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Chemical vapor deposition of Mn,N, films from bis(2,2,6,6-
tetramethylpiperidido)manganese(ll) and ammonia
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Thin films of manganese nitride Mn,N, are grown by chemical vapor deposition (CVD) using the
new precursor bis(2,2,6,6-tetramethylpiperidido)manganese(Il), Mn(tmp), = Mn(NCgH;g),, with
ammonia as a coreactant. This precursor can be prepared in high synthetic yield and has good
thermal stability at room temperature; it is one example of a new class of precursors that have the
potential to deposit late transition metal nitrides. Under low-pressure CVD conditions, the precur-
sor reacts with ammonia to afford Mn,N, thin films in the temperature range of 50-350°C. The
stoichiometric ratio x/y is 2.3-2.5 for all growth conditions used, with oxygen and carbon impuri-
ties less than 7 at.% and 1 at.% in the bulk, respectively, as analyzed by x-ray photoelectron spec-
troscopy. The Mn,N, films are x-ray amorphous and are characterized by low root-mean-square
surface roughness, 0.4-0.7 nm. Film thickness profiles on trench substrates indicate that growth
contains species of both high and low sticking probabilities. The proposed mechanism of film
growth is a combination of gas phase and surface transamination between the precursor and ammo-
nia to afford reactive intermediates responsible for film growth. © 2016 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4964839]

I. INTRODUCTION

As a class, manganese nitrides, Mn,Ny, have solid-state
properties that make them attractive for spintronic, magnetic,
and microelectronic applications.'™ The antiferromagnetic
n-phase, Mn3N2,6_8 the ferromagnetic e-phase, Mn4N,4’9 the
antiferromagnetic (-phase, MnsN,,” and the high nitrogen
content O-phase, MngNs,” have been reported as bulk
nitrides” or as thin films deposited by physical vapor deposi-
tion.*™” All phases exhibit metallic behavior at room tem-
perature;® the #-phase is a superconductor with a critical
temperature T, of 4K."°

In addition to their utility as magnetic materials, manga-
nese nitrides are also of interest as copper diffusion barriers
in integrated circuits.'''* For this application, the diffusion
barrier must be applied as a conformal'*'® coating in high
aspect ratio (depth/width) features. Because chemical vapor
deposition (CVD) is well suited to coat features confor-
mally,"*"®2! it is desirable to develop CVD routes to
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manganese nitride films. In contrast to the numerous reports
of CVD processes for early first row transition metal nitrides
such as titanium nitride,zz*25 there have been only two
reports of manganese nitride growth by CVD.'"?® Gordon
et al. reported the CVD of the cubic ¢-phase of MnyN from
bis(NV,N-diisopropylpentylamidinato) manganese(Il) and
ammonia at 130°C. The growth was conformal in vias of
aspect ratio 52:1, and a 2.5 nm thick film performed well as
a copper diffusion barrier."' We recently reported the growth
of crystalline n-phase, Mn3N,_, (x~0.7), from bis[di(tert-
butyl)amidoJmanganese(II) and ammonia at temperatures
between 80 and 200 °C.>

The scarcity of CVD routes to manganese nitrides is due
to the limited availability of precursors that possess all of the
required properties, i.e., good synthetic yield, thermal stabil-
ity in the source container, sufficient vapor pressure, and a
reaction pathway that affords the desired phase with low
impurity content at modest substrate temperature.’’ >°
Because the di(fers-butyl)amine ligand is relatively difficult
to synthesize,' we recently developed a new class of transi-
tion metal amido precursors based on the 2,2,6,6-tetrame-
thylpiperidide (tmp) ligand, which can easily be prepared by

© 2016 American Vacuum Society 060603-1
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deprotonation of commercially available 2,2,6,6-tetramethyl-
piperidine. The manganese and iron tmp complexes can
be synthesized in high yield, are thermally stable at room
temperature, and have relatively high vapor pressures.
Accordingly, they are promising candidates for the deposition
of late transition metal nitrides by CVD. Here, we employ
bis(2,2,6,6-tetramethylpiperidido)manganese(Il), Mn(tmp),,
in combination with ammonia, to grow manganese nitride
films by CVD. Smooth, conformal, and x-ray amorphous
films are produced over the temperature range of 50-350°C
using a range of precursor and ammonia pressures.

