygen
vacancies are centers for chemisorption of active radicals.

The mechanism of plasma damage reduction in the subsequent
He + NH; plasma treatment is explained on the basis of the Knud-
sen diffusion mechanism and random walk theory. The defects in
low-k structure generated during He plasma treatment traps chemi-
cally active radicals on the pore walls. Moreover, He plasma pre-
treatment decreases the size of pore necks on the surface, which
increases the collision frequency of chemically active radicals with
the pore walls. The increased collision frequency increases the
chance of radical recombination or chemisorption at the first surface
monolayers. As a result, He plasma pretreatment makes the low-k
material more resistant to the subsequent treatment in the NHj
plasma. The plasma damage reduction is proportional to He plasma
density, which is proportional to rf power during He plasma expo-
sure. Furthermore, the low-k surface is sealed if the He pretreatment
exceeds a critical level. The analysis of available literature data sug-
gests that the threshold for plasma sealing in NH3 and combined
He + NH; plasmas depends on the type of low-k material and cham-
ber used for the plasma treatment. A possible nature of the sealing
capability of NH;3 plasmas might be related to the promoted cross-
linking over the —CH, groups formed in He plasma where —NH,
may serve as a bridge.

Differential FTIR spectroscopy might be used to monitor the
pore sealing efficiency in the combined He + NHj plasma treatment.
The amplitude of absorbance around 1000 cm™' grows with time
and power of He plasma treatment. Subsequent NH; plasma treat-
ment reduces the 1000 cm™' absorbance. The only exception when
the differential 1000 cm™' peak is still positive is when the porous
low-k film is fully sealed after the combined He + NH;3 plasma
treatment.
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