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The structural properties and the energy gap of Si-C-N films deposited by PECVD method from hexa-
methyldisilazane in the temperature range of 200-700 °C were studied. The films were deposited on silicon
and glass substrates that made it possible to perform the XRD analysis and study the absorption infrared
(FTIR) and optical spectra. The deconvolution of main band by Gaussians indicates that the main contri-
butions come from the vibrations of Si-C, Si-N and Si-O bonds. It is shown that an intensive effusion of hy-
drogen from the films occurs with increasing temperature. The band gap decreases from 2.3 to 1.6 eV as

substrate temperature is changed from 200 to 700 °C.

Keywords: PECVD, Hexamethyldisilazane, Si-C-N films, FTIR, Optical spectra.

1. INTRODUCTION

A successful combination of the optical, mechanical,
and electrical properties of hydrogenated semiconductor
Si-C-N thin films [1-3] promotes their efficient use in mi-
croelectronic, photoelectric, semiconductor technologies
and as wear-resistant and protective coatings. Due to in-
heritance of the electronic properties of such wide band
gap materials as silicon carbide and silicon nitride with
the energy gap within 2.4 and 5.0 eV for SiC and SisN4
[1, 2], respectively, it is possible to obtain thin Si-C-N
films with the energy gap technologically controllable in
a wide range. This property favors their use in various
optoelectronic devices — UV detectors [4] and white blue
LEDs [5]. In turn, SiC is an intensively used material in
high-temperature, high-frequency and power semicon-
ductor devices, and SisN4 is a superhard material and
is widely used due to its dielectric properties as electric
insulators and diffusion barriers [3].

A large number of chemical and physical methods al-
lowing to obtain amorphous thin Si-C-N films is curre-
ntly used. Although the short-range order is important
for the determination of the optoelectronic characteris-
tics of the material, the absence of the translational sym-
metry promotes the appearance of additional permitted
levels in the density of electronic states, whose density
decays deep into the energy gap forming “tails” of the
density of states that leads to significant changes in the
physicochemical properties [6]. The presence of hydrogen
plays an important role for obtaining films with quali-
tative semiconductor properties. Hydrogen passivates un-
compensated dangling bonds, whose states are exhibited
in the energy gap [7] that stimulates the development of
new mechanisms for producing hydrogenated amorphous
semiconductors. It should be noted that the majority of
high-temperature chemical methods with the use of the
precursors, which contain hydrogen [8, 9], are unsuitable
for the production of hydrogenated Si-C-N films.

It was earlier shown the influence of the amount of
additionally introduced nitrogen [7] and the substrate
temperature [10] in a low-temperature range on the me-
chanical and structural properties of the films. The aim
of this work is the study of the influence of the substrate
temperature on the energy gap of Si-C-N films deposited
from hexamethyldisilazane (HMDS, (CH3)sSi2NH)), the
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molecules of which contain all the necessary components
for the formation of hydrogenated Si-C-N films.

2. EXPERIMENTAL

Si-C-N films are deposited by plasma-enhanced che-
mical vapor deposition (PECVD) method at the labora-
tory facility of the planar type with capacitive plasma
excitation system [11]. HMDS vapors were transported
from the thermostated bubbler heated to 40 °C into the
reactor chamber using hydrogen. The films were depos-
ited on silicon (SHB-10) and glass substrates of 0.5 mm
and 1.4 mm thickness, respectively. Directly before depo-
sition silicon substrates were etched in 10 % solution of
hydrofluoric acid and additionally washed by etching in
hydrogen plasma.

Deposition of two series of the films was carried out.
The main variable parameters when producing the films
were the substrate temperature T's, bias voltage on the
substrate-holder Up, and nitrogen flow into the reactor
chamber Fio. These parameters are given in Table 1. The
invariable parameters for both deposition series are the
following: gas mixture pressure Pc = 0.2 torr, discharge
power of the main RF generator Pw = 0.2 W/cm3, hydro-
gen flow through the bubbler with HMDS Fy + HvDS =
= 12 cm3/min. Deposition time is 60 min.

