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The chemical vapor deposition (CVD) of tungsten nitride from a single source reagent, bis(tertbutylimido)-
bis(tertbutylamido)tungstent{BuN),W(NHBu-t),), is examined with particular focus placed on the mechanisms
and energetics involved in the activation and thermal decomposition of this CVD precursor. The main reactions
that take place are (1) activated adsorption of the precursor, (2) hydrogen addition/exchange, leading to the
evolution of tert-butylamine, (3) ligand activation via botirhydride activation angh-methyl elimination
processes, and (4) ligand decomposition viaNCbond rupture. The activation energies for each of these
processes were examined and found te43® kcal/mol for the process(es) leading to the evolutioteaf
butylamine and~40 kcal/mol for the various reactions which lead to the fragmentation of the precursor
ligands (pathways which appear to involve bothi€and C-C bond activation as well as the rupture of the
ligand C-N bonds). The growth surface of the deposited film contained extensive quantities of carbon in
addition to tungsten and nitrogen. The data also suggest that the growth in UHV does not yield a stable bulk
nitride phase. Rather, it was found that the nitrogen appears to be present at levels consistent with the formation
of a solid solution and that annealing to 700 K results in the loss of the nitrogen from the bulk film)(as N

Introduction adversely impact the stability of the metallization levels of the
. o o device. It has recently been shown, however, that dense, fully
Tungsten nitride has demonstrated significant utility, most 111y textured TiN thin films can be obtained using a reactive
notably as a material for use in microelectronics fabrication. magnetron sputtering meth@l.

Its prc_)posgd applications inclqde use as a top eIectropIe for Tungsten nitride is a suitable replacement for TiN as a ULSI

cagaﬁlt(t)th n a(ivatn(t:edeyn@asmlc criandom ag%ess m?rﬁomm;s, barrier layer materiel; 23 one that can be deposited readily by

EI Ck (;t y cotn ac(:j 0 i T,h an 33 an a i eswefaye_r Of both thermal and plasma-enhanced chemical vapor deposition
anket tungsten depositiont he predominant use of 3 in processes. Its growth by these means generally favors a (111)

technology, though, is as a diffusion barrier material for ULSI orientation and dense columnar textfi@ecause WN is a low-

P A S o ;
devtlce_éi. _;olr SUCh. ?pgllcatlogs, I ISt detswablti tto havet diffusivity material that does not react with copgég/it holds
materials with low resisivities and microstructures that preven great promise for use as a diffusion barrier with this modern

the interdiffusion of other layers in the device. Furthermore, metallization scheme.

the barrier layer material must be thermally stable in order to Plasma-enhanced chemical vapor deposition (PECVD) is a
withstand the deposition and processing temperatures necessa%ghly studied means for depositing,M (particularly WN)

for device fabricatio?2425 Metal nitrides are particularly onto surface&882.111316.21-23 This method gives highly con-

?:g;?\ézrtlog\é arr]? mIsci:ﬁlubceti(i/aeusaictih:zhggirt]iitoh l:;:Zl:;lhneerg'Scj;dr?élformal films® even at relatively low deposition temperatures (573
’ gnly ’ 9 K). The resultant WN film is stable to temperatures exceeding

i i 6—28

melting pomt;% . o . ) . 673 K and shows the low resistivity needed for use as a barrier

Currently, titanium nitride is the predominant barrier material materialll Despite these promising results, there are process
used for the metallization levels of ULSI devices. The growth jgq 65 that make the search for alternatives to PECVD necessary.
of this material has several complications that have, in part, The two main gas mixtures used for the PECVD ofNAare
stimulated interest in tungsten nitride as a potential substitute.VVFB/,\“_WH2 56814152423 and WHy/N,/H,.91113.16 Disadvan-
First, high-quality TiN is commonly deposited by sputtering ;a5 of the former include the potential for gas phase particle
techniques. Because of the nature of this latter deposition tomation, specifically an NF salt. Using the latter gas mixture
tec_hnlque, this can lead to poor surface coverage of high aspect5, gjjeviate this problem, but problems still exist with transport
ratlcé Zfiggureg such as contact plugs and vias due to shadow-nq handling of WE because this fluorinated compound is
ing.>#>™> While CVD methods can obviate this limitation, it iy reactive? Fluorine also diffuses rapidly into copper and

remains that the growth of TiN generally yields an underdense, y, s ‘can be incorporated if used in conjunction with copper
mixed (111/002) texture in the fil#f:35 Such structures | \oiallization.

