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We report that the dielectric constant of hydrogenated carbon nitride (HCN,) film is 1.88 £ 0.06 at 1 kHz
at room temperature. The film was deposited on p-Si (100) wafer by CH4/N, (1:4) atmospheric pressure
dielectric barrier discharge (DBD) plasma. The dielectric constant of HCN, film decreases from 1.88 to
1.71 (20.06) as the applied frequency increases from 1 kHz to 5 MHz. Round shaped island growth has

been observed at film surface area in scanning electron microscopy (SEM). The chemical compositions
were investigated by means of X-ray photoelectron spectroscopy (XPS), energy dispersive X-ray (EDX)

and elemental analysis.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

At present it is a challenge to the development of lower cost
microelectronics integrated circuits (ICs) with improved device
performance in semiconductor processing industry. Low dielectric
constant reduces the RC delay, power dissipation, crosstalk noise
and number of metal levels in the electronics circuits. Dielectric
constant less than 2.0 is one of the optimum requirements for
the ultra large scale integration (ULSI) chips for faster signal pro-
cessing [1,2]. The first generation of fluorinated oxides provided
a modest k reduction from about 4.1 to about 3.5. The next gener-
ation’s low-k materials (2.5-3.5) reduced the density of SiO-,
which was accomplished by inserting alkyl group or by moving
to less polar (usually organic) materials [3]. At present tradition
the introduction of air gaps (or pores) into interconnecting struc-
tures into polymers is attractive approaches to reduce their dielec-
tric constants [1,2]. There has been much interest in incorporating
air into dielectric materials, and thus producing porous materials
with low-k (<2) [4-6]. But, in such material there are several draw
backs to measure the dielectric constant accurately and to opti-
mize/scaling it properly for the use in large integrating circuit.
Many materials have been proposed and studied as potential can-
didates; two major classes are dense organic polymers and porous
inorganic-based materials. Some dense organic polymers (e.g.,
highly fluorinated alkane derivatives) could have k below 2.2 are
the potential candidates for the future generation for microelec-
tronics industry [7]. For porous inorganic-based low-k materials,
sol-gel silica has been extensively studied [8,9]. Sol-gel silica of-
fers a tunable k value, but its low mechanical strength, wide pore
size distribution and hydrophilicity have been cited as concerns
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[1]. Surfactant-templated mesoporous silica was studied for
low-k dielectric applications [10]. This class of material has much
more uniform pores than sol-gel silica and has been shown to
possess promising k values. Like sol-gel silica, however, there are
concerns about low mechanical strength and hydrophilicity [10].
In an early report Nitta et al. mentioned that the atomic hydrogen
treatment of a-CN, decreased the dielectric constant at 1 MHz
down to 1.9 [11].

Dielectric barrier discharge (DBD) plasmas offer attractive
perspectives for deposition of coatings deposition and surface
functionalization. The thin film deposition by dielectric barrier
discharge (DBD) plasma has several interesting features. It offers
attractive perspectives for the coating deposition and surface
functionalization as it provide easily applicable system in industrial
process [12-16]. Most important feature is that the plasma reaction
zone is confined on the surface of the electrode or substrate area
[17]. In our previous work, we found that the dielectric constant
is around 2.46 in case of amorphous hydrocarbon film (a-CH)
deposited by CH4/Ar DBD plasma process (the work was associated
with the incorporation of —~CH3 unit in SiOCH film) [18]. In the same
work we found the bubbles like structure or island growth at the
surface of the hydrogenated carbon film by CH4/Ar DBD plasma
[19]. Recently we found that the dielectric constant is around
2.02 (at 500 nm wavelength) of hydrogenated carbon nitride film
with different nitrogen concentration (N/C ~ 0.57) and the work
was associated with the spectral dependences of the refractive in-
dex and extinction coefficient of the film calculated using the values
of the material (dispersion) parameters [20]. Moreover, hydroge-
nated carbon nitride film deposited by CH4/N, DBD plasma has
promising feature for ultra low-k material due to its amorphous
structure and variety of organic chemical bonds that largely vary
the polarizability of the film.
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In this Letter, we report the ultra low dielectric property
(k ~1.88 +0.06) of a HCN, film including its chemical properties.

2. Experimental

Carbon nitride films are deposited on p-type Si (100) substrate
at half of atmospheric pressure, CH4:N, gas ratio (1:4) and fre-
quency of 5 kHz. The time duration of the thin film deposition is
7 h. The experimental set up of dielectric barrier discharge has
been explained in detail elsewhere [17]. Upper electrode is covered
with aluminum oxide (k ~ 10); the lower (grounded) electrode
with a glass plate (k ~ 3.8). Both electrodes are separated by
0.15 cm from each other. Experiments were performed at 10.5 kV
(peak-to-peak).

