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The Molybdenum Nitride and Carbide

Eunkang Jeong

Department of Chemistry, The Graduate School, Pukyong National University

Abstract

Molybdenum nitride (MoN,) thin films were prepared on p-type Si(100)
wafers using reactive radio frequency (rf) magnetron sputtering at various nitrogen
gas ratios in an ultra high vacuum (UHV) system. Two metallic phases, Mo(110) and
Mo(211), were detected from the film obtained without nitrogen gas in the sputter gas.
The thickness of the films measured with a surface profiler decreased from 186.0 to
21.5 nm with increasing nitrogen gas ratio in the sputter gas from 0 to 100%,
respectively. From the X-ray photoelectron spectroscopy (XPS) analysis, Mo species
were further oxidized by the addition of nitrogen gas in the sputter gas. As nitrogen
gas introduced, the portion of Mo*" species decreased while those of Mo’ and Mo®*
species increased. As the nitrogen gas ratio in the sputter gas increased, the formation
of MoN; thin films was confirmed by N 1s XPS spectra. The conductivity was
decreased from 927.7 to 97.1 S/cm with 0 and 100% of nitrogen gas ratio,
respectively.

Molybdenum carbide (MoCy) thin films were deposited by rf magnetron co-
sputtering in high vacuum chamber. Compare the properties of MoC thin films as the
rf power changed on C target. The thickness of MoCy thin films increased from 163.3

to 194.86 nm as C power was increased from 160 to 200 W. The crystallinity of



MoC, were -Mo,C, Mo,C, and diamond like carbon (DLC) structures observed by
X-ray diffraction (XRD). The XPS data showed that the fabrication of MoC, thin film
was successful and the oxidation states of Mo and C were determined using high
resolution XPS spectra of Mo 3d and C 1s. Mo 3d was consisted of metallic Mo,
Mo*", and Mo®". And the deconvoluted C 1s peaks were assigned to C-Mo, C, C-O,

and C=0 phase.

Vi



Chapter I. Theories

1.1 X-ray photoelectron spectroscopy (XPS)

The XPS is one of the methods for study of surface characteristics such as
low energy electron diffraction (LEED), scanning tunneling microscopy (STM), X-
ray diffraction (XRD), and scanning electron microscope (SEM). The XPS is used for
understanding the chemical environment like chemical composition, oxidation states,
and chemical bonding of the elements on the surface [1.1]. Normally, the surface is
adopted as the 10 monolayers within 10 nm in depth. The other part of the sample
treated as the bulk material. The XPS is a surface sensitive technique. So, the XPS

investigates surface characteristics such as the 10 nm depth in the material.

In Fig. 1.1, the schematic diagram depicts the principle of the generation of
X-ray photoelectron from oxygen atomic layer. The oxygen has the three atomic
orbitals labeled as 1s, 2s, and 2p. The X-ray source has the energy labeled as hy.This
energy is enough to eject the O 1s electron from the oxygen atom. The kinetic energy
of the ejected electron can be determined by electron energy analyzer using the

equation below,
E =hv-E -W,.

The binding energy (£)) of the electron in an atom is unique, so the XPS can analyze
the chemical environment. And the symbol, W, denotes the work function of the

sample. The work function is determined by the energy gap between E, and E; level.
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The E, denotes the vacuum level of the sample, and E; denotes the Fermi level of the
sample. After emission of the photoelectron from the sample, an Auger electron could
be emitted. Fig. 1.2 describes Auger electron generation process. After a
photoelectron is ejected by the X-ray, a hole is created in the 1s orbital. Then, the
electron located at higher energy level than the 1s hole relaxes to fill the vacancy for
stabilization. The energy difference between the vacancy level and ejected level can
be used to eject another electron located at higher energy level. This ejected electron
is called as an Auger electron. The kinetic energy of the Auger electron (E,) can be

determined by the following equation,

E,=E.—E, - EL2,3 g

The Ek is the binding energy of electron in the level K(1s), the E;; and E;,;are the
binding energies of electron in level L,(2s) and L,3(2p), respectively. The Auger
electron on the Fig. 1.2 is called Ek;p. First electron ejected level is K. And the
second relaxation electron level, L and the last ejected Auger electron level,

respectively.

The X-ray photoelectron and Auger electron could be observed together in
the wide range XPS spectra called as survey spectra. So, it is too difficult to
distinguish X-ray photoelectron and Auger electron peaks. The X-ray photoelectron
can be used to investigate the chemical composition of the sample. For the
investigation process, differentiation of the X-ray photoelectron and Auger electron is
required. The difficult of distinguishing can be solved by the equations used for XPS
and Auger electron spectroscopy (AES). The equation used for XPS analysis is

affected the energy of X-ray source (hv). But the equation for Auger electron

2



spectroscopy does not depend of the energy of X-ray source. So the problem of
differentiation between X-ray photoelectron and Auger electron can be solved by
switching X-ray source from Mg Ka to Al Ka, vice versa. In our laboratory, we used
the dual anode X-ray source. The dual anode X-ray source consists of two types of
anode, one is aluminum and the other is magnesium. Al and Mg sources have narrow
band width of Ka line with 0.9 and 0.8 eV, respectively. They are good to apply for
X-ray source. The one side of anode is coated with Al, the other side is coated with
Mg, and the filament is placed around the anode. The electron ejected from the
filament bombards the coated area, the X-ray (hv) can be generated and impinges the
sample surface. So, the X-ray photoelectron is ejected from the sample and the kinetic
energy of the photoelectron can be investigated by an electron energy analyzer. A
concentric hemispherical analyzer (CHA) is used in the XPS system. In our laboratory,
the electron energy analyzer is normally used in constant analyzer energy (CAE)
mode. The pass energy is controlled for survey and high resolution scan, 100~200 and

5~25 eV, respectively.

