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Abstract: This work reports the preparation of thin films of amorphous tin nitride (a-Sn:N) by a
novel implementation of simultaneous ion beam assisted deposition (IBAD) and reactive DC
magnetron sputtering of a metal tin target in pure nitrogen plasma. The work also reports the
optical characterization and determination of the optical constants of a-Sn: N thin film material.
The refractive index n varies only slightly over the spectral range of 400-900 nm while the
extinction coefficient k displays a gradual but significant increase starting at ~470nm. We have
estimated the optical energy gap, Ey, to be 2.32 £ 0.047¢V deduced from the transmittance
measurements. Other important optical characteristics, such as the high frequency dielectric
constant &, the average oscillator’s wavelength A,, the average oscillator strength S,, tangent
loss (tan 9) and the optical conductivity o, are also determined. Determination and interpretation
of some of the optical properties are based on the single oscillator model proposed by Wemple
and DiDominico.
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Introduction

Crystalline Tin (IV) Nitride of the form
Sn3Ny4, non-stoichiometric SnN, and SnyN, in
thin film forms have attracted the attention of
a considerable number of researchers
because of the potential applications of this
material and their semi-conducting electro-
chromic properties. These include optical
storage devices, write-once optical recording
media, applications in  microelectronic
devices, as materials for optical switching
devices for solar energy purposes, and
optical recording media. Sn3N, is also one of
the Nitrides of the fourth group of the
periodic table, which received much interest
after the findings of the significant physical
characteristics and the chemical properties
[1-6].

Preparation methods of the various
forms, powder and thin films, of tin nitrides
varied from chemical procedures [7-9] to
physical methods including reactive
sputtering [2, 3, 10-14], reactive ion plating

[15], chemical vapor deposition [16] and
plasma enhanced CVD [17].

Structural, optical, and electronic
properties of almost any material,
particularly thin films, depend essentially on
the preparation technique. This is also true
for the various forms of tin nitrides.

Most of the research works in the
published literature have concentrated
mainly on the crystalline forms of tin nitride
produced by different methods [1-17].

In a review of the group (IV) nitrides,
Kroke and Schwarz [18] mentioned that very
few reports on tin nitride phases appeared in
the literature. The electrical and optical
characteristics of non-stoichiometric (SnNx)
crystalline tin nitride films have been
examined for solar energy purposes [5, 19].
Maruyama and Morishita [12] reported a
band gap of 1.5 eV for the crystalline SnNx.
Recent theoretical calculations [20] predict
that y-SnzN4, in the spinel structure, is a
semiconductor with a direct band gap of
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1.40 eV and an attractive small electron
effective mass of 0.17 m,.

Only a very limited number of research
papers reported specifically on the
amorphous tin nitride [21-23]. However, a
thorough investigation of the optical
characteristics, namely the refractive index,
the absorption coefficient, dielectric constant
and the optical energy gap of this interesting
material in particular is not available.

We have prepared and studied the
optical properties of amorphous tin nitride as
a part of an ongoing research in the area of
amorphous metal nitrides [24], and because
of the need to explore the properties of
alternative optical materials with potential
applications. Our contribution to studying
this type of film material takes a different
approach in the deposition method, the
structure form, and the method of
determining the optical characteristics. Here
we combine the ion beam assisted
deposition (IBAD) and reactive DC
magnetron sputtering for the deposition of
the films. This novel approach [24] to
preparation of thin films has produced
amorphous tin nitride films that are
compatible with the crystalline tin nitride
flms in some aspects of the optical
characteristics and stability at room
temperature conditions.

The optical constants, n, and k, of thin
films are fundamental parameters both from
theoretical and practical points of view.
These provide essential information on the
optical energy gap for semiconductors and
insulators. Furthermore, the refractive index
is necessary for the design and modeling of
optical components and optical coatings
[25].

In this work, we place a particular
emphasis on the optical properties of the
amorphous a-Sn: N films in comparison with
the crystalline SnzN4. For calculating the
optical constants and thicknesses of a-Sn:N
thin films from transmittance measurements,
we have applied the PUMA method and
software [26], which has proved suitable for
the purpose of retrieving the optical
constants from transmittance measurements
only [25].

Experimental
Conditions

Details and Preparation

The tin nitride films were deposited onto
glass and silicon substrates in an Edwards
E306 coating system fitted with an Edwards
sputtering accessory (75 mm Magnetron
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Cathode E093-01-000). An End-Hall ion
beam source [27] was specifically designed,
built, and retrofitted to the vacuum chamber
(in house) in such a way that the ions
produced would impinge onto the films
during deposition process. A novel substrate
holder (Hexa-holder) capable of loading six
substrates  simultaneously was  also
designed and constructed (in  house)
specifically for this work. The holder rotates
at controlled speeds in a fashion such that
the substrates always face the sputtering
target one at a time during deposition. lons
from the ion beam source bombarded the
substrate during deposition. In this way low
energy ions (<100eV) would impart enough
energy during the film deposition which
would enhance the quality of the deposited
films. This also improved the adhesion of the
film to the substrate.