: : . With these issues as a motivation, we undertook a funda-
ogos Sresponding author, E-mail: r-nuzzo@uiuc.edu. Phone: 217-244- mental investigation of metal-organic chemical vapor deposition
t U'niveréity of Illinois at Urbana—Champaign. (MOCVD) using a unique single-source precursor as a means

* National Chiao Tung University. of forming WkN barrier layers. The objectives of this study were
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to examine the mechanisms and energetics of the processds
involved in the deposition of WN from the single-source
precursor bis(tertbutylimido)bis(tertbutylamido)tungstety, (
BuN),W(NHBu-t),. This UHV study extends understandings
gained in earlier investigations of this CVD reagérithe
mechanisms elucidated in this work should make it possible to
engineer processes for the CVD ofMthat could further lower
the deposition temperature and ultimately enhance film purity.

Experimental Section

The experiments were performed in a UHV chamber that has
been described previousty.The vacuum chamber has a base
pressure of<3 x 10710 Torr. It is pumped with a liquid-
nitrogen-trapped 10-in. diffusion pump (5000 L/s) and equipped
with two quadrupole mass spectrometers, each shrouded anfi
differentially pumped with 30 L/s ion pumps. A single-pass
cylindrical mirror with a conical electron gun (PHI) was used
to examine the surface composition of the sample by Auger
electron spectroscopy (AES). An ion gun (PHI) was used for
sputtering the sample with Arions. The pressures cited here,
monitored with a UHV ionization gauge, are not corrected for 100
sensitivity, and the reported adsorbate exposures are therefor
only approximate. Energy (¢V)

The exposures were made using an effusive molecular beaml_:igure 1. Auger electron spectra of the clean pla_tinum substrate (solid
with a 200um source aperture. The sample surface was held line) and a surface covered with a CVD layer derived frotfByN),W-
less than 1 cm from the source. For the reactive scattering (-BUNH)..
experiments, the sample was also positioned within 5 mm of 60
the mass spectrometer skimmer during the experimental process.
The backing pressure behind the dosing aperture was monitorefl . L]
via a capacitance manometer (MKS, 1 Torr full scale). The 50 -
typical backing pressures were-I2 mTorr when the precursor
was held at~333 K. Before dosing, the headspace in the
precursor reservoir was evacuated with a turbomolecular pumg
(520 L/s) to remove any volatile species that might have
accumulated owing to the decomposition of the precursor.

The experiments were performed on a 0.25 mm thick
platinum foil spot-welded to the button heater. The surface of
this foil was coated with a thin film of VN by exposing it to
a flux of the precursor{6.36 x 10* molecules/cr?s) for ~120
min while holding the temperature of the substrate at 850 K.
The temperature of the sample was controlled with a Eurothern
temperature controller and monitored with a chrofredlimel 1o - v
thermocouple spot-welded to the foil. The sample could be v
cooled and heated through a temperature range 60890 K.
The typical heating rates used were between 2 and 4 K/s.

The ¢BuN);W(NHBu-t); was prepared according to a 0 I I | ! I
published procedure and stored in a dry oxygen-free environ- 300 400 500 600 700 800
ment prior to usé? Temperature

Intensity (arbitrary units)
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W

40 - . ]

30 —

20 — v

Composition by AES (atomic %)

