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X-ray photoelectron spectroscopic characterization of molybdenum nitride thin films
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Abstract—The elemental composition and chemical states of a series of Mo nitride thin films have been investigated
using x-ray photoelectron spectroscopy (XPS). The chemical composition and stoichiometry of the films were also
tracked as a function of the preparative parameters: the nitrogen ion dose, ion accelerating energy and substrate tem-
perature. At the lowest ion dose, the Mo concentration increased to a depth of ~300 A. The nitrogen concentration in
the film decreased with increasing the ion energy. An increase in the ion energy to 100 and 200 kV led to a lower N/
Mo ratio as compared to that at 50 kV. The magnitude of the binding energy separation at room temperature was smaller
than that at higher temperatures. This difference might be due to the presence of B1-MoN at higher temperatures and

the existence of &-MoN at lower temperatures.
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INTRODUCTION

There has been increasing interest in the preparation of high sur-
face area metal nitrides and carbides since these materials can be
used as catalysts and/or catalyst supports [1-4]. Molybdenum nitrides
in particular have received a great deal of attention due to their com-
petitive activities for reactions including hydrodenitrogenation [3-
5] and NH; synthesis [6,7]. The catalytic and adsorptive properties
of nitrides are governed by their bulk and surface structure and stoi-
chiometry. While there is some information concerning the effects
of bulk composition on the catalytic properties of these materials,
there is currently very little known about the effects of surface struc-
ture and stoichiometry. For this reason, our research uses a series
of Mo nitride thin films to derive fundamental relationships between
the structure and function of these materials.

In the previous paper we discussed the use of N™ ion implanta-
tion to synthesize Mo nitride thin films and investigated the effects
of synthesis condition on the formation of Mo nitrides [8]. It has been
implied that the electronic and atomic structures of Mo thin films
implanted with nitrogen ions are influenced by the ion dose, the ion
energy and the substrate temperature [8]. Nevertheless, the effects
of these experimental parameters on the electronic structure of Mo
nitride thin films have not been systematically elucidated. Our aim
here was to investigate the elemental composition and chemical
states of Mo nitride thin films using x-ray photoelectron spectroscopy
(XPS). In the future these results might be utilized in the under-
standing of the fundamental relationship between surface properties
and catalytic reactivities of these materials. We tracked the chemi-
cal composition and stoichiometry of the thin films as a function of
the preparative parameters: the nitrogen ion dose, ion accelerating
energy and substrate temperature.
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EXPERIMENTAL

The deposition and implantation procedures were previously given
[8]. The following is to summarize these procedures. Molybdenum
thin films were sputter-deposited onto a (100) Si substrate to a thick-
ness of 1,000 A. The films were then irradiated with nitrogen ions
(N") using 400 kV DL-300Varian ion implanter. The ion beam di-
rection was normal to the substrate surface. The nitrogen ion doses
were 4x10'%, 2x10" and 4x10" N/en?’, and the ion accelerating
energies were 50, 100 and 200 kV. The nitrogen ion range in Mo
was estimated to be 50 to 350 nm based on simulations using the
TRIM code program. The nitrogen ion current density ranged from
3.3 to 8.0 mA/cn’. These experimental conditions resulted in a target
temperature between room temperature and 773 K. The tempera-
ture was measured with a thermocouple attached to the front sur-
face of the substrates.

X-ray photoelectron spectroscopy studies were carried out by
using an ESCA PHI5400 spectrometer with Mg-Ka x-ray radia-
tion and a hemispherical electron energy analyzer. The base pres-
sure in the analyzer chamber of the spectrometer was less than 3%
107 torr. The nominal analysis region was about 1.2 mm in diame-
ter. Spectra were collected before and after the samples were sput-
ter-cleaned with Ar™ ions. The sputtering was usually conducted at
3 keV with a current of 10 mA rastering over an area 2.5%2.5 mm.
The sputtering rate was estimated to be about 15 A/min based on
the sputtering yield of 1.28 (for Mo sputtered by 3 kV Ar" ions) and
a current density of 1.6 A/cm’. The binding energies were calibrated
using Au 4£,,=84.0 ¢V and Cu 2p,,=923.6 eV standards. There was
always adventitious carbon adsorbed on the sample surface. Charg-
ing effects were corrected for by using the binding energy of this
adventitious carbon (284.8 eV). The broad envelopes in the Mo 3ds,
spectra were deconvoluted to estimate the distribution of the Mo
oxidation states (elemental Mo, Mo*, and Mo'®). Quantitative rela-
tionships between Mo and N (N/Mo atomic ratio) were calculated
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from peak area ratios of the respective states in the deconvoluted
Mo 3p;, spectra. These areas were normalized by using the atomic
sensitivity factors. The relative amounts of carbon and oxygen were
also determined based on comparisons of their intensities and atomic
sensitivity factors.

