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Abstract

A combined investigation of mechanical stress generation by in situ substrate curvature measurements during the growth of

MoNx thin films, with 05/x5/0.35, and of structural properties by ex situ X-ray diffraction (XRD), transmission electron

microscopy (TEM), transmission electron diffraction (TED), X-ray photoelectron spectroscopy (XPS), and electron energy-loss

spectroscopy (EELS) is reported. It was found that the Mo film stresses strongly depended on the Ar sputtering pressure and

changed from highly compressive to highly tensile in a relatively narrow pressure range of 6�/12 mTorr. For pressures exceeding �/

40 mTorr, the stress in the film was nearly zero. Cross-sectional TEM measurements indicated that the compressively stressed films

contained a dense microstructure without any columns, while the films having tensile stress had a very columnar microstructure.

High sputtering-gas pressure conditions yielded dendritic-like film growth, resulting in complete relaxation of the mechanical tensile

stresses. It was also found that the properties of the deposited MoNx films depended not only on the nitrogen partial pressure in Ar�/

N2 gas mixtures but also on the total sputtering-gas pressure. Cross-sectional TEM studies showed that an average column width for

160 nm-thick films near stoichiometry of Mo2N was about �/15�/20 nm. Using the electron scattering data collected from a range of

crystalline samples for calculating the pair distribution function (PDF) by Fourier transformation in real space, Mo�/N and Mo�/

Mo bonding in the films was also identified. Once the Mo2N phase was formed, the density, microstructure and bonding feature

were similar and insensitive to the total sputtering pressure used in this study.
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1. Introduction

Thin films of molybdenum (Mo) and molybdenum

nitride (MoNx) have been extensively used in various

technological areas, especially as diffusion barriers in

microelectronics, hard wear-resistant materials in en-

gineering, and interconnections in semiconductor de-

vices. All these applications are due to their remarkable

properties such as high hardness, high melting point,

good chemical stability and high conductivity [1].

Accordingly, a considerable number of detailed investi-

gations has been carried out on the deposition and

characterization of molybdenum [2�/5] and molybde-

num nitride [6�/12] films by employing a variety of

techniques, such as dc/rf magnetron sputtering, chemical

vapor deposition, laser-promoted nitridation, ion-beam

assisted deposition, and reactive magnetron sputtering.

Characterization was based primarily upon electrical

resistivity, chemical-state configuration of elements,

phase identification, and surface morphology as a

function of processing conditions. Currently, physical

vapor deposition of thin films onto various substrates is

the most popular technique for synthesizing Mo and

MoNx because these films are easily and reproducibly

formed by magnetron sputtering or reactive magnetron

sputtering from a pure Mo target in an Ar or an Ar�/N2

gas mixture. However, very little is known today about* Tel.: �/852-2-784-4658; fax: �/852-2-788-8423.
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the effect of deposition conditions on mechanical stress

and microstructure of Mo and MoNx films.

In the present study, the effect of deposition condi-

tions on mechanical stress and microstructure of thin
Mo and MoNx films is presented, in which some new

features not reported in previous studies of these

systems have been revealed. Direct measurements of

the stress evolution in real time during magnetron

sputtering of Mo and reactive magnetron sputtering of

MoNx were carried out using a wafer curvature-based

technique. Extensive spectroscopic measurements were

also performed using X-ray diffraction (XRD), trans-
mission electron microscopy (TEM), transmission elec-

tron diffraction (TED), X-ray photoelectron

spectroscopy (XPS), and electron energy-loss spectro-

scopy (EELS).

2. Experimental details

MoNx films, with 05/x5/0.35, were deposited on
unheated Si(100) substrates by reactive dc magnetron

sputtering of a 99.99% pure tungsten disk (50 mm in

diameter). The system has been described previously

[13,14]. Briefly, depositions were made with a constant

magnetron current of 0.28 A, which required a discharge

voltage of �/300 V, independent on the gas mixture.

