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Abstract — SiH,-N.O was used to deposit Si0; on Si at low temperatures between room tempera-
ture and up to 350C in a remote plasma enhanced chemical vapor deposition reactor. It was
found out that the effect of plasma power, reactant gas composition and the deposition temperature
was quite significant on the chemical composition and structure of the oxide films and also electrical
properties of Si0, and Si and SiO: interface. Too much plasma power and higher ratio of N,O/SiH,
degraded oxide and interface properties due to the impurity incorporation and powder formation.
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1. Introduction utilize low cost glass substrates [7,8]. At low tem-

peratures, it is relatively difficult to grow good films

There is presently much interest in growing sili- because adatom mobility is low and incorporation
con oxide films at low temperatures in integrated of impurities is more likely.

circuit processing [1-6] Low temperature deposi- This reduction in deposition temperature, in most

tion of dielectric films are usually required for pas- cases, degraded electrical performance of the devi-

stvation and isolation layers, and also gate insulators ces and it is required to develop a low temperature

for applications such as thin film transistors (TFT). process which can give acceptable material proper-

In particular, in the field of active matrix liquid cry- ties. The low temperature silicon oxide films can

stal display, the use of oxides along with silicon be deposited by methods such as PECVD [9],
films deposited at low temperatures is desirable to Photo-CVD [10], and ECR plasma CVD [11]. Usua-

lly low temperature oxide property was inferior to
*now at Lucky-Goldstar R&D Complex, Anyang, Ko- thermal oxides because of the incorporation of hyd-
rea rogen related impurities, such as Si-H, Si-OH, and
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H,O [3].

Remote plasma chemical vapor deposition (RP-
CVD) was also used for silicon oxide film deposition
[12,13]. The RPCVD reactor is mainly separated
into two regions. One is upstream region where the
plasma is generated, and the other is downstream
region where solid materials are deposited without
plasma damage. By introducing each reactant gas
either into the plasma zone or downstream of the
plasma, reaction pathways can be adjusted to mini-
mize the impurity incorporation by avoiding unwan-
ted chemical reactions. Reaction mechanism of SiO.
deposition has been studied by many researchers
[13-201. Cobianu ef al. [14] showed that the depo-
sition rate had an increase-maximum-decrease de-
pendence with the increasing oxygen to silane ratio
and explained this dependence with Langmuir-Hin-
shelwood surface reaction theory. At higher ratio
of 0.,/SiH,, they pointed out that oxygen coverage
on the surface inhibited the adsorption of silane
and thus the deposition rate decreased. They, ho-
wever, did not consider the possibility of gas phase
nucleation. Taft [17] suggested that this increase-
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maximum-decrease dependence was due to the gas
phase powder formation at high oxygen to silane
ratio and in this case, reactants were consumed in
the gas phase and flowed out of the reactor. Recen-
tly, it was suggested that the precursor of SiO; films
is formed in the gas phase [18-20] and the precur-
sor in the gas phase was suggested to be silanol
(H;SiOH) or disiloxane (Si;HgO) although the detai-
led reaction mechanism has not been clarified.
They, however, did not point out the effect of gas
phase reactions on the powder formation and film
properties. Joyce ef al. [21] studied the effect of
N.O/SiH; ratio and deposition temperature on the
film properties, especially the etch rate. They poin-
ted out that films deposited at low temperatures
and with higher N;O/SiH,; ratio had higher etch
rate. It was generally known that less dense films
with impurities and pin holes showed higher etch
rate and this was true for films deposited at low
temperatures. The purpose of the present study was
to investigate the effect of the operating variables,
such as deposition temperature, plasma power and
especially partial pressure ratio of reactants (N,O
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Fig. 1. Schematic diagram of the experimental setup for remote plasma chemical vapor deposition.
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/SiH, ratio) on the material properties of the silicon
oxide films deposited in a remote plasma CVD reac-
tor.

2. Experiment

A remote plasma enhanced CVD reactor system
with inductively coupled plasma, as shown in Fig.
1 was used. A coil was wound around the quartz
tube that was 7.5 cm in diameter and 20 c¢m in
length. N;O (99.9995%) was introduced into the
quartz tube and excited by 13.56 MHz plasma to
produce activated oxygen radical and flowed into
the deposition zone. Silane (99.99%) mixed with ar-
gon was introduced into the region 10 cm downst-
ream of the plasma and mixed with excited oxygen
and flowed toward the substrate 20 cm down stream
of the plasma. P-type 4 inch silicon wafer with {111)
orientation was used as a substrate. The base pres-
sure was 2X107°® torr maintained by diffusion
pump, reactor pressure was at 400 mtorr during
the deposition, deposition temperatures were 25~
350C, SiH, flow rate was 3 sccm, N;O flow rate
was 3~36 sccm and plasma power was 15~100 wa-
tts. Total flow rate was fixed at 70 sccm by adjusting
argon flow rate. Modified RCA method was used
for the pre-deposition cleaning and the substrate
was pre-baked for 30 min to eliminate the moisture.
Deposited films were characterized by FT-IR and
ESCA for chemical composition, ellipsometry for re-
fractive index and film thickness, electron spin re-
sonance (ESR) for the amount of dangling bonds
and I-V and C-V characteristics for electric proper-
ties.