All the XPS processes are operated in the vacuum system. It’s very
important and necessary. The high vacuum system makes a long mean free path of
electron. This vacuum environment is achieved by rotary vane pumps (RP), turbo

molecular pump (TMP), two ion pumps (IP), and Ti sublimation pumps (TSP).
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Fig. 1.1 Conceptual diagram of the generation of X-ray photoelectron from
oxygen atom.
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Fig. 1.2 The Auger electron ejected process after X-ray photoelectron ejected
from the O 1s.



1.2 Radio frequency magnetron reactive sputtering

Thin films industry was increased by their easy application to many fields.
Thin films can be applied for solar cells [1.2], semiconductors [1.3], field effect
transistor [1.4], light emitting diode [1.5], and others. Thin films can be prepared by
many methods such as sol-gel method like spin coating [1.6], roll-to-roll [1.7],
chemical vapor deposition [1.8], and physical vapor deposition method [1.9]. Radio
frequency (rf) magnetron reactive sputtering method is one of the physical vapor

deposition methods.

The principle of rf magnetron reactive sputtering can be explained by this
name. When energetic charged particles bombard target material, the component of
target material can be sputtered out as neutral or charged particle to deposit. This
process is called as sputtering. In general, the energetic charged particle is made from
Ar gas. When the energetic particle is energized and ionized by rf, this process is
called as rf sputtering. The sputtered target material will be deposit onto substrate
such as silicon wafer or soda-lime glass. In order to use vacuum chamber for
sputtering process, high vacuum (HV) system is required. The high vacuum is

achieved by a rotary vane pump (RP) and a turbo molecular pump (TMP).

The sputtering method can take two types of power suppliers. One is the
direct current (dc), and the other is rf. The power is applied on the target to be
depositted on the substrate. The dc power can be applied only for conductor targets
such as metal targets. The rf power, however, can be applied for not only conductors
but insulators. And the rf power enhances the sputtering yield. The rf power used in

this research was 13.56 MHz.



The magnetron is used for enhancing the sputtering yield as same reason of
rf power. The magnetron is located on the back of the cathode (target material). Due
to the magnetic field from the magnetron, the sputtering gas is bombarded targets
repeatedly. So the sputtering efficiency increased. The reactive gas is injected to the
sputtering chamber as a mixture with sputtering gas during sputtering process. In
order to make metal oxide thin films, oxygen gas is introduced into the sputtering
chamber with Ar gas during sputtering process. The sputtered target material reacts
with the oxygen gas and deposited on the substrate as metal oxide phase. The mixture

gas is controlled by a mass flow controller (MFC).

The schematic diagram of the rf magnetron reactive sputtering chamber used
in this work is shown in Fig. 1.3. A is the main chamber of the rf magnetron reactive
sputtering. In this chamber, three sputtering targets were installed for co-sputtering
process. The pressure of the sputtering chamber was kept with using a TMP (B) and a
RP (C). Pressure of the chamber was measured by D and E. The convectron gauge (D)
can measures the pressure in the chamber in the range from atmospheric pressure to
107 Torr. The ionization gauge, marked E, measured the pressure in the range from
10 to 10" Torr. Fs are the rf power suppliers and can control the sputtering power
applied on the targets individually. Shown as G, the rotator motor is used for rotation
of substrate for uniform deposition. The H is the cooling system of the sputtering

process.



Fig. 1.3 The schematic diagram of the rf magnetron reactive sputtering
chamber.



Chapter II. Deposition of molybdenum nitride thin films (MoNy) using rf

magnetron reactive sputtering method

2.1 Introduction

The molybdenum nitride (MoN,) thin film has the good properties such as y
—Mo,N phase has good cell potential [2.1], low resistivity [2.2], and hardness [2.3].
For these properties, the MoNj thin films are applied at various fields such as an
anode of Ni batteries [2.4], catalysts [2.5,2.6], and diffusion barriers [2.7-2.14]. The
MoN is synthesized by various methods such as hydrothermal method [2.5], cathodic
arc evaporation (CAE) method [2.12], chemical solution method [2.13], high
temperature plasma method [2.15], and sputtering method [2.2,2.3,2.7-2.11,2.16-2.20].
The most of former studies were taken the sputtering method because it can be
performed in low-temperature and large-area substrate. These advantages make

sputtering method possible to apply in many laboratories and industries.

Previous reported experiment about preparation of MoN, thin films adapted
sputtering methods. Anitha et al. fabricated MoN, thin films by rf magnetron
sputtering at various nitrogen gas flow ratio. The phase of MoNy thin films was
determined by XRD as Mo,N with several phases. The resistivity of thin films was
increased from 0.26 to 6.00 uQm as increasing nitrogen gas ratio from 0 to 89% [2.3].
Kumar et al. prepared the MoNy thin films with nitrogen gas flow rate increased from
0 to 20 sccm by reactive dc magnetron sputtering method. The thickness of MoNy thin

films were decreased as nitrogen gas ratio increased. The crystallinity was changed as
8



nitrogen gas ratio changed from y-Mo,N(111) to B-MooN(200), MosN,(111),
MoN7(400), B-Mo,N(220), and MosNg(110), to Mo;sN,(400). Resistivity, one of the
electrical properties, was increased from 3.0x10 to 1.8x10° Qm as nitrogen ratio
increased from 0 to 33%, respectively [2.8]. However, they did not give any

information about composition and oxidation states of Mo prepared on the surface.