Figure 2. Percentages of tungst@®), carbon @), and nitrogeny)
present after an exposure-e80 Os4:at various temperatures, as deduced
To study the growth mechanism of W thin films deposited ~ foM AES data.
under steady-state conditions, we covered the platinum foil first on the temperature at which the exposure is carried out. Figure
with a thick layer of the material via the thermolysis of 2 shows the percentage of tungst@),(carbon @), and nitrogen
(t-BuN);W(NHBuU-t), (see experimental details section). Figure (¥) on the surface aftea 2 min deposition{15000s,) carried
1 shows the Auger electron spectra (AES) of the clean platinum out at the indicated temperature, followed by 4 min of annealing
surface (Figure 1, solid line) and the surface covered with a at that same temperature. We see that at 300 K, the carbon far
thick layer of the WN as deposited from the precursor (Figure outweighs the other constituents (presumably due to the presence
1, dashed line). Because no platinum transitions are seen byof ligand derived species). At higher temperatures, we begin to
AES, the thickness of the deposited layer must be greater thansee increasing nitrogen coverages (relative to that of carbon),
~20 A. The amount of nitrogen seen is not sufficient to which suggests that a ligand decomposition pathway has become
accommodate any known stoichiometrigN\Vphase. Rather, it  activated. At all temperatures, however, we see that there is a
suggests the nitrogen is likely present as a solid solution or significant amount of carbon resident on the growth surface in
metal-nitride precipitate in the tungsten. The quantities of N addition to the desired tungsten and nitrogen. AES data followed
and C present on the growth surface depend very sensitivelyafter sputtering show that this impurity is found throughout the

Results
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Figure 3. TPR spectra of thenve = 230 fragment of tBuN),W(t- |
BuNH),: exposures range from1 Osa (bottom) to~30 Osa: (top).
Ame=16
depth of the deposited layer. TPRS data presented below
demonstrate that the thermal decomposition of the precursor |
does lead to the evolution of organic species into the gas phase. mle =2 / \
This process must involve significant partitioning along path-
ways that lead to the carbon contamination seen here. These 2(')0 3(')0 4(')0 5(')0 6(')0 7(')0 400
data also implicitly establish that the thermal reactions (at least
under UHV conditions) lead to a deposit that is depleted in Temperature (K)

nitrogen from the levels expected for a known stable phase suchFigure 4. TPR spectra of the indicated masses: exposures wére
as VGN. We defer further comment on this point until later. ~ @safor each.

_ Kinetic studies reveal th(_a nature of the mechan_isms involved of the molecular desorption state. This strongly suggests that
in the thermal decomposition of the tungsten amido precursor, yis intensity, at this coverage, does not report on the desorption

and these results are presented in two parts. We first preseniyt he molecular precursor. At higher coverages, however, such
the results obtained from TPRS studies. These data reveal th%verlap is seen. We therefore conclude that the higher-

nature of the volatile products obtained from the thermolysis temperature portion of theve = 58 profile is due to the

of the precursor’s ligands. Second, the global kinetics of the desorption of a strongly adsorbeit-butylamine fragment. We

deposition process are examined by reactive molecular beam+ygjieye this desorption process is reaction-limited on the basis
surface scattering. Taken together, these two techniques allowys inferential reasoning (see below). As noted above, the
us to draw conclusions about the energetics of the deposition y acursor flux contains some quantities ofeat-butylamine

process, the reaction steps involved, and the subsequeniy ity This contaminant can be detected in the TPRS data
compositional evolution of the Y derived from the thermoly- ¢ higher exposures and contributes to desorption intensity seen
sis of ¢-BuN);W(NHBu-1).. at temperatures below200 K (i.e., it is weakly bound on the

The data in Figure 3 show theve = 230 TPR spectra  growth surface). The data thus suggest that other issues limit
measured for increasing exposures of the precurser {-1— its desorption at-400 K; we that assume this is either a ligand
306sa) 0on a lightly sputtered WN covered substrate. This mass  disproportionation or a NH bond activation step in a chemi-
corresponds to a tungsten-containing fragment. The trace showssorbed fragment as outlined in Scheme 1.

a line shape consistent with the molecular desorption of  The lower four traces in Figure 4 show significant overlapping

