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ABSTRACT 

Silicon dioxide thin films have been deposited at low substrate temperatures (Ts < 120~ using a microwave plasma. A 
new type of microwave excitation, the distributed electron cyclotron resonance (DECR), which provides high density 
plasma (~ 1011 cm -3) of low-energy ions, has been used. Pure N20 and Sill4 are mixed in the discharge. At constant  pres- 
sure (0.1 pa), the ratio of N20 flow to Sill4 flow (Ro) was varied from 1-9. We have studied the effects of the gas phase compo- 
sition at two different microwave powers (800 and 1200 W) on the refractive index, atomic composition, infrared absorp- 
tion bands, etch rate, and electrical properties of the films. For ratio Ro larger than 4, near-stoichiometric films are 
obtained, with N and H atomic contaminations below 2 and 5 atomic percent (a/o), respectively, even at low temperature 
and without post deposition annealing. For Ro = 9, the films have physical and chemical properties similar to those ob- 
tained by RF plasma enhanced chemical vapor deposition at 350~ in terms of refractive index in the range of 1.47-1.48, 
etch rate in "P-etch" (6/~/s), and Si-O-Si stretching mode vibration (1058 cm-1). These films exhibit, at Ro = 9 and 1200 W, 
electrical resistivity of 10 ~ 1] cm and critical field larger than 3.5 MV cm -~, without post-deposition annealing. 

Dielectric layers can be used for a large number  of appli- 
cations in silicon, III-V, and II-VI compound semicon- 
ductor processing, (1) as: insulating layers in insulated 
gate field effect transistor (IGFET): thermal silicon dioxide 
has been accepted for a long time as the ideal gate insula- 
tor on silicon substrate due to the low interface state den- 
sity achieved at the SiOrSi  interface. This problem is not 
resolved for III-V compounds;  insulating layers between 
metallization lines of integrated circuits: they are cur- 
rently made with silicon dioxide. High conformal step cov- 
erage is needed because of the complicated surface geom- 
etries; passivation and capping layers: silicon nitride has 
several advantages compared to silicon dioxide such as 
higher density, better impurities diffusion mask, lower 
pinholes density (2) . . .  

Plasma enhanced chemical vapor deposition using radio 
frequency (13.56 MHz) excitation (RF PECVD) is the most 
commonly used technique for dielectric deposition. In this 
system, the discharge is created between two parallel-plate 
electrodes in a mixture of Sill4 and N20 and the substrates 
are located in the discharge. Despite long research, the 
quality of silicon dioxide deposited by RF PECVD at low 
substrate temperature (T~ < 150~ has been far from that 
of thermal oxide. It is commonly observed that RF 
PECVD oxide films present contaminations with Si-H, 

* Electrochemical Society Active Member. 
1Present address: Thomson-CSF LCR, Domaine de Corbeville, 

91404 Orsay Cedex France. 

N-H, O-H, Si-N bonds depending on the gases used (3). 
These bonds can passivate or create traps in the silicon 
dioxide films (4). For many PECVD processes, increasing 
the substrate temperature decreases the hydrogen con- 
tamination (5,6) and improves bulk electrical properties. 
At a substrate temperature of 350~ silicon dioxide 
PECVD films typically contain 10 a/o of hydrogen (6). 

The aim of the recent investigations in the field of 
PECVD (2, 4, 6) is to improve the quality of the deposited 
films at a lower deposition temperature. It was reported re- 
cently that high quality silicon dioxide can be obtained by 
RF PECVD using low flow rates of reactive gases (Sill4 
and N20) diluted in a large flow rate of He, at substrate 
temperature of 350~ (2). According to Batey et al., the di- 
lution in He improves the uniformity and the reproducibil- 
ity. Electrical quality of these films deposited on Si, shown 
through resistivity (p > 5 x 1015~2 cm) and interface state 
density measurements  (Nss = 4 x 101~ cm -2 eV-1), is not far 
from that of a conventional thermal oxide. Here, it be- 
comes possible to use PECVD films for IGFET applica- 
tions. 

