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Abstract

The reaction mechanism of atomic layer deposition (ALD) processes for the deposition of metal nitrides has been characterized by a combination
of surface-sensitive techniques, X-ray photoelectron (XPS) and infrared (IR) spectroscopies in particular. The growth of titanium nitride films
using alternate doses of TiCl, and NH; is discussed first. It was found that exposure of the surface to the first reactant (TiCly) is accompanied
by the partial loss of chlorine atoms and the reduction of the Ti atoms, and that a subsequent ammonia treatment removes most of the remaining
chlorine and leads to the formation of a nitride. Both half-reactions were proven self-limited, and repeated ALD cycles were shown to lead to the
buildup of thick films, as desired. However, it was found that the grown films consist of a Ti;Ny4 layer on top of the expected TiN, suggesting that
the reduction of the Ti** species may occur during the TiCly, not NH3, dosing step. This conclusion seems to be general, since similar behavior
was observed for the deposition of tantalum and zirconium nitrides using TaCls and Zr[N(C,Hs)(CH3)]4, respectively.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Atomic layer deposition (ALD); Thin films; Metal nitrides; XPS; Infrared spectroscopy

1. Introduction

Conformal coatings, that is, thin films that closely follow
the shape of the underlying structures they cover, are a crucial
component in a wide variety of modern technologies, includ-
ing those involving optical and optoelectronic elements [1-5],
magnetic storage devices [6,7], tribological, heat and corro-
sion barriers [8§—10], biocompatible protheses [11], membranes,
[12,13] and catalysts [14—17]. In microelectronics in particular,
most manufacturing processes require the deposition of films of
insulators or conductors and the growth of diffusion, adhesion,
and protection barriers for the in situ buildup of capacitors, metal
interconnects, diodes, transistors, and other elements within
integrated circuits [ 18—20]. The deposition methods available for
the growth of such thin films can be broadly divided into phys-
ical and chemical in nature: physical vapor deposition (PVD)
methods include sputtering, evaporation, and sublimation [21],
whereas chemical vapor deposition (CVD) processes are based
on the adsorption and chemical conversion of molecular precur-
sors on the surface [19,20]. Both PVD and CVD have found
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important uses in industry, but CVD processes have been gain-
ing ground in modern times because of their ability to produce
smooth and homogeneous conformal films on surfaces with
complex topographies [22]. Modern electronic devices are now
routinely prepared with sub-100 nm individual structures of very
high aspect ratios and many narrow and deep holes and trenches
[23,24], and most physical deposition methods are intrinsi-
cally directional and therefore ill suited for such applications.
Chemical-based processes, on the other hand, are isotropic and
can better handle film deposition on rough surfaces.

Various CVD methods have been developed over the years
to address specific needs in different applications [25]. Among
the advantages of CVD, the following are often cited:

e Their ability to produce highly dense and pure materials and
uniform films with good reproducibility and adhesion;

e Their capacity to control crystal structure, surface mor-
phology, and orientation by controlling the CVD process
parameters;

e The availability of a wide range of chemical precursors for
CVD such as halides, hydrides, and organometallics for the
deposition of many materials, including metals, carbides,
nitrides, oxides, sulfides, and III-V and II-VI materials.
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There are, however, a number of potential problems associ-
ated with the design of new CVD processes. In particular:

e Not all CVD reactions are conformal; gas-phase reactions
sometimes interfere with the kinetics of the overall film depo-
sition process.

e Itis sometimes difficult to control the thickness and morphol-
ogy of the growing layers: nucleation and three-dimensional
island formation, for example, may result in the buildup of
rough and discontinuous films.

e Some CVD processes require temperatures above those tol-
erable in microelectronics fabrication.

