@CrossMark

Low-temperature CVD of iron, cobalt, and nickel nitride thin films
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Thin films of late transition metal nitrides (where the metal is iron, cobalt, or nickel) are grown by
low-pressure metalorganic chemical vapor deposition from bis[di(fers-butyl)amido]metal(II)
precursors and ammonia. These metal nitrides are known to have useful mechanical and magnetic
properties, but there are few thin film growth techniques to produce them based on a single precursor
family. The authors report the deposition of metal nitride thin films below 300 °C from three recently
synthesized M[N(#-Bu),], precursors, where M = Fe, Co, and Ni, with growth onset as low as room
temperature. Metal-rich phases are obtained with constant nitrogen content from growth onset to
200 °C over a range of feedstock partial pressures. Carbon contamination in the films is minimal for
iron and cobalt nitride, but similar to the nitrogen concentration for nickel nitride. X-ray
photoelectron spectroscopy indicates that the incorporated nitrogen is present as metal nitride, even
for films grown at the reaction onset temperature. Deposition rates of up to 18 nm/min are observed.
The film morphologies, growth rates, and compositions are consistent with a gas-phase
transamination reaction that produces precursor species with high sticking coefficients and low

surface mobilities. © 2014 American Vacuum Society. [http://dx.doi.org/10.1116/1.4865903]

. INTRODUCTION

Late transition metal nitrides are an interesting class of
materials with useful mechanical, magnetic, and electronic
properties. Realized and potential applications include tool
coatings, magnetic recording media, and battery electro-
des.'” Although bulk samples of late transition metal
nitrides have been extensively studied,3’4 thin films of these
materials are difficult to prepare. Magnetron sputtering of
ferromagnetic materials can be problematic due to the reduc-
tion and destabilization of the magnetic flux near the target,
resulting in relatively poor quality films.”® For this and other
reasons, chemical vapor deposition (CVD) represents an
attractive alternative to physical vapor deposition (PVD)
techniques. High-temperature (>400°C) plasma-enhanced
CVD techniques have been explored,' but these techniques
restrict the potential applications to those that involve ther-
mally robust substrates. The present work shows that a new
family of precursor molecules can provide late transition
metal nitride films at growth temperatures as low as 25 °C.

The thermodynamically stable phases of iron nitride are
limited to orthorhombic (-Fe,N, hcp e-Fes_ N (0<x<1),
fec y/-FeyN, and solid solutions in bee a-Fe.'”® Also com-
monly encountered is the metastable fcc y-Fe4N phase (N
atoms disordered in the octahedral holes of bcc a-Fe; the
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related stable 7'-Fe,N phase is ordered).” In discussing the
thermodynamic stability of late transition metal nitrides, it is
important to note that most phase diagrams are constructed
from the metal in equilibrium with 1 atm of NH3/H, mix-
tures having the equivalent fugacity of several thousand
atmospheres of Nz.lo Consistent with this fact, calculations
suggest that only those phases of iron nitride with Fe:N >
1.7:1 are thermodynamically stable at room temperature
under 1 atm of N,, and no phases of cobalt nitride or nickel
nitride are stable.” However, high kinetic barriers to nitrogen
atom recombination allow for a quite broad compositional
range of metastable phases for all three metals.

The earliest interest in late transition metal nitride films was
as wear-resistant coatings for steel tools." Fe,N phases with
2 < x < 8 exceed pure iron in mechanical hardness and chemical
stability and also saturation magnetization."'! In general, the
high saturation magnetization, moderate coercivity, and easy
perpendicular magnetization of iron nitrides make them compel-
ling candidates for high density magnetic recording
applications."''™"® The metastable bct o/’-Fe;(N, phase has
been reported to have an exceptionally high room temperature
saturation magnetization of 2050G, 100G higher than the
Fe5Cop3s alloy found at the apex of the Slater—Pauling
curve. '