RESULTS AND DISCUSSION

1. Effect of Ion Dose

In this section, we consider the effect of varying the nitrogen ion
dose with the ion energy and target temperature maintained at 50
kV and 298 K, respectively. Depth profiles for molybdenum, nitro-
gen, silicon, oxygen and carbon were determined by the alternate
collection of XPS spectrum after Ar+ ion sputtering. Figs. 1-3 show
the atomic depth distribution following doses of 4x10'°, 2x10" and
4x10" N*/en?’, respectively. For all the films, the surfaces of the
unsputtered films contained significant amounts of carbon and oxy-
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Fig. 1. Atomic distribution as a function of depth in the nitrogen
ion-implanted Mo thin film deposited on Si substrate with
4x10' N*/em’ at room temperature and 50 kV.
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Fig. 2. Atomic distribution as a function of depth in the nitrogen
ion-implanted Mo thin film deposited on Si substrate with
2x10" N*/em’* at room temperature and 50 kV.

April, 2011

gen. The high concentration of oxygen at the surface is presum-
ably due to surface oxidation following exposure to air. The carbon
and oxygen signals decreased significantly after 1 minute of sput-
tering but remained as minor impurities (<5 at%) throughout the
film. The low and constant levels of carbon and oxygen after sput-
tering were possibly due to the presence of impurities during the
Mo deposition process. During deposition the pressure in the cham-
ber was in the range of about 10~ torr. In addition, the Si substrate
surface almost certainly contained oxygen and carbon before Mo
was deposited. It was also expected that adventitious impurities such
as carbon were collected on the surface during XPS spectrum col-
lection. Carbon and oxygen are generally difficult to remove com-
pletely by ion bombardment cleaning [9]. Thus, small levels of these
residual contaminants were expected.

For the films implanted to 2x10"7 and 4x10"" N*/cm?, the Mo
concentration decreased. This latter behavior is due to ion beam
mixing between the deposited Mo film and the Si substrate during
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Fig. 3. Atomic distribution as a function of depth in the nitrogen
ion-implanted Mo thin film deposited on Si substrate with
4x10" N*/em’ at room temperature and 50 kV.
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Fig. 4. Predicted nitrogen depth profiles as a function of ion dose
using TRIM program: (a) 4x10" N*/em’; (b) 2x10" N'/em’;
(c) 410" N*/em’.
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N* implantation. The film implanted to a dose of 4x10" N*/cm®
showed a different behavior. The Si concentration was highest near
the surface. This behavior is not well understood at this point. In
general, the depth profile for an implanted species is expected to
be Gaussian, particularly at low doses (10). Nitrogen depth profiles
predicted from TRIM code runs are given in Fig. 4. The concen-
trations of nitrogen implanted at 4x10'°, 2x10'7 and 4x10" N*/cn®
as a function of depth are shown in Fig. 5. The difference between
Fig. 4 and 5 is probably due to the assumptions for TRIM runs that
no preferential sputtering occurred and stopping conditions did not
change during implantation. At 4x10' N*/cm® in Fig. 5, the con-
centration of implanted nitrogen increased to a maximum at a depth
of ~150 A and then decreased. However, the depth profile had a
different character for higher nitrogen ion doses. For doses of 2x
10" and 4x10" N*/cn’, the nitrogen concentration was greatest at
the surface and decreased with depth. The total area under the nitro-
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Fig. 5. Nitrogen concentration depth profiles as a function of
ion dose at room temperature and 50 kV: (a) 4x10'* N*/
cm’; (b) 2x10"7 N*/em?; (¢) 4x10" N'/em?.
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Fig. 6. Variation of N/Mo atomic ratio as a function of ion dose at
room temperature and 50 KV: (a) 4x10'° N*/cm’; (b) 2x10"
N*/em?; (¢) 4x107 N*/em?’.