In this section, we report about fabrication the MoNy thin films at various
nitrogen gas ratios in ultra high vacuum (UHV) chamber is reported. The prepared
MoN; thin films were investigated by XPS for chemical composition and oxidation
state of MoNj thin films surface with different nitrogen gas ratio, crystallization of the
MoN; thin films were studied with XRD, the surface profiler used for measuring the
thickness of deposited thin films, and the electrical properties were measured with a

4-point probe system.

2.2 Experimental details

The p-type Si(100) substrate was used for the substrate of MoN, thin films
after cleaned with acetone and dried with nitrogen gas. The sputtering gas was
consisted of nitrogen (99.99%) and argon (99.99%) with various gas ratios as the total
gas flow rate was fixed at 7 sccm. The MoN; thin films were prepared by reactive
radio frequency (rf, 13.56 MHz) magnetron sputtering at various nitrogen flow rates
from 0 to 7 sccm controlled by a MFC. From hereafter, the MoN; thin film deposited
with X% of nitrogen gas flow rate of sputtering gas mixture (No/(N,+Ar)x100) will
be called as MoN-X. In order to remove the contaminants in the sputtering chamber,

rf sputtering was conducted in ultra high vacuum (UHV) chamber. The base pressure



of the chamber was kept less than 1.5x10™ Torr. The base pressure was maintained by

a RP, a TMP, and an IP. During the sputtering process, total working pressure (N,+Ar)
was kept at 45 mTorr. Sputtering target was the pure molybdenum target (99.95%,
Tasco) with 50 mm diameter, 5 mm thickness, and supplied 100 W rf power. Before
the sputtering process, pre-sputtering was performed for 10 min for stabilizing the
plasma and cleaning the target as the shutter was closed. Then rf sputtering was

conducted for 10 min to deposit MoNj thin film on the Si substrate.

The XPS (ESCALab MKII, VG, UK) was used for investigation of the

chemical composition of MoNy. The XPS used Mg Ko X-ray source (1253.6 eV). The

base pressure of XPS system was kept under 3x10™'° Torr by a RP, a TMP, two IPs,

and a TSP. The wide range XPS spectra called as survey spectra were taken for the
qualitative analysis of samples. The survey spectra was collected with 100 eV pass
energy, 100 ms dwell time, 0.5 eV energy step, and 4 times scan for increasing the
signal to noise ratio. The narrow range spectra called as high resolution spectra was
taken for specific atomic spectra. The range of the high resolution spectra was
determined following the survey scan spectra information. High resolution XPS
spectra were taken with a pass energy of 50 eV, energy step of 0.05 eV, scanned 9
times, and the other parameters were kept the same as the survey scan. For details of
atomic ratio of N and O, and the oxidation states of Mo, deconvolution method was
conducted with XPSPEAK41 software (ver 4.1) applied with 30%
Gaussian/Lorentzian ratio. The surface profiler (alpha step-500, Tencor, USA) was
applied for measured thickness of MoNjy thin films. The crystallinity of the thin films

was investigated by XRD (X’Pert MPD system, PHILPS, Netherlands). Cu Ka

10



radiation and a step of 0.1 degree were used for XRD study. Electrical properties were

measured by a 4-point probe measurement (MCP-T6000, Loresta, Netherlands).

2.3 Results and Discussion

The thickness of the obtained MoNjy thin films were measured by a surface
profiler and determined after Grubbs test at 95% of confidence level as shown in Fig.
2.1 [2.20]. The thickness of MoNj thin films were decreased as the nitrogen gas flow
rate (N/N,+Ar) increased. The nitrogen gas flow rate increased, then Ar gas portion
in sputtering gas mixture was decreased. This decreased the sputtering yield of Mo
target. And the decrease of sputtering yield caused decreasing ionized atom of the
target material. So, the thickness of the MoNy thin films was decreased as Ar gas

portion decreased.

The crystallinity of MoNj thin films was investigated with XRD as shown in Fig. 2.2.
In all X-ray diffraction spectra, Si(311) [JCPDS #80-0018] peaks of substrate were
evolved at around 56.6°. At spectra of MoN-0 thin film preparation without the
reactive gas, shown two types of metallic Mo crystalline phases. The two metallic Mo
phases are assigned for Mo(110) and Mo(211) [JCPDS #42-1120] phases centered at
the diffraction angles of 40.8°and 74.0°, respectively. After MoN-21, nitrogen gas
was introduced in the sputtering gas, two metallic Mo peaks were disappeared and
three peaks were evolved at around 37.5°, 43.5°, and 63.1°. These three peaks are
assigned for y-Mo,N(111), y-Mo,N(200), and y-Mo,N(220) evolved at around 40.0°,

44.0°, and 63.4°, respectively [JCPDS #25-1366].