Several PVD routes to iron nitride phases have been
reported: fcc y'-FeN films have been obtained by reactive
magnetron sputtering,'>'® FeN,_,, 7-FesN, and Fe N,
films have been grown by molecular beam epitaxy,'>'"'® a
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mixture including e-FesN, y-FeyN, Fe¢N,, and o-Fe has
been deposited by electron cyclotron resonance microwave
plasma nitriding,"" and films as nitrogen-rich as Fe,N, includ-
ing Fe ¢N», have been obtained by reactive evaporation.'>!*!?
CVD methods include various high temperature (>400°C)
and plasma-enhanced routes to afford {-Fe,N, ¢-Fe, 3N, and
7-FeuN films."* There are only two known examples of low-
temperature CVD. Iron nitride in a mixture of o-Fe and
7'-Fe4N phases has been deposited from the molecular cluster
HFe,(CO),,N at 160—180°C.%! Although carbon and oxygen
concentrations were reported to be low, the film growth self-
terminated after 40 nm,?' probably owing to poisoning effects.
Mixtures of iron metal, Fe;C, and y-Fe4N result from CVD of
bis[N,N'-di(zert-butyl)acetamidinato]iron(II) in the presence of
H, between 280 and 350°C. The carbon content always
exceeds the nitrogen content, and control was not established
over the final stoichiometry.*

Common metastable phases of cobalt nitride are fcc o-
Co4N and hcp y-CosN; CoN and orthorhombic §-Co,N have
also been prepared.®?* Cobalt nitride films have a broad
range of potential applications. Thin films of Co4N and espe-
cially Co3N possess large perpendicular magnetic anisotropy
and an easy magnetization axis normal to the film sur-
face?**> and may be useful for perpendicular magnetization
devices.”> Cobalt nitrides such as CoN, CosN, and
Li; Cog4N have been studied as anode materials for
next-generation lithium ion batteries.>**2° Li, 4Coo4N is
foremost in the literature; it is promising due to its high re-
versible capacity of 800 mAh/g (Ref. 27) (compared with
372 mAh/g for commercially prepared graphite®®) and excel-
lent cycle stability.”®*” The CosN phase has also recently
been investigated as a microelectronic adhesion layer in cop-
per interconnects, enabled by the close lattice match with Cu
and strong bonding with nitride diffusion barrier materials.*
The Co4N layer promotes the nucleation of Cu seed layers
and provides a stable interface up to 400 °C.*

Few synthetic routes to cobalt nitride thin films have been
reported. Reactive sputtering of cobalt metal in the presence
of N, has given cobalt nitride thin films with N contents rang-
ing from dilute solid solutions to CoN.>*¥2331"35 py[sed laser
deposition from cobalt metal in a nitrogen environment
affords films as nitrogen-rich as Co,N;.° Tetragonal Co,N has
been grown from CoCl, in the presence of a N,-H,-Ar plasma
at 455°C.* To our knowledge, the only example of thermal
CVD is the growth of Co,N (2.3 <x<6.9) from CVD using
bis(N-tert-butyl-N'-ethylpropionamidinato)cobalt(IT) in con-
junction with a gaseous mixture of NH; and H, between 100
and 180°C.*°

The most common phase of metastable nickel nitride is
Niz;N, which exists as an hcp a-form with disordered nitrogen
and an hcp f-form with a hexagonal nitrogen superlattice.’’
A bet Ni,N phase has been characterized, as have fcc, pc, and
fct NiyN phases and one fcc NigN phase.*”® Although these
phases are kinetically stable at room temperature, all nickel
nitrides decompose rapidly at 350°C in vacuum.”® NisN has
attracted interest for use in magnetic memory storage devi-
ces.”” Nickel nitrides, particularly NisN, are promising anode
materials for lithium ion batteries.*” Surface nitriding of
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nickel films affords counter electrodes for dye-sensitized so-
lar cells that approach the performance of platinum.*!