Prior to deposition, the system was evacuated to a

pressure of 3�/10�6 Torr and then an Ar/N2 gas flow
controlled using two independent mass flow controllers

was admitted into the chamber. The ratio of N2 to Ar�/

N2 could be changed, so as to vary nitrogen concentra-

tion x. The substrates were 330 mm-thick silicon with

dimensions 10�/10 mm2, cleaved from 76 mm wafers of

p-type (100) silicon (r�/1�/10 V cm). The target was

sputter cleaned for 5 min with a shutter covering the

substrate, prior to initiating deposition. The target-to-
substrate spacing was 70 mm.

Unless otherwise illustrated, all films were deposited

to a nominal thickness of 160 nm. The thickness of the

films was determined using stylus profilometry (Tencor

P-10) and confirmed by cross-sectional TEM measure-

ments. Substrate temperature during film growth was

estimated to be 150 8C including plasma heating. These

samples will be denoted as as-deposited samples. Post-
deposition annealing of the samples was carried out in a

vacuum of better than 5�/10�7 Torr in the temperature

range of 100�/750 8C. Annealing time was 30 min.

The crystallographic structure of the films was

determined by XRD using a Siemens D5000 diffract-

ometer with a Cu tube operated at 40 kV and 30 mA.

The measurements were carried out using Cu Ka
radiation with a Ni filter to remove Cu Kb reflections.
The cross-sectional TEM images were obtained in a

Phillips EM430 microscope operated at 300 kV. The

atomic concentrations of elements as well as their

chemical bonding were investigated by XPS using a

Kratos Axis/800 hemispherical energy analyzer

equipped with an unmonochromatized Mg Ka X-ray

source (hn�/1253.6 eV). The binding energy scale was
calibrated against Ag 3d5/2 at 368.25 eV and the

instrumental energy resolution, measured using the

same peak, was 0.9 eV (pass energy set at 20 eV).

Charging corrections were made using the as-measured

Fermi level of Ag and Au pieces on the metallic

substrate holder using the Mg Ka radiation as a

reference. The density of the films was analyzed by

EELS in a Phillips EM430 TEM equipped with a
GATAN 666 parallel electron energy-loss spectrometer

operated at 300 keV. All electron energy-loss measure-

ments were carried out in diffraction mode (image

coupling to the spectrometer) with a collection angle

of �/8 mrad. Contamination of the beams under the

electron beam was found not to be a problem when

using a defocused probe and an area-selecting aperture.

Cross-sectional specimens were prepared by gluing
two samples face-to-face with epoxy resin and then

mechanically thinning from both sides to 30 mm

followed by 3 keV Ar�-ion milling at 88 with respect

to the specimen surface to obtain electron transparency.

A range of samples was also deposited onto the NaCl

substrates and then floated off for TED and EELS

measurements.

3. Results

3.1. In situ mechanical stress measurements, cross-

sectional TEM and TED

The development of film stress during deposition was

determined with a vacuum cantilever beam apparatus

using an optical two-beam deflection method to detect

changes in the substrate curvature. The film stress s is

obtained by the well-known Stoney’s equation revised

for biaxial stress,

s�
1

6

Esh
2
s

(1 � ns)hf

�
1

r
�

1

r0

�
(1)

where Es/(1�/ns) is the biaxial modulus of the substrate,

hs and hf are the thickness of the substrate and film, and

r0 and r denote the curvature radii before and after film

deposition, respectively. The substrate curvature was

measured on a beam-shaped sample by deflection of a

splitted laser beam from both ends. The sample stripes

were 2 mm wide and 18 mm long. They were cut from

the Si(100) wafers [hs�/85 mm, Es/(1�/ns)�/180.5 GPa].
It has been verified that the original curvature of a bare

silicon wafer is negligible compared with the measured

curvatures after deposition.
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The measurement reveals how the Ar sputtering-gas

pressure influences the formation of mechanical stresses

in the Mo films. Fig. 1 shows the evolution of the

mechanical stress for a series of Mo films as a function

of sputtering-gas pressure. In our study, the power

density was fixed, and the only variable was the Ar

pressure. No delamination of the films was observed in

all cases. In the low-pressure range of 2�/6 mTorr, the

Mo films are subjected to high compressive stresses. As

the sputtering-gas pressure is increased, the stress

changes from compression to tension, reaching a max-

imum (1.42 GPa) at 12 mTorr, and with further increase

the stress is gradually decreased. For pressures exceed-

ing about 40 mTorr the stress in the film is nearly zero.

