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Abstract

Low hydrogen content silicon nitride thin films have been obtained by direct plasma enhanced chemical vapor deposition at rel-

atively low temperature (250 �C), using different NH3/SiH2Cl2 flow rate ratios and RF powers. Deposition rates and refractive indi-

ces of the films, determined from ellipsometric measurements, were in the range from 13 to 19 nm/min, and from 1.763 to 2.35,

respectively. Optical emission spectra of plasmas sustained at low RF powers (20–30 W) show a continuous band related to H2,

SiCl2 emitting species and peaks related to N2, SiH and SiH2, indicating an incomplete decomposition of the SiH2Cl2 precursor.

However, at high RF powers (60–80 W), the continuous band and most of the peaks related to molecular species are suppressed,

meanwhile the other lines related to atomic species are intensified. According to infrared spectroscopy the samples deposited at high

RF powers and a NH3/SiH2Cl2 ratio equal to 2.5 present a low total content of hydrogen and are free of Si–H bonds. Current–volt-

age measurements revealed that these films have dielectric breakdown fields higher than 5 MV/cm and conductivities lower than

5 · 10�13 (X cm)�1, and are resistant to oxidation, even if they are immersed in water for long period of time.

� 2005 Elsevier B.V. All rights reserved.

PACS: 52.25.Mq; 52.70.Kz; 52.20.�j; 85.40.Sz
1. Introduction

Silicon nitride thin films are very important in the

microelectronic and optoelectronic industries. This

dielectric material combines optical, electrical, mechani-

cal and chemical properties that make it ideal for fabri-
cating a number of semiconductor devices [1,2]. Due to

its electronic properties such as relatively wide band gap

(4.0–5.0 eV), high dielectric breakdown field (106–107 V/

cm), dielectric constant (4.0–7.5), along with its high
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density (up to 3.1 g/cm3), mechanical strength, and

hardness, and exceptional thermal and chemical stabil-

ity, thin films of this material are ideal for applications

such as electrical insulation in integrated circuits [3],

gate dielectric layers in thin film transistors (TFTs)

[4,5] and CMOS devices [6], barriers against ions (so-
dium) and water diffusion, and masks for selective oxi-

dation of silicon [2], selective doping and KOH etching

[7]. Additionally, since silicon nitride films present very

low absorption losses in the visible and infrared regions,

and its index of refraction can be varied continuously

over a wide range (1.7–3.0) by changing its composition,

they are also very attractive for applications in thin film

waveguides with desired characteristics of fiber match
and compactness, and other integrated optical devices
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Table 1

Deposition conditions

Process Pressure

(mTorr)

Temperature

(�C)
R =

NH3/SiH2Cl2

RF power

(W)

1 350 250 1–2.5–5–10 30

2 350 250 2.5 20–30–40–60–80
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[8,9], and anti-reflecting and passivating coatings in sili-

con solar cells [10]. High quality silicon nitride films are

usually prepared at high temperatures (700–800 �C) by
different thermally assisted chemical vapor deposition

using mixtures of silane (SiH4) and/or dichlorosilane

(SiCl2H2) and ammonia (NH3) [11,12]. However, the ad-
vance of amorphous silicon technology and the continu-

ous development of the microelectronic industry toward

integrated circuits (IC) with nano-scale features, has de-

manded important reductions in the processing temper-

atures of silicon-compound thin films [13–16].

This requirement has widespread the use of diverse

plasma enhanced chemical vapor deposition (PECVD)

processes for depositing at low temperatures high qual-
ity silicon nitride films, such as electron cyclotron reso-

nance [17,18], remote-PECVD [5,14,19], inductively

coupled (IC) PECVD [16,20], and the conventional par-

allel plate-capacitive coupled PECVD [6,10,12,21–24]. It

should be mentioned that the latter PECVD version has

continuously been of great interest because it has been

largely studied and scaled-up to mass production dimen-

sions in the production lines [21,25]. The most common
precursors for these silicon nitride PECVD processes

have been SiH4 and NH3. One of the advantages of

using this mixture is the relatively high film deposition

rates that can be achieved due to the easy decomposition

of the SiH4. However, one of the main troubles found

when using these mixtures is the incorporation of large

amounts of hydrogen in the films, in the form of Si–H

and N–H bonds, which in fact are generically named
hydrogenated amorphous silicon nitride (a-SiNx:H). In

a great number of applications, the hydrogen incorpo-

rated into the film matrix is undesirable. For example,

Si–H bonds cause severe reliability problems in the per-

formance of metal–insulator–semiconductor (MIS) de-

vices and TFTs incorporating a-SiNx:H thin films

[5,17]. On the other hand N–H bonds are reported to

be responsible for absorption problems in a-SiNx:H lay-
ers for integrated optics applications [26]. Other prob-

lem found in PECVD a-SiNx:H films deposited at low

temperatures is that they possess a porous structure

which allows moisture (H2O from the ambient) percola-

tion into their network with the resultant oxidation of

the entire film [24].