11
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Fig. 2.1 Thickness of the MoNj thin films as a function of nitrogen gas ratio in
the sputtering gas.
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All y-Mo,N peaks slightly shifted to lower diffraction angle and the
intensities of the peaks were decreased as nitrogen gas flow rate increased because the
crystallite sizes of structure were decreased. The crystallite sizes were calculated by
using Debye-Scherrer’s equation and the results are listed in Table 2.1[2.22]. The

Debye-Scherrer’s equation is given as:

D =091/ cosb .

The crystallite size (D, nm) is calculated with wavelength (A, nm) of X-ray
source (Cu Ka, 0.154 nm), full width at half maximum (FWHM, B, rad) of peak, and

diffraction angle (0).

The reason for this phenomenon could be explained by the Hagg’s structure.
The Hagg’s structure was consisted the structure of transition metal elements and
some material such as nitrogen, carbon fill the interstitial sites [2.10,2.23]. As the
nitrogen contents in the sputter gas increased, the probability to occupy the octahedral
interstitial sites of y-Mo,N increased. Therefore, the crystal structure of y-Mo,N was
defective with the interstitial nitrogen and the crystallite size decreased. During rf
sputtering at high ratio of nitrogen in the sputtering gas, excess octahedral sites could

be occupied by nitrogen atoms, resulting the formation of defective y-Mo,N [2.10].

The XPS survey spectra of MoNy thin films with nitrogen gas flow rate
changed and UHV system for a clean environment was shown in Fig. 2.3. The XPS
peaks of C 1s and O 1s (centered at 284.5 and 531.0 eV) were rarely detected.
Therefore, the sputtering process for preparing the MoNj thin films were conducted in

a nearly contamination free environment by applying UHV system. The investigated

13



XPS peak of Mo 3d and Mo 3p at 230.5 and 397.6 eV were observed. The Mo 3p;.»
peaks were difficult to identify N 1s in the survey XPS spectra, because the binding
energy of N 1s electron was nearly of Mo 3ps/; electron centered. However, the peak
intensity of Mo 3p;, and N 1s more increased as Mo 3p;,, peak intensity increased
with nitrogen ratio increased. This phenomenon appeared that Mo nitride was
successfully prepared on the Si(100) substrate. For clarifying about nitrogen exists in
the thin films, high resolution XPS spectra at the binding energy area of Mo 3p and/or
N 1s were taken and deconvoluted based on the results of the high resolution spectra
of Mo 3d spectra shown in Fig. 2.5 [2.24]. The atomic ratio of Mo species with
various oxidation states was inferred from high resolution XPS spectra of Mo 3d

shown in Fig. 2.4.

High resolution XPS spectra of Mo 3d were shown in Fig. 2.4(a). The Mo
3ds, peak shifted to higher biding energy after nitrogen gas was introduced in
sputtering gas. To get the reason of shifted the peak and detail chemical oxidation
information, peak deconvolution process was performed. The representative
deconvoluted spectra of Mo 3d for finding oxidation states are shown in Figs. 2.4(b)
and detail deconvoluted information are shown in Table. 2.2. Two types of Mo
oxidation states were existed in MoN-0 and those are assigned for Mo*" and Mo’",
they were centered at 230.0 eV and 231.3 eV, respectively. The two phase of
oxidation Mo was formed as MoO, and Mo,Os, respectively [2.25,2.26]. After
nitrogen gas was introduced, from MoN-21, the atomic ratio of Mo*" decreased while
Mo’ increased and Mo®" evolved centered at 232.7 eV [2.27,2.28]. The oxygen in

MoO, was replaced with nitrogen in sputtering gas to form Mo;N, without changing

14
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Fig. 2.2 The crystallinity of MoNy thin films
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Table. 2.1 The information of XRD spectra about MoNy thin films.

Diffraction | Crystallite

Sample Phase Angle Size

[26 deg] [nm]
Mo(110 40.8 6.5
Mol Mogzni 74.0 45
vY-Mo,N(111) 37.9 4.0
MoN-21 v-Mo,N(200) 44.0 4.8
7-Mo,N(220) 63.4 k)
y-MooN(111) 37.8 3.8
MoN-43 7-Mo,N(200) 44.0 5.4
7-Mo,N(220) 63.3 31
y-MooN(111) 43.9 3.9
MoN-57 I Mo,N(200) 62.9 2.7
MoN-79 v-Mo,N(220) 43.9 2.9
MoN-100 v-Mo,N(220) 43.5 2.8

16
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Fig. 2.3 The XPS survey spectra of the MoN thin films prepared with
changing the nitrogen gas flow rate.
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Fig. 2.4 (a) is the narrow spectra of the MoNj thin films and (b) was shown

the representative deconvolution data of Mo 3d in MoN thin films.

Table. 2.2 Detailed information about the deconvolution data of Mo 3d

][?;5] F}Z\}/I]M MoN | MoN MoIS\Iampll\floN MoN | MoN

-0 -21 -43 -57 -79 -100

Mo* (2130020) (12(591) 89.2 | 580 | 59.9 | 53.6 | 549 | 535

31\(?;;2 Mo’ (2130123) (il(i,gl) 108 | 299 | 299 | 32.0 | 32.8 33.7
Mo®* (2130217) (12(5,81) - 12.1 10.2 14.4 12.3 12.8

18
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Fig.2.5 (a) is the Mo 3p and/or N 1s narrow spectra of MoN thin films and
(b) is the representative deconvolution data of MoNy as nitrogen gas flow
changed
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Fig. 2.6 Atomic percentages between Mo and N in the MoNj thin films.
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the oxidation state of Mo. Also, the M0,0s was changed to MoON and Mo®" was
evolved as the form of MoN; by introduction of nitrogen gas. The reactive nitrogen
gas affects to oxidize Mo species. This caused that the oxidation state of Mo species
changed from low oxidation state (Mo*") decreased to increase Mo’ and Mo®" as

shown in Table. 2.2 and Fig. 2.7.