Fortunately, it has been recently shown that many of these
difficulties can be overcome, or at least minimized, by using
a variation of CVD known as atomic layer deposition (ALD).
ALD is a chemical deposition method in which two comple-
mentary self-limiting reactions are used sequentially and in
alternating fashion to slowly build up solid films one mono-
layer at the time (Fig. 1) [26-29]. ALD was in fact developed in
the late 1970s under the name of atomic layer epitaxy (ALE) for
the manufacturing of flat-panel displays [30] and later for the
preparation of III-V compounds [31-34], but discarded upon
the advent of molecular beam epitaxy techniques [35]. It was
only in the mid 1990s that ALD regained interest in the silicon-
based microelectronics industry for the manufacturing of high
aspect-ratio integrated circuits. ALD is presently considered the
most promising method for depositing thin, conformal films with
atomic-level precision [36]. ALD brings the following advan-
tages to microelectronics manufacturing over conventional CVD
methods [28,37]:
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e The thickness of films grown by ALD depends only on the
number of cycles employed, not on the exposures used in each
cycle. This makes its control simple and accurate.

e In ALD there is less of a need for a homogeneous flux of
the reactants through the reactor. This makes ALD processes
reproducible and easy to scale for large-area coatings without
sacrificing conformality.

e ALD offers more flexibility in the design of the operational
deposition conditions, requiring lower temperatures than reg-
ular CVD.

e There is minimal or no interference from gas-phase reactions
during ALD processes because of the separation of the two
half reactions in time.

e ALDis easy to use for the manufacturing of layered structures.

On the negative side, ALD, like other CVD processes, suffer
from some intrinsic limitations:

e Undesirable contaminants may be deposited within the grow-
ing films because of the decomposition of the precursors
[38—40].

e Impurities from the carrier gas, such as oxygen or water in
the case of oxygen-sensitive TiN or AIN films [41], may be
incorporated into the growing films, yielding materials with
properties significantly different from those made by PVD
[42].

e Films with different microstructure and morphology from
those obtained by PVD may develop, especially when post-
deposition treatments such as high-temperature annealing are
required [43].
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Fig. 1. Schematic representation of the reaction mechanism of atomic layer deposition (ALD) processes, indicating the use of two self-limiting steps involving two
different chemicals. Typically, the first provides the metal to be deposited in the form of a volatile inorganic complex, while the second acts as a reducing, oxidizing,
displacing, or nitridation agent, helping to remove the undesirable ligands of the first precursor and providing the missing elements for film growth. The example in

this figure corresponds to the deposition of TiN films using TiCls and NH3.
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e ALD is slow, depositing a fraction of a monolayer in each
cycle. This makes it suitable only for the deposition of very
thin films [36].

In addition, for an ALD process to work properly, several
conditions must be fulfilled [44]:

e The precursors need to be thermally stable and sufficiently
volatile for easy transport and to avoid condensation on the
substrate, and they should be easy to handle and have low
toxicity, explosiveness and flammability. They must also be
readily available commercially in high-purity electronic grade
and at reasonable cost.

e The surface conversions must be simple, fast, complete,
irreversible, self-limiting, and viable at suitable low temper-
atures.

e The reactions need to be complementary, that is, each must
be able to prepare the surface for the other, and to lead to the
formation of films with the right stoichiometry.

The resolution of these issues requires a good understanding
of the surface chemistry underlying the ALD processes. There
is no doubt that atomic layer deposition methods have garnered
much attention in recent years, but the emphasis has been on
addressing the practical aspects of the implementation of ALD
in manufacturing processes with a focus on engineering issues
or patentable inventions, not on trying to characterize the fun-
damental chemistry underpinning these processes. A number of
basic chemistry problems that limit the effectiveness of ALD
film growth processes have been identified, but those have not
been fully addressed to date. We in our group have recently
started a program directed to fill this gap between the fast grow-
ing pace of the technological developments in ALD and the
limitations brought by the poor understanding of the underlying
surface chemistry. Below, a brief discussion is provided of some
early results from this work on the chemistry of metal nitride
deposition.