(t-BUN)W(NHBuU-t).. of the desorption waveforms. Qualitatively, though, they seem
The data presented in Figure 4 follow the desorption of other to show at least three different peak positions. Most of the
representative masses, ones corresponding {o¢ = 2), CH, masses followed will be ionization fragments of several different
and NH (m/e = 16), CHCN (m/e = 41), isobutylenerfVe = desorbants, and we expect, therefore, significant overlapping
56), andt-BuNH, (m/e = 58). (Previous studies in which the in the resultant traces. The/e = 56 trace, which we believe
effluent of a CVD reactor was trapped have identifidgLiNH,, corresponds to an isobutylene fragment (an ion common to

isobutylene, and acetonitrile as being among the reactionisobutylene andt-butylamine, as examples), shows a peak
products formet.) Also recorded were desorption profiles maximum near 550 K. Thave = 41 channel (a fragment of
measured amm/e = 17 (NHg), 14 (N and CH), and 40 (CH- both isobutylene and acetonitrile) shows a desorption centered
CN). These latter profiles did not reveal features that differed closer to 600 K. Theve = 16 desorption shows a peak centered
significantly from the representative behaviors illustrated by the around 575 K; with higher coverages, this peak broadens
data given in Figure 4. The data shown in Figure 3 provide a significantly, probably due to the concurrent desorption of
critical benchmark against which to judge these data. We see,several species (when measurednae = 17, a fragment

for example, in then/e = 58 trace shown in Figure 4, a peak corresponding to Nk the peak desorption temperature is
maximum that is significantly higher in temperature than that centered at-600 K). Finally, we see a weak desorption feature
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Figure 5. TPR spectrum of'e = 28: the exposure ta-BuN),W-
(t-BuNH), was~2 6sa:

mirroring those seen in the other desorption spectra presented
above). The most prominent feature of this desorption profile
by far, however, is the rising baselirparticularly as seen above
700 K. This latter feature results from the formation and
subsequent desorption of,Merived from N diffusing out of
the bulk deposited WN layer. Such behavior has been observed
earlier by a number of researchers studying the N
systennio-44

Further insights into the reaction mechanism can be gained
from reactive molecular beam-surface scattering studies, the
results from which we now consider. These experiments were
performed by directing a constant flux of the CVD precursor,
(t-BuN),W(NHBu-t),, toward the sample surface through a 200
um pinhole doser held at close rangel( cm) in order to
maximize the number of molecules that collide with the surface.
We record the output from the mass spectrometer, which is also
held <5 mm from the sample surface, while simultaneously
raising and then lowering the temperature at a constant rate (4
K/s in our measurements). In this way, we can record the change
in the intensity of scattered species and, from the temperature
dependencies of their intensity, determine the reaction energetics.

Figure 6 shows the reactive scattering profile recorded for a
tungsten containing fragment{e = 230; the arrows show the
direction of the temperature ramp). At lower temperatures, we
see a molecular desorption feature during the increasing
temperature ramp resulting from the loss of the adsorbate that
condenses on the crystal during the time it is held at low
temperature. We see that the scattering intensity decreases

correspond to the desorption of any other fragment, and sharply at~500 K, indicating that the molecules begin to react

therefore, we assign it to a,Hecombination resulting from
the surface hydrogen generated via a variety efHC(and

with appreciable rates at approximately this temperature. This
result is in agreement with the TPRS data, which show the

possibly N—-H) bond activation processes. These processes, desorption of ligand-derived fragments in this same temperature
which we defer discussion of to later in the paper, are sketchedrange. The profile becomes flat again aftef00 K, indicating
qualitatively in Schemes 1 and 2 (the state of the metal nitrogen that the reaction is flux limited above that temperature.
bonding is not known and the structures shown are merely Another representative behavior is illustrated by the data
schematic representations of species that could be present). shown in Figure 7, which traces/e = 40, an ionization cracking
Figure 5 shows the TPR spectrum measured following the fragment of both isobutylene and acetonitrile (both of these
m/e = 28 channel, which corresponds to the desorption of N compounds have been identified as reaction products in earlier

(and possibly also of §H4). This trace has a very complex
background and shows apparent peaks220 and 600 K (thus,

studied?). We see that the intensity measured in this channel
rises significantly beginning at550 K and, as before, becomes


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jp003490q&iName=master.img-004.png&w=139&h=207
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jp003490q&iName=master.img-005.png&w=232&h=308
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jp003490q&iName=master.img-006.png&w=227&h=237

Bis(Tertbutylimido)Bis(Tertbutylamido)Tungsten J. Phys. Chem. B, Vol. 105, No. 17, 2003553

the same ones proposed by Chiu and Chddidey are the

loss of atert-butylamine groupy-hydride activation which leads

to the desorption of isobutylene, and a compjexmethyl
activation process leading to the desorption of acetonitrile.
Scheme 2 summarizes these reactions. The TPR data allow us
to determine which of the reactions plays a dominant role in
the reactive interaction of-BuN),W(t-BuNH), with the surface

and to determine the energetics of the thermal pathways which
lead to its decomposition.