This dependence of mechanical stress on sputtering-gas

pressure shown in Fig. 1 has already been reported in

many other refractory-metal films, such as Cr and W

[15�/17], deposited by dc and rf magnetron sputtering

using ex situ XRD sin2c method and curvature-based

techniques.

The evolution of the microstructure of the Mo films

with sputtering-gas pressure has been investigated by

examining the cross sections in comparable thickness

films by means of cross-sectional TEM. Fig. 2 shows

bright-field cross-sectional TEM micrographs from

three different Mo films. It was found that the films

deposited at a low pressure of 2 mTorr (compressive

stress, Fig. 1) contains a dense microstructure without

any columns shown in Fig. 2a. No evidence of the

presence of voids in compressive stress films was

observed. Most of the microstructure is composed of

large bcc Mo grains. The coarse bcc grains are also

evident from the spotty rings obtained from TED (not

shown). For a film deposited at 12 mTorr (maximum

tensile stress, Fig. 1), a very columnar microstructure is

observed (Fig. 2b). It is interesting to note that the

surface structure in Fig. 2b has changed compared with

that in Fig. 2a, each column having a domed top. At a

high pressure of �/40 mTorr, where the stress is nearly

zero, the columnar microstructure has disappeared and

a dendritic-like structure is observed (Fig. 2c). Com-

pared with the tensile stress film in Fig. 2b, the amount

of column boundary voids and the extent of surface

roughness are more dramatic. The electron diffraction

pattern obtained from the zero stress film shows an

amorphous feature. This is in good agreement with the

XRD measurements (not shown). These results clearly

show that the mechanical stress level in the Mo films

deposited under different Ar sputtering pressures is

strongly correlated to their microstructure.
Fig. 3 shows the evolution of mechanical stresses in a

series of MoNx films deposited under three different

total pressures (Ar�/N2) as a function of x. In a low

pressure of 4 mTorr (Fig. 3a), the films without nitrogen

addition are under high compressive stresses (1.38 GPa).

As the nitrogen content increases, a decrease in film

compressive stress is observed. This stress change is due

to variations in both the average impact energy of

sputtered Mo atoms and accelerated ions incident at the

growing film. The compressive stress has a value of �/

0.85 GPa for films near stoichiometry of Mo2N. In a

higher pressure of 12 mTorr (Fig. 3b), the tensile stress

(1.42 GPa) was observed in a pure Mo film. The stress

Fig. 1. Mechanical stress in 160 nm-thick Mo films as a function of Ar

sputtering-gas pressure.

Fig. 2. Cross-sectional TEM images showing the microstructure

evolution of three Mo thin films deposited under different Ar

sputtering-gas pressures (the corresponding stress values are given in

Fig. 1); (a) at 2 mTorr, (b) at 12 mTorr, and (c) at 40 mTorr.
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becomes smaller by introducing a small amount of N2 in

the sputtering chamber and reaches nearly zero at x�/

0.1. Beyond this point, the stress turns to be compres-

sive. The compressive stress has a value of 0.8 GPa for a

film with x�/0.35. At a high pressure, �/30 mTorr, the

Mo film has a lower tensile stress of 0.25 GPa. As x

increases, the structure collapses into a disordered

amorphous network with a decrease in film stress as

observed (Fig. 3c). At x�/0.35, the film is almost free of

mechanical stress.

Typical cross-sectional TEM image obtained from a

Mo2N film deposited at a total pressure of 4 mTorr after

annealing to 500 8C is shown in Fig. 4a. It can be seen

that the film contains a well-defined columnar micro-

structure with uniform columns from substrate to top of

the films. The column boundaries appear to be deco-

rated by a relatively low density of voids. The average

column diameter is about 15�/20 nm. The electron

diffraction pattern of the film (see Fig. 4b) clearly shows

the (111), (200), (220), (311), (222), (331) and (420)

diffraction rings for fcc Mo2N.

