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The Characterization of Electron Cyclotron Resonance Plasma
Deposited Silicon Nitride and Silicon Oxide Films

Son Yan Nguyen* and Kevin Albaugh*

IBM General Technology Division, Essex Junction, Vermont 05452

ABSTRACT

The physical and bonding properties of electron cyclotron resonance (ECR) plasma-deposited silicon nitride and
oxide films deposited in many commercial ECR deposition systems were analyzed using various analytical techniques.
ECR films deposited at room temperature showed better qualities than those of plasma-deposited films at higher tempera-
ture (350°C). The oxide film qualities are almost comparable to thermal CVD films. However, the nitride film qualities are
slightly poorer. For both films, the step coverage is very nonconformal, and sidewall films are much more porous under
most deposition conditions. This is due to the anisotropic ion bombardment properties of ECR processing. RF biasing can
reduce this effect, fill shallow trenches and planarize the surface structure with appropriate processing conditions.

Low-temperature, plasma-deposited silicon nitride and
oxide films are excellent materials that can be used for
final passivation layers, and interlevel dielectric films, for
very large-scale integrated circuit fabrication (1). Gener-
ally, the deposition substrate temperature must be 300°C
or higher to obtain good quality films. For ulira-large scale
integrated (ULSI) circuit fabrication, better interlevel di-
electric films with lower hydrogen concentration are
needed. In recent reports (2-3), silicon nitride and oxide
films deposited by ECR plasma processing were found to
have lower hydrogen concentrations and other promising
physical properties. In this paper, we discuss a systematic
study of the physical and chemical properties of ECR
plasma silicon nitride and oxide films deposited at room
(25°C) and elevated (300°C) temperature, and we compare
these properties with those of thermal and plasma chemi-
cal vapor deposited (CVD) films. The analysis will be fo-
cused mostly on low substrate temperature (25°C) films,
since low temperature is one of the advantages of the ECR
deposition process.

Experimental

ECR plasma silicon nitride oxide films were deposited in
various commercial ECR deposition systems with config-
urations similar to those described in Refs. (2-6). Silane
and nitrogen, or silane and oxygen, were used as reactant
gases for silicon nitride and oxide films, respectively. In
some cases, nitrous oxide gas was also used as the reactant
gas for silicon oxide films. Both films were deposited at 25°
or 300°C over bare silicon wafers and wafers with trench
structures of various dimensions. In some cases RF bias
was applied at the deposition electrode. Overall deposition
condition ranges are indicated in Table I in which silicon
oxide and nitride films with different refractive indexes
can be deposited. The film’s physical and bonding proper-
ties were analyzed using ellipsometry; Auger, Fourier
transform infrared (FTIR), and xray photoelectron
spectroscopies; transmission electron microscopy; buf-
fered HF etching; and nuclear reaction analysis, to deter-
mine the hydrogen concentration.

The solution (7:4:1 buffered HF) for wet etching was pre-
pared by mixing 7 parts (in volume) of HNO; with 4 parts
of H,O and 1 part of buffered HF. The one part buffered HF
solution was prepared by mixing 10 parts of NH,F and 1
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part HF (in volume). The etch solution temperature was
maintained constantly at 25°C during the etch process.
The film thickness and refractive index were measured
using a He-Ne laser ellipsometer (wavelength = 632.8 nm).
Fourier transform infrared studies were performed with
500 nm films deposited on bare silicon substrate. Auger
analysis for compositional depth profiles was performed
with 50-100 nm films on silicon substrates using a Physical
Electronic Auger spectrometer. The films were sputtered
by 1.5 keV Ar' ions at 30s intervals with rastered mode
on 100 square micron spot size to determine the composi-
tion with depth. To reduce the inhomogenous sputtering
effect, the ion beam was rastered for all sputter cleaning
processes. The silicon LVV, oxygen KLL, and all N(E) data
were taken from double-pass CMA. The concentration of
oxygen and nitrogen were determined by normalizing to
thermal SiO, [0 = 66.7 atom percent (a/0)] and CVD is SizN,
(n =201, N = 57 alo). The detection limit of this equip-
ment is about 1 a/o. The X-ray photoelectron techniques
were used to analyze the surface composition of the as-
deposited films. The photoemission spectra were obtained
with a Hewlett-Packard instrument (Model 5950B) that
uses an aluminum K-alpha x-ray source with a monochro-
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Fig. 1. Typical Auger depth profiles of ECR plasma silicon nitride
films deposited at 20°C and 300W RF microwave power.
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Table 1. Typical deposition conditions of ECR films at 25°C
Gas Pressure Power Magnetic Refractive Typical Auger
Films (SCCM) (m Torr) (W) Field Index Composition
Silicon SiH, 0.4-1.4 300-500 B =875 1.97-2.15 Si-Rich Nitride
Nitride (6-15 SCCM) Gauss SiNy
N, 17 Amp x=0.9-1.3
(10-30 SCCM) 100V Poor Depth Profile
Uniformity
Sil!con SiH, 0.9 300-500 B =875 1.47-1.49 Good Uniformity
Oxide (10-15 SCCM) Gauss and Stoichiometry
o, 17 Amp Si0, 4
(6-30 SCCM) 100V