The deposited film was examined by a scanning electron micro-
scope with energy dispersive X-ray (EDX) analysis (model: Quanta
200 F). The SEM was operated at the energy of 10 keV. EDX analysis
was carried out mainly in spot mode with the typical time duration
of 100 s. The corresponding Si peak is not shown here in the EDX
spectrum.

X-ray photoelectron spectroscopy (XPS) measurements of the
HCN, films were performed on a VG Microtech using Mg Ko radi-
ation (photon energy 1253 eV) as the excitation source and the
binding energy (BE) of Au (Au 4f7,: 84.00 eV) as the reference [21].

The capacitance of the film has been measured by means of low
frequency impedance analyzer (HP 4192A) at different frequencies
(1 kHz to 5 MHz). Copper thin metal plate has been used as back
side and front side electrodes. First we measure the capacitance
of the empty Si wafer and then Si + HCN,. The deposited HCN, film
behaves as capacitor in series and total capacitance of this
Si + HCN, is as follow:
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where, Cs; is the capacitance of the empty silicon and Cis the capac-
itance of the film. From the above equation we calculate the actual
capacitance (Cy) of the deposited film. Now from the definition we
know,

o
d

where, £0=8.85 x 10712F/m,d=7 pm,A=1 x 1 x 10~ m?, putting
these values into Eq. (2) we get, &=0.79 x 10'° x C;, from this
equation we get the value of dielectric constant of the deposited
film by using the values of C; (~230 pF, at present case).

Thickness of the HCN, film is found to be 7 pum, investigated by
Ellipsometer (HORIBA Jobin-Yvon Inc., Edison, USA) in the photon
energy range from 1.8 eV up to 4.8 eV at an angle of 70° (due to
Brewster’s angle of silicon wafer substrate). The complex dielectric
function of HCN, was simulated by the Tauc-Lorentz model oscil-
lator. Finally, the model was fitted to the experimental data using
the Levenberg-Marquardt nonlinear least-squares algorithm and
in our previous work we have applied this model in hydrogen free
carbon nitride (CN,) film [22].

A few nanometers (~4-10 nm) layer of Cu was deposited on the
surface of the HCN; film to act as interfacing electrodes. This layer
has been introduced to avoid the fluctuation during capacitance
measurement. The Cu layer deposition is performed by magnetron
deposition unit. The introduction of Cu nano-layer (4-10 nm) or Cu
clusters in the measurement of low-k dielectrics has incrementally
improved the surface connectivity during measurement of dielec-
tric constant. It can reduce both resistivity and capacitance be-
tween plates. Without Cu layer, we get huge noise signal as well
as unstable reading during the dielectric constant measurement.
The main reason is the in proper contact to the surface layer. As
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we move to nanometer scale the impact of delay is increase enor-
mously. Now, Cu has become the common metallization material,
lowering the signal delay by introducing low-k dielectrics [1]. A
SEM image of the as deposited layer has been taken before the
Cu layer deposition. Surface is not polished to avoid any kind of
damage on the film surface.

Elemental analysis was carried out with a CHNS-932 analyzer
from LECO using standard conditions. The technique involves com-
bustion of test sample in an oxygen rich environment. The prod-
ucts of combustion in a CHNS analysis (CO,, H,0, N, and SO,) are
carried through the system by He carrier gas. The combustion
products are measured quantitatively by means of a non-disper-
sive IR absorption detection system, except for the N, which is
determined via a thermal conductivity detector. Oxygen is mea-
sured in a separate VTF furnace. Sample is combusted at high tem-
perature in a carbon rich environment. Resulting CO, is measured
using the CO; IR cell and the percentage of oxygen is determined.

The hardness is measured by nano-indentation method.