Structure investigation is carried out by diffractom-
eter DRON-3M. Study of the picture of chemical bonds is
performed using Fourier transform infrared spectroscopy
(FTIR) in the wave number range of 400-4000 cm -1 on
spectrometer FSM 1202 by Micron-alpha Comp. Thick-
nesses of the films deposited on silicon substrates were
determined by interference profilometer Micron-alpha.
Measurements of the optical transmission spectra are con-
ducted on two-beam optical spectrometer SPECORD-M40.

Table 1 — The main deposition parameters

Ts, °C Up, V
200
300 —200 0
400
300
500 — 250 1
700

Series No Fx2, cm3/min
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3. RESULTS AND DISCUSSION

In Fig. 1 we illustrate the typical for two series dif-
fraction patterns of the obtained Si-C-N films. The ab-
sence of any reflexes, which can be attributed to nano-
or microcrystalline inclusions, indicates that thin films
are X-ray amorphous. Peaks at 33°, 62°, 69° correspond
to the material of the silicon substrate.

The optical transmission spectra of thin Si-C-N films
deposited on glass substrates at different temperatures
and nitrogen flows in 350-900 nm wavelength range are
shown in Fig. 2. The samples obtained at T's < 500 °C in
the optical range of 600-900 nm exhibit relatively high
optical transparency (75-95 %). An increase in the depo-
sition temperature to 700 °C leads to a sharp decrease
in the film transmission (35-37 %). A shift of the funda-
mental absorption edge towards shorter waves occurs for
the films produced without adding nitrogen with increa-
sing temperature from 200 to 400 °C, while for the films
from the series B there is a shift towards longer waves
with increasing temperature.

Interference of the transmission spectra in the region
with a low absorption level is caused by multiple reflec-
tion of radiation between two interfaces, namely, film/air
and film/substrate. This implies a high structural perfec-
tion of the interfaces. Taking into account the position of
the interference minima and maxima of the optical trans-
mission spectra, it is possible to determine thicknesses of
the films deposited on glass substrates according to the
method proposed by Swanepoel [12].

Based on the results of the thickness measurements
given in Table 2, it is seen that increase in the substrate
temperature leads to the thickness decrease: this is ca-
used by prevalence of the film consolidation process on
account of the hydrogen effusion [10] and increase in the
number of desorbed fragments from the films surfaces
with increasing Ts [13]. In Table 2 for comparison, we
present the thicknesses of the films deposited on silicon
and glass substrates determined by interference profilo-
meter. An increase in the film thickness on glass subst-
rates compared with the same on silicon substrates can
be induced by both the influence of the substrate prop-
erties [14] and the substrate thickness, which results in
the temperature change on its surface.

wn

b=

=

=}

—_

<]

~

>

+2
'5IlII'lIIIIIllI|IIII|IIIIII|II]IIIIIIIII
o

[«b]

E b

30 35 40 45 50 55 60 65 70
26, degrees
Fig. 1 — Diffraction patterns of Si-C-N films obtained at the sub-

strate-holder temperature of (a) T's = 300 °C (Series A, No2) and
(b) T's =700 °C (Series B, No3)
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Table 2 — Dependence of the film thickness on the deposition
parameters and substrate material

Series A Series B

T,°C | Dg,um | Dsi, um | T,°C | Dg, um | Dsi, pm

200 2.22 0.54 300 1.26 0.63

300 1.46 0.55 500 1.01 0.66

400 1.27 0.50 700 0.92 0.54

*Dg, Dsi are the thicknesses of the films obtained on glass and
silicon substrates, respectively

Energy gap is one of the key parameters characteri-
zing amorphous semiconductors. In these amorphous se-
miconductors it separates “tails” of the conduction band
and the valence band. Estimation of the optical energy
gap in this work is performed based on the study of the
optical absorption spectra in the region near the funda-
mental absorption edge. To obtain the dependence of the
absorption coefficient on the wavelength (1) the follow-
ing relation is used: a=1n(1/ T)/d [15], where « is the
absorption coefficient, 7'is the transmission (dependent
on A) and d is the film thickness. Taking into account
the thickness of the samples determined from the inter-
ference extremes and dependence 7(1) (Fig. 2), we have
calculated the absorption spectra of thin Si-C-N films
illustrated in Fig. 3. As seen from Fig. 3, for each series
there is an increase in the absorption coefficient with
increasing substrate temperature. At that, for the films
obtained at 300 °C and with additional introduction of
nitrogen into the reactor chamber the coefficient is the
smallest. Relatively high values of the absorption coef-
ficient (a= 103-105 cm—1), typical for amorphous films
[16, 17], indicate a large number of structural defects in
the studied films [18].