mator. The atomic compositions were calculated from the
integrated areas of these spectra using a Scofield table as
reference (7) and clean, thermally grown silicon oxide
films as calibration. Survey spectra were obtained for all
films to assess impurities and irregularities.

Hydrogen depth profiling by nuclear reaction analysis
was performed on as-deposited ECR silicon nitride and
oxide films using the nuclear accelerator equipment at the
State University of New York at Albany. The 15N hydro-
gen depth profiling is a high precision technique for meas-
uring concentration profiles of hydrogen in solids (8) using
the nuclear reaction

15N + 1H — 12C + 4He + 4.43 Mev gamma ray

In this reaction, the amount of gamma ray emission is pro-
portional to the hydrogen concentration in the film bulk. It
should be noted that the nuclear reaction analysis tech-
nique determines both bonded (Si—H, N—H, . . ., etc.) and
trapped hydrogen (molecular or atomic) in the films with-
out distinguishing the bonding structure. Therefore, the
hydrogen concentration result obtained from this tech-
nique may be slightly higher than those of FTIR’s meas-
urements, especially for films deposited at low tempera-
ture where hydrogen can be trapped readily in the film’s
bulk.

Plasma and thermal CVD films of comparable thickness
deposited on Si wafers at much higher temperatures
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Fig. 2. Typical Auger depth profiles of ECR plasma silicon oxide films
deposited at 25°C and 300W RF microwave power.

(300° and 800°C) were also analyzed and compared with
ECR plasma films. Both ECR plasma silicon nitride and
oxide films were deposited over silicon trench topography,
and their step coverage was analyzed under various pro-
cess conditions using chemical decoration and transmis-
sion and scanning electron micrographic techniques.

Results and Discussion

Ellipsometric measurement of as-deposited silicon ni-
tride and oxide films have refractive indexes in the ranges
0f 1.98-2.15 and 1.46-1.48, respectively. Figure 1 shows typi-
cal Auger depth profiles of silicon nitride films deposited
at 25°C and 300W microwave RF power. As discussed
above, the concentrations of silicon, oxygen, and nitrogen
were determined by normalizing to thermally grown SiO,
(O = 66.7 a/o) and CVD SizNy (n = 2.01, N = 57 a/o). In most
cases, the nitride films deposited at 25°C have poorer depth
profile uniformity than those deposited at or higher than
300°C. All the films with refractive indexes of 1.98-2.15
have higher silicon content than the 43 a/o stoichiometric
composition of SizN,. This result is consistent with those
obtained for plasma deposited silicon nitride films; films
with refractive index equal to or above 2.0 are actually sili-
con-rich silicon nitride films (11). For all silicon oxide films,
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Fig. 3. Typical FTIR spectrum of ECR plasma-deposited silicon ni-
tride films deposited at 25°C and 300W RF power without RF biasing.
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Fig. 4. Typical FTIR spectrum of ECR plasma-deposited silicon oxide
films deposited at 25°C and 300W RF power without RF biasing.

the Auger depth profile is much more uniform, with the
composition of SiO 1.9 within the =5% accuracy. Figure 2
shows typical depth profiles of ECR plasma-deposited sili-
con oxide films deposited at 25°C and 300W microwave RF
power.

