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Abstract
A h lybd itride thin films deposited fi ki b i lybd 1V}, Mo({ N(CH;);)4, andanimonia
at low mslmt: temperatures { 200-400°C). The ﬁlms wele c.hanolenmd by Rutherford backscatlering spec Py, elastic recoil detection
m] J{-m_\r I . Rutherford b g gave a N/Mo= 1.4-1.5 stoichiometry that di-Jd not vary significartly with
p T The hydrogen content, ined by elastic recoil detection, vared from H/Mo= 1.0 1o 0.45 with the content
d asthe depositi I wasi 1, Carb ination was notobserved in the fitm bulk. The films had high resistivities
(=10* ufd cm).
Keywards: Chemical vapour depesition; Mol Mitrides; Orgo Ilic vapour d
1. Intvoduction or CH;CH,) and ammonia have been successiully used as

: - o precursors for the low-temperature { <450 °C) CVD of
Molybdenum Iﬁ'll'l'l'lsﬂ\fi_ll'lﬂ)' of nitrogen-containing com- high-quality metal nitride thin films [2,3,17-19]. Given
pounds MoN, with x ranging from 0 to at least 1. Molybde-  this precedent, the known Group VI metal-organic

num nitrides are candidates for use as a diffusion barrier film eompound tetrakis(dimethylamido) molybd (IV),

in microclectronic devices [ 1,2]. In this application, the bar- Mu[N(CH;h}« appeared to be a promising precursor for
rier film must be deposited at low temperature ( <450 °C)

F CVD of molybd nitride thin films.
and with high conformality. Chemical vapor deposition w._ report here on the successful low-lemperature atmos-
(CVD) is the preferred methed for obtaining conformal coat- pheric-p CVD of molybd nitride films from

ings, and the use of metal-organic precursors offers the pos-
sibility of low-temperature depositions. A mcem example of
this apy h is the metal-organic chemical vapor d

of titanium nitride as a diffusion barrier material in \ferylarge- 2. Experimental
scale and ulltra- Iarge-scal: mtegnled devices [3,4]. Hard,

Mo(MN(CH,).}4 and ammonia precursors [20].

wear- Iy useful on hine tools, Mo(M(CH;),), was preparec by the reaction of MoClg

have also been fnrmed frmn molybdenum nitrides [ 5-7) with LiN({CH;), as described in the Illcratute l21] The
There appears to be only one report in the literature on the d is an oxygen- and moi

preparation of CVD molybd nitride. It involves a high- soln’ It was purified by vacuum sublimation (40—'?0 °C at

temperature {500-900 "C) plasma-assisted chemical vapor 0.1 mm Hg). The purity was checked by "H NMR ( >98%).

deposition process using ) \nIuCI, and N'H, [8]. Other molyb- Depositions were carried out in an atmospheric-pressure

denum nitride film prep 1s include the direct laminar-flow rectangular glass reactor heated from below,

nitridation of!m'lybdenwn layers with NH, [9,10] and phys- which was described previously in detail [18]. Deposition
ical techniques such atomic layer epilaxy [ 11], reactive sput- temperatures were in the range 200 o 850 °C, Ultra high
tering [2,5,7.12,13], ion-assisted deposition [14,15] and purity helium, passed through a g (Math
electron-beam cvaporation [ 16]. Hydrox model 8301) and a Nanochem punl'cr (Model L-50
Group IV and V transition-metal homoleptic dialkylamido t,resin type IV), was used as carrier gas for the metal—-organic
complexes (M(NR;),, M=Ti, Zr, Hf, V, Nb, Ta; R=CH, compound and as diluent for the ammonia. The ammonia
0040-6090/96/515.00 © 1996 Elsevier Science 5.A. Al rights reserved
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(Matheson USLI grade, 99.9995% min) was purified using
a Manochem purifier (Model L-50 t, resin type 1400). The
CVD system, loaded with the substrates, was purged with
helium for at least 2 h before each deposition. After purging
in this manner, the helium outflow contained less than 0.1
ppm O and H,O as measured separately with oxygen and
moisture analyzers. During the deposition process, helium

3. Results

3.1. General results

Films were d ited by pheric p CVD from
Mo(N{CH,);]a and ammonia (= 10% NH, in helium) at
ing from 20010 400°C. The films

was pamd ugh aheal:d inl sﬂeel bli vessel ¢ N e

the metal , and the metal-
arganic vapuere mixture then fowed Ulmugh a2 mm id. was itted in control
delivery line to the ion chamk ly 2 cm

before the delivery linc entered the reachon chamber, the
metal-organic vapor/He mixture was combined with ammo-
nia gas diluted in helium ( = 10% NH, in He). The combined
mixtures then flowed over the hot substrate. Outflow from
the reaction chamber exited to an oil bubbler, which pre-
vented air from flowing back into the reactor. After deposi-
tions the films were allowed to cool slowly in the reactor
under a flow of helium.