Structure in a crystalline Mo2N is essentially of a

long-range nature and is best described by the pair

distribution function (PDF), which gives a measure of

nearest neighbor distances between atoms. It is well

known that electrons are scattered more strongly by

matter than by X-rays or neutrons. This property allows

Fig. 3. Mechanical stresses of as-deposited MoNx films prepared

under three different Ar sputtering-gas pressures as a function of x; (a)

at 4 mTorr, (b) at 12 mTorr, and (c) at 30 mTorr.

Fig. 4. (a) Cross-sectional TEM image of a MoNx film with x�/0.35

and (b) the TED pattern from the same film. (c) The experimental G(r)

obtained by Fourier transformation of the reduced TED intensity S(q)

from the MoNx film at x�/0.35 after annealing to 500 8C. The film

thickness was 50 nm.
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diffraction analysis of micro-volumes of solids with

good statistics and renders electrons a unique technique

in the study of thin films. In this study, TED intensities

I(q) were collected using a Phillips EM430 TEM fitted
with a GATAN 666 parallel EELS operating at 300 kV.

The PDF, denoted G(r), is calculated as Fourier

transformation of the reduced TED intensities S(q)�/

q[I(q)/Nf2�/1] in real space [see our recent publications

in [13,14] for details of the method]:

G(r)�8p g
qmax

0

q[I(q) � Nf2]

Nf2
W(q)sin 2prqdq (2)

where N is the number of atoms in the compound, f is

the atomic scattering factor, and W(q)�/sin(pq/qmax)/

(pq/qmax) is the Lorch damping function. The scattering

factor q�/2 sin u/l was collected to a maximum value of

q, qmax, of 3.5 Å�1.

For a binary system, the G(r) function is a sum of all
the partial PDFs, gm,n(r), between two types of atom, m

and n:

G(r)�4prr0

X
m;n

Wm;n[gm;n(r)�1] (3)

where r0 is the average atomic density, and the

weighting factors, Wm,n�/cmcnfmfn, depend on both
the atomic fraction, c, and the effective atomic scattering

factor, f, of the binary system. For a MoNx film, the

average atomic scattering factor f is defined to be (1�/

c)fN�/cfMo where c is the Mo content, and fMo and fN

are the kinematic electron scattering factors of Mo and

N as given in the literature [19]. The G(r) of the film

obtained by Fourier sine transformation of the reduced

TED intensity S(q) gives accurate atomic distances up to
the first seven nearest neighbours within 0.02 Å. Our

measurements provide unambiguous identification of

Mo�/N and Mo�/Mo bonding in the films.

3.2. XRD

Our XRD u�/2u measurements indicate that the

crystallographic structure of reactively sputter-deposited

MoNx depends on the concentration of nitrogen, x, in

the films. At low values of x (B/0.08), the films contain

mainly bcc Mo. A two-phase structure consisting of bcc
Mo and fcc Mo2N is observed in the range of x�/0.10�/

0.26. When x reaches 0.28 or up to 0.35, a single fcc

Mo2N phase is observed. In Fig. 5, the XRD u�/2u
scans show that the lattice parameter of the films

increases from 0.3147 to 0.4195 nm while nitrogen

concentration x increases from 0 to 0.35. The points

labeled A, B, and C gave the XRD patterns collected

from as-deposited films shown. For a film without
containing N, a bcc Mo structure is observed with a

(110) preferred orientation because the (110) planes are

closest-packed in bcc Mo with the lowest surface energy.

At higher values of x, the lattice constants [calculated

from the (111) peak positions] are higher than the bulk

value of Mo2N, 0.4163 nm [18]. This is attributed to the

expansion of lattice constant by the incorporation of
nitrogen atoms. It is also noted that at higher nitrogen

concentrations, the diffraction peaks are broad and their

intensities are weak. These results indicate that the

crystalline Mo2N structure of the films formed at low

temperatures is less ordered, probably due to small

crystal sizes and distortion of the cubic lattice structure.