2. Experimental

Most of the experiments reported here were carried out in a
two-chamber stainless steel ultrahigh vacuum (UHV) apparatus
briefly described elsewhere [45]. The main volume, evacuated
to a base pressure of approximately 1 x 10~ Torr by using a
turbomolecular pump, is equipped with instrumentation for X-
ray photoelectron spectroscopy (XPS), mass spectrometry for
analysis of the gases, and an ion gun for sample cleaning and
depth profiling. The second chamber is also pumped with a sep-
arate turbomolecular pump, and can be isolated and pressurized
when used as a reactor for the film deposition. A supporting rod
is used to hold the solid sample in place and to transfer it between
the two chambers. The latter is done by transversing through a
set of concentric differentially pumped seals in order to avoid
both exposure of the surface to the outside atmosphere and inter-
contamination between the chambers. The transferring rod can
be rotated for better alignment during XPS acquisition, and is
capable of cooling down to ~200 K and resistive heating to up to

approximately 1000 K. The temperature of the substrate is mon-
itored with a K-type thermocouple inserted into a small hole
drilled in the copper hot plate where the substrates are placed,
and held in place with a spring made out of tungsten.

The XPS data were collected in the main chamber by
using a Leybold EA1l electron-energy analyzer with multi-
channel detection and a dual Mg Ka (hv=1253.6eV)/Al
Ko (hv=1486.6eV) anode X-ray excitation source. Survey
spectra were taken by using a constant band-pass energy of
100.8 eV, which corresponds to a spectral resolution of 2.0eV,
and additional high-resolution scans of the regions of interest
were obtained using a band-pass energy of 31.5eV (resolution
~0.9eV) to accurately determine peak energies and shapes. All
the XPS peak positions are reported in binding energies (BE),
and were calibrated relative to the reported positions of the
substrate peaks and corroborated by the position of the O 1s
XPS feature in oxidized samples [46]; they are deemed accurate
within £0.1eV. The reported spectra were obtained by aver-
aging either 10 or 100 scans, for the survey or high-resolution
runs, respectively. XPS peak areas were converted into relative
surface atomic concentrations by using reported relative sensi-
tivity factors [46], and checked against reference compounds.
Gas dosing during film deposition was carried out in the auxil-
iary chamber, which was designed to operate as the ALD reactor
[47].

The infrared characterization experiments were carried out
in a separate system consisting of a transmission infrared cell
designed for this type of surface studies [48]. The volume of the
reactor is defined by a 0.75 in. thick, 2.75 in. diameter stainless
steel spacer sandwiched in between two 2.75in. flanges hold-
ing respective NaCl windows. The spacer has two ports, for the
inlet and outlet of gases and for pumping, and feedthroughs for
resistive heating of the sample and for the thermocouple wires
used to measure temperature. The silica powder was pressed
on a 1.0 x 2.0cm?, 30 x 30 (lines/cm)?, 0.03 mm wire diam-
eter, nickel mesh framed by 1 mm diameter Nichrome wires,
which were attached to the grid via spotwelding and mounted
via copper barrel connectors to the electrical feedtroughs so
that the sample is held in the middle of the reactor volume
(Fig. 2). A K-type thermocouple pair was spotwelded to the
mesh near the silica powder for temperature measurements. The
cell was placed in the sample compartment of a Bruker Equinox
55 infrared spectrometer purged with scrubbed air to eliminate
any interfering signals from the water vapor or carbon diox-
ide in the laboratory’s air. IR spectra were taken by averaging
512 scans at 4 cm™! resolution, and normalized by data taken in
similar fashion before exposure to any of the ALD gases.