Il. EXPERIMENT

Manganese nitride (Mn,N,) films are deposited in a
turbopumped, cold wall, high vacuum chamber described pre-
viously.**?* The growth temperature, measured by a K-type
thermocouple in contact with the radiatively heated sample
holder, is varied between 25 and 350 °C. The Mn(tmp), pre-
cursor (Fig. 1) is a solid at room temperature and melts at
50°C. The stainless steel precursor container is heated to
60°C in a water bath to increase the partial pressure of the
precursor without inducing measurable decomposition. The
Ar carrier gas passes through the container at flow rates of
5-40 sccm to deliver precursor to the chamber; the chamber
pressure due to the Ar plus entrained precursor is 0.45-4.10
mTorr, measured before film growth (i.e., with the substrate
unheated). The flow of ammonia coreactant is regulated with
a multistage needle valve and delivered through an indepen-
dent gas line to create a steady state partial pressure of 0-13
mTorr, also measured before film growth. The gas delivery
lines are pointed toward the substrate; the forward-directed
component increases the local fluxes at the substrate by an
estimated factor of 2-3 over that due to the isotropic partial
pressures.

Mn,N, films are deposited on native oxide covered
Si(100) substrates. The thickness and microstructure are
determined from cross-sectional SEM images taken on a
Hitachi S4800. Atomic composition and elemental binding
energies are measured by XPS on a PEI5400, using 2 min of
surface sputtering by 3kV Ar'! jons; selected scans are per-
formed in high-resolution mode as noted. Compositional
depth profiles are obtained by AES on a PEI660. The film
crystallinity is investigated by w-20 XRD on a Philips Xpert.
The in situ spectroscopic ellipsometry (SE) taken on a J. A.
Woollam F2000 is used to monitor film nucleation and
growth in the photon energy range of 1.20-5.05eV. An
Asylum AFM is used to determine the surface roughness and
to search for pinholes larger than the effective tip radius.
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FiG. 1. Structure of Mn(tmp), (two dimensional schematic).
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The thickness and roughness of films thinner than 5 nm were
measured by XRR on a Philips Xpert.

lll. RESULTS AND DISCUSSION
A. Film composition and growth

Mn,N, films grown from Mn(tmp), and ammonia are
generally similar to those obtained from the related amido
precursor Mn[N(t-Bu),], and ammonia.’® For films grown
with 5—40 sccm of precursor in Ar, with 0.1-6.0 mTorr of
ammonia, XPS reveals a bulk Mn:N ratio of 2.3:1-2.5:1 for
all growth temperatures between 50 and 350°C. The Mn
2ps;; and N 1s binding energies of 641.3 and 396.6 (Fig. 2)
are consistent with the reported values of 641.5 and
396.5eV, respectively, in the manganese nitride, MnN,
phase.34 For all films, no carbon contamination is detectable
within the XPS limit of ~1 at. %.

It is important to note that this precursor is highly mois-
ture sensitive, so oxygen or water background in the growth
systems leads to oxygen contamination of the film. In stan-
dard experiments, in which the film is transferred from
the growth system through air to the XPS system, films grown
at 50-350°C contain 15-18 at. % oxygen. We attempted to
reduce this level by (1) using high purity ammonia that had
been dried with solid sodium and (2) pumping the gas deliv-
ery lines for an extended time before growth to minimize

Mn 2p,, Mn 2p;),
a)

Intensity (a.u.)

665 660 655 650 645 640 635 630
Binding Energy (eV)

b) N 1s

Intensity (a.u.)