gen curves for doses of 2x10" and 4x10" N*/cm” was essentially
constant. This suggests that at 4x10" N*/cn?’, significant amounts
of material were sputtered off the surface. The total area under the
nitrogen curve for the low dose was smaller. For all the films, there
is no more than 50 at% nitrogen.

The variation of N/Mo atomic ratio with nitrogen ion dose is shown
in Fig. 6. At 4x10'°N*/cm’ the estimated N/Mo ratio was about
0.5 through most of the film. This N/Mo ratio is consistent with
the XRD results, which suggests the presence of a mixture of »
Mo,N and Mo in the implanted film. As the N"ion dose was in-
creased, the N/Mo ratios increased substantially to approximately
unity and appeared to level off. The N/Mo ratio at 4x10" N*/cm®
(1.0-1.1) was slightly higher than that at 2x10" N*/ecm® (0.9-1.0).
The XRD results suggested the presence of only &MoN at 4x10"
N'/en® and showed a mixture of Mo,N and Mo at 2x10" N*/cm?’.
These observations implied that at 2x10"7 N*/cn?, excess nitrogen
was dissolved in the lattice during the implantation because the nitro-
gen dose yielded a higher N/Mo ratio than expected.

Table 1 summarizes the binding energies and relative amounts
of Mo in various oxidation states after 4 minutes of sputtering. A
4 minute sputter was used to remove the surface carbon and oxy-

Table 1. Core level binding energies (eV) for Mo, Mo*, Mo*
and Mo® and their relative amounts after 4 minutes

of sputtering
Binding energies (eV)

Ton dose” Mo 3d;,

(N*/em?) Mo’ Mo* Mo* Mo*
4x10"  227.8 (45)" 228.7(38) 230.0(17) -
2x107  227.8(1) 228.6(84) 230.0(11) 232.5(4)
4x107  227.8(3) 228.7(83) 230.1(10) 232.5(4)

*At room temperature and ion energy of 50 kV
f( )=Percentage based on area intensity from deconvoluted Mo 3d
spectra
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Fig. 7. Binding energy separation between Mo” and N peaks as a
function of ion dose (implantation performed at room tem-
perature and 50 kV): (a) 4x10" N'/em?; (b) 2x10" N'/em?;
(c) 410" N*/em’.

Korean J. Chem. Eng.(Vol. 28, No. 4)



1136 J.-G. Choi

gen impurities. Beyond 4 minute sputtering, the binding energies
and relative amounts of Mo in various oxidation states were approxi-
mately the same within experimental error. In the deconvoluted Mo
3d spectra, the nominal binding energies were 227.8 eV for pure
Mo, 228.7 eV for Mo” (0<5<4), 230.0 eV for Mo* and 232.5 eV
for Mo®". The dominant species appeared to be Mo°". Along with
the XRD results reported earlier this result supports the proposition
that the Mo® peak is due to the formation of Mo nitrides. The Mo®"
3p,, peak was located at 394.1 eV (elemental Mo at 393.8 V) and
the N 1s peak was located between 398 and 397.4 eV (peak for ad-
sorbed elemental nitrogen on the surface expected at 398 eV). The
amount of Mo** did not vary significantly with ion dose. The bind-
ing energy separation (DE) between the N and Mo’ peaks in the
thin films is shown in Fig. 7 as a function of ion dose. We believe
that the DE between the Mo® 3p,, and N 1s peaks indicates the
magnitude of electronic charge transfer between Mo and N in the
nitride. Electron charge transfer is expected to occur between the
Mo 4d states and N 2p states [11]. The expected DE between ele-
mental Mo and adsorbed nitrogen is 4.2 eV. Since the formation of
molysilicide (MoSi,) is not expected below 900 k [11-13], the result
suggests that the change in DE following N* implantation was due
to a reaction between Mo and N. Saito et al. [14] reported that the
binding energy shift was positive for the Mo 3p level and was nega-
tive for the N1s level, indicating the electronic charge transfer oc-
curred from Mo atoms to N atoms. Our results are in good agree-
ment with those of Saito et al. [14].