In  order to decrease the high hydrogen contamination of 
the RF PECVD films, Lucovsky developed a system in 
which Sill4 is injected outside the discharge near the sub- 
strate. This system is called remote plasma CVD (4). Large 
flows of oxidant gases diluted in He sustain the discharge 
and the stream of excited oxygenated species react with 
Sill4 at the substrate surface. This configuration decreases 
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gas phase reactions due to Sill4 at a mbar range plasma 
pressure. Gas phase products could be at the origin of un- 
wanted bonds in the films, Si-O-H or H:O (4). According to 
Lucovsky et at., the use of the He-Sill4 chemistry enhances 
hydrogen elimination. At a substrate temperature of 350~ 
the hydrogen content  is below the detection level of infra- 
red spectroscopy (IRS), which is around 1 atomic percent 
(a]o) on 1 i~m thick films. 

In  conclusion, with RF plasma excitation, whatever is the 
configuration (remote or not, with or without helium dilu- 
tion) the substrate temperature has to be larger than 250~ 
to obtain good electrical quality SiO2 films (p > 5 x 1015 ~1 
cm). This temperature can be too high for III-V and II-VI 
compound applications, and it is crucial to reduce the tem- 
perature as low as possible. Moreover, lower deposition 
temperature could be of interest for modern silicon based 
ultra large scale integration (ULSI) technology (7). 

At this time, only microwave PECVD allows low tem- 
perature deposition of high quality dielectric thin films 
(6, 8, 11). This is due to the high reactivity of microwave 
plasma at electron cyclotron resonance (ECR) conditions. 
High densities of low-energy ions enhance surface reac- 
tions without substrate heating. Dense films can be ob- 
tained at a high deposition rate (8). Note that, according to 
Herak, the deposition temperature of ECR PECVD oxide 
has to be larger than 300~ to obtain high electrical quality 
films (9). 

The deposition of high electrical quality films at low 
temperature remains an open challenge. In  this paper, we 
present and discuss the silicon dioxide deposition process 
at low temperature (T~ < 120~ by distributed electron cy- 
clotron resonance (DECR) microwave PECVD (10-13). In  
this work we studied the effect of the gas mixture on the 
bulk physicochemical and electrical properties of SiO2 
thin films. The study of SiO2-semiconductor interface 
properties is reported elsewhere (14). In order to evaluate 
the effects of microwave power, the experiments were per- 
formed at two different power values. 

Description of DECR Plasma 
Deposition apparatus.--The experiments were per- 

formed in a multipolar microwave (2.45 GHz) plasma reac- 
tor provided by ALCATEL (RCE160), which uses DECR 
configuration. The reactor is composed of two separate 
chambers, one for loading and one for deposition; both are 
evacuated by turbomolecular pumps to residual pressures 
below 2 x 10 -7 mbar. Pure Sill4 and N20 (electronic grade) 
are introduced in the chamber through mass-flow con- 
trollers (range 0-20 sccm). During deposition, pressure is 
regulated by a throttle valve and compared with baratron 
gauge indicator. The substrate holder can be heated up to 
400~ or cooled with flowing water; it can also be RF (13.56 
MHz) biased. 

DECR concept.--The DECR excitation associates micro- 
wave antennas  and multipolar magnetic field produced by 
a set of permanent  magnets. It creates local ECR zones dis- 
tr ibuted around the chamber, confines plasma at low pres- 
sures, and traps energetic electrons. The permanent  mag- 
nets are fixed outside the chamber along its vertical 
direction. They present alternate polarity to the plasma so 
that the magnetic field lines are included in the horizontal 
section of the reactor which is also the substrate plane. As 
a consequence, the defects caused by charged particles 
drifting along the magnetic field lines should be lower as 
compared to a classical ECR configuration where mag- 
netic field lines are perpendicular to the substrate plane. 
The decrease of the magnetic field induced by a set of per- 
manent  magnets in a multipolar configuration is faster 
than the decrease of the coil induced field. As a conse- 
quence, substrates are located in a quasi-magnetic free re- 
gion (B < 10 Gauss). Microwave power is coupled to the 
plasma by the use of waveguide, distributor, coaxial 
cables, feedthroughs, and applicators. 