Annealing of the as-deposited films resulted in an

improved crystallinity of the Mo2N structure, which is
related to the N concentration. After annealing to

500 8C, the lattice parameters approach to reported

bulk value of 0.4163 nm, indicating that the layers are

nearly fully relaxed.

Our XRD measurements also reveal that the fcc

Mo2N structure is stable up to 750 8C. Fig. 6 shows a

detailed XRD u�/2u scan for 2u angles up to 1508
obtained from a MoNx film after annealing to 750 8C.
For the film at x�/0.35 (close to stoichiometry of

Mo2N), the diffraction lines showing a single-phase

structure of Mo2N are observed. The major trend is

growth with a (111) preferred orientation. The (111)

orientation is favored most likely because the (111)

planes are closest-packed in the fcc Mo2N structure with

the lowest surface energy. After higher temperature

annealing adatom mobilities in the film are sufficiently
high to favor crystallites bounded by low energy planes.

The major peaks observed at angles 2u equal to 37.56,

43.66, 63.64, 75.8, 79.96, 95.41, 108.04, 111.72 and

130.558. These peaks are assignable to (111), (200),

(220), (311), (222), (400), (331), (420) and (422) reflec-

tions of fcc Mo2N structures.

3.3. XPS and EELS

XPS techniques permits to identify elements and their

chemical states present in the outermost �/5 nm of the

surface of the samples. During the operation and

transfer into the spectrometer preparation chamber,

the surface of the film samples was exposed to air prior

to the XPS measurement (as were all of the samples)

and, therefore, contained surface oxide. Survey spectra

from these films revealed, in addition to the dominant
Mo, N, and O related peaks, a very small C 1s peak was

also present and disappeared after the sample was

irradiated with a small Ar ion dose. Fig. 7a and b

show typical XPS spectra of the films in the Mo 3d and

N 1s energy regions, respectively. These spectra were

obtained from two fcc Mo2N films prepared under

different total pressures after annealing to 500 8C. For

comparison, the spectrum of a bcc Mo film in the Mo 3d
energy region is also shown in Fig. 7a. For the as-

deposited Mo2N film prepared at 4 mTorr (Fig. 7a), Mo

3d5/2 and Mo 3d3/2 peaks are situated at higher positions
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at 228.5 and 232.2 eV, respectively. The peak at 235.5 eV

overlaps with that of the oxide. After sputter etching,

the binding energies of the film (at a depth of

approximately 8 nm, curve A) are shifted to energies

at 228.1 and 231.4 eV. The chemical shifts in the core

levels of the Mo2N film relative to elemental Mo

(centered at 227.8 and 231.0 eV) reflect a charge transfer

from molybdenum to nitrogen during the nitridation

process. Similar chemical shifts were also observed for

the film prepared at 12 mTorr (curve B). In addition, the

Fig. 5. Variation of lattice parameters in MoNx films as a function of x before and after annealing to 500 8C. The XRD u�/2u patterns labeled A, B,

and C obtained from as-deposited films at x�/0.05, 0.18, and 0.33, respectively, are also shown.

Fig. 6. XRD u�/2u scan from a MoNx film with x�/0.35 after annealing to 750 8C.
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fact that the N 1s spectra showed two peaks centered at

394.5 and 397.2 eV for 4 mTorr case and 394.6 and

397.5 eV for 12 mTorr case (Fig. 7b), is assigned to Mo

3p�/N 1s [20].

EELS have been shown to be a useful tool in the

determination of film density and the quantitative

analysis of chemical impurities. Typical EELS low-loss

spectra obtained from a Mo2N film prepared at 4 mTorr

before and after annealing to 600 8C are shown in Fig.