The Mo 3p;,, shifted to a higher binding energy as nitrogen gas introduced
during sputtering process like the shift of Mo 3ds, as shown in Fig. 2.5(a). For
calculating the oxidation state of Mo and nitrogen, deconvolution process was
conducted refer with Mo 3d oxidation state ratio and representative deconvolution
data are shown in Fig. 2.5(b). After calculating the total area of Mo species with
different oxidation states from the Mo 3p peak area and/or N 1s, the portion of
nitrogen was obtained and shown in Fig. 2.6. In this figure, the nitrogen concentration
in the MoN, thin films was increased after MoN-21. The N/Mo ratio was reached
nearly to 1 as nitrogen gas introduced in the sputter gas. The stoichiometric ratio of N
to Mo for y- Mo,N is 0.5. The structure of y-Mo,N consisted of fec structure with Mo
and half-fully octahedral interstitial sites with Nitrogen. Then, the extraneous nitrogen
atoms in our MoN thin films occupy the unfilled octahedral interstitial sites of the y-
Mo;N structures. This XPS results are well correlated with the XRD results discussed
earlier. Electrical properties of MoNy thin films were measured with a four point
probe system and shown in Fig. 2.8. The conductivity and resistivity shown the
opposite tendency. The tendency of conductivity is similar to that of atomic ratio of
Mo*" species shown in Fig. 2.7. After nitrogen gas involved in the sputter gas,

conductivity was monotonically increased as a function of nitrogen gas flow rate.
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Fig. 2.7 Atomic percentages of the Mo with different oxidation states in the

MoNXx thin films.
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2.4 Conclusion

The phases of MoN-0 were metallic Mo(110) and Mo(211). When nitrogen
gas was introduced, the metallic phases diminished and y-Mo,N phases emerged. The
crystallite size decreased as the nitrogen gas ratio increased. This phenomenon could
be explained by Hagg’s structure. The thickness of the films decreased from 186.0 nm
for MoN-0 to 21.5 nm for MoN-100 by using the alpha step measurement. From the
XPS analysis, Mo species was oxidized as nitrogen gas was introduced. Mo*" and
small portions of Mo" species were prevalent in MoN-0. Further oxidized species,
Mo®, was detected and the amount of Mo®" increased while that of Mo*" decreased as
the nitrogen gas ratio was increased. Atomic ratio of N to Mo was nearly 1. These
results are well correlated with XRD results. Conductivity and resistivity of MoN,
films showed opposite propensity. The varying propensity of conductivity is similar to
that of atomic ratio of Mo*" species. Conductivity was decreased from 927.7 S/cm for
MoN-0 to 27.3 S/cm for MoN-1.5. Then conductivity of MoN, thin film was

monotonically increased as nitrogen gas flow rate increased.
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Chapter II1. Deposition of molybdenum carbide thin films (MoC,) using

rf magnetron co-sputtering method

3.1 Introduction

Molybdenum carbide (MoC,) has been applied in many fields such as
diffusion barrier [3.1-3.3], atomic mirror [3.4,3.5], hard coating [3.1,3.6,3.7], and
catalyst [3.8] because of its hardness, resistivity, and Mo,C phase doing like Pt
catalyst property [3.1,3.8,3.9]. Noble-metal like morphology of MoC, was reason of
application for catalyst [3.8]. The most previous works used chemical vapor
deposition (CVD) and physical vapor deposition (PVD) method with assistance of
CH, as a reactive gas for the preparation of MoC; thin films [3.1,3.2,3.6,3.7,3.10-

3.20].

Ji et al. prepared MoCy thin films using the unbalanced magnetron sputtering
with inductively coupled rf plasma CVD assisted with CH4/Ar at various sputtering
current on Mo target [3.21]. The crystallization of MoCy thin film were consist of
MoC(100) and diamond-like carbon (DLC) structure. The molybdenum and
molybdenum carbide atomic ratio were increased as sputtering current increased,
investigated by XPS. And D peak and G peaks were investigated by Raman
spectroscopy. In Raman experiment, D peak was shift to G peak as sputtering current
was increased. So, the intensity ratio of D/G was decreased. Intensity ratio of D/G
was mean of sp’ bond phase. The sp’ bond of C was decreased on MoCy thin films.

Roughness of the MoC was increased as sputtering current increased investigated by
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atomic force microscopy (AFM).