The use of eight linear microwave applicators, an appli- 
cator per magnet, creates sixteen ECR zones distributed 
along the magnets and all around the chamber, as shown 
in Fig. 1. Eight applicators are required for 4 in. substrates 
and fourteen applicators for 8 in. substrates. Energetic 
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Fig. 1. Schematic top view of o DECR reactor, showing the different 
plasma regions. 

electrons created in the ECR zones (the cusps) are trapped 
in the magnetic lobes between two magnets. The high 
energy particles are reflected by the magnetic mirror to the 
periphery of the reactor and the low energy particles dif- 
fuse into the center of the chamber where the substrate is 
located. This is why DECR process can be considered as a 
more gentle process than the RF process. The electronic 
density and ionic current density are much larger than in 
RF plasmas but  the plasma potential and the electronic 
temperature are lower (12-13). 

Plasma characterizations.--Figure 2 presents ionic cur- 
rent densities measured in the reactor, as a function of the 
pressure, for a pure Ar plasma, at different microwave 
power values. Current is collected by the substrate holder 
biased at -20 Vdc. This voltage is sufficient to obtain ionic 
current saturation, high current density values are ob- 
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Fig. 2. Effect of gas pressure on ionic current densities collected in 

Ar plasmas, by the substrote holder biased at - 2 0  V~, for Ar plasmas, 
at different microwave power. 
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tained for pressure between 0.5 and 1.5 ~bar. At lower 
pressure, current is limited by the density of neutral spe- 
cies. At higher pressures, the efficiency of DECR configu- 
ration decreases, due to the decrease of mean free path. 
Using the electronic temperature value measured by 
Pichot (T~ -- 3 eV, Ref. 12), one can estimate with the ionic 
current value that ionic density is 8x 10 cm =3 at 800 W. 

Experimental Procedure 
Sample preparations.--Deposition was done on Si sub- 

strates and simultaneously on GaAs substrates. Substrates 
were degreased before each run by standard procedure in- 
cluding trichlorethylene, acetone, and propanol suc- 
cessive baths. Si was deoxidized in HF/H20 (1:1) and 
rinsed in flowing DI water, whereas GaAs was deoxidized 
in pure HC1 and rinsed in propanol. In situ cleanings were 
not  performed. Thickness of the films is close to 100 nm, as 
typically used in IGFET devices. 

Film characterizations.--Film refractive index and 
thickness were determined using a Rudolph Research null  
ellipsometer at a wavelength of 5461 A and MacCrackin 
calculation programs, assuming nonabsorbent  films. 

MeV ion beam analysis techniques (IBA) were used to 
determine atomic composition of the films. Oxygen, nitro- 
gen, and silicon contents were measured using character- 
istic nuclear reaction analysis (NRA), (15-16) and hydrogen 
content using elastic recoil detection and analysis (ERDA). 
As already explained (17), measurements were performed 
on films deposited on GaAs substrates, especially for Si 
content  determinations. These techniques enable the de- 
termination of the absolute value of the number  of speci- 
fied atoms per square centimeter in the films. Volume den- 
sities (at cm =3) can then be obtained by combining IBA (at 
cm -2) and ellipsometry results. Errors in the concentration 
values lie below 5% for Si and N, 3% for O, and 10% for H. 

Chemicals bonds in the films were studied by Fourier 
transform infrared spectroscopy (FTIRS) (Perkin-Elmer 
FT1700, transmission mode) between 4000 and 450 cm -1. 
Films were deposited on double-sided polished undoped 
silicon substrates and substrate absorbance was used as 
the background during analysis. FTIRS is a useful tech- 
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Fig. 3. Hydrogen yield in ERDA measurements on Si02 films as a 

function of the accumulated dose of the 2 MeV 4He analysis beam. The 
films were obtained at 800 W, R�9 = 2 (0)  and R�9 = 9 (o). The inset 
shows the schematic principles of ERDA measurements. 

nique to study local atomic structure of silicon dioxide 
thin films and to demonstrate the presence in the films of 
unwanted bonds like SiOH, Sill, or H20. 

The global physical behavior of the films was studied 
by measuring the etch rate in a "P-etch" solution, 
HF(40%):HNO3(65%):H20, of 3:2:60 (18). The film etch rate 
was simultaneously compared to the one of a thermal sili- 
con dioxide. The etch rate is very sensitive to chemical 
bonds and porosity and reveals inhomogeneities in the 
films. 