All gases in these experiments, namely, the ammonia (Math-
eson, anhydrous, 99.99% purity), oxygen (Airgas, ultra high
purity), and argon (Airgas, 99.998% purity), were used as sup-
plied, and introduced into the vacuum chamber via leak valves
and into the IR cell using regular shut-off valves. The lig-
uids, TiCly (Acros, 99.9%), TaCls (Alfa Aesar, 99.99%) and
Zr[N(C2H5)(CH3)]4 (Sigma—Aldrich, 99.99+%), were purified
in situ in our gas-handling manifold by a series of freeze-
pump—thaw cycles, and dosed by introducing their vapor into the
chamber through the same leak valve used for ammonia dosing.
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Fig. 2. Schematic representation of the transmission infrared cell used for the
characterization of ALD processes on silica. Shown is a frontal view of the
2.75in. diameter spacer used as the reactor, with the inlet and outlet ports at
the bottom for gas flowing and the feedthroughs at the top for sample resistive
heating and temperature measurements. The sample, a silica powder, is pressed
onto a nickel mesh framed by Nichrome wires and mounted on the electrical
feedthroughs so it stands in the middle of the spacer volume and in between
the front and back NaCl windows. The whole assembly is placed in the sample
compartment of a Bruker Equinox 55 Fourier-transform infrared spectrometer.

Most of the XPS experiments were performed using a ~1 cm?
nickel foil (Sigma—Aldrich, 0.25 mm thick, 99.995% purity),
except those reported in Fig. 5, which were done on a ~1 cm?
tungsten foil (ESPI, 0.25 mm thick, >99.98% purity). These sur-
faces were cleaned by extensive argon sputtering, and checked
by XPS before use; most contaminants, including adventitious
carbon, could be removed by this treatment, but small amounts of
oxygen were often unavoidable. The infrared experiments were
performed on a pellet made out of a high surface area silica pow-
der (Degussa Aerosol 200) pressed onto the supporting mesh of
the IR cell, as described above. The powder was degassed by
extensive heating to 400 °C before use to minimize the amount
of adsorbed water in the sample. The elimination of the water
was evaluated by IR spectroscopy.

3. Results and discussion
3.1. TiN from TiCly and ammonia

The case of the growth of TiN films from TiCly and NH3
(Fig. 1) is perhaps the best ALD process studied to date
[38,49-57], but many questions remain. For instance, it is not
yet clear what the stoichiometry of the resulting films is, how
the reduction of the titanium atoms (from Ti** in TiCly to Ti?*
in TiN) occurs, or what the oxidation byproduct is. Moreover,
although TiN films grown by ALD usually contain oxygen and
other contaminants, it has also not yet been clearly established
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Fig. 3. (Main frame) Ti 2p X-ray photoelectron spectra (XPS) for the uptake of
TiCly on a nickel foil at 400 °C. The reactant was dosed in pulses of approx-
imately 4 x 103 L. (Inset) Surface concentrations of Ti**, Ti** and total Ti as
a function of dose, in arbitrary units, estimated from the XPS data. Three key
observations derive from these data: (1) the reaction is self limiting, saturating
after the first few pulses; (2) the initial titanium is deposited in the form of Ti3t,
but is converted at least in part to Ti** at saturation and (3) the final average
stoichiometry of the adsorbates species is TiClj3 5.

what the sources of those contaminants are, or how they get
incorporated into the film. Our surface-science studies have
been directed to answer these and other questions about the
fundamental chemistry associated with this ALD process.

The chemistry of each individual reaction of the TiCly + NH3
ALD cycle (Fig. 1) was characterized first [47]. Fig. 3 displays
representative Ti 2p XPS data obtained during the initial uptake
of TiCly on a nickel foil at 400 °C. Traces are displayed for
the surface obtained after selected TiCly doses, each of which
consisted of pulses of approximately (4 + 1) x 10° L. Although
most traces are dominated by a Ti 2p3/, XPS peak at 458.9eV
typical of Ti** species [46], the data corresponding to the initial
doses display a prominent feature at 455.1 eV more characteris-
tic of Ti>*. This indicates an initial reduction of the TiCly, atleast
on metal surfaces, and strongly suggests dissociative adsorption
and formation of TiCl3(ads) species.