The use of halogenated silicon precursors like dichlo-

rosilane (SiH2Cl2), which contains less H atoms per Si
atom than the SiH4 molecule, has been proposed re-

cently as a good alternative to reduce hydrogen incorpo-

ration in PECVD films deposited at 350–380 �C,
without reducing significantly the deposition rates com-

pared with the corresponding thermal CVD process

[11,12,20]. However, the reduction of substrate temper-

atures below 300 �C, maintaining or even improving

the physical and chemical properties of the silicon ni-
tride films is a permanent challenge for materials science

researchers.
In this work, we investigate the properties and stabil-

ity of silicon nitride thin films prepared by direct

PECVD at 250 �C from SiH2Cl2 and NH3 mixtures.

We used two different groups of deposition conditions

in order to exploit the advantages of dichlorosilane to

produce films with low hydrogen concentration. First,
the ammonia to dichlorosilane flow ratio was varied

keeping the rest of the working parameters at constant

values, then we studied the influence of the RF plasma

power on the films properties.
2. Experimental

The silicon nitride films were prepared using a con-

ventional PECVD system, with parallel plates 150 cm2

in area, 1.5 cm apart, and activated by a 13.56 MHz

RF signal. The films were deposited on n-type (100) sil-

icon slices having a resistivity of 200 and 1–0.2 X cm, for

structural and electrical characterization, respectively.

The low resistivity substrates were subjected to an stan-

dard RCA cleaning procedure and were also etched in
diluted hydrofluoric acid (5% HF) immediately before

loading them into the deposition chamber, in order to

remove the native oxide present on the silicon surface.

Dichlorosilane and ammonia, with argon as the diluent

gas, were used as precursor gases. The deposition pres-

sure and substrate temperature were kept constant dur-

ing all the experiments, at 350 mTorr and 250 �C,
respectively. In order to obtain silicon nitride thin films
with various compositions, the flow ratio of NH3 to

SiH2Cl2 (R = [NH3]/[SiH2Cl2]), and the applied RF plas-

ma power were varied according to the designed pro-

cesses shown in Table 1. In both cases only one

parameter at a time was changed, keeping all the rest

at constant values. In the first set of experiments the

RF power was 30 W meanwhile R was varied from 1.0

to 10. In the second set of experiments the value of R
was fixed at a value selected from the previous experi-

ments (2.5) and the RF power was varied from 20 to

80 W. The Ar flow rate was kept constant at 50 sccm

in all the experiments.

A Gaertner L117 Ellipsometer equipped with a

He–Ne laser (k = 632.8 nm) was used to measure the

refractive index and thickness of the films. The bond-

ing structure of the films was analyzed by means of a
Fourier transformed infrared (FTIR) spectrometer

(Nicolet-210). Optical emission spectroscopy (OES) in
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the wavelength range of 270–700 nm was assessed with

the aid of an automated system based on an ORIEL

77250 monochromator, an RCA IP28 photomultiplier,

a Keithley 240 A high voltage source and a Keithley

619 electrometer.

For the electrical conductivity measurements MIS de-
vices were fabricated, incorporating the deposited sili-

con nitride films, 200 nm thick, 1.2 mm in diameter

aluminum disks were thermally evaporated onto the

films. The pressure during the thermal evaporation of

aluminum was maintained at about 10�6 Torr. In–Ga

eutectic was manually applied on the back surface of

the low resistivity silicon substrates to form ohmic con-

tacts. The bulk electrical characteristics (intrinsic break-
down) of all the silicon nitride films (except those

chemically unstable and/or with undesirable or bad

structural characteristics) were studied by applying and

increasing the voltage, in steps of 0.5 V s�1, through a

gate probe (�100 lm tip) and measuring the current

density versus electric field (J versus E) characteristics

until breakdown. For these experiments we used a

Keithley 230 programmable voltage source and a Keith-
ley 485 autoranging picoammeter, both managed with

the aid of a PC program written specifically for this pur-

pose. Measurements were repeated on several similar de-

vices to ascertain the consistency and reproducibility of

the results.
3. Results and discussion

Fig. 1 shows the deposition rate and refractive index

versus R for silicon nitride thin films deposited with an

RF power of 30 W. Both, deposition rate and refractive
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Fig. 1. Deposition rate and refractive index as a function of gas ratio