We utilize quasistatic-ramp current voltage characteris- 
tics to measure electrical properties of the films. Measure- 
ments are performed on A1-SiO2-Si diodes. The surface of 
the thermal-evaporated a luminum dots is 2.8 10 -2 cm 2. As 
first described by DiMaria (19), this technique leads to ac- 
curate measurements of bulk insulating properties be- 
cause of the low voltage sweep rate (0.1 V/s) and high volt- 
ages scanned (0-100V). Current  induced in the MIS diode 
would be purely capacitive (Ci dV/dt) for an ideal insulator 
(p > i0 ~6 ~ -  cm). In  reality, the current  observed presents 
two different regimes. In  the first regime, the current is 
constant (p > 10 TM 1~ cm) or increases linearly with the ap- 
plied voltage (p = 1014-10 TM ~ cm). In  the second regime, the 
current increases rapidly when large injection current oc- 
curs from the'electrode (2, 19). 

We call critical field (E~) the electrical field which leads to 
injection current density of 10 -9 A cm -2 (20). This value is 
small, compared to capacitive current, approximately 
5 • 10 -9 A cm 2 for our samples. Batey calls this regime 
"premature injection" (2). For some of our samples, I(V) 
characteristics exhibi t  linear slope at low electric field. 
This is due to resistivity in the range 1014-1015~ cm. For 
these samples, E~ is determined as explained in the inset of 
Fig. 8. 

Analysis of Hydrogen Content 
The measurements of the hydrogen density in the layers 

were performed using ERDA (21). In  this technique, the 
sample is bombarded with mono energetic MeV 4He ions. 
The target hydrogen atoms recoiling forward under  elastic 
collisions with incident particles, are detected and 
counted. 

For surface analysis of thick samples, the directions of 
incident beam and detected particles cannot be far from 
the surface plane. In order to get rid of the numerous scat- 
tered particles and of the other atoms recoiling from the 
samples, an absorber foil is placed in front of the detector. 
The thickness of this absorber is chosen to stop all the par- 
ticles coming from the target except hydrogen atoms, tak- 
ing advantage of the fact that the stopping power for hy- 
drogen is much less than for the other atoms or ions. The 
inset in Fig. 3 illustrates the above schematic description. 

In  our experiments, we used a 2.2 MeV 4He beam pro- 
duced by the 2.5 MeV Van de Graaf at the Groupe de Phy- 
sique des Solides. The detection angle was 0~ab = 30 ~ the 
sample normal being 75 ~ from the incident beam direction. 
The normal to the surface sample, the beam, and the de- 
tection direction are all in the same horizontal plane. The 
absorber used as a 10 ~m thick aluminized Mylar foil. The 
detector used is a standard 3 cm 2 surface barrier semicon- 
ductor detector; a diaphragm with a verticle 1 x 18 mm 2 
aperture was placed in front of it so determining precisely 
the detection angle; the detection solid angle was 2.378 
mstrad. 

As the hydrogenated layers are thin enough (~- 100 nm), 
the energy spectrum of the recoiled hydrogen atoms has a 
peak shape (full width at half maximum, FWHM ~ 100 
ke V). This allows an easy integration of the total corres- 
ponding counts. 

The absolute values of the hydrogen content  were deter- 
mined using the cross-sectional values measured by Szila- 
gyi et al. (22). A usual problem in such measurements is 
the hydrogen loss in the sample due to damage produced 
by the analyzing beam. To overcome this difficulty and 
reach the original value of hydrogen content, we registered 
systematically the hydrogen counts as a function of the 
total dose of incident particles. The value of hydrogen con- 
tent was then determined by extrapolation to zero dose 
(Fig. 3). 
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Residual pressure in the analysis chamber was main- 
talned below 10 -6 mbar. A liquid nitrogen cooled trap was 
used to keep the "C-H" residual pressure as low as possi- 
ble. A correction for initial hydrogenated surface pollu- 
tion, measured with a clean Si substrate, was applied. It 
was always below 5 x 1015 cm -~. As the typical value of hy- 
drogen content  in the analyzed film was always found to 
be larger than 5 x 1016 cm -2, the above corrections repre- 
sent less than 10%. 

Results and Discussions 
Deposition procedure.--All experiments  described in 

this paper have been performed without intentional heat- 
ing. Studies performed at CNET Meylan (France) on 
DECR Ar plasma showed that  the surface temperature of a 
silicon substrate exposed to the plasma during 20 min at 
floating potential rises only to 80~ (23). We have checked 
the temperature under  our deposition conditions, using 
thermosensi t ive paints and thermocouples,  and we con- 
firm that the substrate temperature stays below 120~ dur- 
ing deposition. 