8a. The low-loss spectra have been deconvoluted with

the zero-loss peak. For the as-deposited film (curve A),

the spectrum shows the surface and bulk plasmon loss

peaks centered at �/10.3 and 21.0 eV, respectively. The

high-energy loss features at 40.7 and 52.8 eV are

attributed to interband transition from the Mo 4s and

Mo 4p orbitals, respectively, to unoccupied states near

the Fermi level EF [21]. The zero-loss spectrum for the
annealed film (curve B) is similar to that of the as-

deposited film. It is noted that the bulk plasmon loss

peak after annealing is shifted to a higher position

centered at 22.3 eV (curve B), while no loss of the N

content in the film was evidenced. This is due to the fact

that annealing the film to a higher temperature provides

sufficient atomic mobility for both Mo and N atoms to

reach sides, which are conducive to a densely packed
crystalline structure.

The energy Ep of the bulk plasmon loss peak is related

to the valence electron density ne using the free-electron

formula [21]:

Ep�’

�
ne

e2

m�o0

�1

2
(4)

where m* is the effective electron mass and ’; e, o0 have

Fig. 7. Typical XPS (a) Mo 3d and (b) N 1s spectra in Mo2N films.

The films were deposited at total sputtering-gas pressures of 4 (curve

A) and 12 mTorr (curve B), respectively. For comparison, Mo 3d

spectrum from a bcc Mo film after sputtering etching is also shown in

(a). Etching time was 3 min. The Mo and Mo2N films were annealed to

500 8C. Curves have been offset vertically for clarity.

Fig. 8. Typical electron energy zero-loss spectra obtained from a film

prepared at 4 mTorr before (curve A) and after (curve B) in situ

annealing to 600 8C for 20 min. (b) Mass density of the two Mo2N

films prepared under two different pressures as a function of annealing

temperature.
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their usual meanings. Considering the molybdenum 4d

and 5s orbitals and nitrogen 2s and 2p orbitals, we

assume that molybdenum and nitrogen contribute six

and five valence electrons per atom, respectively, to the
valence electron plasmon. Therefore, the electron den-

sity is given by:

ne�6nMo�5nN (5)

where nMo and nN are the concentrations of molybde-

num and nitrogen atoms, respectively. Using Eqs. (4)

and (5) the density of Mo2N films can be measured

using the value of the bulk plasmon energies determined

from EELS low-loss spectra. Fig. 8b shows the mass
densities of the two films obtained under different

sputtering pressures as a function of annealing tempera-

ture.

4. Discussion

4.1. Mechanical stress and microstructure

The mechanical stress and microstructure of the films

are influenced by changing sputtering pressure through

ion bombardment. We have shown that the mechanical

stress is an important parameter, which either correlates

with, or directly influences, most of the structural

properties of sputter-deposited Mo films. The features

observed in the plots of Figs. 1 and 2 are a manifestation
of the correlation of the stress and microstructure. At

low sputtering pressures, the films contain a dense

microstructure without any columns which is responsi-

ble for the observed compressive stress (Fig. 1 and Fig.

2a). Usually, the occurrence of mechanical stress is due

to the atomic peening effect [22] caused by energetic

particles such as sputtered atoms and sputtering-gas

atoms or ions, leading to densification of the micro-
structure. The sputtered atoms normally arrive at the

surface of the growing film with enhanced energy. These

energetic particles strike the surface, limiting the devel-

opment of a columnar growth morphology. With

increasing Ar pressures, the films obtained show a

columnar microstructure and developed a tensile stress

(Fig. 1 and Fig. 2b). The columnar structure observed

for the tensile stress films indicates the presence of voids
in the material. This type of defect tends to shrink the

films due to the high surface tension of the inner surface

of the voids. As a result, the film volume decreases and

tensile stress is generated. The films deposited at high

sputtering pressures show a dendritic-like microstruc-

ture (Fig. 2c). It is evident that open columnar structures

are unable to support large mechanical stress in the film.

For reactively sputter-deposited MoNx films, it is
found that their properties depend not only on the

nitrogen partial pressure in Ar�/N2 gas mixtures but also

on the total sputtering-gas pressures (Fig. 3). The initial

compressive stress observed in a low sputtering-gas

pressure of 4 mTorr becomes smaller by introducing a

small amount of N2 in the sputtering chamber (Fig. 3a).