The uptake of titanium was estimated by integration of the
respective Ti 2p XPS signals, and plotted versus number of
pulses in the inset. Those results highlight the self-limiting
nature of the adsorption: surface Ti (and Cl) saturation is reached
after only a couple of pulses. The data also point to the initial
predominance of Ti** species, most of which are reoxidized to
Ti** towards the end of the uptake. Additional measurements
from the Cl 2p XPS traces indicate a surface composition at
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Fig. 4. XPS data for the deposition of TiN films after each of the steps in the ALD cycle indicated in Fig. 1. The results corroborate some of the expected behavior,
namely: (1) the incorporation of Ti and N on the surface after TiCl4 and NH3 treatments, respectively; (2) the removal of most of the chlorine upon ammonia treatment
and (3) the attenuation of the XPS signals from the Ni substrate by the TiN deposited film. On the other hand, they also point to some unexpected behavior: (1) the
average stoichiometry of the surface species after the first half of the cycle amounts to only about TiCl3 5; (2) some of the Ti atoms are reduced to a Ti** state during

this initial uptake, and (3) the final film is not stoichiometric but rich in nitrogen.

saturation of approximately CI/Ti ~ 3.5, once again suggesting
partial reduction and some chlorine elimination. Evidence for
TiCly dissociative adsorption has been previously reported on
W(100) [58] and W(1 10) [59], and also on Si(100) [60], but
disproportionation such as that seen here has not, to the best of
our knowledge, being discussed before.

Subsequent treatments of this TiCl, layer with ammonia lead
to titanium nitride formation. This is clear from the XPS data in
Fig. 4, which correspond to the sequence of steps that constitute
one cycle in the ALD process. The expected behavior is cor-
roborated by these data, namely: (1) the initial exposure of the
clean nickel foil to TiCly results in the growth of XPS peaks
for both titanium (BE(Ti 2p) ~458eV) and chlorine (BE(CI
2p) ~ 198 eV); (2) both peaks survive pumping in vacuum but
change upon ammonia treatment, at which point the chlorine
peak is replaced by a new feature for N (BE(N 1s) ~397¢eV)
and (3) a submonolayer quantity of titanium nitride is deposited
and remains on the surface after further pumping, at the end of
the ALD cycle.

Thick titanium nitride films can be grown by repetition of
the ALD cycles described above. Results from quantitation of
the appropriate XPS data as a function of the number of ALD
cycles are summarized in Fig. 5 in the form of average atomic
surface compositions and N/Ti atomic ratios. An exponential
decay of the XPS signal for the substrate (tungsten in this case)
as a function of the number of deposition cycles is accompanied
by exponential growths of the signals for titanium and nitrogen,
indicating a constant deposition rate (estimated at approximately
0.04 nm/cycle [47]). Moreover, although the stoichiometry of the
film varies slightly during the ALD growth, it always remains
rich in nitrogen (N/Ti~ 1.2—1.4). It should also be pointed out
that there is always a fixed amount of Ti** in these films, as

indicated by the Ti 2p XPS signal detected at 457.6eV bind-
ing energy (data not shown) [47]. Additional depth profiling
data, obtained via argon sputtering, show that the N/Ti ratio
decreases significantly and reaches a constant value of N/Ti
~0.9£0.1 after removal of the topmost layer, before 3 min
of sputtering (Fig. 5, right side). Given that this is accompa-
nied by the selective removal of the Ti** species [47], it is
concluded that a thin film of Ti3N4 composition always sits
on top of the growing TiN film. The Ti3Ny top layer is esti-
mated to be about 0.2-0.3 nm thick at all times during the film
growth.