R, for samples of process 1.
index decrease with the increase in the ammonia concen-

tration. This behavior is similar to that observed for sil-

icon nitride films deposited by LPCVD and inductively

coupled plasma-CVD (ICP-CVD) from dichlorosilane

and ammonia, although our deposition rates were rela-

tively higher (in the range from 12 to 20 nm/min)
[11,20]. The decrease in the deposition rate as R in-

creases indicates that under the used experimental con-

ditions the growth of these films is limited by the

partial pressure of the Si precursor gas (dichlorosilane),

which decreases with NH3 dilution. The decrease in the

refractive index of the a-SiNx films with NH3 dilution

(Fig. 1(b)) can be associated with an increase in the

incorporation of nitrogen atoms in the silicon nitride
network, which changes the composition of the depos-

ited film from silicon rich to nitrogen rich. As Fig.

1(b) shows, for R = 1 the refractive index value (2.35)

is higher than that corresponding to stoichiometric sili-

con nitride (2.0), indicating a silicon rich film. For

R > 1 the refractive index decreases as R increases, tak-

ing values lower than 2.0, which is indicative of nitrogen

rich films.
Fig. 2 shows IR absorption spectra for films depos-

ited under the different ammonia/dichlorosilane ratios.

The spectra of samples deposited with RP 2.5 show

the principal absorption bands related to Si–N stretch-

ing and breathing vibration modes, which are centered

between 850 and 890 cm�1, and 480 and 500 cm�1,

respectively, and peaks located at 3346 cm�1 and

1170 cm�1, which can be associated to N–H stretching
and bending modes, respectively [19,20,24–28]. The in-

crease in the incorporation of N–H bonds as R increases

is well expected since the concentration of NHx, NH�
x

(x = 1, 2) and related species generated in the plasma,
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Fig. 2. FTIR spectra of process 1 samples deposited with an applied

RF power of 30 W and different NH3/SiH2Cl2 ratios.
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which are available to be incorporated in the films, in-

creases as the NH3 flow rate rises. The IR spectrum of

the film deposited with R = 1 looks quite different to

the spectra of the other samples. In this spectrum, the

absorption peak related to the Si–N stretching mode ap-

pears diminished, and some new dominant features can
be observed at 3160, 3040, 1418, 1053, and 922 cm�1, as

well as other small peaks at 2840 and 2266 cm�1. Addi-

tionally, the absorption peak with the lowest frequency

instead of appearing around 500 cm�1, as in the spectra

of films deposited with R P 2.5, it appears at 421 cm�1.

The peaks at 3160, 3040, and 1418 cm�1 can be related

to Si–NH2 vibrations, meanwhile the peaks at 1053

and 421 cm�1 can be associated to Si–Si vibrational
modes [11,24,27,29]. On the other hand the peak at

2266 cm�1 may be related to vibrations of SiH2 and/or

chlorosilane species such as Cl3Si–H, meanwhile the

peak at 922 cm�1 may also related to SiH2 vibrations

[30]. The peak at 2840 cm�1 could not be identified.

The presence of Si–Si bonds in the film deposited with

R = 1 (30 W), as detected through the corresponding

absorption peaks, suggest a silicon rich composition
for this film, which is consistent with its high refractive

index (2.35). On the other hand, the presence of IR fea-

tures related to species such as NH2, SiH2, Cl3Si–H, in

the spectrum of this film indicates that under these con-

ditions there is no complete decomposition of the

SiH2Cl2 and NH3 precursor molecules. As it will be

shown below, this conclusion is consistent with the re-

sults obtained from the OES experiments. For R = 2.5,
both, the IR spectrum features and refractive index

value (around 1.8) of the film are the closest to those

reported for stoichiometric silicon nitride films. The

lowest concentration of N–H bonds incorporated in

the film was also obtained under this value of R. Based

on these results, the R = 2.5 value was chosen to proceed

with the next set of experiments in order to produce sil-

icon nitride thin films with characteristics as near as pos-
sible to the Si3N4 films, and with a minimal amount of

N–H bonds incorporated.

Fig. 3 shows the influence of the RF power on the

deposition rate and refractive index of films deposited

with R = 2.5. The growth rate increases asymptotically

toward a saturation value when the RF power increases.