It suggests that the stress depends mainly on the N
content in the MoNx films. This relaxation of compres-

sive stresses may, therefore, be understood in terms of a

loss in inter-grain coupling as a result of increased

porosity in the grain boundaries followed by develop-

ment of a two-phase network and then one-phase

structure as the nitrogen increases. In a higher sputter-

ing-gas pressure of 12 mTorr, the film initially showed a

tensile stress corresponding to a columnar microstruc-
ture (Fig. 3b). The stress moves toward compressive by

increasing the nitrogen content. It seems reasonable to

assume that the interstitial N atoms incorporated causes

the lattice expanded, resulting in compressive stress in

the films. The films deposited at 30 mTorr without

nitrogen addition show a low tensile stress (Fig. 3c). The

growth of amorphous films in the absence of substantial

energetic particle bombardment is known to result in
underdense films, which are unable to support large

mechanical stress. As the nitrogen content increases, a

completely disordered amorphous MoNx network de-

velops, leading to nearly zero value of tensile stresses.

The columnar nature of the microstructure in the

Mo2N films has been demonstrated using cross-sec-

tional TEM (Fig. 4a). The columnar microstructure may

develop by surface diffusion process influenced by both
geometrical shadowing effects and limited atomic mo-

bility. The 160 nm-thick films have a columnar micro-

structure with an average column width near the surface

of 15�/20 nm. From the image, we see that the column

boundaries appear to be decorated by a relatively low

density of voids. The absence of doming at the top side

of the film is indicative of a less well-defined columnar

morphology. We have also shown that TED with a PDF
analysis is a powerful technique, which is capable of

detecting the structure of cubic Mo2N compound, and

producing quantitative data of the Mo�/N and Mo�/Mo

atomic distance parameters (Fig. 4c).

4.2. Film structure and thermal stability

At a lower growth temperature, atomic displacement,

local atomic arrangements, and enhancement of adatom
mobilities are limited. Our XRD u�/2u measurements

indicate that in N2 deficient ambient or at lower values

of x, the 160 nm films contained mainly bcc Mo, while in

the 0.105/x5/0.26 range, the films had a two-phase

structure consisting of bcc Mo and fcc Mo2N. When the

x value reached 0.28 or above, the films had an ordered

crystalline Mo2N structure. It is apparent from these

results that the dominant processes in sputter deposition
which control the kinetics and mechanisms during film

growth are changing at different Ar to N2 partial

pressures. For deposition at a low pressure of 4 mTorr,
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penetration, local atomic rearrangements, and atomic

displacements increase and the original Mo particles as

well as Mo atoms neighboring the collision site can

acquire sufficient energy for mobility enhancement.
When this enhancement is sufficient to overcome surface

diffusion barrier, the atoms are able to reach sites, which

are conducive to the stable crystalline growth. As the N2

partial pressure increases, the mobility of Mo particles

decreases. This can be understood by the fact that

nitrogen can act as a roadblock to the diffusing Mo or

can trap diffusing Mo, or can serve as a nucleation site

for lattice defects. Therefore, the growing Mo particles
may not be sufficiently mobile to migrate to the

preferred sites for perfect crystallization growth. As

shown in Fig. 5 (see spectra B and C), the (111) and

(200) diffraction peaks observed in XRD u�/2u mea-

surements are broader and their intensities are relatively

weak, indicating that the degree of ordering for the as-

deposited films is lower, probably due to small crystal-

lite size and distortion of the lattice structure.
The lattice parameter for the as-deposited Mo2N film

is higher than the corresponding bulk value of 0.4163

nm (Fig. 5). A continuous shift of the lattice parameter

towards higher values of x is also evidenced (not shown).

The crystal structure of Mo2N is B1�/NaCl type where

the Mo atoms occupy the positions of the fcc lattice

points and N atoms occupy 50% of the total octahedral

sites. In the case of overstoichiometric films, the
excessive nitrogen could possibly be occupying these

vacant octahedral sites, resulting in an expansion of the

lattice. However, the possibility of the presence of excess

nitrogen at the interstitial sites and grain boundaries

also cannot be completely ruled out.

