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Ion-assisted deposition~IAD ! is one of the most widely used techniques for the deposition of thin
films. Electron cyclotron resonance~ECR! ion sources are ideal for ion-assisted deposition due to
high ionization efficiency even at low pressures. Silicon nitride films have been deposited by rf
reactive sputtering with ion assistance from an ECR plasma. The ECR power was varied from 0 to
250 W. The effect of ECR plasma on the growth of silicon nitride films has been shown to be
systematic and is characterized by using Fourier-transform infrared spectroscopy and atomic force
microscopy. The surface roughness for the films deposited without ECR plasma was about 2 nm and
decreased to about 0.7 nm for those deposited with 250 W of ECR power. The optical band gap
changed from 2.2 to 4.9 eV as the ECR power was increased, indicating higher reactivity in the
presence of ECR plasma. Good quality silicon nitride films with a band gap of 4.9 eV, a refractive
index of 1.92, and an extinction coefficient of 431024 have been obtained with an ECR power of
100 W ~corresponding ion density of 1.531010cm23! and the surface roughness was less than 0.7
nm. The compositional analysis carried out using Auger electron spectroscopy showed a Si/N ratio
of 0.73 for the films deposited under optimum deposition conditions.
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I. INTRODUCTION

Silicon nitride (Si3N4) films are widely used in the fabri
cation of microelectronic devices due to their superior pr
erties such as high thermal stability, chemical inertne
hardness, and good dielectric behavior.1–3 Presence of hy-
drogen in the silicon nitride films has been shown to
detrimental to the performance of the devices. Hydrogen
be present in the form of Si–H and N–H bonded groups
acts as deep traps or recombination centers. Convention
silicon nitride films were deposited using a wide range
chemical vapor deposition~CVD! processes that use precu
sors such as silane, ammonia, etc.4–7 Even though CVD is
widely used for the deposition of Si3N4 films, the main dis-
advantages of this technique are the incorporation of hyd
gen in the films and high substrate temperature. The
trapped hydrogen in the films can deteriorate the proper
of Si3N4 and the high substrate temperature is not gener
desired in microelectronic applications. Reactive sputter
at low substrate temperature can provide Si3N4 films with
extremely low hydrogen content.8,9 Added to that the prop-
erties of the films can be tailored with ion assistance. But
main problem encountered in ion-assisted deposition
Si3N4 films is that the ion bombardment during the fil
growth induces lot of defects in the film which in turn d
grade the electrical properties.10 These defects are due to th
higher energy and flux of the ions bombarding the grow
film. Thus a flexibility in controlling the flux and energy o
the ions will facilitate in the growth of thin films of desire
properties. In this respect electron cyclotron resona
~ECR! plasma, which is commonly used for plasm
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enhanced chemical vapor deposition~PECVD! provides an
excellent choice. The low energy high density plasma, wh
is produced by an ECR ion source can be used for the
assisted deposition of thin films. The high reactivity of t
gas species and low pressure operation is an added ad
tage. To the best of our knowledge there are not many
ports on the successful use of ion bombardment to dep
good quality Si3N4 films. We have been able to deposit st
ichiometric silicon nitride films using ECR plasma assist
sputter deposition.13 This article deals with the effect of ECR
ion assistance on the structure and morphology of Si3N4

films.

II. EXPERIMENT

In the present study we have used an ECR plasma ass
sputter deposition system developed in our laboratory. T
details of the ECR system and the plasma diagnostics h
been discussed in our earlier publication11 and Fig. 1 shows
the salient features of the system. Microwaves from a m
netron source~2 kW! are transmitted into the source chamb
through a quartz window. The magnetic mirror is provid
by the two electromagnetic coils surrounding the sou
chamber. High-purity argon ~99.999%! and nitrogen
~99.99%! are introduced into the source chamber throu
mass flow controllers. The plasma generated in the sou
chamber diverges along the magnetic field lines, through
aperture of 100 mm diam. A magnetron sputter cathode
fixed with a 100 mm diam silicon target and powered with
Single-crystal Si~100! and polished silica substrates ha
been mounted at a distance of 100 mm orthagonally from
target on a heated platform kept at 350 °C. This arrangem
facilitates direct bombardment of ECR plasma on the gro
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ing film. Silicon nitride films 250 nm thick have been depo
ited and characterized using Fourier-transform infra
~FTIR! spectroscopy and atomic force microscopy~AFM!.
Compositional analysis has been carried out using Au
electron spectroscopy~AES! and Rutherford backscatterin
~RBS!. The fundamental band gap is calculated using
transmittance data in the UV-VIS spectral region. All t
films have been deposited with an rf power of 220 W, nit
gen partial pressure of 2.531024 mbar, and a total pressur
of 1.531023 mbar. Films have been prepared without EC
plasma and also with the ECR power varying from 50 to 2
W, corresponding to an ion density on the substrate of
31010 to 2.431010cm23. This corresponds to the low den
sity ECR plasma regime.12