3. Results and Discussion

Fig. 2 shows the deposition rate as a function
of the deposition temperature at various plasma po-
wers. The deposition rate is more sensitive on the
plasma power than on the substrate temperature
and becomes saturated at high plasma powér. The
activation energy is about 1.2~3.2 kcal/mole which
is much smaller than 41~45 kcal/mole in case of
thermal CVD.

Fig. 3 shows FT-IR spectra representing the effect
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Fig. 2. Arrhenius plot for temperature dependence of
the deposition rate with pressure at mtorr, N;
0/SiHy/Ar=12/3/55 sccm, plasma power at (a),
15W, (b) 50W, (c) 100W
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Fig. 3. FT-IR spectra of oxide films with N,O/SiH,/
Ar=12/3/55 sccm
(a) T=50T, plasma power 50W (b) T=100T,
plasma power 50W
(c) T=100T, plasma power 100W (d) T=200
€, plasma power 50W

of deposition temperature on the chemical composi-
tion of the oxide films. Si-OH usually appears in
the range of 3605~3150 ¢cm™! and 930~950 cm !,
and Si-H at around 2260~2280 cm ™! and 880~860
cm”!, Si-O at around 1040~1080 cm™' and 800~
815 cm ' [22]. Films deposited at low temperatures
contain larger amount of Si-OH and Si-H and this
is probably due to the reaction with water vapor.
At higher temperatures, byproduct water vapor will
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Fig. 4. Effect of deposition temperature on the conce-
ntration of Si-H bond in oxide films.
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Fig. 5. Effect of the deposition temperature on the film
stoichiometry (0/Si) of oxide films with N0/
SiH/Ar=12/3/55 sccm and (a) 50W, (b) 100W
plasma power.

be evaporated from the surface. The amount of Si-
H bond incorporated in the film can be calculated
from Si-H stretching peak around 22602280 cm '
to estimate the Si-H concentration as shown in Fig.
4. This Si-H can be as high as 10% especially at
low deposition temperatures.
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Fig. 6. Effect of the N,O/SiH, ratio on the deposition
rate of oxide films. T=200C, SiH,=3 sccm,
N,O+Ar=67 sccm and (a) 50W, (b) 100W pla-
sma power

The film stoichiometry (O/Si ratio) was analyzed
with ESCA composition analysis and is shown in
Fig. 5. The ratio becomes smaller at low temperatu-
res and at higher plasma powers probably due to
the incorporation of Si-H, -OH and Si-OH.

Fig. 6 shows the effect of N,O/SiH, ratio on the
deposition rate with plasma power of 50 and 100
watts. At reactant ratio of about 4, the deposition
rate was highest and decreases at higher ratio. The
formation of powder was ohserved at higher ratio
of N,O/SiH, and it is believed that powders formed
in the gas phase are carried out of the reactor and
the deposition rate becomes smaller. This tendency
appears stronger with higher plasma power. The
TEM micrograph of powders collected on the TEM
grid placed inside the reactor during the deposition
is shown in Fig. 7. The size of the powder is in
the range of 0.05~0.1 microns and they are amor-
phous. The particles formed in the CVD process
usually leads to the formation of poor quality films
and causes reliability problems in the integrated
circuit processing.

Fig. 8 shows the etch rate of oxide films formed
with various N,O/SiH, ratios in the buffered HF
solution. It can be seen that films deposited at N,
0/SiH, of about 4 gives highest density and films
formed at N,O/SiH, greater than 4 are less dense
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Fig. 7. TEM micrograph of powders collected in the
reactor during the deposition, a) size and shape,
b) diffraction pattern. T=200C, SiH,=3 sccm,
N:0=24 sccm and 50W plasma power.

because of the powder formation in the gas phase.
And also films formed at N,O/SiH, smaller than
4 are silicon rich because of the oxygen deficiency
in the film. Silicon rich films show higher etch rate
in HF solution.