3. Results and discussion

CH4/N, gas mixture in DBD plasma is used to form hydroge-
nated carbon nitride films on a silicon wafer. Schematic view of
the Si and HCN, junction has shown in Figure 1a and b. First we
measure the capacitance of the empty Si wafer and then Si + HCN,.
The deposited HCN, film behaves as capacitor in series and total
capacitance of this Si + HCN, material. Figure 1b, shows the change
in dielectric constant with respect to the applied frequency. The
dielectric constant of deposited HCN, film decreases from 1.88 to
1.71 (£0.06) as the applied frequency increases from 1kHz to
5 MHz and remain constant at the further increase of the applied
frequency. We measure the total capacitance of Si+HCN, film
and that behave as capacitor in series. The capacitor is represented
as a series circuit of equivalent series resistance (ESR) along with
an ideal capacitor. Ideal capacitor provides capacitive reactance
(X.) which is exactly 90° apart from the ESR. Z is the resultant
impedance. The ESR represents losses in the capacitors. We know
from the definition that, impedance, the vector sum of reactance
and resistance, describes the phase difference and the ratio of
amplitudes between sinusoidally varying voltage and sinusoidally
varying current at a given frequency. ESR in a good capacitor is
small where as in poor capacitor it is large. The dissipation factor
(DF) is measures as tand = %. In a good capacitor DF is very small
and hence é ~ DF. In our HCN, films the DF varies between 0.66%
and 5.11%. The phaser vector diagram has been drawn considering
the series equivalent circuit of our CN films.

Figure 1d shows the change in capacitance with respect to the
applied DC bias voltage at 5 kHz (and 1 kHz inset) of the HCN, + Si
wafer system. Figure 1d shows the change in capacitance with
respect to the applied DC bias voltage at 5 kHz (and 1 kHz inset)
of the HCN, + Si wafer system. There is a parabolic relation of DC
forward and reverse bias with capacitance of the combined system.
It shows that a forward bias of 2V produces a capacitance of
29.6 pF where as in reverse bias it is 27.1 pF. And 3 V of forward
and reverse bias it produces the capacitance of 30.1 and 28.9 pF,
respectively. So, for 2 and 3V of forward and reverse bias the
capacitance difference are 2.5 and 1.2 pF, respectively. But at 4V
of forwards (29.99 pF) and reverse bias (30.0 pF) the change in
capacitance is 0.01 pF. So, there is no regular change in capacitance
due to the change of bias voltage and it implies that the system act
as a non-linear capacitor and similarly it is non-polar capacitor. It
is non-polar because in both positive and negative bias it shows
the almost similar change in capacitance (1.2 pF). So, if we change
the bias polarity the measured capacitance values according to the
applied bias voltage is very close to each other.
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Figure 1. Schematic diagram of the electrodes and the deposited HCN, film on (a) Si
wafer and (b) HCN, film + Si wafer. The applied frequency varies from 1 kHz to
5 MHz to observe the change in (c) dielectric constant of the deposited CN film by
CHy4/N, (1:4) DBD plasma, (d) capacitance-voltage (C-V) curve of accumulated
system (HCN, film + Si wafer) at 5 kHz (insight view showing the same at 1 kHz).
Change in capacitance of HCN, film measured at room temperature (~25 °C,
humidity is about 60%).

The island growth (circular spot) on the surface of the deposited
amorphous carbon nitride film has been observed in SEM analysis.
In our previous study the similar phenomena (bubbles formation)
has been observed on amorphous silicon carbide film [19]. Figure
2a shows the SEM image of as deposited film on the Si substrate
and Figure 2¢ shows the corresponding EDX spectra. The glittering
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Figure 2. SEM images of hydrogenated carbon nitride film deposited on silicon
wafer where (a) as deposited (top view) and corresponding EDX spot (insight
figure) of as deposited film, (b) histogram of the diameters of round shaped island in
HCN, film (as deposited film), (c) the corresponding EDX spectra of as deposited
film.

part of the surface is denoting the photon emission by the surface
and eventually it coming from the circular spot (island growth) of
the surface. The typical SEM image shown in Figure 2a was taken
from the central region of the deposited film. The morphology
developed in the sample is nearly the same all over the sample.
The sample is populated with circular carbon rich features of dif-
ferential sizes. The sample is populated with circular carbon rich
features of differential sizes and the sizes (diameters) of these cir-
cular spots vary from 120 to 300 nm as shown by the histogram in
Figure 2b. Circular shaped island number density (or bubble) is
approximately 2.19 x 10° /mm? on the surface area of the film
(Figure 2a). Figure 2c shows the EDX spectrum of as deposited
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sample and there three peaks appeared in the spectrum are carbon,
nitrogen and oxygen. The nitrogen concentration (N/C) measured
by EDX is comparable with the same measured by XPS and
elemental analysis techniques. It shows that the nitrogen to carbon
ratio (N/C) is more than 0.50. From the EDX spectra (Figure 2c) we
get the information about the elemental quantitation we got the
following atomic percentage. C (Ka) - 50.49at%, N (Ka) -
28.52 at.%, O (Kot) - 5.21 at.% and Si (Kot) - 15.78 at.%, this elemen-
tal quantitation shows that the film is populated by diffused car-
bon out of the hydrocarbon constituents.