Alberto et al. made Mo,C catalyst according to the following procedure. An
appropriate amount of ethanol was added MoCls, for forming the metal orthoesters
[3.8]. Metal orthoesters was mixed with solid urea and urea gels, and heated at 800 °C
with nitrogen gas flow for 3 hr. Mo,C phase was investigated by XRD. And Mo,C
phase was compare the ability as catalyst with Pt and Ru. Mo,C was active as catalyst
for benzyl alcohol conversion until 6 hour, and 80% conversion of benzylalcohol.
They investigated crystallization of Mo,C after active as catalyst. Mo,C phase was
decreased as MoQO; increased after activity as catalyst. MoO; was active like Mo,C
but showed lower activity than Mo,C phase. Pt and Ru have selectivity for oxidation
of benzyl alcohol to benzaldehyde. On the contrary, Mo,C phase has selectivity for
dehydration benzyl alcohol to benzyl ether. Mo,C phase has another selectivity
effected by temperature. Temperature at 60 °C, benzaldehyde selectivity was
increased nearly 39%. The temperature at 100 °C, benzaldehyde selectivity was

decreased to 19%, on the contrary benzyl ether selectivity increased to 70%.

This paper reports about the fabrication of MoC, thin films on Si(100)
substrate by means of rf magnetron co-sputtering using C and Mo targets. The MoC
thin films were obtained at various rf powers on C target without using CH, reactive
gas in high vacuum chamber (HV). We investigated the chemical composition and
crystallinity of MoC; thin films using XPS and XRD, respectively. The thickness,
electrical properties, and the surface free energy (SFE) of the thin films were
investigated by using alpha step measurement, four point probe measurement , and
contact angle measurement using distilled water (DW) and ethylene glycol (EG),

respectively.
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3.2 Experimental details

The MoC; thin films were deposited on p-type Si(100) as a substrate which
is cleaned by chemical method and dry with nitrogen gas prior to install in co-
sputtering chamber. The MoC, was deposited by rf (13.56 MHz) magnetron co-
sputtering method. During the sputtering process, substrate temperature was
maintained at 60 °C by a temperature controller. And the substrate was rotated at 12
rpm for uniform deposition. For co-sputtering method, two types of targets were used;
Carbon (99.5%, Tasco) and Molybdenum (99.95%, Tasco). Both sputtering targets
have a diameter of 50 mm and a thickness of 5 mm. The rf power on Mo target was
optimized at 30 W for whole co-sputtering process. Then, the power on C target was
varied 160 to 200 W with a 10 W of increment. From hereafter, the MoC; thin films

obtained at X W of rf power on C target will be referred as MoC-X.

Ar gas was used for sputtering gas without reactive gas such as CHy. The
flow rate of Ar was controlled by a MFC and fixed at 20 sccm. Base pressure of the
co-sputtering chamber was kept less than 7x107 Torr, and working pressure was
maintained between 24.9 and 25.2 mTorr by a RP and a TMP. For cleaning the co-
sputtering chamber, the chamber was heated by heating wire with 150 V power for 30
min to evacuate the contaminants before every experiment. Pre-sputtering was
performed for 10 min to clean the targets and to stabilize plasma as the shutters were
closed. After pre-sputtering, co-sputtering for deposition of MoC, was carried out for

1 hr as the shutters open.

The thickness of MoCy thin films were measured with a surface profiler

(alpha step-500, Tencor, USA). The crystallinity of MoC; thin films was investigated
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by XRD (X’pert -MPD system, Philips, Netherlands) with glancing mode. Cu Ka
radiation and 0.05 degree of step size were applied for XRD study. The chemical
environment of MoC; thin films was investigated by XPS (ESCALab MKII, VG, UK).
Mg Ka X-ray source (1253.6 eV) was used for the XPS. The base pressure of the
XPS system was kept around 3 x10"'° Torr by a RP, a TMP, two IP, and a TSP. For
qualitative investigation of thin films, wide spectra scan called as survey scan was
conducted. The survey XPS spectra were collected with a pass energy of 100 eV,
dwell time of 100 ms, and an energy step of 0.5 eV. The XPS survey spectra were
obtained after scanning 4 times to increase the signal to noise ratio. The detailed
information of each atoms, narrow spectra scan called as high resolution scan was
performed. High resolution XPS spectra were taken with a pass energy of 50 eV, an
energy step of 0.05 eV, scanned 9 times, and the other of parameters were kept the
same as survey scan. For detailed chemical information of MoC; thin films, the high
resolution XPS spectra of C and Mo were deconvoluted by using XPSPEAK41
software (ver 4.1) in 30% of Gaussian/Lorentzian ratio. The electrical properties were
measured with a 4-point probe system (MCP-T600, Loresta, Netherlands). And
contact angles of DW and ethylene glycol EG were measured to determine the surface

free energy of MoC; films using home-made contact measurement system.

3.3 Results and Discussion

Fig. 3.1 shows the thickness of MoC; thin films deposited on p-type Si(100)
substrate at various rf powers on C target (160 to 200 W) and fixed rf power on Mo
target (30 W) for 1 hr. The thickness of the MoC, thin films was measured by alpha

step measurement and determined after Grubbs test at 95% of confidence level [3.22].
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As shown in Fig. 3.1, the thickness of MoC thin films was increased from 163.27 to
194.68 nm when the rf power on C target increased, respectively. This phenomenon
can be explained that the power on C affected to the velocity of Ar ion in plasma and
sputtering rate of carbon was increased. This caused the thickness of the MoC; thin

films was increased as the rf power of carbon target increased.