Total pressure is fixed at 1 ~bar which is the typical 
working pressure in DECR plasma. Total gas flow is fixed 
at 20 sccm, while ratio of Sill4 to N20 flow rate is varied. 
When max imum pumping speed is used (350 l/s), pressure 
equal to 0.6 ~bar is obtained. Pumping speed is thus con- 
stant for all deposition runs. 

Experiments  were performed for two different micro- 
wave power values, 800 and 1200 W. Due to the three- 
dimensional geometry of the DECR plasma, it is quite dif- 
ficult to define the power density injected in the plasma; 
however, taking into account that the plasma surface seen 
by the sample is around 2000 cm ~, densities of 0.4 and 0.6 W 
cm -2 can be suggested. The matching of the microwave 
generator to the plasma did not have to be changed when 
changing operating conditions, gas, pressure, or power. 

The ratio of N20 flow to Sill4 flow (Ro) was varied from 
1 to 9, while keeping total gas flow constant. This range of' 
Ro values is l imited by mass-flow controller character- 
istics. 

The fact that the DECR plasma is very efficient in disso- 
ciating Sill4 molecules can be illustrated by the following 
experiment.  The pressure obtained in the reactor with a 10 
sccm flow of Sill4 is 0.4 ~bar. If  one switches on the 
plasma, the pressure increases to 1.5 ~bar. This means that 
Sill4 is greatly dissociated in DECR plasma certainly with 
high hydrogen production. 

Ellipsometric results.--The variation of deposition rate 
(dr) and refractive index (n) of the films deposited on sili- 
con substrates as a function of the ratio Ro are reported on 
the Fig. 4. The deposition rates are mean values, corre- 
sponding to a total number  of runs exceeding 100 and the 
standard deviation is quoted as the uncertainty. The uni- 
formity of the films deposited on a 2 in. silicon substrate 
was measured for two different gas phase compositions: 
Ro = 5.7 and 9. The thickness of the films was found to be 
uniform within +- 1%, and no significant variation (< 0.005) 
was observed on refractive index. The same uniformity is 
achieved for all deposition conditions. It  was observed 
that the deposition rate and refractive index exhibit  simi- 
lar values and variations on GaAs and InP substrates. 

We observe two different regimes with Sill4 dilution: be- 
tween Ro = 1 and 4, deposition rate decreases from 25 nm 
min -1 to 14 nm min -1 and refractive index decreases from 
1,7 to 1.5. These values, larger than that of the high tem- 
perature silicon dioxide one, indicate nonideal SiO2 films. 
Because the refractive index depends on stoichiometry, 
density, and contamination, more analyses are needed to 
explain these large values. For R0 > 4, the deposition rate 
further decreases with Sill4 dilution and it is equal to 6.5 
nm min -1 for R0 = 9. Note that refractive index for R0 > 4 is 
close to 1.475-+0.005 for all different gas phase composi- 
tions and for a large number  of deposition runs. This value 
would correspond to a thermal oxide grown at less than 
800~ (24). 

Plott ing the deposition rate as a function of Sill4 flow, 
we found a linear dependence from 2-7 sccm, even for dif- 
ferent total gas flow (i.e. different pumping speed). This in- 
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dicates the presence of a mass-transfer controlled deposi- 
tion reaction as recently described by Shirai (25) for very 
low-pressure plasmas. Similar conclusions were reported 
by Cooke for this system (10). 

Similar results (refractive index and deposition rate) are 
found for microwave power value of 1200 W and R0 > 4. 

Film stoichiometry.--Atomic densities of Si, O, N, and H 
in the films as a function of the gas phase composition are 
reported on the Fig. 5. These densities in at cm 3 are de- 
duced from NRA and ellipsometry measurements.  Meas- 
urements are typically performed on GaAs samples but  re- 
sults are equivalent  on Si and InP, in terms of O, N and H 
contents. 