Figure 3a, shows the full scale XPS spectrum of HCN, film where
we found the C 1s, N 1s and O 1s peaks. Chemical bonds among C,
N and O can be deduced from a deconvolution of individual C 1s, N
1s and O 1s lines into Gaussian line shapes [21,23-25]. Figure 3b
(up), the carbon peak at the binding energy range 284.64 eV is
identified as originating from adventitious (extrinsic or accidental)
carbon and surface carbon that may have lost its nitrogen neigh-
bors due to reaction with O, and CO/CO, from the air. Similarly,
the C 1s peak binding energy range at 288.59 eV is identified as
originating from CO type bonds which are depending on the type
of bonding such as ketones/aldehydes (-CO/-CHO), carboxyls (-
COOH) and carbonates (-COs). From Figure 3b, we can observe that
there are two C 1s peaks (2nd and 3rd) at 285.88 and 287.22 eV
which are assigned as substitutional sp?> N in graphite like struc-
tures (C=N), threefold coordinated N bonded to fourfold-coordi-
nated sp> C (C-N) and C=N, respectively [21,23-25]. Figure 3b
(down) shows the XPS N 1s core-level spectra of HCN, film. The
N 1s peaks are deconvoluted into three components depending
on the nitrogen concentration. There are two nitrogen peaks (1st
and 2nd) at 398.07 and 399.35 eV which are assigned as organic ni-
triles or isonitriles (R—C=N or R-NC) and methylene imines
(R—N=CH—), respectively [24,25]. The peak in the range
400.51 eV is identified as originating from N-O/N-N or nitrosome-
thane-like (R—N=0) species. At higher binding energy the corre-
sponding peak can be assigned to NO, as oxygen was detected as
a surface contaminant, and may also result from N, molecules
trapped in the film [25]. Figure 3c, shows the percentage elemental
ratio of C, N, O, H and Si. In this case we should mention that the
presence of H can be detected only by elemental analysis. Si Ko sig-
nal is coming from the substrate in EDX spectrum. It shows that 7%
hydrogen and 15% Si is present in the as deposited HCN,, film. Ele-
mental analysis is a destructive technique but it could be one of the
best choices for us to determine the exact elemental composition
of the amorphous film when hydrogen is present in the deposited
film. Carbon is found to be 59%, 53% and 54.5% from XPS, EDX and
elemental analysis, respectively, where as nitrogen is found to be
32%, 28.52% and 30% from XPS, EDX and elemental analysis,
respectively. Similarly, oxygen is found to be 9%, 5.21% and 9.5%
in the corresponding measurement.

Nitrogen incorporation plays an important role in hardness of
the film and we see from Figure 4, that the hardness of a-HCN, film
increase as the nitrogen concentration increase from 0.07 to 0.54.
At low nitrogen concentrated film the C-C and C-H are majority
in the film. We know that C-C bond length in sp? hybridized state
is 1.4 A where as C-N bond is slightly lower than this value due to
the presence of higher electronegative element. Nitrogen is highly
electronegativity element and it plays an important role in the
polarizability of the molecules. In presence of nitrogen, the C-C
bond exhibit lower polarizability than C**=N°-, since C and N have
electronegativity of 2.5 and 3.04 (Pauling scale) respectively. In
case of nitrile group (—C*=N") offer higher polarizability than
—C=C—. So, in presence of nitrogen atom the molecules have high-
er cohesive force and they form chemically tight bonding mole-
cules. In this reason the hardness is high at higher nitrogen
concentrated films. In this regards we would like to mention that
N-H bonds has electro-negativity difference of 0.84 (Pauling scale;
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Figure 3. (a) Full scale XPS spectra of CN13 film shows C 1s, N 1s, O 1s peaks and
Auger line (O, N and C), respectively from the left side of the spectrum. (b) Typical C
1s (up) and N 1s (down) XPS spectra obtained with Mg Kot X-rays at 23.5 eV pass
energy at 0.125eV/step. The data are presented after inelastic background
subtraction and using Gaussian fits. The intensity scales for the C and N spectra
are not the same. (c) Black shaded, red shade with inclined lines and yellow shaded
areas are representing the XPS, EDX measurement and elemental analysis respec-
tively. (For interpretation of the references to colors in this figure legend, the reader
is referred to the web version of this article.)