Figure 3 and 4 show typical FTIR spectra of ECR
plasma-deposited silicon nitride and oxide films deposited
at room temperature and 300W RF microwave power. The
FTIR spectra show the presence of Si—N (880 cm™!), N—H
(3340 cm™), and Si—H (2200 cm™!) bonds in the silicon ni-
tride film. The principal Si—O bonds [1065 (stretching
mode), 830 (bending mode), and 450 (rocking mode) cm™!]
(10) and Si—H bond (2150 cra™Y) were observed in silicon
oxide films. It should be noted that oxide films deposited
at higher temperature (300°C) and/or RF power (500W),
with or without RF biasing, show no sign of Si—H bond-
ing. Table II shows the half-peak width comparison be-
tween ECR, thermal and plasma deposited nitride and
oxide films. The FTIR spectra of both plasma and thermal
silicon nitride and oxide films, used for comparison with
ECR plasma-deposited films in this study, have appeared
in recent publications (9-12). The vibrational bands half-
peak width of the Si—N (880 cm™!) and Si—O (1065 em™)
modes of the plasma films are normally broader, while
those of ECR and thermal films are about the same. This
suggests the bonding structure of ECR films is similar to
that of thermal films, even at room temperature deposition
conditions.

Nuclear reaction analysis shows that the typical hydro-
gen concentrations in ECR films deposited at room tem-
perature with RF bias are about half of the hydrogen con-
centration in PECVD films deposited at 300°C.
Representative hydrogen depth profiles of ECR, thermal

Table I1. FTIR bonding analysis of ECR, thermal and plasma CVD

films
Film Type SiN/ Si0 Peak Width Film Deposition
Band Position {em-1) Refracti Temp

{cm-1) Index (N) (°C)
ECR SiO, 1066 110 1.476 25
ECR Si0, 1080 110 1.46 300
PECVD SIO, 1050 130-230* 1.47 300
LPCVD SiO2 1090 110 1.46 800
ECR Si;N, 865 210 215 25
ECR SI;N, 870 220 1.99 300
LPCVD Si N, 870 215 2.00 800
Plasma
SigNa 300 240 2.00 350
Plasma
SigN, 895 250 197 300

*Depending on deposition conditions such as power, flow rate,
gas composition. (Our data and references 9-12)
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Fig. 5. Hydrogen depth profiles of ECR, thermal and plasma CVD SiN
films deposited under various conditions.
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with RF Bias

x ECR CVD SiOy (25°C)
No RF Bias
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Fig. 6. Hydrogen depth profiles of ECR, thermal and plasma CVD
SiO, films deposited under various conditions.

and plasma CVD silicon nitride and oxide films deposited
under different conditions. are shown in Fig. 5 and 6. It
should be noted that the hydrogen concentrations ob-
tained by this analysis are slightly higher than those tabu-
lated from FTIR Si—H and N—H absorption bands, espe-
cially for films deposited at room temperature. For
example, the hydrogen concentration of ECR silicon ni-
tride films deposited at room temperature with RF biasing
is about 12-13 a/o from the NRA results, and the hydrogen
concentration of the same sample tabulated from FTIR
data is around 10 a/o. This difference is probably due to
trapped hydrogen in the ECR films and the accuracy of
both measurement methods. Furthermore, this also sug-
gested that a significant amount of trapped hydrogen ex-
isted in ECR films deposited at room temperature.