The crystallinity of MoC; thin films was investigated with XRD as shown in
Fig. 3.2. The crystalline phase of carbon was observed as DLC phase. The DLC phase
is assigned for DLC(107) [JCPDS #79-1473]. The intensity of the phase was
increased as rf power increased. Two MoC; crystalline phases were assigned for -
Mo,C(121) [JCPDS #45-1013] and Mo,C(200) [JCPDS #79-0744] at the diffraction
angles of 28.12° and 36.63°, respectively. The MoC, phases were consisted of body
centered cubic (bce) structure with Mo. The Mo structure has the interstitial site such
as octahedral and was filled with carbon. If the any atom can be filled the interstitial
site, the atomic radii between Mo and atom will be under 0.59. The atomic radii ratio
between Mo and carbon is 0.556 [3.23]. So, the MoCy phases can be explained the
interstitial carbide structures. The intensity of -Mo,C(121) phase was slightly
decreased as rf power increased. M0,C(200) phase at 36.63° were slightly shifted to
law diffraction angle as rf power increased. Then, crystallite sizes did not change
significantly. The detailed information about Mo,C(200) crystallite size, FWHM,

diffraction angles were listed in Table 3.1.
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Fig. 3.1 The thickness of the MoC thin films as rf power on C targets
changed
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Fig. 3.2 X-ray diffraction patterns of the MoCx thin films on the p-type
Si(100) substrate

Table. 3.1 Crystallite size of the Mo,C phase in the MoC thin films

FWHM DifAﬁIfglteion Crystallite
Sample Phase [26 20 size

degrees] degrees] [nm]
C-160 Mo,C(200) 0.3 37.34 27.94
C-170 Mo,C(200) 0.3 36.27 27.85
C-180 Mo,C(200) 0.3 36.70 27.89
C-190 Mo,C(200) 0.3 36.66 27.89
C-200 Mo,C(200) 0.3 36.59 27.88
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Fig. 3.3 The XPS survey spectra of the MoC; thin films prepared with
different rf power on C targets
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The crystallite size was calculated by Debye-Scherrer’s equation [3.24]. This
peaks shifted phenomenon can be explained the structure had strain as carbon rf
power increased. So, the peaks of Mo,C(200) was slightly shifted to the low

diffraction angle and 3-Mo,C(121) peaks decreased.

Fig. 3.3 shows the XPS survey spectra of MoC, thin films obtained at
different rf powers on C target. The characteristic XPS peaks of O, C, and Mo were
observed at the binding energies of 531.0, 284.1, and 231.28 eV, respectively. So we
can conclude that the sputtering process for deposition MoC, was conducted
successfully. Although pure Ar gas was used and high vacuum system was applied for
co-sputtering, XPS peak of O was detected. The oxygen could be originated from the
residual oxygen species in the co-sputtering chamber such as H,O and/or CO,. This is
an indirect clue of the formation of MoC, thin films. The XPS peak at 398.4 eV was
assigned as Mo 3ps,. In order to identify the chemical environment of MoCy thin
films, the high resolution XPS spectra of C 1s and Mo 3d were taken. Fig. 3.4(a)
shows the high resolution XPS spectra of Mo 3d in MoC thin films. As shown in Fig.
3.4(a), Mo 3d XPS spectra of MoCy thin films was apparently looked like triplet
peaks because Mo species with different oxidation states were combined. So, for the
identification of oxidation states of Mo, Mo 3d peaks were deconvoluted using
XPSPEAKA41. Fig. 3.4(b) shows the representative deconvoluted XPS spectra of Mo
3d. As shown in Fig. 3.4(b), the deconvoluted Mo 3d peaks were consisted of three
peaks. One of the right side line, peak 1 was assigned for Mo metallic phase. The
middle line with lowest intensity, peak 2 was assigned for Mo*" phase. And the left
side line, peak 3 was assigned for Mo®" phase [3.25]. The two types of oxidation Mo

were consisted with the MoC structure MoC and MoC;_, and the other metallic Mo
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Fig. 3.4 (a) the narrow spectra of the Mo 3d in the MoC thin films as rf
power changed, and (b) the representative deconvolution of Mo 3d peaks for
finding detail oxidation information about Mo.

33



Table. 3.2 The portion of Mo, Mo*", and Mo®" in the MoC thin films

, Mo [eV] Mo"' [eV] Mo®* [eV] Atomic ratio [%]

Sample position | FWHM | position | FWHM | position | FWHM Mo Mo** Mo®*
MoC-160 228.38 2.10 229.98 2.00 232.05 2.20 43.46 10.23 46.31
MoC-170 228.19 2.10 229.79 2.00 231.79 2.20 42.76 10.45 46.79
MoC-180 228.21 2.10 229.85 2.00 231.92 2.20 45.31 11.11 43.58
MoC-190 228.25 2.10 229.85 2.00 231.95 2.20 40.35 7.83 51.82
MoC-200 228.00 2.10 229.64 2.00 231.64 2.20 40.48 12.81 46.71
Average 228.21 2.10 229.82 2.00 231.87 2.20 42.47 10.49 47.04
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was deposited as amorphous phase. The detailed information deduced after

deconvolution is listed in Table. 3.2.