3.04 (N)-2.2 (H) ~ 0.84), which indicates the more ionic, strongly
polar properties (H'-N~). But the percentage of hydrogen in the
film is very less and negligible comparatively to carbon and
nitrogen. The total polarity (percent ionic character) strongly
depends on the N/C ratio [25].
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Figure 4. Hardness of a-HCN, film at different nitrogen concentration, deposited by
CHy4/N, DBD plasma.

We applied three different techniques to compare the surface
chemical properties of the deposited HCN, film. At first we did
XPS and then EDX. Elemental analysis was at the end of all mea-
surement since it is destructive technique. XPS analysis can only
give the information about the top most layers (~2-10 nm) of
the film surface where as EDX measurement enters into the bulk.
Elemental analysis is typical chemical procedure where we can
get the information about the percentage amount of hydrogen
existing in the deposited film. All the three methods (XPS, EDX
and elemental) are well agreed with the measurement of C and
0. In case of carbon and nitrogen, the EDX spectrum is showing rel-
atively lower value than XPS and elemental analysis. N/C ratio is
0.54, 0.56 and 0.55 in XPS, EDX and elemental analysis respec-
tively. At our present understanding we could say that the nitrogen
incorporation enhancing the porosity of the deposited film. More-
over, the presence of hydrogen is also an important factor which
also responsible for the porous structure at the surface as well as
in the bulk of the deposited film. It simply tells that the bubbles
are mostly composed of nitrogen gas or nitrogen content com-
pound. These CH bonded molecules have low polarizability. We
know that the polarizability is proportional to the inter-atomic dis-
tances [1].

Generally, polarizability increases as volume occupied by elec-
trons increases. This is because larger atoms have more loosely
held electrons in contrast to smaller atoms with tightly bound
electrons. The dipole moment is proportional to the size of the sep-
arated electrical charges and to the inter-atomic distance between
them. The polarizability decreases in the presence of organic
groups like —~CHs, CH,, NH,, OH, C-0 and increase for C=N, C=C,
C=C, C=0 etc. Polar polymers have higher dielectric loss since it
contain atoms of different electronegativity that give rise to an
asymmetric charge distribution. Thus polar polymers have higher
dielectric loss and a dielectric constant which depends on the fre-
quency and temperature at which they are evaluated.

The molecules have ring formed structure (hexagonal, pentago-
nal, benzene etc.) there inter-atomics distance reduces than the
linear chain molecules. If it is linear chain polymer then inter-
atomic distance should be larger than the cyclic or ring structure.
We know from our previous study that the basic structure of HCN,
film is dominated by linear chain molecules and the deposited
HCN, film is composed of -O-CH,-, CH-0, CH3-N, or C-NH, units
in the matrix and dominated by CH3-C or CH3-N units [25,26].

The polarizability varies with different chemical species existing
in the film. Basic approaches to reduce k is to optimize the molecu-
lar structure (minimize configurational and dipole, polarizability).

Low polarizability of the molecular species reduces the dipole
moment inside the atomic layer that turns into loosely bound
molecules. As for example C-C bond has polarizability of 0.53 A3,
where as C=N bond has 2.23 A3, So, it is important to have less
polarized species in the film that the chemical bond strength would
be less. In this regard, it is our next task to reduce the presence of
nitrile compound in the film. Moreover, successful incorporation
of hydrogen atoms in the bulk film also drastically reduces the k
value; since the hydrogen connected non-volatile compound
always have low polarizability (mostly less than one). Another
way to reduce k value is to reduce the density of the film by incor-
porating more porosity inside the film. Free gas bubbles make por-
ous structure in the bulk and for that the bulk density reduces. The
effect of the density on the film permittivity is stronger that the ef-
fect of molecular polarizability since reducing density allows reduc-
ing the dielectric constant to the extreme value close to unity [1].

4. Concluding remarks

In conclusion we would like to say that dielectric barrier dis-
charge plasma process is one of the promising technique for the
deposition of low-k materials. We found the dielectric constant
of the deposited HCN; film is about 1.88 for typical gas mixture
of CH4/N, =1:4 at 1 kHz and decreases to 1.71 at 5 MHz. Round
shaped island growth is observed at the film surface on SEM
images that are different in size (~100-300 nm). Chemical evalua-
tion (XPS, elemental and EDX) evident the presence of organic
groups like -CHs, CH,, NH;, R—C=N, R—N=0 etc. Low polarizabil-
ity of the molecular species reduces the dipole moment inside the
atomic layer that turns into loosely bound molecules and simulta-
neously reduces the dielectric constant. Moreover, due to the
presence of different organic groups, it varies (increase or
decrease) the inter-atomic distances inside the deposited HCN,
layer and that also may provides an additional decrease of k value.
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