In general, ECR films deposited with RF bias (at room
temperature) tend to have better hydrogen depth profile
uniformity and much lower hydrogen concentrations, es-
pecially in case of silicon nitride. Increased RF power den-
sity and/or substrate temperature also reduces the hydro-
gen concentration and improves the hydrogen depth
profile uniformity significantly, as shown in Fig. 6. This is
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Table Il Typical hydrogen content in ECR film vs. 7:4:1 buffer HF
solution etching

Etch Rate (A / Min)

Film Atomic % of Hydrogen
PECVD Nitride 20-24 ~200
{300°C) Oxide 9-12 ~1000
CvD Nitride 1.5-2.5 ~10
(800°C) Oxide 1-2 ~50-200
ECR Nitride 15-27 (No RF Bias) ~100-150
(25°C) 13-15 (With RF Bias) ~ 50-80
300W Oxide 4-6 (With RF Bias) ~270
5-10 (No RF Bias) ~300-350
ECR (300°C) | Oxide 1-1.5 (With RF Bias) ~ 50-100
500W

Table 1V. X-Ray photoelectron surface analysis of ECR plasma fiims
surface compositions (10-20A)

"Atomic %
Si o} N Contaminant Form
(Carbon)

As-Deposited
Oxide 38 62 - 13 Si0, ¢
Nitride 46 30 24 12 SiygN, 10,6
After 2 Sec Etching in BHF (Room Temp)
Oxide 37 63 - 8 Sio, ;
Nitride 55 4 41 13 SiyN;0, 4

Note: Si+N+0=100%

SigNa Composition is Normally Observed Surface State
of LPCVD Silicon Nitride

due to enhanced ion bombardment on film surfaces with
RF bias and increased surface reaction rates with in-
creased temperature, which lower the hydrogen concen-
tration and increase the film’s density, as discussed by
Hirao (5, 14) and Dun et al. (13). At room temperature and
similar deposition conditions, hydrogen depth profiles of
the ECR oxide films are generally more uniform, and the
hydrogen concentration is much lower, than in nitride
films. In fact, at 300°C and with RF bias, the hydrogen con-
centrations in oxide films are even lower than those of
thermal CVD films, and are approaching the hydrogen
concentration level of thermally grown oxide films

Silicon
Oxide
Films

Note: More Porous
Sidewall Film

X20,000

Silicon
Nitride
Films

Note: Little Film
Coverage on Sidewall

%20,000 1 pm
Fig. 7. Step coverage properties of ECR CVD oxide and nitride films
deposited without RF bias at room temperature.
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Fig. 8. Step coverage properties of ECR CVD silicon oxide and ni-
tride films deposited without RF bias at 400°C.

(around 0.4 a/o for films grown in wet ambient). However,
the ECR films deposited at room temperature still have
much higher hydrogen contents than those of thermal
CVD films even with RF biasing (Fig. 5, 6 and Table III). It
should be noted that the amount of hydrogen observed in
our films is near the upper limit of the hydrogen concen-
tration range detected in ECR films reported by Hirao
et al. (3-5). The overall results indicated that the hydrogen
concentrations in ECR films (i.e., the film’s physical, chem-
ical, and thermal stability) can be adjusted in a wide range
by changing deposition conditions such as RF bias, power
density, and substrate temperature, as recently discussed
(14).

The 7:4:1 buffered HF etching of ECR, thermal and
plasma-deposited CVD films show that the ECR films etch

Patterned

Amorphous Si

Si Substrate

Fig. 9. Lower corner of an ECR SiO; filled trench. Note the pores in

the oxide along the vertical surface, and the fissure in the oxide where
the oxides grown from the bottom and sidewall of the trench meet.
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e—1

X16,000

Fig. 10. ECR SiO; in trench-relief etch 7:4:1 buffered HF solution.
Note oxide layer at trench bottom.

much slower than plasma films, Table III. However, the
etch rates of ECR films deposited at room temperature are
still significantly faster than thermal films. Oxide films de-
posited at 300°C and with RF biasing and higher micro-
wave power (500 vs. 300W) have much lower hydrogen con-

 SEE—

Less Stable
Film on
Sidewall Due
to Less lon
Bombardment

79 EY
More lon Bombardment

- Denser and More Stable Films

Fig. 11. Intrinsic properties of ECR films deposited on trench and
step.

2839

— 1pm

Note: These Samples Over-Planarized

1 pm Original Structure

X20,000

"$Si = Amorphous Silicon

Fig. 12. ECR oxide films deposited with RF bias planarization—
excess planarization 420W RF bias.

centration, and the etch rate is almost the same as
thermally grown oxide films.