TiN ALD on a W Foil, Composition

1.54 Deposition Depth Profiling =
5 N/Ti

£ 1.04 ' -
g
w

51 -

.0 T T T T bl T -

0 50 100 150 200 O 5 10 15 20

Cycle Number Sputtering Time / min

Fig.5. Summary of the XPS data obtained for the deposition of a titanium nitride
film by ALD, in the form of the W (the substrate), N and Ti average atomic
concentrations and the N/Ti atomic ratio as a function of cycle number during
deposition (left) and of sputtering time afterwards (right). N/Ti ratios higher
than unity were always observed during growth but not after light sputtering,
indicating the formation of a thin TizN4 layer on top of the growing TiN film.
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3.2. TaN from TaCls and ammonia

The generality of the previous conclusion was checked next.
For that, the surface chemistry of ALD processes for the depo-
sition of TaN films using TaCl5 and NH3 was chracterized. TaN
films are perhaps some of the most promising for use as diffu-
sion barriers in the microelectronics industry [43,61], because
they have reasonably high thermal stability and excellent adhe-
sion to both SiO, and copper and do not form any compounds
with copper [62-64]. On the negative side, the deposition of
TaN needs to be preceded by a previous Ta film-growth step
[65], results in only moderately low resistivities [39,40,66,67],
requires a strong reducing agent, and is difficult to achieve stoi-
chiometrically. Consequently, the search for an appropriate TaN
ALD process is still ongoing [49,68-70].

The issues of reducibility and stoichiometry in TaN ALD
echo those identified above in connection with the ALD of tita-
nium nitride. Similar behavior is indeed seen during the growth
of tantalum nitride films using TaCl5 and NH3. Fig. 6 displays
representative Ta 4f XPS data to illustrate this point. The bottom
four traces, which correspond to the initial uptake of TaCls on
a nickel foil at 250 °C, show how the first molecules to adsorb
on the substrate are reduced to a Ta>* state; notice the main fea-
tures for the Ta 4f7,, and Ta 4f5/; photoelectrons at 23.8 and
25.8 eV, respectively. A second pair of XPS peaks does grow
at about 26.7 and 28.5eV after 5 min of exposure to a TaCls
pressure of P~ 1 x 1073 mbar (~2000 L), the binding energies
expected for TaCls [46]. Subsequent exposure to ammonia (next
two traces in Fig. 6) shifts most of the TaCls XPS signal to the
Ta* state as the intensity of the N 1s XPS feature also grows
and that of CI 2p XPS peak is almost completely suppressed,
all trends expected for TaN formation. Finally, repetition of

TaClg+NH,/Ni ALD, XPS

P(TaClg) = 1x10°° mBar
P(NHj) = 1x10°> mBar
T=250°C .~

- --- 26.7 eV (Ta%")

-~-23.8 eV (Ta®

20 Cycles
o
=

I
2 min TaCl ; :

1 min TaCl ) :

1
NJ\,QJ%MMMW
e s D FR I T
15 20 25 30 35

BE/eV

Fig. 6. Ta 4f XPS for the growth of TaN films on a nickel foil at 250 °C using
TaCls and ammonia. The reactants were dosed using pressures of approximately
1 x 10> mbar. The bottom four traces correspond to the initial uptake of TaCls
and point to the partial reduction of the metal to Ta>* upon adsorption, as in the
TiN case. Further exposure to ammonia (next two traces) drives the reduction
further, presumably because of the formation of the TaN film. The top two traces
show how thicker films can be grown by repeating this cycle. The final average
stoichiometry of that film is approximately TaN, but an oxide species is also
manifested by additional Ta 4f XPS intensity around 25.8 eV.
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Fig. 7. Zr 3d (left) and N 1s (right) XPS obtained during the growth of a ZrN film on a nickel foil at 200 °C using Zr[N(C,Hs5)(CH3)]4 (TEMAZ) and ammonia.
The reactants were dosed using pressures of approximately 1 x 10~ mbar. The bottom five traces correspond to the initial TEMAZ uptake, which appears to occur
with almost complete reduction to Zr>*. An induction period is also evident during the adsorption, with no zirconium being deposited in the first minute of dosing
and only an amine surface species being detected by XPS. Further conversion is clear at higher exposures, at which point the zirconium coverage grows as the N 1s
XPS peak shifts to values typical of metal nitrides. The top two traces show the data for the films grown by repeating the TEMAZ + NHj3 cycles, for 5 and 20 cycles,

respectively.
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this cycle leads to the slow growth of a TaN film (top two
traces).