As already observed on refractive index, two different 
regions are evident. When Ro > 4, the films are mostly com- 
posed of silicon and oxygen atoms with less than 5 • 1021 
H cm 3 and less than 2 x 1021 N cm -3. We can notice that 
these physical characteristics (i.e. refractive index, deposi- 
tion rate, and atomic composition) are independent  of the 
microwave power (800 or 1200 W) in the high Sill4 dilution 
regime (Ro > 4). For  Ro < 4, larger refractive indexes ob- 
served can be explained by the presence of high nitrogen 
density. When Ro = 1, the stoichiometry is approximately 
that  of SiONH. As shown in Fig. 3, the beam-induced loss 
of hydrogen in the films much depends on the global stoi- 
chiometry of the films, suggesting different bonding of H 
in the films. 

As all atomic densities are known, contaminations can 
be expressed in a/o, i.e. (H or N)/(Si + O + N+ H) (Fig. 5). 
The contaminations decrease as the ratio Ro increases. It 
means that hydrogen incorporation decreases as Sill4 flow 
decreases but  that nitrogen incorporation decreases at N20 
flow increases. This confirms that plasma oxidation of sili- 
con is easier than plasma nitridization. For Ro > 5, nitrogen 
and hydrogen contaminations are reduced to about 2 and 5 
ego and all atomic concentrations are quite constant. De- 
crease of contaminations in the films as Ro is increased 
could be due to a change in the plasma chemistry, induced 
by the Sill4 dilution in N20. 

In the high Sill4 dilution regime, silicon and oxygen con- 
centrations are close to thos observed in the high tempera- 
ture material: Nsi(thermal SIO2) = 2.2 x 10 zz cm -3, No (ther- 
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mal SIO2) = 4.4 • l022 cm -3. Our results suggests that these 
films are slightly oxygen rich. The excess of oxygen could 
be due to the presence of  Si-O-H or Si-O-N- bonds. 

Preliminary results obtained using Rutherford back 
scattering (RBS) did not  show metallic contaminations, 
owing to the sensitivity of the technique for 1000/k films 
(1013 cm-2). 

A t o m i c  bonds  in  the f i l m s . - - W e  have examined the na- 
ture of the bonding groups by infrared spectroscopy (IRS) 
measurements.  IR absorption spectra exhibit  three princi- 
pal bands associated with the Si-O-Si stretching mode 
(near 1075 cm -1), bending mode (near 800 cm -1, and rock- 
ing mode (near 465 cm-1). The frequency associated with 
the stretching mode (v) is usually used, in order to follow 
structural modifications of the Si-O-Si bond, rather than 
the bending and rocking mode frequency. The value of 
this frequency depends on the angle of the Si-O-Si bond 
(145 ~ for thermal oxide). In the same time, the FWHM value 
(Av) increases as the distribution of bond angles broadens. 
As discussed recently by Fitch~et al. (26), the values of v 
and Av are connected. This was observed for different ox- 
ides, thermal or deposited, with or without high tempera- 
ture post-annealing. The values ofv as a function of Ro are 
reported on the Fig. 6. The value of v increases as Ro in- 
creases and saturates above Ro = 4, at a value of 1058-+2 
cm -~. As already observed by ellipsometry, the structure 
of our films should be different from that of the thermal 
oxide as v is smaller than the value observed in thermal 
oxide, 1075 cm -1. At the same time, the FWHM value is 
larger (90 cm -1) than that of thermal oxide (75 cm-~). This 
observation is currently reported for nonthermal oxides. 
Our films deposited at low temperature are comparable, 
from this point of  view, to RF PECVD films deposited at 
350~ (6). Our results are in good agreement  with the analy- 
sis of hv = F(v), published by Fitch et al. (26). 

Unwanted bonds, most  of the t ime H-related, can be ob- 
served as SiOH (3300-3600 cm -~) S i l l  (2300 cm -1) or H20 
(3000-3500 cm -~) in SiO2 thin films. Following literature, 
IRS detection level is about 0.5-1 a/o for relatively thick 
films (> 5000 A). According to Herak, observation of 5% of 
SiOH in 1000 A films can be performed (9). The detection 
of H-related bonds in our films obtained with high Sill4 di- 

lution (Ro > 4) was not achieved in our experiments due to 
the low hydrogen content  (5 • 1016 H cm-2). Films depos- 
ited with Ro between 1 and 3 exhibit  mostly N-H and Si-H 
bonds with evident  absorption bands. 

The results reported above are independent  of the mi- 
crowave power value, for Ro > 4. 