Fig. 3.5(a) is the high resolution XPS spectra of C 1s of MoC; thin films
obtained at various rf powers on C target. As shown in Fig. 3.5(a), C 1s peaks were
not symmetric and the shoulder peak at low binding energy of C 1s slightly increased
as sputtering power of C target, so deconvolution process of C 1s peaks for detailed
information was conducted. As shown in Fig. 3.5(b), representative deconvoluted
spectra of C 1s was consisted of four peaks, C-Mo, C, C-O, and C=0 [3.25]. C peaks,
the middle line and highest intensity line were centered at 284.6 eV. Theses peaks can
be used as the reference for the shifted other spectra. As shown in Table 3.3, Data of
C 1s deconvolution, the portion of C-Mo was increased as the rf power increased.
This phenomenon was affected by rf power likely thickness. The larger sputtering
power on C target applied, the more MoC was made. The atomic ratio between C-Mo
and oxidized Mo was shown in Table 3.4. The C-Mo and oxidized Mo were organized
structure of Mo,C. In order to satisfy the stoichiometry of Mo,C, the ratio of C-
Mo/oxidized Mo should be 0.5. As shown the Table 3.4, the ratio of MoC-160 was
satisfied stoichiometry for the Mo,C phase and the others ratio were over the 0.5 and
going to nearly 2. This phenomenon can be explained with XRD data. Mo,C(200)
phase were shifted to the lower diffraction angle because of the strain on the structure.
The excess carbon was attached irregular site and gave the strain to the Mo,C
structure. Fig. 3.6 is the atomic ratio of C, O, and Mo in the MoC; thin films. The
ratio of Mo was decreased as rf power increased, from 20.0% to 13.1%. On the
contrary, C ratio was increased from 43.7% to 53.8%. This phenomenon was also

affected by the rf power on carbon target.
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Fig. 3.5 (a) the C Is on the MoCx thin films, (b) is the representative
deconvolution spectra of C 1s.
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Table. 3.3. Detailed information about the deconvoluted peaks of C 1s on the MoCy thin films.

C-Mo [eV] CleV] C-0 [eV] C=0 [eV] Atomic ratio [%]

Sample
P position | FWHM [ position | FWHM | position | FWHM | position | FWHM | MoC C C-O0 Cc=0

MoC-160 283.54 2.30 284.60 2.40 285.78 2.40 288.13 3.10 12.10 | 50.46 | 17.73 19.71

MoC-170 283.56 2.30 284.60 2.40 285.98 2.40 288.00 3.10 15.09 | 53.35 | 14.89 16.67

MoC-180 283.60 2.30 284.60 2.40 285.80 2.40 288.00 3.10 | 24.46 | 53.31 | 10.46 11.77

MoC-190 283.73 2.30 284.60 2.40 286.25 2.40 288.15 3.10 | 27.48 | 42.42 | 13.19 16.92

MoC-200 283.61 2.30 284.60 2.40 286.02 2.40 288.02 3.10 | 30.86 | 46.72 | 10.74 11.67

Average 283.61 2.30 284.60 2.40 285.97 2.40 288.06 3.10 | 22.00 | 49.25 | 13.40 15.35

Table. 3.4. The atomic percentages of Mo with different oxidation states and C-Mo in the MoC structure.

MoC MoC MoC MoC MoC
-160 -170 -180 -190 -200

Mo-C/

Oxidized Mo 0.50 0.85 1.06 1.23 2.07
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Fig. 3.6 The atomic percentages of the C, O, and Mo on the MoC thin films as
C target power increased
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Fig. 3.7 is the electrical properties of MoC; thin films. The circle, represents
conductivity of the MoC; thin films, and the triangles was resistivity of MoC. The
conductivity of the MoC; thin film was affected by Mo atomic ratio. The conductivity
was decreased from MoC-160 to 170, 258.68 to 128.10 S/cm as Mo ratio was
decreased from 19.23 to 15.86%. And rf power was changed from 170 to 180 W as
the Mo ratio was changed from 15.86 to 20.47% and conductivity was likely changed
from 128.10 to 312.44 S/cm. This phenomenon can be explained the Mo is more
effect to conductivity. The conductivity of the MoC, was changed to likely Mo atomic

ratio. The resistivity of MoC; is reverse trend with conductivity.

The contact angle of the MoCy thin films measured with DW and EG was
shown in Fig. 3.8. Both of the contact angles were increased as sputtering power on
carbon increased. But the more increase of the contact angle was observed with DW.
Surface free energy(SFE) of MoCy thin films was shown in Fig. 3.9 [3.26]. The circle
is the total SFE, triangle is dispersive energy, and square is the polar SFE of MoC,
thin film at various rf power of C target. The polar SFE of MoCy increase as rf power
was increased. On the contrary, dispersive SFE of the MoC, is decreased as rf power

increased. Then, the total SFE was decreased as the rf power increased.
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Fig. 3.7 Electrical properties of the MoC thin films
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Fig. 3.8 Contact angle of the MoCy thin films measured with distilled water
and ethylene glycol.
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Fig. 3.9 Surface free energy of MoC; thin films.
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3.4 Conclusion

The thickness of the MoC, thin films has increasing tendency as rf power of the C
target increased measured by alpha step measurement. MoC, has the three phase of
crystallinity, DLC(107), B-Mo,C(121), and Mo,C(200). Mo0,C(200) phase was
slightly shifted as rf power increased investigated by XRD. From XPS survey spectra,
C-Mo phase in C 1s was increased as rf power increased and Mo 3d was consist of
the Mo, Mo*" and Mo®". Atomic ratio between C-Mo and oxidized Mo was changed
from 0.5 to 2, respectively. Atomic ratio of Mo was decreased as rf power increased.
On the contrary, C was increased as rf power increased. Atomic ratio of Mo affect to
conductivity of MoC,. SFE of the MoCy thin films was decreased as rf power

increased.
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