Nickel nitride thin films have typically been prepared by
physical means, namely ion implantation®’** and reactive
sputtering.*®***> Annealing o-Ni;N films prepared by ion im-
plantation leads to nitrogen release and successive formation
of f-Ni3N, NiyzN, and NigN films.>” Variation in the nitrogen
gas pressure during reactive sputtering allows access to several
NisN phases and the previously unrecognized Ni,N phase.*®
NizN has also been deposited from NiCl, in the presence of a
N>-H,-Ar plasma at 440 °C.*® We know of only two reports of
the thermal CVD of a nickel nitride phase. Ni3N deposits from
bis(2,2,6,6-tetramethyl-3,5-heptanedionato)nickel(II) and
NH; between 200 and 290°C.4° Smooth, conformal films of
Ni,N, 3 <x <15, result from the direct-liquid-injection CVD
of bis[N,N'-di(tert-butyl)acetamidinato]nickel(IT) in the pres-
ence of NH; between 160 and 200 °C; the stoichiometry can
be controlled by varying the ammonia partial pressure.*’

We recently described the low-temperature CVD of -
Mn;N,_, from Mn[N(#-Bu),], in the presence of ammonia.*®
Here, we report our explorations of the deposition of metal
nitride thin films from three other new M[N(#-Bu),],
precursors,‘“)_51 where M = Fe, Co, Ni, in combination with
ammonia. These precursors deposit films of iron, cobalt, and
nickel nitrides, in some cases affording films at room
temperature.

Il. EXPERIMENT

Thin films of late transition metal nitrides are grown by
metalorganic CVD in a cold wall, high vacuum chamber
described previously.”® The base pressure is 8.0 x 10~ Torr.
The substrate and its holder are heated radiatively by a nearby
tungsten filament; the substrate temperature is monitored by a
K-type thermocouple mounted on the sample holder.

Films are grown on degenerately doped p-type Si(100)
and, in selected cases, MgO(100). All substrates are cleaned
ultrasonically for 10 min in successive acetone and isopropa-
nol baths. The silicon substrates are etched in 2% hydro-
fluoric acid to remove the native oxide; these substrates are
then rinsed in deionized water, resulting in a hydrogen-
passivated surface.”® Chemically etched samples are inserted
into the vacuum chamber within 5 min of the etch.

The M[N(z-Bu),], precursors (M =Fe, Co, Ni) are pre-
pared as described previously.**° The precursors are sensi-
tive to air and moisture and are handled and stored under
argon or in vacuum. In the absence of exposure to air or
moisture they do not degrade at room temperature. Each pre-
cursor is purified before use by sublimation, and their iden-
tity and purity are confirmed by comparison of the melting
point and infrared absorption spectrum to the values reported
for the completely characterized compound.*>° The precur-
sors are contained in a stainless steel reservoir with inlet and
exhaust tubes to allow the use of a carrier gas (ultrahigh pu-
rity Ar, 40 sccm) to improve vapor transport to the substrate.
This measure is necessary owing to the low vapor pressure
of the precursors at room temperature (estimated to be a few
mTorr). To increase precursor transport out of the container,
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the reservoir is heated in a water bath to between 55 and
100 °C depending on the precursor in use. The reservoir tem-
perature is selected to exceed the melting point of the precur-
sor but avoid thermal decomposition. This procedure results
in different partial pressures for each M[N(#-Bu),], precursor
owing to the different melting points: 72, 40, and 52 °C for
M =Fe, Co, and Ni.¥

The growth reaction requires a coflux of NH; to form the
metal nitride film on the substrate. This is consistent with the
reaction of other metal amido compounds in the presence of
NHj; to afford carbon-free films at low temperatures.*®®'=%* To
avoid oxygen-containing contaminants, we purified the ammo-
nia for this study by condensing it into a flask, introducing so-
dium metal to ensure that the ammonia is thoroughly dry, and
then vacuum distilling the product into a separate stainless steel
container. Ammonia flow into the deposition chamber is con-
trolled by a series of needle valves. It is necessary to segregate
the precursor and the ammonia before their entry into the
chamber because these molecules can react in the gas phase.

Films are grown on substrates from room temperature to
300 °C. Chamber pressure is measured with a capacitance
manometer. The ammonia partial pressure is varied between
0 and 3 mTorr, which corresponds to an excess of ammonia
relative to the flow of precursor. The average chamber pres-
sure during deposition is ~5.5 mTorr, the balance of the gas
being argon. Because the precursor and ammonia are deliv-
ered to the chamber through separate 3.8 mm inner diameter
tubes pointed directly at the substrate, the local partial pres-
sures at the surface are considerably larger than indicated by
the average background pressure of the chamber.