Another issue the ALD of TaN shares with that of TiN is
that of the incorporation of impurities in the film, in particular
the codeposition of a metal oxide [47]. In this case the problem
is evidenced by the excess intensity in the Ta 4f XPS signal at
26.7eV beyond what is expected for the Ta 4f5;, component
from the Ta>* species, and also by the O 1s XPS feature seen at
approximately 531.8 eV (data not shown). The stoichiometry of
this oxide estimated from the areas of the 26.7 eV Ta 4f7,, and
531.8eV O 1s XPS peaks in the final film is TayOs, a fact also
consistent with the binding energies seen for the two elements.
The oxide film appears to develop at the interface between the
nickel substrate and the TaN growing film, and it is removed last
in subsequent depth profiling experiments by argon sputtering
(data not shown).

3.3. ZrN from Zr[N(C2Hs)(CH3)]4 and ammonia

Finally, inspired by some promising reports in the literature
[71], we have within the last few months initiated some pre-
liminary experiments on the deposition of zirconium nitride
using Zr[N(CyH;5)(CH3)]s (tetracthylmethylamine-zirconium
or TEMAZ). ZrN films have lower resistivity, lead to less
void formation in the copper, and are cheaper that TaN
[72-75]. In addition, in order to avoid the perceived difficulty
in activating metal halides, a number of alternative nitrogen-
containing organometallic complexes have been identified for
the deposition of nitrides of Ta, Hf and Zr [71,76-78]. How-
ever, this ALD is poorly understood, and its viability still in
question.

Fig. 7 reports Zr 3d (left panel) and N 1s (right panel) XPS
data obtained for the deposition of ZrN films on a nickel foil at
200 °C using TEMAZ and ammonia. Like in the other systems
reported above, a reduction of the Zr metal upon adsorption is
observed here too. In this case this is identified by the detec-
tion of an initial Zr 3ds;, XPS peak centered at 180.5 eV, which
corresponds to a Zr3* oxidation state [46]. An additional obser-
vation derives from the XPS data in this case, though, and that
is that there seems to be an induction period before the depo-
sition of the zirconium starts. Note in particular in the uptake
data in Fig. 7 (bottom six traces) that no Zr XPS intensity at
all is observed before 5min of exposure of the substrate to
TEMAZ (~2000L), and that the peak position of the N 1s
XPS signal shifts at that point from 397.3 to 396.7 eV; the latter
value is typical of metal nitrides, while the former we assign
to an amine surface fragment. Also, an oxide is formed here
too, hence the additional XPS intensity in the Zr 3d region
around 182.8eV (and the O 1s XPS peak that develops at
~531.2 eV, data not shown). In this case the oxide appears to
block further film growth, since no increase in Zr 3d or N 1s
XPS intensity is seen after 20 ALD cycles (Fig. 7, top two
traces).

Additional experiments were carried out in a cell capable
of in situ infrared surface characterization in order to follow
the thermal chemistry of the amine ligands in TEMAZ dur-
ing the uptake. The initial experiments were performed using

TEMAZ/SiO, Uptake, IR
T =150°C

1st Dose

2nd Dose

Transmittance

Condensed/SiO,

Liquid

1000 1500 2000 2500

Wavenumber /cm™’

3000

Fig. 8. Transmission infrared spectra obtained for the uptake of TEMAZ on a
high surface area silica substrate at 150 °C. The top three spectra correspond to
the first three TEMAZ doses (150 mbar in a flow of nitrogen for 60s) after 1 h
of pumping in vacuum (each time) to remove any material condensed within
the pores of the solid. The bottom two traces are reference spectra for the liquid
and condensed reactant. The deposition of surface species is evidenced by the
large peaks at ~900, 1600 and 2000-2200 cm™~! assignable to single, double
and triple carbon—nitrogen bonds, respectively, and also by the C—H stretching
peaks in the 2700-3000 cm ™! region, some of which match those of molecular
TEMAZ.