The annealing used in the present investigation

presumably serves only to activate atom diffusion,

structure conversion, and phase ordering [23,24]. After
high temperature annealing, adatom mobilities in the

film are sufficiently high to form a well-ordered single-

phase structure of Mo2N. We wish to point out that no

significant loss of nitrogen was found for films near or

below stoichiometry of Mo2N after annealing up to

750 8C (Fig. 6).

4.3. Chemical bonding and film density

The chemical bonding configuration of the films was

characterized by XPS. The results reveal that the

binding energies of the Mo 3d5/2 and Mo 3d3/2 electrons

in the crsytallized MoNx films deposited at 4 mTorr (12

mTorr) were 228.1 (228.3) and 231.4 (231.5) eV,

respectively (Fig. 7a). This indicates that the Mo 3d

peaks relative to those (centered at 227.8 and 231.0 eV)

in bcc Mo were shifted to higher binding energies. No
significant difference in binding energies between the

analyzed samples was found. This suggests that the

chemical bonding configuration of the Mo films before

and after nitridation is different. The observed N 1s

binding energies at 397.2 eV for 4 mTorr case and 397.5

eV for 12 mTorr case (Fig. 7b) are close to the values

reported for TiN (396.9 eV), W2N (397.3 eV), Zr3N4

(397.2 eV), Ta3N5 (396.9 eV) and other early transition

metal nitrides [25,26]. In addition, since the N 1s peak is

enveloped in that of Mo 3p, the peaks measured at 394.5

eV for 4 mTorr case and 394.6 eV for 12 mTorr case are

actually due to Mo 3p3/2 electrons.

At lower growth temperatures, the films may have

amorphous or disordered crystalline phases and their

crystalline quality is inferior due to poor surface
mobility of the adatoms. In addition, amorphous or

poor ordered crystalline phases usually have lower

densities than their ordered crystalline counterparts.

This has been evidenced by measuring the density of

two MoNx samples via the free electron model and the

bulk plasmon energies determined by EELS (Fig. 8b).

The film density reached a plateau after annealing at

about 500 8C, and then remained almost constant. Film
densification is due to crystallization induced at higher

temperature annealing, in good agreement with our

XRD results described above. Our measurement of

9.45�/103 and 9.27103 kg m�3 for the MoNx films

containing 35 at.% N prepared at 4 and 12 mTorr,

respectively, after annealing to 600 8C is consistent with

the mass density value of Mo2N (9.5�/103 kg m�3).

5. Conclusions

Mechanical stresses and microstructure of MoNx thin

films, with 05/x5/0.35, prepared by reactive magnetron

sputtering under different total sputtering-gas pressures

have been studied in situ using a wafer curvature-based

technique and ex situ using TEM, TED, XRD, XPS and
EELS. Four conclusions are strongly supported by the

results.

(1) The Mo film stresses strongly depended on the Ar

sputtering pressure and changed from highly compres-

sive to highly tensile in a relatively narrow pressure

range of 6�/12 mTorr. For pressures exceeding �/40

mTorr, the stress in the film was nearly zero. Cross-

sectional TEM evidence indicated that the compres-
sively stressed films contained a dense microstructure

without any columns, while the films having tensile

stress had a very columnar microstructure. High sput-

tering-gas pressure conditions yielded dendritic-like film

growth, resulting in complete relaxation of the mechan-

ical tensile stresses.

(2) The properties of the deposited MoNx films, with

05/x5/0.35, depended not only on the nitrogen partial
pressure in Ar�/N2 gas mixtures but also on the total

sputtering-gas pressure. Mechanical stresses and micro-

structure of the films were clearly correlated.
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(3) The formation of either a two-phase structure

consisting of Mo2N and bcc Mo or a single-phase

structure of Mo2N after annealing was related to the

initial nitrogen concentration in the films. Once the
Mo2N phase was formed, the density, microstructure

and bonding feature were similar and insensitive to the

total sputtering pressure used in this study.

(4) An average column width of �/15�/20 nm was

observed for films near stoichiometry of Mo2N.

(5) TED with a PDF analysis is a useful tool in the

unambiguous identification of Mo�/N and Mo�/Mo

bonding in the films.
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