III. RESULTS AND DISCUSSION

A. Compositional analysis

The compositional analysis using AES and RBS agr
well within experimental error. Table I shows the results
compositional analysis of the films prepared at different E
powers. The films prepared at different ECR powers
identified as sample 1, sample 2, etc. for convenience
further discussion. As seen from the table, the films prepa
with zero ECR power are silicon rich. The amount of nitr

FIG. 1. Schematic of the ECR plasma assisted sputtering system.
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gen in the sample increases as the ECR power is increa
This increase in nitrogen content in the film is due to t
higher reactivity of ECR plasma. At 100 W the ratio of Si/
is about 0.73 as seen from the compositional analysis, wh
corresponds to nearly stoichiometric Si3N4. Films deposited
with higher ECR power also showed an increase in silic
content, which can be attributed to the resputtering of nit
gen due to the bombardment of higher ion flux. Though
films deposited without ECR assistance and with high-pow
ECR plasma are silicon rich, the nature of the chemi
bonding in these films is different. X-ray photoemissio
spectroscopy~XPS! studies carried out on the sample
showed this difference. Figure 2 shows the XPS spectra
samples 1, 3, and 5 corresponding to the Si 2p core level.
The Si 2p core level for sample 1 is at 101.6 eV and f
samples 3 and 5 is at 102.2 eV, which corresponds to Si3N4.
The shift of 0.6 eV indicates a lesser number of Si–
bonds13 in sample 1 compared to samples 3 and 5. It me
that the chemical environment of silicon in sample 1 diffe
from that in samples 3 and 5. The compositional analy
clearly shows that for a given set of deposition conditio
such as sputtering pressure, target–substrate distance
substrate temperature the film composition depends on
ion flux.

B. Spectral studies

The FTIR spectra~in the range of 400–4000 cm21! of the
silicon nitride films deposited at different ECR powers a
shown in Fig. 3. All the spectra are corrected for substr

TABLE I. Composition of silicon nitride films prepared at different EC
powers.

Sample No. ECR power~W! Compostion~Si/N!

1 0 1.00
2 50 0.82
3 100 0.73
4 200 0.68
5 250 0.85

FIG. 2. XPS spectra of the sample prepared at 0, 100, and 250 W.
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on
absorption. The spectra for the films deposited without E
assistance and with low ECR power~50 W! show a small
broad absorption band at 3340 cm21. This band is associate
with hydrogen bonding groups. The origin of this bondi
was normally attributed to the precursors used in the proc
or due to water vapor absorption by the silicon nitride film
after deposition. Generally films deposited with ion ass
tance would have more packing density and hence the w
vapor absorption would be minimal. This is the reason
the absence of this band for the films deposited at hig
ECR powers. Another feature of the spectra is the prese
of a weak broad absorption band around 2190 cm21. This is
due to a Si–N2 stretching band.14 All the films showed an
absorption peak in the range of 847–865 cm21. This band
corresponds to the stretching vibration mode of the Si
bond.15 Another less prominent band is the one at 480 cm21

which is due to the breathing mode of the Si–N bond16

However, one noticeable feature of these spectra is the
sistent shift in the absorption peak to higher wave num
with increasing ECR power, showing improved incorpo
tion of nitrogen in the films.