Film growth rates are determined by measuring film
thickness by scanning electron microscopy (SEM) and divid-
ing by the growth time indicated by changes in the optical
response of the sample as measured by in situ ellipsometry.
Composition is determined primarily by ex situ Auger elec-
tron spectroscopy (AES). To prevent oxidation before analy-
sis, a 50 nm-thick HfB, diffusion barrier’” is grown atop the
surface of selected films immediately after the nitride growth
and before removal from the deposition chamber. The HfB,
deposition is highly conformal and expected to fill the gaps
between film columns to form a continuous, impermeable
cap.>® The capping layer is sputtered away during analysis to
reveal the protected nitride film underneath. No difference in
metal-to-nitrogen ratio is observed between HfB,-capped
and uncapped films. Uncapped films are heavily oxidized
and, due to the columnar morphology of the films, oxygen
contamination can extend below the surface of the film.

The deposited films are characterized by ex situ X-ray pho-
toelectron spectroscopy (XPS) using a Physical Electronics
PHI 5400 spectrometer. The iron and cobalt nitride films are
irradiated by a Mg K,, X-ray source driven at 300 W, whereas
the nickel nitride films are probed by a monochromatic Al K,,
source to avoid superposition of the LMM Auger lines of
nickel with the nitrogen Is signal. Unless stated otherwise,
XPS is conducted without sputtering into the bulk to avoid the
possibility of altering the bonding states by bombardment
with energetic ions. The binding energy scale is calibrated by
setting the prominent C 1s signal to 285 eV. Fitting the spectra
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of transition metals is notoriously difficult and there is no
unique solution. Therefore, we analyze only the binding
energy of the N 1s peaks which can be fit with a high level of
confidence.

Time-of-flight secondary ion mass spectrometry (TOF-
SIMS) is performed on selected Fe, N films. Obtaining an
absolute measure of the hydrogen content of the films by
TOF-SIMS requires a calibration standard with the same ma-
trix as the film, but there is no straightforward way to ensure
that the reference has the same density and morphology
except by ion implantation of a sample. None of the films
grown here are thick enough to implant H with a spatial dis-
tribution suitable for calibration purposes.

Ill. RESULTS
A. Iron nitride

Passage of a mixture of Fe[N(#-Bu),], and NH; over a
H-passivated Si(100) surface results in the deposition of
Fe,N films at temperatures as low as 25 °C. Growth begins
rapidly following the introduction of the precursor into the
chamber with little or no nucleation delay. The films have a
columnar morphology that remains unchanged up to sub-
strate temperatures of 200 °C, as shown by bright-field TEM
and SEM cross sections of iron nitride films grown at 200 °C
[Fig. 1(a)] and room temperature [Fig. 1(b)].

Composition analysis by AES profilometry indicates that
the films have stoichiometries close to Fes;N (Fe,N,
4.0 <x<4.25). The Fe:N ratio is invariant (£5%) between
25 and 200 °C. The carbon signal in these films is below the
instrument detection levels, but there is a small amount of
oxygen, likely due to residual gas in the growth chamber. By
increasing the precursor flux and thus the film growth rate
(to a maximum of ~11 nm/min), the oxygen concentration is
reduced to ~3 at. %. TOF-SIMS shows that there is little dif-
ference in the relative hydrogen concentrations in the films
grown at 25, 60, 100, and 200 °C.

XPS analysis indicates that the films consist of metal
nitride even at the lowest growth temperature. For a film
grown at 25 °C, 95% of the N 1s signal (Fig. 2) is due to a
component whose peak binding energy of 397 eV is consist-
ent with a metal nitride phase.>* The smaller component cen-
tered at ~403.5eV is ascribed to interstitial molecular
nitrogen.>>>® Films grown at 100°C and higher have only
one N 1s peak which is attributable solely to metal nitride.

As-deposited FeN films on Si(100)-H are X-ray amor-
phous and do not produce electron diffraction patterns in
TEM. Coatings grown on MgO(100) substrates are also
X-ray amorphous as deposited, but they crystallize upon
annealing at 600 °C in a reducing environment (forming gas,
95% Ar, 5% H,; 760 Torr total pressure). We cannot make a
positive identification of the crystalline phase formed, how-
ever, because the strong diffraction peaks of the substrate
overlap those expected for iron nitrides.