X-ray photoelectron spectroscopy analyses of typical
ECR films deposited at room temperature with RF bias
show some carbon contamination (8-13 a/o0), from exposure
in ambient air, in the form of CO; and hydrocarbon on both

X20,000

X20,000 1pm

Fig. 13. ECR oxide films deposited with RF bias—200W RF bias
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ECR nitride and oxide surfaces (Table IV). The as-depos-
ited surface compositions of both oxide and nitride films
have 12-13 a/o carbon contamination and a significant
amount of oxidized oxygen on nitride films’ surface. After
wet etching in BHF for 2s, the surface compositions are
Si0Q,; for silicon oxide, and Si;N;Oy; for silicon nitride
films. In addition, significant amounts of carbon contami-
nation in the form of CO; and hydrocarbons still exist on
surfaces. No significant differences in surface composition
were observed between ECR, plasma and thermal nitride
and oxide films of similar bulk compositions. This indi-
cates that surface bonding and adhesion properties of ECR
CVD films are probably similar to those of thermal and
plasma CVD films.

Both nitride and oxide films have very nonconformal
step coverage. Films deposited without RF bias have very
poor (below 0.4) sidewall coverage, Fig. 7. It can also be
seen from Fig. 7 that the vertical sidewall films are more
porous and much thinner than films deposited on planar
surfaces. In fact, in the case of silicon nitride films, very lit-
tle coverage was observed on the vertical sidewall. These
properties are similar to evaporated films and may be ap-
plied for lift-off applications as recently discussed by Shik-
ata et al. (15). Films deposited without RF bias but at
higher deposition temperatures (400°C) have better step
coverage and relatively denser sidewalls compared to
those deposited at room temperature (Fig. 8). However, the
sidewall coverage is still less than 0.4 and appears to be
comparable to the coverage of plasma films deposited at
similar conditions. The improvement in sidewall coverage
at higher deposition temperature is due to enhanced sur-
face diffusion and deposition of reactive species at higher
temperature (13, 16). Transmission electron micrography
shows that sidewall film coatings often have voids, and are
more porous and etch much faster in 7:4:1 buffered HF so-
lution, than films deposited on planar surfaces (Fig. 9-10).
The film in Fig. 9 was deposited without RF bias during
the initial stage of film growth, then with bias for the re-
mainder of the film. The voids occur in the portion depos-
ited without bias, and the fissure occurs during deposition
with bias. This is due to the enhanced vertical ion bom-
bardment characteristic of ECR processing (5), as shown
in Fig. 11, which densifies films deposited on planar sur-
faces. As a result, films deposited on planar surfaces will
etch more slowly even at deep trench bottoms (Fig. 10).

With RF bias, oxide films can fill shallow trenches as
shown in Fig. 12 and 13. This trench-filling characteristic
is consistent with the results obtained by Machida (6).
However, low RF biasing will cause jagged edges on the
planarization surface, Fig. 13, and excess RF biasing can
overplanarize and create undesirable structures, Fig. 12.
High RF biasing can also cause significant damage to the
substrate during the initial trench fill process. In general,
the trench structure can be filled with low RF bias condi-
tion and the surface can be planarized with higher RF bias-
ing to reduce damage to the substrate. The degree of RF bi-
asing is dependent upon various parameters such as
process condition, film type, and substrate structure.
Under many conditions, a deep trench with high aspect
ratio (depth/width) cannot be filled by ECR silicon oxide
and nitride films.

Conclusion

The physical and bonding characteristics of ECR
plasma-deposited silicon nitride and oxide films were ana-
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lyzed using various analytical techniques. ECR films de-
posited at room temperature showed better qualities than
those of plasma-deposited films at higher temperature
(350°C). The oxide film qualities are almost comparable to
thermal CVD films; however, the nitride film qualities are
slightly poorer. For both films, the step coverage is very
nonconformal and sidewall films are much more porous
under most deposition conditions. This is due to the aniso-
tropic ion bombardment properties of ECR processing. RF
biasing can reduce this effect, fill shallow trenches, and
planarize the surface structure with appropriate process-
ing conditions.
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