This can be explained by assuming that the increase in

the effective power gives rise to a more effective decom-
position of the dichlorosilane molecules, which increases

the density of Si precursors that contribute to film

growth. Based on this assumption, saturation of the

growth rate is well expected at high powers where the

exhaustion of the non-dissociated silicon species start

to occur, and the growth kinetic switches from reactive

species density-limited to surface chemical reactions-

limited.
The increase in the refractive index as the RF power

rises is indicative of silicon enrichment of the films. This
behavior is also associated to the fact that as the RF

power rises, more condensable silicon species (those that

form the solid film) are generated from the decomposi-

tion of the SiH2Cl2 precursor and incorporated in the
film.

In order to have more information on the nature of

the reacting species generated under the different plasma

powers, in situ optical emission spectroscopy was used

to study the plasma. Fig. 4 shows the spectra of films

deposited at 20, 30, 60 and 80 W. As can be seen from

this figure, the emission spectrum for the lowest value

of RF power (20 W) shows predominantly a continuum
band extending from 250 to 425 nm, and other lines in
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the region from 410 to 500 nm. The continuous band

can be identified as the superposition of two well-known

continuums; one due to emission from H2 molecules and

another due to SiCl2 molecules and SiHxCly species

[31,32]. The other intense lines are identified with species

such as SiH (414 nm), Cl (425 nm), Cl2 (450 nm), and
atomic H (434, 486 nm). Lines corresponding to emis-

sion from Si (313 nm), NH (325 and 334 nm) species,

and N2 (358 nm) are also observed in the spectrum ob-

tained at 20 W, but their intensity is very low. The whole

characteristics of this spectrum indicate that at this low

plasma power the decomposition of the SiCl2H2 is pre-

dominantly into SiCl2 and H2 molecules and that the

NH3 molecules are incompletely decomposed too.
Although all these radicals can take part in reactions

that form the film, the low deposition rates obtained

in this case can be explained as a consequence of a

low reactivity of the partially saturated SiCl2 and N2

species, and the low concentration of the more reactive

unsaturated Si and NH species. As the power increases

to 30 W the intensity of the lines related to NH, N2,

and Si, increases, and the intensity of the continuum
band and that of the SiH, H, Cl, and Cl2 lines decreases,

indicating that under these conditions there is a better

decomposition of both, SiCl2H2 and NH3 molecules.

The increase in the intensity of the Si and N2 lines is con-

sistent with the increase in the refractive index as the

power increases. This is because an increase in the Si

radicals concentration implies that more Si atoms are

incorporated in the film, meanwhile the formation of
volatile N2 will inhibit the incorporation of nitrogen in

the film. For plasma powers higher than 30 W, the con-

tinuous band related to H2, SiCl2 and SiHxCly tends to

disappear, and the intensity of most of the other lines,

except that of Si decreases. The behavior of the intensity

of the most important emission lines as a function of

plasma powers up to 80 W, is depicted in Fig. 5. As

can be seen from this figure the intensity of the lines re-
lated to SiH, NH, H and Cl2 decreases as the plasma

power increases from 30 to 80 W. This suggests that at

high powers the formation of H and Cl radicals in high

concentrations favors the mutual elimination of H and

Cl, very probably due to the formation of HCl, and low-

ers the probability of Si–H and N–H bonds formation in

the film, since the nitrogen radicals are energetically fa-

vored to form more stable Si–N bonds.
The FTIR spectra of films deposited at the different

applied RF powers are shown in Fig. 6. A decrease in

the NH bonds concentration is observed as the applied

power rises. This result is consistent with the increase

in the refractive index behavior shown in Fig. 3, if we

realize that less nitrogen and hydrogen incorporated in

the film produces a silicon richer composition, and a less

porous structure. The peak related to the Si–H stretch-
ing mode (2160–2220 cm�1) also decreases as the ap-

plied power increases and for 60 and 80 W it is not
observed, indicating that its concentration is below the

limit of detection (1%) [15]. This result is clarified in

the insert of Fig. 6, where a close-up of the correspond-

ing segment of the spectra is shown.

The fact that most of the hydrogen present in the

SiNxHy films is bonded to nitrogen (instead of silicon)
is a consequence of the near-complete decomposition

of dichlorosilane-based precursors. This assumption is

confirmed by the emission spectra of Fig. 4, where it

can be seen that the SiH related peak (414 nm) vanishes

for high RF power while the emission corresponding to

NH radicals (325 and 330 nm) still appears. Our films

were chlorine-free up to the FTIR detection limit.
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Higher values of the applied RF power were not used,

because it increases the ion flux to the substrate, produc-

ing damage in the films by ion bombardment.