Estimation of the energy gap is carried out from the
Tauc relation: ahvim = A(hv — Eg) [19], where « is the
absorption coefficient, Av is the photon energy, Eg is the
optical energy gap, A is the coefficient of proportionality.
In this case, coefficient m in ahvl/m was chosen to be 2
as for the majority of amorphous semiconductors that
implies the case of indirect allowed transitions [20]. The
Tauc curves for the deposited films are shown in Fig. 4.
On the inset in Fig. 4 we present the obtained values of
the energy gap estimated by extrapolation of the linear
region of the dependence ahv'’2 to 0. It is immediately
noticeable a gradual decrease in Eg at temperatures of
200-500 °C and a sharp decrease in E; with further inc-
rease in the deposition temperature. For the films obta-
ined at different nitrogen flows and substrate tempera-
tures to 300 °C, energy gap is approximately equal to
2.3 eV. Decrease in the absorption value makes it pos-
sible to talk about some structural changes [7].

This behavior of the energy gap with increasing tem-
perature can be explained based on the analysis of the
picture of chemical bonds. In particular, FTIR spectro-
metry allows to study the change in the number of basic
bonds formed in the films with changing temperature.
FTIR spectra of thin Si-C-N films are shown in Fig. 5.

These spectra are characterized based on literature
data [24-34]. A general view of the film spectra obtained
at various substrate temperatures indicates the presence
of a wide absorption region in 450-1300 cm ~! range and
also several much lower absorption bands in the wave-
number range of 1500-3500 cm —1. In the interval of 450-
1300 cm — 1, there can appear vibrations of several ab-
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Fig. 4 — Tauc function (ahv)12 of the films obtained at different
temperatures. On the inset: dependence of the energy gap on the
deposition temperature

Fig. 3 — Dependence of the absorption coefficient of the obtained
films on the deposition parameters
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Fig. 5 — FTIR spectra of Si-C-N films: (a) series A, (b) series B. Numerals denote the deposition number. Dotted lines separate a
wide absorption region which is general for all the spectra
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sorption bands attributed to Si-N (450 cm -1 [24], 900-
1000 cm 1 [26]), Si-C (650-810 cm ~1 [16, 25, 27]) and Si-O
(450 [24], 1000-1110 cm ~1 [27]) bonds, which for these
films usually prevail in the chosen spectral range [7].

In a wide band there are also the C-N bonds at 1055-
1135 cm-1 [28, 29], C-C bonds at 1245 cm -1 [30] and
hydrogen bonds Si-H, CHs, SiH2, CH, and N-H with the
peaks near 670-705 cm~1 [31], 1250 cm -1 [31], 860 cm 1,
1000-1100 cm—1 [32] and 1150 cm -1 [29], respectively,
which give a much smaller contribution. Since vibrations
of many different types of bonds can be in the wave-nu-
mber range corresponding to a wide transmission band,
it is represented in the form of combination of several ab-
sorption bands by decomposition into components using
the Gauss function. The results of decomposition are il-
lustrated in Fig. 6. To take into account the error, the
specified area was limited by the linear basic function,
which connects two adjacent maxima in the FTIR spect-
rum (dotted lines in Fig. 5).

The presence of the component attributed to the Si-O
bonds is probably caused by release of oxygen adsorbed
on the inner walls of the reactor during deposition.