Fig. 9 shows the wave number of Si-O-Si stret-
ching peak observed in the FT-IR spectrum. This
wave number gives the bond angle of Si-O-Si, e,
U=1134 sin(A/2) where A is bond angle and U is
wave number [1]. Also the full width of the peak
at half maximum gives the distribution of the bond
angle. Films deposited at low temperatures show
wider bond angle because the film is porous and
films deposited at high temperatures show smaller
angle because of the stress from the mismatch of
thermal expansion coefficient differnece of Si subst-
rate and growning oxide. Upon annealing, oxide fi-
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Fig. 8. Effect of the N,O/SiH, ratio on the etch rate

of oxide films in buffered HF solution. T=200
€, SiH,=3 sccm, N,O+Ar=67 sccm and (a)
50W, (b) 100W plasma power.
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Fig. 9. Effect of the deposition temperature on the st-
retching wave number of oxide films, a) 200W,
b) 100W, ¢) 50W, d) 15W plasma power, N;O
/SiH,=4.

Ims show wave number of 1063 cm !, which is close
to thermal oxides, regardless of deposition tempera-
ture. Also the films deposited with powder forma-
tion shows wider bond angle distribution.
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Fig. 10. Effect of the deposition temperature on the
ESR peak intensity of oxide films
i1: 15W, +: 50W, : 100W plasma power, N,
0/SiH,=4.

Leakage current (A)

1 1,

8 10 12
Dielectric breakdown field (MV/cm)

Fig. 11. Current-voltage characteristics of oxide films

(a) thermal oxide, (b) N,O/SiH,/Ar=12/3/55

sccm, 50W, (c) N,O/SiH4/Ar=12/3/55 sccm,

100W, (d) N,O/SiHy/Ar=24/3/43 sccm, 10W.

Fig. 10 shows the relative intensity of ESR peak
for SiO; on Si substrate. The peak appeared at g=2.
0056 which corresponds to the Pb center from Si
dangling bonds at the Si0,-Si interface. The peak
intensity represents the concentration of Si dangling
bonds, and at low and high temperatures, the peak
intensity becomes higher with minimum at around
200C . At low temperatures, the films are porous
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Fig. 12. Capacitance-voltage characteristics in the high
frequency (1 MHz) range.
(a) thermal oxide (flat band shift=—0.9 V),
(b) N,O/SiH,/Ar=12/3/55 sccm, 50W (flat
band shift=—19 V), (¢) N.O/SiH,/Ar=12/3/
55 sccm, 100W (flat band shift= —227 V).

with higher impurity concentrations and there
seems to be more defects at the interface. At high
temperatures, stress induced defects are likely to
be formed at the interface. With powder formations,
peak intensity is higher due to the lack of passiva-
tion effect of Si dangling bonds at the interface du-
ring the deposition.

Fig. 11 shows the current-voltage (I-V) characte-
ristics of oxide films on Si wafer measured from
MOS capacitor made by depositing aluminum as an
electrode on top of Si0; and bottom of Si wafer
and thermal oxide film is compared with plasma
oxide deposited in this study. The leakage current
increases through the oxide film which was deposi-
ted with impurity incorporation at low deposition
temperature, gas phase powder formations and too
much plasma power. Especially when N,O/SiH, ra-
tio was 8, the breakdown voltage, defined by leakage
current above 1079 A, and leakage current are ~2
MV/cm and the order of 1078 A, respectively. Be-
cause the film is porous with pinholes and high im-
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purity concentration due to the powder formation.

Fig. 12 shows capacitance-voltage (C-V) measure-
ments and it can be seen that flat band voltage shift
moves more towards negative value with oxide films
deposited with higher plasma power because the
oxide fixed charge increases. With powder for ma-
tions at high N,O/SiH, ratio, flat band voltage shift
was bigger.

From high frequency C-V measurements, inter-
face trap density (D;) can be calculate as a function
of the silicon band gap energy state of silicon ene-
rgy band gap (1.1 eV) and the results are shown
in Fig. 13. For an ideal case, the distribution is like
an U shape continuum as shown in dotted line (a).
The conventional required interface trap density le-
vel is 1~2X10"/eVcm? at the midgap in case of
Si0, deposited on Si (111) plane [24]. As the conce-
ntration of interface trap density between 0.3~0.35
eV which reported as P, center [25] in case of Si
(111) plane increases, we get a peak in the silicon
energy band gap energy state above 0.3~0.35 eV
and 0.75 eV from the valence band edge as shown
in (b) and (c). This peak was observed due to the
P, center from silicon dangling bond as reported
by Poindexter, et al. [25].
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4. Conclusions

Low temperature CVD oxide films were deposited
in a remote plasma enhanced chemical vapor depo-
sition reactor from N,O and SiH, and deposition
rate, and material properties like chemical composi-
tion, Si-O-Si bond angle, etch rate and dangling
bond concentrations were measured. Also the elect-
rical properties like 1I-V and C-V characteristics
were measured. It was shown that operating variab-
les like plasma power, deposition temperature and
reactant concentrations have a significant effect on
the material properties and electrical properties. To
make a good material suitable for electronic devices,
the relations between process parameters, material
properties, and electrical properties should be eluci-
dated comprehensively.
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