406 404 402 400 398 396 394 392 390

Binding Energy (eV)

Fic. 2. High resolution XPS spectra of Mn,N, film grown using 40 sccm of
Ar carrier gas containing Mn(tmp), and 1 mTorr of NH3 at a substrate temper-
ature of 150 °C. Peaks correspond to reported “MnN” phase: (a) Mn 2p;/, and
(b) N 1s.
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background contamination. Films grown with these proce-
dures have reduced oxygen content of 7-8 at. %. Then, to
identify the possible role of air exposure, we grew films at
50-250°C and (3) capped them in situ with a thick layer of
CVD grown HfB,, which is a highly impermeable diffusion
barrier. These films had 6-7 at. % oxygen, showing that oxy-
gen impurities are incorporated mostly during growth (6-7 at.
%) and only slightly (~1 at. %) upon air exposure.

For 30 sccm of precursor in Ar flow and 1 mTorr of
ammonia pressure, film nucleation at 150 °C occurs within
2-3 min after exposure of the substrate to the reactant gases,
as measured by SE. Subsequently, the growth rate is constant
at 0.6nm/min, independent of the substrate temperature.
Increasing the ammonia pressure from 0.1 to 13 mTorr at a
substrate temperature of 250 °C decreases the growth rate
from 0.7 to 0.4 nm/min; this behavior is probably due to an
increase in the gas phase scattering of precursor away from
the substrate, but inhibition of surface reactivity by site
blocking could also play a role.'>*=*" In the growth cham-
ber, the distance between the outlet of the precursor dosing
tube and the substrate is ~4 cm; for a total chamber pressure
of ~1.3 mTorr, the mean free path in the gas phase is smaller
than this separation; hence, scattering collisions will occur.

There is no film growth at all in the absence of ammonia;
this result indicates that transamination reaction with ammo-
nia is required to create Mn-NH, groups that react on the
growth surface to form the nitride film and 2,2,6,6-tetrame-
thylpiperidine as a volatile by-product, similar to the mecha-
nism of film growth from other metal amido precursors in
the presence of ammonia.”®**° The absence of carbon in
the deposited films indicates that transamination goes to
completion. The gas-phase transamination is possibly facili-
tated by the presence of Ar, which increases the frequency
of gas-phase collisions relative to surface collisions.

When growth is conducted at room temperature using 30
sccm of precursor in Ar and 1 mTorr of ammonia, the films
have a porous, spongelike microstructure (Fig. 3). Ex situ
AES depth profiling shows that deposit is manganese oxide
with a Mn/O ratio of 1:1, with no carbon or nitrogen detect-
able in the film. It is likely that the as-deposited material
contained unreacted nonvolatile oligomers of manganese
amido and imido species that subsequently hydrolyze upon
air exposure. XPS high resolution scans show binding energy
of 641.1eV for Mn 2p3,, and a satellite peak, consistent with
the presence of the +2 oxidation state in MnO.

B. Film microstructure, roughness, and conformality

SEM cross-sectional images indicate that the Mn,Ny films
have a dense, slightly columnar structure [Figs. 4(a) and 4(b)].
For 30 nm thick films grown from 30 sccm of precursor in Ar
and 1 mTorr of ammonia, the rms roughness is almost inde-
pendent of temperature: 0.4nm for growth at 50°C and
0.5nm for growth at 150°C. There is a weak dependence of
roughness on pressure, however: the roughness is 0.7 nm for
25 nm thick films grown from 30 sccm of precursor in Ar and
0.2 mTorr of NH3 at 250 °C.
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Fic. 3. (Color online) (a) Cross sectional SEM micrograph of film grown
with 10 sccm of Ar carrier gas containing Mn(tmp), and 3 mTorr of NH; at
a substrate temperature of 25 °C. (b) AES depth profile analysis for the film
in (a); see text for details.

Initial nucleation appears to be fast: for a 2.5nm thick
film grown under 30 sccm of precursor in Ar and 1 mTorr of
ammonia, XRR reveals a roughness of 0.3 nm; this low value
is consistent with the formation of a large areal density of
small islands that rapidly coalesce to give a uniform thick-
ness.>”*! No pinholes are detected by AFM. The excellent
smoothness and lack of pinholes for small film thicknesses
are favorable results for device applications, e.g., as diffu-
sion barriers in the microelectronics industry.