Silicon and glass sut were cl ibyi ion in
H,0,:H,30, ( 1:4) for 10 min and then rinsed with de-ionized
water. The glass substrates were either Corning 7059 low
sodium glass or normal seda lime glass. The silicon substrates
were < 100> test-grade p- or n-doped wafers.

Rutherford backscattering sp opy (RBS) analysi
{General Ionics Model 4117) was used to measure film com-
position (Mo, N, C and ). RBS specira were obtained by
using a 2.0 MeV He' beam. Elastic recoil spectrometry
(ERS) was used to measure the hydrogen contentof the films.
A 2MeV He" beamn was used for the ERS experiments. For
the ERS experiments, the sample was tilled so that the inci-
dent beam arrived at a 15° angle. In this configuration the
detector and incident beam were at an angle of 150°, A pre-
viously calibrated TiN film with a hydrogen content of 33
al.5% was used as the standard. An identical hydrogen scat-
tering cross-section was assumed for all samples. RBS and
ERS spectra were analyzed using the programs SPECTRUM
ANALYSIS and RUMP, respectively [22,23].

X-ray photoelectron spectroscopy (XPS) was carried out
by using a Surface Science Lab SSX- 100 system equipped
with a 3 keV Ar* sputter gun. The electron-energy analyzer
was referenced to the Au 4f;,, line at 84 eV. XPS specira
depth profiles anned mode by using
the monochromatized Al Ka excitation with a spot size 600
pm and the electron-energy analyzer set for a pass energy of
150 eV. The experimental detector width was 18.6 ¢V in this
configuration. The base pressure was 1077 Torr with the
sputter gun on. After sputtering into the bulk, high-resolution
spectra were collected in the 1 made {20V window)
wilh a spot size of 300 pm and a pass energy of 50 ¢V. In
this configuration the Ar™ gun was off during the data acqui-
snuon and the base pressure was below 10™* Torr.

ission electron hs and el
tion patterns were abtained on a Phlllps EM420T

re colk 1in th
n

diffrac-

gaod o low sodium (Coring 7059) and
soda lime glass and silicon substrates. When the ammonia
peri no deposition was
observed in the temperature range 200400 “C. Film growth
rates were about 100150 A min~" (film thicknesses from
RBS spectra) when the sublimator vessel containing the
metal-organic compound was heated to 50 °C to give a vapor
partial pressure of about 0.1 mm Hg.

The coatings were gold-colored with a smooth mirror-like
appearance. They were resistant to HCI but they dissolved
readily in HF.

The films were not uniformly thick across the substrates.
Also, as the deposition lemperature was increased, the films
grew thicker closer to the reactor inlet and covered a smaller
arca. Higher flow rates could be used to counteract the tem-
perature effect to some extent.

1.2, Film characrerization

Film stoichiometries (Mo, N, C, and O) were determined
by using RBS. X-ray photoelectron spectroscopy depth pro-
file data was used to evaluale the level of impurities that were
not detected by the less-sensitive RBS technique.

The RBS data sh d that the films dep i at 200-400
°C had N/Mao ratios of 1.4-1.5. Carbon and oxygen contam-
ination levels were below the detection limit of RBS ( <5-
10 a1.%}. The film stoichiometries did not vary significantly
with deposition temperature.

XPS analyses revealed the films had a superficial oxide
layer, undoubtedly resulting from their routine handling in
air. The oxide was removed by sputtering (3 keV Ar* gun)
for 1-3 min. The XPS depth profile data indicated that the
levels of C and O contamination in the bulk were each below
1 at.%. The amount of contamination did not depend on the
deposition temperature. In the bulk of the films, the Mo
3ds,; and N 1s electron binding energies were 228.4 and
397.3 eV, respectively (Fig. 1). These values were repro-
ducible to +0.2 eV throughout the bulk of the film. The
observed N 1s binding energy is close to the values reported
for TiN (396.9 eV), Zr;N, (397.2 V), TasNs (396.9 eV)
and other carly transition metal nitrides [ 18,19]. Also, Fuji-
moto et al. reported a N s peak at 398 eV for a film with N/
Mo=1.3 [ 14]. They also observed a peak at 394.2 eV that
they attributed to N 1s, but the peak probably was due to Mo
3pas; electrons.