The fundamental band gap of these films has been ca
lated from the optical spectra using Tauc’s relation,17

~ahn!1/25A~hn2Eg!,

wherea is the absorption coefficient,A is a constant,hn is
the photon energy, andEg is the band gap. The extrapolatio
of the linear portion of the plot of (ahn)1/2 and photon en-
ergy hn gives the value of the band gap. The band-gap v
ues have been shown as a function of ECR power in Fig
The films deposited without ECR plasma showed a low
band gap of 2.17 eV which indicates nitrogen deficiency

FIG. 3. FTIR spectra of silicon nitride films deposited at different EC
powers.
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the films. With increase in the ECR power the nitrogen co
tent in the films increases due to higher reactivity and
shown clearly by an increase in the band gap, which rise
about 4.9 eV at a microwave power of 100 W. This is
conformity with the band gap of bulk silicon nitride, which
about 5 eV. Further increase in the ECR power show
slight reduction in the band gap and reaches a value of
eV for an ECR power of 250 W. The optical transmittance
the films deposited with ECR assistance was good in
visible region reaching a maximum of 0.925 which is clo
to that of the fused silica substrate used. This is one of
important requirements of the silicon nitride films for ma
applications in lithography. The spectral response showe
gradual shift with the increase in the incident ECR pow
The decrease in the fundamental band gap and the shift in
infrared absorption peak beyond 100 W of ECR power co
be due to an increase in short range disorder by displacem
damage. Kim and Chung3 also observed similar trends du
ing bias sputtering of silicon nitride films and they conclud
that the enhanced ion bombardment leads to an increas
structural disorder in the silicon nitride films, thereby cau
ing the optical band gap to decrease.

Using the envelope technique, the refractive index~at a
wavelength of 650 nm! of the films was calculated.18 The
variation in the refractive index~Fig. 4! with microwave
power is in accordance with the compositional analysis. T
refractive index of the films deposited without ECR power
2.2 and that for the sample prepared with 100 W ECR pow
is 1.92. The higher value of refractive index in the form
case can be attributed to the excess amount of Si prese
this sample~refractive index for bulk polished silicon is 4.0
and for silicon nitride is 2.02!. For sample 3 the refractive
index is 1.92 and is in agreement with the reported data. K
and Chung3 have reported a refractive index between 1.9 a
2 for the silicon nitride films deposited by reactive bias sp
tering.

C. Surface morphology

Ion bombardment on a growing film is known to induc
morphological changes. To understand the surface topo
phy of the films, AFM studies were carried out. Figur

FIG. 4. Variation of fundamental band gap and refractive index in the silic
nitride films deposited at different ECR powers.



he
10
re
t

sur-
-

ne
res

of
ures

er
of

the
om
re
os-
d to
R
d-

ing.
rasti-
ing,
ility

the
es.
red

rgy
can
e
he

ing
to-
d-
gh-

e

5~a!–5~c! show the three-dimensional AFM images of t
films deposited without ECR plasma assistance and with
and 250 W of ECR power, respectively. The sampling a
was 131 mm2 and about ten areas have been scanned on
surface to check the consistency of the images.

FIG. 5. Atomic force micrographs showing morphology of silicon nitrid
films deposited at different ECR powers;~a! without ECR,~b! 100 W, and
~c! 250 W.
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The films deposited without ECR assistance showed
face morphology with periodic projections exhibiting colum
nar growth of the films. According to the structure zo
model this is characteristic of films grown at low pressu
by sputtering. However, the films grown in the presence
ECR plasma show a remarkable reduction in these feat
and the films show a smooth morphology at an ECR pow
of 250 W. This could be the zone T-like structure, devoid
any voids and inclusions due to enhanced mobility of
adatoms which can be attributed to ion bombardment fr
the ECR plasma.19,20 The roughness data of the films a
shown in Fig. 6. The surface roughness for the films dep
ited without ECR plasma was about 2 nm and decrease
about 0.7 nm for those films deposited with 250 W of EC
power. This is consistent with the molecular dynamics mo
els developed by Muller21 for ion-assisted growth of thin
films. Kim and Chung3 reported similar behavior for silicon
nitride films prepared by reactive bias magnetron sputter
They observed that the surface roughness decreased d
cally with increase in substrate bias. In general, resputter
increased nucleation density, and increased adatom mob
under ion bombardment plays a major role in disrupting
columnar microstructure and this results in smooth surfac
Similar results have been reported earlier in bias sputte
metal films.22

IV. CONCLUSIONS

It was shown that the use of high-density and low-ene
ECR plasma for ion-assisted growth in sputter deposition
be a useful tool in the growth of good-quality silicon nitrid
films with high optical transmittance and band gap. T
variation of ion density from 1.231010 to 2.431010cm23

has been shown to have a significant effect on the grow
films. Samples prepared at 100 W of ECR power were s
ichiometric in nature, as confirmed by XPS and FTIR stu
ies. Surface morphology studies showed that surface rou
ness decreases with ECR assistance.

FIG. 6. Variation of the surface roughness with ECR power.
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