The conformality of the manganese nitride films was
investigated by performing growth on microtrench of
aspect (depth/width) ratio of 3.5 etched in a SiN, layer.
SEM cross-sections reveal an unusual combination of fea-
tures [Fig. 4(c)]. The film thickness on the top surface is
much larger than on the trench walls, and the columns of
the microstructure are oriented toward the direction from
which the flux arrived; the latter is especially clear at the
upper corners of the trench opening. The large thickness on
surfaces directly exposed to the gas phase indicates the
existence of growth species with relatively high reactive
sticking coefficient, which may be the result of gas-phase
transamination.

In contrast, the deposit on the sidewalls of the trench
tapers gradually from the opening to the bottom, is asymmet-
ric, and the total amount of material deposited within the
trench is almost twice that which would have accumulated
on a top surface with the same area as the trench opening.
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Fic. 4. Cross sectional SEM micrographs of Mn,N, film grown with 10
sccm of Ar carrier gas containing Mn(tmp), and 3 mTorr of NHj3 at substrate
temperatures of (a) 50 °C and (b) 250°C; (c) microtrench with depth/width
ratio of 3.5 grown at 150 °C, revealing the simultaneous existence of direc-
tional and conformal components of growth kinetics.

Note that the gas delivery lines in the chamber point toward
the substrate at a slightly off-normal angle, which is the
probable source of the asymmetry. These observations are
consistent with growth from a species with a reactive stick-
ing coefficient somewhat less than unity, such that a fraction
of the flux reacts on the first wall impact to create the asym-
metry, but the unreacted fraction of the flux desorbs, strikes
the opposite wall, and reacts after that or subsequent desorp-
tion/impact steps to create a partially conformal deposit. We
interpret that the existence of a growth component with a
relatively low sticking coefficient is the result of surface
transamination, i.e., the precursor may collide with a wall
but desorb again before transamination converts it to a non-
volatile intermediate that eventually affords film. We have
previously modeled the coverage of a trench using the
approximation of a cavity with a reaction probability of f
per wall collision and a probability of particle loss out
through the opening through which the particles originally
entered.*? Despite its conceptual simplicity, for trench aspect
ratios similar to those used in the present work, this formal-
ism agrees closely with the results of detailed Monte Carlo
transport simulations. Using the cavity analysis, the present
data are consistent with a sticking probability within the
trench of ~0.45.

C. Film crystallinity and diffusion barrier properties

The manganese nitride films are x-ray amorphous (spectra
not shown for brevity). Some films grown at temperatures
higher than 150°C show a small degree of crystallinity,
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consistent with the #-phase Mn3;N, embedded in a matrix of
amorphous film. This finding is in contrast to the films grown
from Mn[N(t-Bu),], and ammonia, which are partly or fully
crystalline at temperatures as low as 80 °C.?® The reasons for
this difference are not understood. However, many of the lat-
ter films had crystalline islands embedded in an amorphous
matrix, i.e., the formation of crystalline regions evidently
required a nucleation step. A modest difference in the rate of
crystalline nucleation associated with the different precursors
or the substrate surface could account for the observations.

The performance of Mn,Ny as a copper diffusion barrier
was evaluated as follows: 200nm of copper was e-beam
evaporated onto a 15nm thick, air-exposed Mn,Ny film on
Si0,, then the structure was annealed at 500 °C under an Ar
+ N, atmosphere for an hour. After annealing, AES was
unable to detect copper in the SiO,; by contrast, in a com-
panion sample that lacked the Mn,N, barrier layer, copper
was easily detected throughout the SiO,.

IV. CONCLUSIONS

High quality Mn,N, thin films have been deposited from
a novel precursor, Mn(tmp),, and ammonia at 50-350°C.
The films have a Mn/N ratio of 2.3:1-2.5:1, independent of
the precursor and ammonia pressures used, i.e., the process-
ing window for the growth of nitride films is very wide. The
Mn,N, films are very smooth, with rms surface roughnesses
of 0.4-0.7 nm for films grown under a variety of conditions.
The films are mostly x-ray amorphous, although some broad
peaks due to a crystalline n-phase Mn3;N, phase can be seen
for films grown above 150°C. Preliminary measurements
indicate that the Mn,N, thin films perform well as copper
diffusion barriers.
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