a high surface area silica powder to maximize the IR sig-
nal, but results similar to those reported below have been
obtained more recently on a silicon wafer (data not shown).
The infrared spectroscopy data obtained so far, exemplified by
the traces shown in Fig. 8, are quite rich in information, and
point to partial decomposition upon adsorption. Most of the
peaks around 2700-3000cm~! due to C-H stretching vibra-
tional modes are preserved, but large new peaks around ~900,
1600 and 2000-2200cm™! due to single, double, and triple
carbon—nitrogen bonds, respectively, are also seen in the spec-
tra (a detailed peak assignment is provided in Table 1). The
modes for the N-CH3 moiety seem to be all gone, suggest-
ing preferential conversion at that position, but both nitrile and
isonitrile species appear to form, which means that some amine
groups may detach from the Zr center before dehydrogenat-
ing. These results also make clear that the surface adsorbates
do not reach a full monolayer coverage even after three cycles.
The process is hampered in this case by condensation within
the pores of the support, a problem that may be resolved by
using higher deposition temperatures. In fact, our experiments
showed that temperatures higher than those used here (150 °C)
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Table 1
Vibrational assignment of the infrared spectra obtained for TEMAZ both in the
liquid phase and adsorbed on a silica powder®

Assignment? Liquid On SiO;
U,s(CH3) 2961 2967
U,s(CHa) 2928 2931
vs(CH3) 2863 2873
vs(CH») 2843

vs(NCH») 2813 2808
vs(NCH3) 2776

v(—C=N) 2203
v(—N=C) 2048
v(N=C) 1574
v(CHy) 1468 1459 (br)
8,5(CH3) 1449 1459 (br)
85(CCH3) 1364 1381
8s(NCH3) 1341

v(N—C) 1225, 1207

v(C—C), p(CH3) 1153

v(C—C), p(CH3) 1053

p(CH3) 976, 873 930 (br)

& All vibrations are reported in cm™!.

b Apbreviations: v, Stretching; vy, scissoring; 8, deformation; p, rocking; s,
symmetric; as, asymmetric; br, broad.

are indeed needed for the production of nitride films upon subse-
quent ammonia treatments. Two more observations have derived
from these experiments: (1) an induction period is seen for the
TEMAZ deposition, the same as in the XPS experiments and (2)
thick ZrN films can be grown with TEMAZ alone, presumably
by a regular CVD process, as manifested by a golden finish
obtain on the powder (and the silicon wafer) after extended
exposures.

4. Conclusions

The surface chemistry associated with the atomic layer depo-
sition of metal nitride films was studied by using XPS and
infrared spectroscopy. Three precursors were tested in combi-
nation with ammonia as the reducing agent, TiCly, TaCls and
Zr[N(C>Hs5)(CH3)]4. Some common features were observed in
all three systems. First, the metal center is reduced upon adsorp-
tion on the surface, presumably by a disproportionation reaction
accompanied by the loss of some of the ligands. Second, ammo-
nia does appear to complete the process by eliminating the
remaining chlorine or amine surface species. However, a higher
oxidation metal nitride layer appears to always form on top after
the ammonia treatment, which may be only reduced after the
following dose of the metal complex. Third, the formation of a
metal oxide is always detected during the ALD process, appar-
ently at the interface between the substrate and the growing
metal nitride film. Finally, metal amines appear to be more reac-
tive than metal chlorides, since they require lower exposures
and lower temperatures to work in ALD processes, but they can
also deposit metal nitride films by themselves via a regular CVD
process. The possible control of the metal amine decomposition
so it can be used for film grown in ALD mode is being explored
next.
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