2. Effect of Ion Energy

The depth profile of the implanted nitrogen as well as the projected
N" range was predicted by using the TRIM program for incoming
nitrogen ions of 50, 100 and 200 kV (Fig. 8). The projected range
of implanted nitrogen and thickness sputtered following a dose of
4x10" N'/en® were estimated using the calculated sputtering yields.
The projected range of nitrogen depended on the ion energy used.
These predictions are summarized in Table 2.

Fig. 9 shows the measured nitrogen depth profile as a function
of ion energy. At an ion energy of 50 kV, the maximum level of
the implanted nitrogen was within about 50 A of the surface, which
is much less than the calculated projected N* range of 566 A. This
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Fig. 8. Nitrogen depth profiles as a function of ion energy using
TRIM program: (a) 50 kV; (b) 100 kV; (c) 200 kV.
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Table 2. Calculated projected range of implanted nitrogen and
sputtered thickness predicted using TRIM-run code based
on a dose of 4x10" N*/cm’

Ion energy  Projected  Sputtering yield  Film thickness
kV) range (A) (atoms/ion) sputtered (A)
50 566 0.309 192.6
100 1340 0.216 134.7
200 3224 0.127 79.2
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Fig. 9. Nitrogen concentration depth profile as a function of ion
energy at room temperature and 4x10" N'/cm’: (a) 50 KV;
(b) 100 kV; (c) 200 kV.

suggests that a fair amount of the film surface was sputtered away
during irradiation. The thickness of the Mo film sputtered away was
estimated to be approximately 500 A, which is very different from
the ~200 A predicted based on calculations using the TRIM pro-
gram. Enhanced atomic migration toward the surface at high N*
dose may, to some degree, be responsible for the large deviations.
Also, it was assumed in the TRIM program that no preferential sput-
tering occurs and stopping conditions do not vary during implanta-
tion. An increase in the ion energy to 100 kV yielded a range of
about 300 A. In this case, some of the incoming nitrogen was ex-
pected to exceed the thickness of the Mo film during implantation.
This led to a lower nitrogen concentration in the Mo film as com-
pared to that at S0 kV. At 200 kV, most of the implanted nitrogen
penetrated the Mo film into the Si.

Fig. 10 shows the variation of N/Mo atomic ratio as a function
of ion energy. At higher ion energies, the N/Mo near the surface
was generally lower than that at 50 kV. Up to about 20 minutes of
sputtering the average N/Mo ratio at 100 kV was around 0.5. Beyond
20 minute sputtering, the average N/Mo ratio was ~1. The XRD
results showed the presence of Mo,N and sMoN. At 200kV, there
was very little nitrogen in the Mo film. No Mo nitrides were ob-
served from the XRD results.

The XPS results in terms of ion energy are summarized in Table
3. At 50 kV the majority species was Mo”". As ion energy increased
up to 200 kV, the relative amount of Mo* decreased while the amount
of elemental Mo increased. The Mo” is only a minor species at 200
kV as compared to elemental Mo. Fig. 11 shows the binding energy
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Fig. 10. Variation of N/Mo atomic ratio as a function of ion energy
at room temperature and 4x10" N*/cm’: (a) 50 kV; (b) 100
kV; (c) 200 kV.