The substrates were thoroughly cleaned
by first washing in a detergent (Decon5) and
de-ionized water followed by rinsing in
alcohol. All cleaning steps were carried out
in an ultrasonic bath. To insure maximum
cleaning and to remove oxides and
contamination, both  substrates and
sputtering target were further bombarded
with argon ions from the ion beam source for
several minutes prior to deposition.

A 1kW DC power supply (MDX 1K
Magnetron Drive from Advanced Energy,
USA) delivered the DC power to the water-
cooled tin target. An independent power
supply (HP 6521A) and a low-tension
transformer provided the necessary power to
the ion source during deposition.

The spacing between the target and
substrate was always maintained at 5cm.
Reactive sputtering was carried out at room
temperature in a glass bell jar vacuum
chamber. The chamber was backfilled with
pure nitrogen and maintained at a pressure
of ~100 mbar during deposition. The power
applied to the tin target was 100W dc. The
vacuum chamber was always pumped down
to better than 10° mbar and flushed with
nitrogen to remove any residual oxygen prior
to deposition.

As a routine procedure, we have
performed the following characterization
experiments on the as-deposited films.

X-ray Diffraction (XRD)

To establish the structure of the films
whether crystalline or amorphous; X-ray
diffraction (XRD) measurements were
carried out using a computer controlled
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Phillips PW1710 Diffractometer equipped
with copper tube, for CuKa radiation, and a
theta compensatory slit assembly. The
diffractometer was operated under the
following experimental conditions: a voltage
of 35 kV, beam current of 40mA, step size of
0.02 26, counting time of 0.01sec/step, Tmm
receiving slit and a scanning range of 5-100°
20.

Transmittance Measurements

Transmittance (%T) of the as deposited
tin nitride films was measured in a UV-
Visible double-beam spectrophotometer
over a spectral range of 400-900nm. The
transmittances of the films were recorded
with a blank substrate placed in the
reference beam path.

Experimental Results and Discussion

Fig.1 shows a representative X-ray
diffraction spectrum of the Tin Nitride (SnNXx)
films on glass substrates. The Tin Nitride
films prepared here clearly do not display
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any well-defined peaks, which are typical of
crystalline structures. It is clear from the
figure that the ion beam assisted DC
magnetron reactive sputtering has produced
amorphous films. Quantitative estimate of
the composition from the data is not a
straightforward conclusion. Therefore, the
exact atomic ratio of the sputtered SnNx is
unknown. However, since the films were
prepared by sputtering from a pure tin target
in pure nitrogen plasma, and all samples
were non-metallic, as was deduced from the
optical transmittance, it was clear that a
reaction occurred and some sort of SnNx
was present in the films. Nevertheless,
Energy Dispersive X-ray analysis (EDX), a
well known technique used for identifying
the elemental composition of an area of the
flm and an integrated feature of the
scanning electron microscope (SEM),
revealed that x~3 in some of the films.
Maruymama et al. [12] produced amorphous
SnNx films at comparable conditions, except
for the use of IBAD.

N B D

o o o

o o o
! ! !

Intensity, (counts)

0 I T

S) 25 45

65 85 105

Two Theta, degrees

Fig. 1: A typical XRD pattern (Smoothed) of the a-Sn: N thin films on a glass substrate. The broad peak
is due to the glass substrate.

Fig.2 shows transmittance spectra over a
wavelength range of 400-900 nm for a
representative set of films deposited at
similar preparation conditions of nitrogen
pressure (~100mbar) and dc power (~100W)
over various time durations. The tin nitride
films show almost invariably low optical
transmittance over the visible range but

higher transmittance over the near infrared
range. The spectra exhibit a behavior typical
of the amorphous thin films where a broad
absorption is evident compared to sharp
absorption that usually characterizes
crystalline materials. The films have a clear
yellow to brown coloring depending on the
thickness of films.
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Fig. 2: Transmittances (%T) of a number of a-Sn: N thin films of different thicknesses (263- 484 nm)
over the spectral range of interest (400-900 nm).

The Optical Constants: the Refractive
Index n and Extinction Coefficient k

Determination of the real part, n, and the
imaginary part, k of the complex refractive
index is a challenging task when it comes to
studying the optical properties of materials.
The procedure involves complex equations
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and extensive computing. A number of
approaches and different methods exist for
determining the optical constants [28-36].