Etch ing  r a t e . - - T h e  oxides deposited by various CVD 
techniques can significantly differ in their resistance to 
"P-etch" dissolution. This solution was first used by Plis- 
kin for the study of silicon dioxide-silicon interface (18). 
The values of etch rates obtained with different films, de- 
pending on method and temperature growth, are reported 
in the Table I. For near-stoichiometric films, low values of 
etch rates are commonly associated with high density and 
low contaminated oxides. 

The etching rate was determined by ellipsometry by 
measuring the thickness of the oxide as a function of the 
etching time. The thickness was found to be a linear func- 
tion of  etching t ime and etch rate was deduced from four 
point plots. The etch rate of a thermal oxide (2/~s) was si- 
multaneously determined. For some deposition conditions 
(see below), the refractive index decreases with etch time. 
This was explained by the presence of an oxide surface 
roughness, induced by the etch, which indicates an inho- 
mogeneous oxide microstructure. 

Table I. "P-etch" rates and critical field of silicon dioxide films grown 
or deposited by different techniques. Film properties are compared 

although elaboration conditions are different (gas mixture...). 

Deposition Etch rate E~ (MV/cm) 
Method temperature (~ (A s 1) I = 1 nA]cm 2 Ref. 

Thermal 1150 2 5-6 a (2) 
oxidation 

RF PECVD 350 8 5-6 (2) 
ECR PECVD 25 1 (9) 

350 7 5 
DECR PECVD 25 6 3.5 This 

work 

a These measurements were also performed with our experimen- 
ted setup on samples obtained with the standard thermal process. 
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The etch rates as a function of Ro, for power values of 800 
and 1200 W, are presented on Fig. 7. The study was limited 
to the near-stoichiometric oxide films (4 < Ro < 9). The 
etch rate of the DECR oxides decreases when Ro increases 
and it is lower for films deposited at 1200 than at 800 W, in 
opposite to the other physical properties such as the re- 
fractive index, atomic composition and infrared absorp- 
tion which values saturates for Ro > 4, whatever is the 
power. This observation suggests that "P-etch" is more 
sensitive to the global quality of the films and gives addi- 
tional information. The lowest value obtained for Ro = 9 
and 1200 W is 6 A s-s 

Furthermore, etch studies have shown that all films de- 
posited at 800 W exhibit a decrease of refractive index dur- 
ing the dissolution, large for Ro = 4 and weak for Ro = 9. It 
should be emphasized that the refractive index of the films 
deposited at Ro = 9 and 1200 W remain constant, indicating 
high homogeneous microstructure. These conclusions are 
further confirmed by electrical properties. 

Bulk electrical properties.--Electrical properties were 
studied on 100 nm thick films, deposited at 800 and 1200 W, 
in relation with oxidant ratio in the gas phase. Whatever 
the microwave power value is, films deposited at low oxi- 
dant ratio (Ro < 4) exhibit  poor electrical properties. There- 
fore, we only focus our attention on films deposited at high 
oxidant ratio (Ro > 4), which are nearly stoichiometric as 
previously discussed. 

The variation of critical field values with oxidant ratio 
are reported in Fig. 8. These measurements are performed 
on silicon substrates (n-type, 0.01-1 ~2 cm) without post- 
deposition annealing. 

Critical field (Er increases as oxidant ratio increases 
and/or as microwave power value increases. Microwave 
power of 800 W leads to films which present the same 
physicochemistry as film deposited at 1200 V;/but with 
lower Ec values. At the same time, resistivity increases to 
reach 10 ~5 ~ cm for Ro = 9, In  this case, quasistatic I-V 
technique clearly demonstrates the two different leakage 
current mechanisms: linear at electrical field lower than Ec 
and nonlinear at electrical field higher than Ec. The best 
value of critical field achieved, for Ro = 9 and 1200 W, is 3.5 
MV/cm. This value is slightly smaller than those obtained 

25 
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Fig. 7. Etch rate of DECR oxides in "P-etch" solution, vs. gas flow 

ratio, at different microwave power (800 and 1200 W, 1 I~bar). 
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I(V) characteristic, with p and Er determination. 

by other techniques, using higher deposition temperature 
(see Table I). It must  be noted that our experimental condi- 
tions (power density, gas phase composi t ion . . . )  were not 
optimized in order to obtain the best SiO2 film. 