The concentrations Ci of Si–H and N–H bonds in the

films were evaluated by integrating the corresponding

peaks in the FTIR spectra, using the formula

Ci ¼ Ki

Z
aðxÞdx;

where a(x) is the absorption constant as a function of

the wavenumber x for the peak i (Si–H or N–H), and

Ki is an empirical constant [28]. For the peaks in ques-

tion we used the following values KSi–H (2150 cm�1) =

7.1 · 1016 cm�1, KN–H (3350 cm�1) = 8.2 · 1016 cm�1

[28,33]. Fig. 7 shows the plot of the N–H + Si–H bonds
concentration in the films as a function of the applied

power. As can be seen the total concentration of hydro-

gen decreases as the power increases. For high powers

(60 and 80 W) concentration of hydrogen is only due

to N–H bonds and it is below 1 · 1022 cm�3. The inset

of Fig. 7 shows that the decrease in the hydrogen con-

centration as the power increases is accompanied by a

linear decrease in the Si–N stretching frequencies. This
behavior is similar to that found for silicon nitride films

deposited by RPECVD from SiH4/NH3 mixtures

[27,28].

Chemical stability of these films was tested by

immersing them in water for 170 h. After this process

no change was observed in the FTIR spectra, neither

in the refractive index, which allows us to conclude that

all the films under such conditions were chemically sta-
ble. This is an important achievement for applications

of these films in the microelectronics, since one of the
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major problems found in plasma-deposited low temper-

ature silicon nitride films is that they suffer a post depo-

sition oxidation when exposed to the ambient moisture,

which degrade their dielectric properties [24].

The behavior of dielectric breakdown field (EB) of

films deposited with R = 2.5, as a function of the applied
RF power is shown in Fig. 8. In our measurements,

dielectric breakdown is defined to occur when the cur-

rent through the insulator reaches 1 mA, i.e., the current

density rises above 0.3 A/cm2. We observe from the

main plot of Fig. 8 that the dielectric breakdown field in-

creases with the RF power with a certain tendency to

saturation. This trend is supported by the lowering of

the hydrogen containing bonds in the films, in particular
Si–H bonds, which are reported to be the main cause of

electrical integrity loss in metal–insulator–semiconduc-

tor devices. The inset of Fig. 8 shows that for films

deposited at 30 W, EB decreases slightly as R increases

from 2.5 to 10. This is consistent with the absence of

Si–H bonds in the IR spectrum of samples with

R = 5.0 and 10.0, and the increment in the content of

N–H bonds of these samples, compared with the film
deposited with R = 1 (see Fig. 2). The electrical proper-

ties of the film deposited at 30 W and R = 1, were not

analyzed because its bonding configuration does not

even meet those of a silicon nitride film (see Fig. 2).

The electrical (DC) conductivity, defined in terms of

the value of the current density at a field strength of

1 MV/cm, was about 5 · 1014 X cm for most of our

films. This value agrees well with many reports for
PECVD silicon nitride films available in the literature

for the a-SiNx used in TFT structures films [20,34,35].
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4. Conclusions

Silicon nitride films with a low hydrogen content have

been deposited at low temperature (250 �C) by the con-

ventional parallel-plate PECVD method from SiH2Cl2/

NH3/Ar mixtures. We have found that for depositions
at constant power (30 W) the concentration of N–H

bonds decreases as the R = NH3/SiCl2H2 flow rates ratio

decreases from 10 to 2.5, although some Si–H bonds re-

main incorporated in the film under this conditions. The

decrease of R in this range produces a slight increase in

both, the refractive index (from 1.726 to 1.82) and depo-

sition rate (12–16.5 nm/min) of the films. However, fur-

ther decrease in this ratio (until 1.0), increases drastically
the N–H bonds concentration and the refractive index,

and also rises the deposition rate.

For films deposited with R = 2.5, according to the

FTIR measurements, the Si–H and N–H bonds concen-

trations decrease as the RF power increases, and the Si–

H bonds tends to disappear at RF power values above

60 W. This hydrogen content reduction is accompanied

by increments in the deposition rate and refractive
index. No evidence of chlorine was found in the films,

in the whole range of the experimental parameters used.

In general, these silicon nitride films show high values of

dielectric breakdown field (5–9 MV/cm) similar to that

of stoichiometric Si3N4 nitrides and low values of con-

ductivity (<5 · 10�13 (X cm)�1). All the films were

chemically stable after being immersed in water during

170 h.
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