The easiest are those, which depend on
single transmittance measurement [25]. The
refractive index n and the extinction
coefficient k as well as the thickness d of the
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amorphous tin nitride films studied here
were determined from the transmittance
data only using Point-wise Unconstrained
Minimization Approach for the estimation of
the thickness d and optical constants n and
k of thin films (PUMA) approach and
software [26]. It is a procedure and software

T =[AX / (B—Cx+Dx%)]

where:

A=16n,(n*+k?)

described by Birgin et al [26]. This method
implements the complex optical equations
derived and formulated by Heavens [29] and
Swanepool [31, 32]. The transmission T of a
thin absorbing film deposited on a thick
transparent substrate is given by:

(1)

B =[(n+1)> +k*[(n+1)(n+n2)+k*]

C =[(n* =1+k*)(n* —n? +k*)—2k*(n +1)]2cos @
—K[2(n* —nZ +Kk*)+(n2 +1)(n* —1+k?*)]2sin @

D =[(n-1)* +Kk*][(n=1)(n=n)+k"]

p=4md/ A
X = exp(—ad)
And a = 47K/ A

Where ng is the refractive index of the
substrate, n and k are the real and imaginary
parts of the refractive index of the film
respectively, d is the film thickness, A is the
wavelength of the incident light and a is the
absorption coefficient of the film.

The substrate is sufficiently thick such
that the additional interference effects
resulting from the multiple reflections in the
substrate are eliminated because they are
incoherent.

In PUMA, the experimental transmittance
obtained for the film is compared with a
theoretical value. The difference between
the two values is minimized until a best
solution is reached for the refractive index n,
the extinction coefficient k and the film
thickness d. Thicknesses of the films

determined from PUMA calculations and
based on the transmittances of the films
ranged from 263 to 484 nm. Poelman et al
[25] have reviewed and tested his method
independently and shown it to produce
excellent estimates of optical parameters of
thin films.

Fig.3 shows average values of the
refractive index n and the extinction
coefficient k as a function of photon energy
over the spectral range 400-900nm. The
figure clearly shows that the refractive index
exhibits only very slight increase over the
spectral range. The extinction coefficient k
displays a knee above 2.3eV (below
540nm). We attribute this change to higher
dispersion and strong absorption of the tin
nitride films at that wavelength.
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Fig. 3: Plots of n and k, the real refractive index and the extinction coefficient respectively, versus
photon energy of the spectral range of interest (400-900 nm) for the a-Sn: N thin films.

A plot, Fig.4, of a typical absorption
coefficient a of the tin nitride over the same
spectral range clearly shows this inflection in
the absorption. Nevertheless, it is not sharp

enough to resemble the sharp absorption of
a crystalline material but consistent with
amorphous thin film materials.
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Fig. 4: A typical plot of the absorption coefficient, a, as a function of the photon energy of the spectral
range of interest (400-900 nm).

In order to establish the optical
transitions involved in the films, a plot of log
(ahv) against log (1/A) should vyield one
straight line for a single optical transition.
However if the plot should produce more
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than one line then this would indicate
multiple transitions [37].
Fig.5 shows such a plot, where it

produced a single line, clearly indicating a
single optical transition. We will show below
that this is consistent with indirect transition.
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Fig. 5: A plot of log (ahv) versus log (1/A) shows a single line indicating a single optical transition.

The Optical Energy Gap E,:

The optical energy gap E,y is another
important  quantity that characterizes
semiconductors and dielectric materials
since it has a paramount importance in the
design and modeling of such materials [25].
For the amorphous tin nitride films studied
here, the optical energy gap was deduced
from the intercept of the extrapolated linear
part of the plot of (ahv) ¥ 2 versus the photon
energy hv as abscissa. This followed from
the method of Tauc et al [38] where

(Othv)l/2 = constant(hv — E ;) (2)
Fig.6 displays plots of (ahv)"? versus
photon energy hv for a number of

representative a-Sn: N films. The plot is a
straight line as a best fit of the Tauc’s
relation above which suggests an indirect
optical transition. An average value of
optical energy gap E, of 2.320 + 0.047eV is
calculated from the intercepts of the
extrapolated lines with photon energy axis
for the amorphous tin nitride films. The
results of Fig.5 support a single optical

indirect transition. The value of the optical
energy gap for the amorphous films is
greater than the optical energy gap of 1.5 eV
reported for the crystalline tin nitride SnzN4
thin films prepared by radio frequency
reactive sputtering [2, 3]. A recent ab initio
calculation of the electronic structure and
spectroscopic properties of spinel y -SnzNy
report that this is a semiconductor with a
direct band gap of 1.40 eV [20].