Spectra of the films, obtained with adding nitrogen
at the same temperatures, are characterized by a larger
area of the Gaussian components attributed to the Si-N
and C-N bonds. As seen from Fig. 6, there is a decrease
in the vibrational intensity of hydrogen bonds with inc-
reasing substrate temperature. We should note that the
decrease in the area of the components of the Si-H, C-H
and C-N bonds, peak positions of which are close to the
edge of the selected transmission region, and also the
increase in the number of Si-C and Si-N bonds promotes
narrowing of a wide band with increasing temperature.
In the case of the films obtained without adding nitrogen,
edges of the wide band are shifted from 500-1350 cm 1
at 200 °C to 525-1285 cm ~1 at 400 °C and for the films
obtained with adding nitrogen — from 525-1330 cm—1! at
300 °C to 525-1300 cm ! at 700 °C.

Significant changes in the FTIR spectra absorption
behavior are observed in the range of 1500-3500 cm -1,
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Fig. 6 — Decomposition into Gaussians of the FTIR spectra of

Si-C-N films within 450-1300 cm-1: (a) series A, (b) series B.
Numerals denote the deposition number
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where vibrations of the hydrogen Si-H [25, 27], C-H [34]
and N-H [27] bonds at 2130 cm~1, 2875 cm -1, 3380 cm 1,
respectively, are mainly localized. The peak, which is ma-
nifested in the FTIR spectra of the films obtained with
adding nitrogen, near 1560 cm —! is probably associated
with the vibrations of the C-N bonds (1593 cm -1) [17];
however, it can be also attributed to the vibrations of
the C-C bonds (1515 cm -1, 1580 cm-1) [29]. It is seen
from the FTIR spectra in the range of 2000-3500 cm -1
(Fig. 5a, b) and distribution of the Gaussian components
of the wide absorption band that hydrogen bonds have a
general tendency of decreasing the absorption intensity.

For a more detailed observation of the change in the
number of bonds with increasing temperature, we have
plotted the temperature dependences of the ratio of areas
of the components attributed to each bond type. To deter-
mine the area of the components, the spectra should be
limited by the basic line, which connects the adjacent
maxima on both sides of the peak. At that, to obtain the
stable results, it is important that the selected maxima
were the same for all the samples. The regions attributed
to the vibrations of hydrogen bonds in the wave number
range of 2000-3500 cm ~1, which are chosen for the cal-
culation, are shown by the shaded zones in Fig. 5.

Since thickness of the films obtained at different tem-
peratures differs significantly (Table 2), then to decrease
its influence on the pattern of distribution of chemical
bonds, each component area is normalized [35] with res-
pect to the film of 1 um thick. In Fig. 7 we illustrate the
vibrational intensities of separate bonds as functions of
the substrate temperature. As seen, absorption intensity
caused by the Si-H bonds reacts more sensitively to the
temperature change than the absorption intensity caused
by the C-H and N-H bonds. Comparing the areas of the
Si-C and Si-N components, we note the decrease in the
Si-N/Si-C ratio from 0.45 to 0.36 with increasing tem-
perature from 500 °C to 700 °C. At that, Si-N/Si-C ratio
remains almost constant in the range of 300-500 °C.

The obtained investigation results of the FTIR spectra
imply that such main bonds as Si-C, Si-N, Si-O, C-C, C-H,
N-H, C-N are formed in amorphous Si-C-N films. Thus,
Si-C-N films are not just a combination of binary phases
(SiC, SiNx and CNx), but also represent a complex net-
work, which includes fragment of all three phases.
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Taking into account the investigation results of the
pattern of chemical bonds, the decrease in the energy gap
of the films with increasing temperature is caused, most
likely, by hydrogen effusion that is clearly seen in the
FTIR spectra. In the films obtained at low temperatures,
hydrogen passivates unsaturated dangling bonds. Dest-
ruction of hydrogen bonds occurs with increasing depo-
sition temperature that leads to the appearance of other
bonds as well as dangling bonds [36] and, thus, to the in-
crease in the number of electronic states localized in the
energy gap. This results in the energy gap narrowing.
A significant energy gap narrowing of the films obtained
at 700 °C is induced by the absence of hydrogen bonds
and creation of additional electronic localized states due
to the formation of new Si-C bonds [35].
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