Table 3. Core level binding energies (eV) for Mo, Mo”*, Mo* and
Mo and their relative amounts with N/Mo atomic ratio
after 4 minutes of sputtering

Binding energies (V)

Ton Mo 3ds), N/Mo
energy” , N - ..  atomic
(kV) Mo Mo Mo Mo ratio
50 227.8(3)" 228.7(82) 230.0(10) 232.5(5) 1.16
100 227.8 (34) 228.6 (56) 230.0(10) - 0.56
200 227.8(55) 228.7(32) 230.1(13) - 0.2

"At room temperature and 4x 10" N*/cm?
f( )=Percentage based on area intensity from deconvoluted Mo 3d
Spectra
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Fig. 11. Binding energy separation between Mo® and N peaks as

a function of ion energy at room temperature and 4x10"
N*/em’: (a) 50 kV; (b) 100 kV; (c) 200 kV.

separation between the Mo® and N with various ion energies. The
magnitude of DE at 50 kV where only &MoN was observed from

3

2 B \
O \
R60 058

O O‘“O o (a) _—0
H % /T AN 0—0—0—0-"C ©
o] o A

a o N\ (©
L \O A“-—.& A
~—_
(b)

0 L 1 s 1 s 1 s
0 10 20 30 40

N/Mo atomic ratio

Sputtering time (min)

Fig. 12. Variation of N/Mo atomic ratio as a function of target tem-
perature at 4x10" N*/em’ and 50 kV: (a) 298 K (b) 673 K
(¢) 7713 K.
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Fig. 13. Binding energy separation between Mo”" and N peaks as
a function of target temperature at 4x10" N'/em’ and 50
KV: (a) 298 K (b) 673 K (c) 773 K.

the XRD was smaller than that at 100 kV where a mixture of &
MoN and »Mo,N was observed. These results suggest that the de-
gree of electron transfer between Mo and N for MoN is different
and smaller than that for Mo,N [14]. For catalytic application,
Choi et al. [15-17] found that the reaction activity of &-MoN was
much greater than that of Mo,N in pyridine hydrodenitrogenation.
3. Effect of Target Temperature

One of the most important factors affecting solid state reactions
is the temperature (Barrett et al., 1973). In this study, the tempera-
ture during implantation was varied from 298 to 773 K. The ion
dose was fixed at 4x10" N*/cm’ and the ion energy was 50 kV.

At target temperatures of 673 and 773 K, there appeared to be
an increase in N/Mo ratio near the surface as compared to that at
room temperature as shown in Fig. 12. This was profound in the
case of the film synthesized at 773 K. For this film, a high N/Mo
ratio (2.5) was observed near the surface. The N/Mo ratio subse-

Korean J. Chem. Eng.(Vol. 28, No. 4)
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quently decreased gradually with depth. At 673 K, the maximum
N/Mo ratio was ~1.8 and the ratio decreased gradually with sput-
tering. At the higher target temperature the formation of metastable
phase B1-MoN along with Mo was observed from the XRD re-
sults. It has been reported that nitrides precipitate at the surface at
elevated temperatures [18]. Therefore, it was considered that the
N/Mo peak near the surface was associated with the precipitation
of B1-MoN. The N/Mo ratio decreased with increased sputtering.

Fig. 13 shows the binding energy separation between the implanted
N and Mo’ as a function of sputtering with various target tempera-
tures. The magnitude of binding energy separation at higher tem-
perature was larger than that at room temperature. This difference
is considered to be due to the presence of B1-MoN at higher tem-
peratures and the existence of &MoN at lower temperature. Fur-
thermore, the binding energy separation for B1-MoN is larger than
that for &MoN, suggesting that the degree of electron transfer be-
tween Mo and N decreased in the following order: Mo,N>5MoN
>B1-MoN.

CONCLUSION

For all the films, the surfaces of the unsputtered films contained
significant amounts of carbon and oxygen. At the lowest ion dose,
the Mo concentration increased to a depth of ~300 A. For the higher
ion doses, the Mo concentration increased to a depth of around 150
A, then decreased gradually while the Si concentration increased.
As the ion energy increased, the nitrogen concentration in the Mo
film decreased. At 200 kV, most of the implanted was expected to
penetrate the Mo film into the Si.

As the target temperature was increased in the temperature range
298-773 K, a nitrogen build up at the surface was observed that is
thought to be due to the enhanced nitrogen diffusion and nitride pre-
cipitation near the surface at elevated temperatures. This is also con-
sidered to be related to the formation of the metastable phase B1-
MoN at higher temperatures.

April, 2011
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