The higher optical energy gap estimated
in this work for a-Sn: N is consistent with the
nature of the amorphous materials
characterized by the absence of long-range
order, high resistivity, and presence of
defects. We believe that the bombardment
of the films with low energy nitrogen ions
from the ion source during deposition has
contributed to the formation of the
amorphous structure in addition to improving
the quality, stability at laboratory conditions,
and homogeneity of the amorphous films.
Zeng et al [39] reported ion beam induced
growth of amorphous alloy films of Co-Nb
system by ion beam assisted deposition.
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Fig. 6: Plots of (ahv)"? versus photon energy, hv, for a-Si:N illustrating the intercepts of the extrapolated
linear part with the photon energy axis. An average estimate for the optical gap is Eopt = 2.320 +
0.047eV for a number of films.

The above result of the optical energy A plot of hv(g,)"? versus photon energy
gap may be further confirmed based on the exhibits a linear relation. This gives the
following relation [40-43]. optical gap when extrapolated to the energy

- ) axis. Fig.7 shows such a plot where the
h'v'e, ~ (hv —-E ) 3) extrapolated linear part yields an optical

) ) ) energy gap of 228 eV in excellent
where g, (= 2nk) is the imaginary part of the  agreement with the value 2.320 + 0.047eV

dielectric constant. obtained from the plot in Fig.6.
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Fig. 7: A plot of hv(e,)"? versus photon energy, hv, for a-Sn: N illustrates the intercepts of the
extrapolated linear part with the photon energy axis. An estimate of optical gap is Eqpt = 2.28 eV.

Analysis of Dispersion of Films and DiDominico [41, 42]. In this model, the
following relation expresses the energy

Dispersion, the frequency dependence or o hqence of the refractive index, n as:

energy dependence of the refractive index,
can be analyzed based on the concept of a n=1+ E.E E? _E?
single oscillator model proposed by Wemple aBo/ ( ° )

(4)
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where E (=hv), E, and E4 are the photon
energy, the oscillator energy and the
dispersion  energy respectively. The
parameter E4 is a measure of the intensity of
the interband optical transition. It is
independent of the optical band gap [44].
Fig.8 illustrates a plot of the dispersion
relation (4) where (n*1)" is plotted versus
E? for the a-Sn: N films. Extrapolation of the
lower energy part of the spectral range

where the films are more transparent
displays a linear trend as shown in Fig.8.
Dispersion energy E4 and oscillator energy
E, are estimated from the slope of -0.0077
and the intercept of 0.273 of the
extrapolated linear part. We find these
estimates from the equation of the best
linear fit to be Ey = 21.81eV and E,= 5.95
eV. In addition, we find an estimate for the
optical dielectric constant €., = n..” = 4.664.
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Fig. 8: A plot of the dispersion relation (4) where (n2-1)'1 is plotted versus E?= (hv)zfor the a-Sn: N
films.

The refractive index n, the wavelength A
and the lattice dielectric constant ¢ are
related through the relation (5), which takes
into consideration the contribution of the free
carriers and the lattice vibration modes [44,
45]:

n’=g.- CA® (5)

where C=(e2 N /4m*c? €,m*), €_is the lattice
dielectric constant, e is the electronic
charge, N is the concentration of the free
charge carriers, €, is the vacuum permittivity,
m* is the effective mass of the charge
carrier, c is the speed of light and A is the
photon wavelength.

Conclusions

We have prepared thin films of
amorphous tin nitride by a novel
implementation of reactive DC magnetron
sputtering and ion beam assisted deposition
simultaneously.  This  technique  has
produced high quality, stable and uniform
amorphous films. The bombardment of the
film during deposition with low energy ions
played a major role in producing the
amorphous structure through imparting
energies to the accumulating atoms. The

XRD patterns of films, Fig.1, clearly support
this conclusion where the typical sharp
peaks of crystalline structures are absent.
Amorphous and crystalline tin nitrides both
have similar yellow coloring for thinner films
and dark brown for thicker films. The
refractive index varied only slightly over the
wavelength range of interest, 400-900 nm.
The films are not highly absorptive over the
visible part of the same spectral range.

A distinct difference between the
amorphous and the crystalline tin nitrides is
the invariably higher optical energy gap
determined for the amorphous films of 2.320
1+ 0.047eV compared with the inconsistent
values, 1.4-1.5 eV, for the crystalline films.
The amorphous films have shown stability
and have sustained normal lab and room
temperature conditions for very long periods.
Based on the optical properties presented in
this work we believe that amorphous tin
nitride may have potential applications as a
decorative material, UV absorber and to a
lesser extent as a hard coating.
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