It  is clear that critical field is not governed only by stoi- 
chiometry, since variations of critical field along the "stoi- 
chiometric" regime are observed in the range Ro = 4-9. 

Conclusions 
In  order to succeed with low temperature high quality 

dielectric deposition, we have used a promising new sys- 
tem, based on the DECR excitation of a SiH~N~O mixture. 
In  this work, we have studied the effect of gas phase com- 
position on the physicochemical and electrical properties 
of silicon dioxide thin films deposited at low temperature 
(Ts < 120~ and at two different microwave power values 
(800 and 1200 W). It was f~und that atomic composition of 
the deposited films strongly depends on the gas phase 
composition (N20 flow/Sill4 flow) as, already reported, 
with radio frequency excitation (RF PECVD). 

Combining the use of ion beam analysis, ellipsometry, 
infrared absorption, etch rate, and electrical property 
measurements,  we were able to correlate the behavior of, 
on one hand, refractive index and infrared absorption with 
atomic composition, and, on other hand, of etch rate with 
electrical properties (critical field, resistivity). In the best 
conditions, the near stoichiometric films obtained in this 
study have similar electrical properties to those obtained 
by conventional  deposition techniques, at significantly 
higher substrate temperatures (T > 250~ 

This work suggests that optimization of others parame- 
ters, such as microwave power or gas phase composition, 
or maybe substrate bias, can further improve the qualities 
of the low temperature deposited films. 

Finally, the DECR microwave excitation is found to be 
very useful to produce dense thin films exhibiting good 
physicochemical and insulating properties without sub- 
strate heating. This is promising for the III-V compound 
applications. 
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ABSTRACT 

Metals forming deep t raps in Si such as Fe, Cu, and Ni, are detectable with deep level t ransient  spectroscopy (DLTS). 
In  the present  work, we used a spin-on technique as contaminat ion method, which guaranteed sets of silicon wafers with 
authentic  samples  of iron- and, respectively,  copper-contamination,  that  showed impuri ty  concentrat ions on the wafer 
surfaces in the  range of 10 ~1 and 1013 atoms/cm 2. A correlation between total reflection x-ray fluorescence analysis and 
DLTS has also been successful.  Monitoring the iron content  by DLTS in the course of gettering processes, we de termined 
external  and internal  gettering efficiencies. Our compell ing results showed a l imited gettering efficiency at the oxygen 
precipi tate  sites, due to the  level of  iron contamination. 

Metals, especial ly iron, copper,  and nickel  cause per- 
formance failures of devices and drastically reduce the 
manufactur ing yield. Their detr imental  impact  on leakage 
current, gate oxide quality, and defect  generation has thor- 
oughly been invest igated (1). S tudying  of  the propert ies  of 
the  t ransi t ion metals  in semiconductors  l ike the  gettering 
behavior  and, in conjunct ion with it, the  ongoing search 
for analytical  methods  with improved detect ion limits for 
metal  contaminat ions down to the ppt-range, are per t inent  
subjects  in the field of the semiconductor  silicon technol- 
ogy. Thus, the control  of  metall ic contaminat ion of silicon 
wafers in the ul tra large scale integration (ULSI) technol- 
ogy is a challenge for the analytics, and only few tech- 
niques are present ly  applicable.  

Two of the most  suitable techniques are the deep level 
t ransient  spect roscopy (DLTS) (2, 3) as a bulk  specific aria- 

lytical method with detect ion limits even below 5 x 1010 
atoms/cm s (depending on the dopant  concentration) and 
the total reflection x-ray fluorescence analysis (TRXFA) (4) 
as a surface specific analytical  method  of high sensit ivity 
(10 l~ atoms/cm~). 

After dr iving the surface contaminant  into the  Si-bulk at 
higher  tempera tures  (2), DLTS can also be appl ied for sur- 
face analysis. The DLTS method was also used to deter- 
mine gettering efficiencies after external  and internal get- 
tering processes.  

Authent ic  samples  of contaminated silicon wafers were 
prepared,  using the "spin dryer  technique" (5). 

Contamination Technique and Chemical Mechanism 
In 1988 M. Hourai  descr ibed a method for quanti tat ive 

contaminat ion of hydrophi l ic  silicon wafer surfaces with 
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