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Abstract

Influence of the deposition parameters and the substrate bias voltage on the optical, compositional and the surface properties of DC
magnetron-sputtered silicon nitride thin films are studied. Silicon nitride thin films are deposited on silicon (100) and quartz substrates at
different partial pressures of nitrogen and discharge currents. The variation in the refractive index and the optical band gap of these films
is studied. Compositional variation has been studied using Rutherford backscattering spectroscopy (RBS). Silicon nitride thin films
deposited at 3x 1072 Pa partial pressure of nitrogen with 2.5 mA/cm? cathode current density showed an optical band gap of 4.3 eV and
refractive index of 2.04 (at 650 nm). Nitrogen to silicon ratio in the film is 1.31, and the roughness of the films is 2.3 nm. Substrate bias
during deposition helped in changing the optical properties of the films. Substrate bias of —60 V resulted in films having near
stoichiometry with N/Si ratio 1.32, and the optical band gap, refractive index, and the roughness are 4.8 eV, 1.92 and 0.78 nm,

respectively.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Silicon nitride is an important material in the
fabrication of the microelectronic devices [1]. Its proper-
ties, like high thermal stability, chemical inertness, hard-
ness, and good dielectric behavior, make it more
attractive and most commonly used material [2]. Trans-
parency of silicon nitride over a wide spectral range from
near-ultraviolet (UV) to infrared (IR) region along with
the passivating property makes it suitable for many
optical applications [3]. Conventionally, silicon nitride
thin films are deposited at high substrate temperatures
(700-900 °C) by chemical vapor deposition (CVD) [4].
In most of the abovementioned applications, a low-
temperature deposition is preferred. However, films
deposited with the low-temperature CVD technique show
hydrogen entrapment, which deteriorates the properties of
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the silicon nitride thin films [5]. Several low-temperature
techniques, like plasma-enhanced CVD and reactive
sputtering, etc., have been adopted to deposit silicon
nitride thin films.

Reactive sputtering at low temperature has been found
to be the best alternative, which can result in films with
minimum hydrogen content [6]. In sputter deposition,
additional ion assistance during the film growth helps in
improving the properties of the growing film. Ion
assistance can be accomplished either by using a separate
ion source (ion-beam-assisted deposition) or by biasing
the substrate during deposition (bias sputtering).

In the present study, we investigated the effect of the
substrate bias and the influence of the partial pressure of
nitrogen gas, together with cathode current density on the
optical, surface, and compositional properties of silicon
nitride thin films prepared by DC-reactive magnetron
sputtering. We correlate the composition and microstruc-
ture of the deposited films to the observed changes in the
properties of the films, which are due to substrate bias
effects.
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2. Experiment section

We used a homemade magnetron-sputtering system for
this study. A planar silicon disk (99.99% pure and 100
mm diameter) is mechanically clamped to the magnetron
sputtering cathode assembly. The ultimate pressure
obtained in the sputtering chamber is 10> Pa using a
combination of diffusion and rotary pump. Sputtering was
done in Art+N, mixed gas, and the total pressure during
the sputtering was maintained at 10" Pa. The partial
pressures of the two gases are controlled individually. The
distance between the substrate and the target is maintained
at 100 mm. Polished Si (100) (p-type, 10 Qcm resistivity)
was used as the substrate, which was maintained at the
ambient temperature without any deliberate heating. For
the optical studies, films were deposited on quartz
substrates. The deposition was carried out at different
partial pressures (2><1072, 3x1072, and 4x10°2 Pa,) of
nitrogen while maintaining the total pressure at 10~' Pa
and at different cathode current density of 1.9, 2.5, and
3.10 mA/cm®. A bias potential was applied to the
substrate and varied in steps of 20 V from 0 to —120
V for the films deposited at 3x 102 Pa partial pressure of
nitrogen and with the cathode current density of 2.5 mA/
cm?®. Optical characterization of the silicon nitride films
was carried out using Fourier transform infrared (FTIR)
spectroscopy (Perkin-Elmer) with 2 em™' resolution and
UV-VIS spectroscopy (Hitachi 330A). Compositional
analysis of the films was carried out using Rutherford
backscattering spectroscopy (RBS), using 2 MeV, He" ion
beam. Spectra were analyzed using GISA simulation code
[7]. Surface roughness of the films was measured using
atomic force microscopy (AFM). Thickness of the silicon
nitride films used in this studies varied from 270 to 300
nm (measured using the stylus profiler).

3. Results and discussion
3.1. Spectral studies

FTIR spectra have been used as the basic tool for
identifying silicon nitride formation in the films deposited
under different conditions. All the spectra recorded have
been corrected for the absorption due to substrate. Fig. 1
shows the FTIR spectra of the silicon nitride films
deposited at a cathode current density of 2.5 mA/cm?
with nitrogen partial pressure of 2x1072 3x1072, and
4x1072 Pa. These spectra show a small absorption band
around 3340 cm ™', which corresponds to hydrogen
bonding groups. As no hydrogen-based gas has been used
in the process, this band could be due to the water vapor
absorption in the silicon nitride films after the deposition
[8]. Fig. 2 shows the FTIR spectra of silicon nitride thin
film deposited at 3x10~* Pa partial pressure of nitrogen
and cathode current density of 2.5 mA/ecm?® at different
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Fig. 1. FTIR spectra of the silicon nitride film deposited at different
nitrogen partial pressures (a) 2x1072, (b) 3x1072, and (c) 4x1072 Pa.

substrate bias voltages. In the case of ion-assisted
deposition, it has been generally observed that the packing
density will be high, and hence the water vapor absorption
would be less. It can be observed from Fig. 2 that, with the
increase in the bias voltage, there is no absorption band at
3340 cm~'. It can also be observed that only the films
deposited at higher negative bias voltage (above —40 V )
show absorption band at 2190 cm™', which is due to Si—
N, stretching band [9]. All the films showed an absorption
band in the range 840-870 cm ', which corresponds to the
stretching vibration mode of the Si-N bond. In Fig. 2, it
can be noticed that, with increase in the substrate bias
voltage, the absorption band of Si—N shifts towards the
higher energy value. This shift could be due to the
increased nitrogen incorporation in the film.

Optical band gap of the silicon nitride films has been
calculated from the optical spectra using the Tauc’s relation
[10].

(othv)l/2 =A(hv — Ey),

where o is the absorption coefficient, 4 is a constant, hv is
the photon energy, and £, is the band gap. Optical band gap
value for the films deposited at various conditions is shown
in Table 1. It can be seen from Table 1 that, at lower cathode
current density, lower optical band gap value of 2.5 eV is
obtained. With increase in the partial pressure of nitrogen
and cathode current density, optical band gap value
increased up to 4.5 eV. Variation in the band gap as the
function of the substrate bias voltage for the films deposited
at the cathode current density of 2.5 mA/cm? and 3x 10>
Pa partial pressure of nitrogen is shown in Fig. 3. When the
substrate bias voltage is increased, it is observed that the
optical band gap value increases gradually from 4.3 eV and
attains a constant value around 4.8 eV at the bias voltage of
—60 V, which is much closer to the optical band gap of the
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