The hydrogen content in the films as a function of depo-

transmission electron microscope at 120 kV.

sition was determined by hydrogen ERS. The
ERS spectra indicated that the molybdenum nitride filmscon-
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Fig. |. X-may tor a film d ited at 200 °C on silicon
from Mo{N{CH, )2 ), and NH, in the Mo 3d (a) and N |5 (b} regions.
Table 1
pon-i ratios for films on silicon
Deposition temperature {“C) H/Mao atom ralios
200 10
300 0.8
400 .45

tained hydrogen and that the hydrogen content decreased as

the dep P 1 (Table 1),
The films were fi less by ing el micros-
copy. A transmission electron graph of a film deposited

at 300 °C on mica has a granular structure with poarly defined
grain boundaries. The grain size was <2 nm. An electron
diffraction pattern for the same film showed broad rings indic-
ative of an amorphous material. A film deposited a1 400 °C
has better defined grains, but the diffraction pattern was not
any sharper.

The films had resistivities of around 10* u{) cm (four-
point probe method; film thicknesses from RBS measure-
ments). The resistivities did nol vary significantly with
deposition temperature.

4. Discussion

Amaorphous molybdenum nitride thin films were deposited
from Mo(N(CH;)1), and ammonia at 200-400°C. The films
had N/Mo ratios of 1.4-1.5 and H/Mo ratios of 0.45-1.0.
The hydrogen content decreased as the deposition tempera-
ture increased. The decrease in hydrogen content with dep-
osition temperature is consistent with earlier work on group

IV and V nitrides prepared from M{NR;), compounds and
ammonia [ 18,19].

The resistivitics we observe ( = 10" u{} cm) are higher
than those reporied for crystalline hexagonal and cubic
molybdenum nitride films made by atomic layer epitaxy
(=250 pf2 em) [ 11}, and as-deposited cubic molybdenum
nitride prepared by reactive sputtering (500850 ufl cm)
[ 5]. One or more factors may account for the high resistivities
of our films, including their excess nitrog tent, small
grain size, amorphous nature, and/ or large hydrogen content.

CGurresults with molybdenum nitride parallel in many ways
our previous studies oa the use of homoleptic early transition
metal amido complexes and ammonia to deposit Ti, Zr, HF,
V, Nb and Ta nitride films at low temperature ( <450 °C)
[18.12]. For example, as in the present study, the N/M ratios
for the grour, TV and V nitride films did not vary significantly
with depasition temperarure. Also, significant amounts of
hydrogen were observed in the group TV and V nitride films,
and the hydrogen contents decreased markedly as the tem-
p of deposition was i i (e.g. the H/Ti ratio for
TiN was 1.1 and 0.2 at deposition temperatures of 150 and
400 °C, respectively). In the previous studies, little or no
carbon contamination was found in the films, and in two
cases, niobium and tantalum nitride, the as-deposited films
were amorphous.

The low-temg leposition of molybd nitride
from Mo(N{CH,),), and ia probably p ds viaa
mechanism similar 1o the one proposed for TiN deposition
from Ti(NR;), (R=CH, or CH,CH;) and ammonia [ 18-
20,24-28]. Thus, the deposition process most likely involves
substitution of one or more dimethylamido ligands with NH,
groups by transamination reactions (M-N{CH,),+NH;
—+M-NH; + HN(CH;),). The NH;-substituted species can
eliminate an amine group i lecularly by a-hydrog:
activation involving a NH, ligand, leaving an imido
(M=NH) linkage. Further reactions would lead to a nitrido
{M=N) species. The at of carbon cc ination in the
films suggests that the transamination and a-hydrogen acti-
vation reactions occur rapidly and cleanly. The presence of
hydrogen in the films, h | suggests i pl
of the putative Mo—NH; and/or Mo=NH groups.

reaction

5. Conclusion

Amorphous molybdenum nitride thin films were deposited
from tetrakis(dimethylamido)molybdenum{IV), Mo(N-
(CHy)3) 4, and ammonia at 200400 °C. The N/Mo ratios
were 1.4-1.5, and the ratios did not vary significantly with
deposition temperature. The H/Mo ratios ranged from 0.45
1o 1.0, and they decreased as the deposition temperature was
increased. The films had high resistivities { = 10° u{} ).
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