In parallel studies using standard Schlenk techniques, am-
monia was condensed onto solid Fe[N(z-Bu),], at —196°C
and then the mixture was warmed. The precursor reacts with
ammonia even below —33°C, and at room temperature
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Fic. 1. (a) Bright-field TEM image of an electron-transparent cross section
of a FeyN film grown at 200 °C on Si(100) and protected by a HfB, capping
layer. The HfB, is deposited in situ by CVD; this conformal diffusion bar-
rier prevents the Fe,N from being exposed to the atmosphere after the sam-
ple is removed from the vacuum chamber. The Pt layer serves to protect the
film during TEM sample preparation by ion milling. (b) SEM fracture cross
section of a FeyN film grown at room temperature (without the HfB, cap-
ping layer). The columnar character of the film is evident.
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FiG. 2. (Color online) XPS N Is spectrum of a Fe,N sample grown at room
temperature. The peak centered at 397 eV, which represents 95% of the total
N 1s signal, is consistent with metal nitride (Ref. 54). The smaller compo-
nent at ~403.5eV is attributable to interstitial molecular nitrogen (Refs. 55
and 56).
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affords a black powder that consists of 77.5 wt. % Fe (deter-
mined by inductively coupled plasma mass spectrometry),
and 10.8wt. % N, 2.43wt. % C, and 0.26 wt. % H (deter-
mined by combustion analysis). The Fe:N atomic ratio is
1.8:1, and only negligible amounts of hydrogen are present.
These results are consistent with nitrogen being present pri-
marily as a nitride. XPS analysis of a second batch of pow-
der prepared in the same fashion without exposure to air
gives a N 1s peak consistent with metal nitride. The hydro-
gen content in the powder likely represents an upper bound
on the hydrogen content in CVD-grown films.

B. Cobalt nitride

Growth of cobalt nitride films from Co[N(#-Bu),], proceeds
rapidly in the presence of NH; between 100 and 200 °C. Just
as for iron nitride, film growth does not occur in the absence of
ammonia. An SEM cross section of a Co,N thin film grown at
100°C exhibits a clearly columnar morphology [Fig. 3(a)],
but this compares favorably to the more porous morphology of
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Fic. 3. (Color online) (a) SEM cross section of a Co,N film grown at
100 °C. The columnar character of the film is evident. (b) XPS N 1s signal
of a Co,N sample grown at 100 °C. The peak binding energy is consistent
with metal nitride (Ref. 54).



020606-5 Cloud et al.: Low-temperature CVD of iron, cobalt, and nickel nitride thin films

sputtered films.>' The growth is not conformal in recessed
structures; attempts to grow film in microtrenches are
hampered by the shadowing effects characteristic of a highly
reactive growth flux.’’ Because growth requires both
Co[N(#-Bu),], and NH3, film growth in an atomic layer depo-
sition mode might achieve better conformality.

Under the deposition conditions probed, the film growth
rate is ~15 nm/min. Although the growth rate is apparently
maximized with respect to the precursor flux, in situ ellips-
ometry indicates a further increase in growth rate when the
NH; partial pressure is raised above 0.35 mTorr. Growth
under even more ammonia-rich conditions may yield signifi-
cantly higher growth rates than those reported here. As in
the case of iron nitride, the substrate temperature does not
strongly affect the steady-state film growth rate. At 300 °C,
however, there is a long nucleation delay (2—4 min) before
growth commences.

AES profilometry reveals a composition range that is in-
dependent of substrate temperature up to 200 °C. The cobalt-
to-nitrogen ratios are between 4.6:1 and 6.0:1. The most N-
rich film (70 at. % Co and 15 at. % N) is grown at 200°C
with an ammonia partial pressure of 0.25 mTorr. Carbon
contamination is only slightly above instrument detection
limits at ~2 at. %. The ~13 at. % oxygen contamination is
likely due to the residual gas background of the chamber we
employed. Despite the greater deposition rate of cobalt
nitride films, oxygen incorporation is significantly higher
than in the case of iron nitride.

The N 1s XPS spectrum of a sample grown at 100°C
exhibits a peak energy of 396.9¢eV [Fig. 3(b)] that is consist-
ent with the presence of a metal nitride phase, which is re-
markable given the low growth temperature.®>* Interestingly,
films grown at 300 °C do not contain nitrogen. As-deposited
cobalt nitride films are X-ray amorphous as observed for
other low temperature Co,N growth processes.’*

C. Nickel nitride

Nickel nitride grows less readily from Ni[N(#-Bu),], and
NHj; than is the case for the iron and cobalt analogues. Film
growth does not occur below 150 °C, and only 85nm is de-
posited after 30 minutes at 200 °C. The film composition is
approximately 81 at. % Ni and 9 at. % N, giving a Ni:N ratio
of 9:1. Unlike the iron nitride and cobalt nitride films, some
carbon (~8 at. %) is present. The oxygen content is below
the instrument detection limit. XPS analysis (Fig. 4) indi-
cates that the binding energy of the nitrogen present is con-
sistent with a metal nitride.>*

IV. DISCUSSION

The iron, cobalt, and nickel bis[di(tert-butyl)
amido]metal(Il) precursors all deposit metal nitride films at
low temperatures in the presence of ammonia. Growth
begins at 25 °C for iron nitride, 100 °C for cobalt nitride, and
150°C for nickel nitride. The maximum observed growth
rates are 11 nm/min for iron nitride, 18 nm/min for cobalt
nitride, and 3 nm/min for nickel nitride. (By comparison, the
analogous Mn precursor affords manganese nitride at
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Fic. 4. (Color online) XPS N 1s signal of a NigN sample grown at 200 °C.
The peak binding energy of 397.5eV is consistent with metal nitride (Ref.
54). The surface of this sample was sputtered prior to measurement.

temperatures as low as 80°C and with growth rates as high
as 10nm/min.*®) The resulting films adhere well to the sub-
strate and have columnar morphologies consistent with high
precursor sticking coefficients.

The composition of the films varies with the metal; the
metal:nitrogen atomic ratios are Fey;N, CoN (4.6 <x<6),
and NigN. Preserving the 2+ metal oxidation state of the pre-
cursors would require film stoichiometries of M;N,, thus, all
the films have lost nitrogen during growth, presumably as N.

For all three metals, N 1s binding energy in the XPS spec-
tra is consistent with a metal nitride phase at all growth tem-
peratures. This is even true for 95% of the N Is signal of
Fe,N deposited at room temperature. Up to 200 °C, the met-
al-to-nitrogen ratio remains constant for a given metal (the
relatively broad range for Co:N does not correlate with tem-
perature or reactant pressure). Although iron nitride films
lose nitrogen when they are annealed at 600 °C, the nitrogen
content of as-deposited films remains unchanged after sev-
eral months in ambient conditions.

The purity of the as-deposited metal nitride films varies
somewhat as a function of the metal and the deposition condi-
tions. Oxygen incorporation (presumably from residual gases
in the deposition chamber) in iron and cobalt nitrides can be
suppressed (although not eliminated) by increasing precursor
flux and, in turn, the film growth rate. In the slow-growing
nickel nitride, oxygen contamination remains below detection
limits, but carbon (not a major contaminant for iron or cobalt
nitride) reaches ~8 at. %. The lack of oxygen in the nickel
nitride films may result from a reaction between residual oxy-
gen and nickel carbides, consistent with previous reports of
the production of CO and CO, from the action of oxygen on
carbonaceous nickel at similar temperatures.”® %"

Metal nitride deposition from metal dialkylamides in the
presence of ammonia typically proceeds via transamination to
produce M-NH, groups and free dialkylamine, as in titanium
nitride growth from tetrakis(dimethylamido)titanium(IV),61_63
and as proposed for 7-MnzN,_ . growth from Mn[N(-Bu),],.*8
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The metal amide species evolve to form the metal nitride film
while the amine byproduct leaves the growth surface. The lack
of film deposition below 300°C in the absence of ammonia
implies that transamination also initiates the reaction sequence
leading to film deposition in the present systems.

The columnar film morphologies are consistent with a
process that involves gas-phase precursor species with a
high sticking coefficient and surface-bound adsorbates with
low mobility.>” At the mean chamber pressure during growth
(~5 mTorr) the mean free path is on the order of
1.5-150mm (1.5mm for pure precursor and 150mm for
pure argon), similar to the distance between the precursor
dosing tube outlets and the substrate surface (~40mm).
Because the local pressure above the substrate surface is
higher than the average chamber pressure, some gas-phase
collisions must occur before the precursor arrives at the sub-
strate. Transamination may thus begin in the gas phase to
generate metal-NH, species which we would expect to be
nonvolatile and thus have high sticking coefficients. We can-
not, however, rule out the possibility that some of the transa-
mination steps occur on the surface. In either case, the
products of the transamination, presumably M(NH,), spe-
cies, are expected to be nonvolatile.

The compounds Mn(NH,), and Ni(NH,), have been struc-
turally characterized in the crystalline state: they are a chain of
tetramers®* and a hexamer,®* respectively. Owing to their non-
monomeric structures, M(NH,), species are not likely to be
volatile. Interestingly, M(NH,), compounds decompose to
metal nitrides with loss of ammonia in vacuum at ~120°C for
Mn(NH,),,®  <25°C for Fe(NH,),,%®® 120°C for
Co(NH,),,%” and 120°C for Ni(NH,),.°>%*7® The growth
onset temperatures in our studies, 80 °C (Mn),48 <25°C (Fe),
100°C (Co), and 150°C (Ni), correlate very well with these
temperatures, thus lending support to our hypothesis that
M(NH,), species are the intermediates in the metal nitride
film growth process and that the onset temperature is deter-
mined by the kinetics of the decomposition of these species.
The temperature independence of the growth rate between
growth onset and 200 °C under our conditions suggests that
the deposition is flux-limited above the onset temperature.

The nonzero carbon levels in the nickel nitride films indi-
cate that a second reaction pathway is kinetically accessible
at the comparatively high growth onset temperature and low
growth rate of this film. One plausible hypothesis involves -
hydrogen elimination from coordinated di(zert-butyl)amide
groups to form metallacycles containing metal—carbon
bonds. Such bonds are believed to participate in carbon con-
tamination in TiN deposition from TDMAT in the absence
of ammonia.®' Alternatively, the di(tert-butyl)amine byprod-
uct of transamination might react with the growth surface.
XPS studies of the adsorption of alkylamines on nickel
surfaces show dissociation or decomposition of the amines
at temperatures similar to the present studies.”"

V. SUMMARY AND CONCLUSIONS

We have demonstrated that the chemical vapor deposition
of Mn, Fe, Co, and Ni nitride films can be accomplished
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from the di(fert-butyl)amide precursors M[N(#-Bu),], with
NHj; at low substrate temperatures—in one case even at room
temperature. The XPS binding energies confirm that the nitro-
gen is present as nitride. The M:N ratio in the deposited films
decreases from Mn to Fe to Co to Ni; all the films are
nitrogen-deficient compared with the M3N, composition that
would result if no redox chemistry is taking place. The M:N
ratio for each material is robust against variations in substrate
temperature and reactant pressures. Carbon contamination in
the films is minimal for the iron and cobalt nitride films, but
similar to the nitrogen content in the nickel nitride films.

Film growth is interpreted to proceed by means of rapid
transamination of the highly reactive bis[di(zer#-butyl)amide]
precursors with ammonia to afford metal amido fragments
with high sticking coefficients and low surface mobilities.
The metal amido fragments decompose to form metal nitride
films with a columnar morphology and presumably some N».
Film growth rates are flux limited at all conditions investi-
gated and can be enhanced by increasing the precursor flux.
Deposition rates of up to 18 nm/min have been realized.
As-deposited films are X-ray amorphous but the iron nitride
film can be crystallized by annealing it at 600 °C.

Some observations of this study stand out as remarkable.
Thermal CVD at room temperature is highly unusual, but we
have found that iron nitride grows rapidly at 25°C. The
di(tert-butyl)amido compounds are also able to serve as
CVD precursors to manganese,48 cobalt, and nickel nitride
phases, for which very few other CVD methods have been
described. Thus, the family of di(tert-butyl)amide precursors
provides a useful synthetic pathway for late transition metal
nitride films that are difficult to produce by other means; the
growth conditions are appropriate for deposition on
temperature-sensitive substrates.
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