The first reaction, monitored by observing th@e = 58
channel, occurs at a reasonably low temperature. We therefore
assume that it involves the cleavage of one of theN\single
bonds of the precursor. As mentioned earlier, this reaction is
likely to have a fairly low activation energy, judging from the
facility of the dissociation of the bulktBuN),W(NHBu-t),
sample. The data do not let us untangle the details of the process
that generates thitert-butylamine product. It seems likely,
though, that a disproportionation reaction (perhaps surface
mediated) of the NH bonds of the precursor may be involved
, | , | | (see Scheme 1).

300 400 500 600 700 800| The nature of the thermolytic reactions can be inferred by

looking at the desorption traces fove= 56 (the isobutylene

- - - - — fragment) as well asn/e = 41, 40, and 16 (which are also

Figure 6. Reactive scattering profile ofe = 230. The arrows indicate  jonization cracking fragments of the isobutylene). As shown in

\év;}:ztst?ér:he temperature was increasing or decreasing during the datqhe scheme,leH bond activation is expgctgd to .Iead to this
product. A third and more complex reaction is believed to lead

to the formation of acetonitrile (which can be measurenvat

o =41, concurrent with the isobutylene). Timge = 41 line shape

: is broader than that seen in thée = 56 data, and we believe

it likely convolves several overlapping peaks due to different

desorption processes. We expect, therefore, thaf-tmethyl

activation process is also a competing reaction pathway. The

activation energy of this reaction is slightly higher (judging

simply from the position of the peak desorption temperatures

seen in TPRS) than that for thehydride activation reaction.

As noted above, the broadening of timéee = 16 desorption
profile at higher surface coverages suggests thafthethyl
elimination reaction leading to the formation of acetonitrile takes
place to some extent (although we believe it is a minor reaction
pathway). Than/e = 16 intensity seen at higher temperatures
(T = 600 K) is likely due, in part, to the desorption of methane
resulting from significant degradation of the ligands viaC
and C-H bond activation processes. The copious amounts of

T T T | T carbon left on the surface (as seen by AES) supports a model
300 400 500 600 700 800 of the reaction involving significant thermal degradation of the
Temperature (K) ligand structures.

Figure 7. Reactive scattering profile forve = 40. The arrows indicate The final reaction process examined, that of hydrogen
whether the temperature was increasing or decreasing during the datadesorption, takes place at what appears at first glance to be a
collection. uniquely high temperature among the various desorption profiles
measured. Undoubtedly, part of that hydrogen results from the
flux-limited by ~700 K. Considerable hysteresis is seen in the recombination processes that accompany the extensive ligand
traces measured during the heating and cooling cycles. While degradation noted by AES. It should be recalled, however, that
this behavior is not completely understood, it does appear to N, evolution also occurs in this temperature range, and for this
correlate with the nitrogen depletion which results from the reason, we cannot rule out processes involving transport from
desorption of N at the upper limits of the temperature range subsurface binding sites. We now consider the energetics for
studied. these processes. We start with the construction of a model that

In the following section, we will demonstrate how the accommodates the evident mass balances of the competing
scattering profiles can be fit to estimate the energetics associatedeaction pathways.

with the deposition process.

Intensity (Arb. Units)

Temperature (K)

Intensity (Arb. Units)

In the reactions of interest here, complex patterns of product
partitioning are seen clearly in the data. In instances such as
this, kinetic modeling cannot yield a strictly deterministic

The products observed in the TPRS studies suggest three mairevaluation of the energetics of the processes involved. Typically,
reactions that theBuN),W(NHBu-t), may undergo afteritis  this type of information is most easily obtained from inter-
accommodated on the surface. These reactions are essentiallpretations of TPRS data, such as those from analyses of the

Discussion
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temperatures of desorption peak maxima or qualitative aspects
of a line shape. The nonideality and coverage dependence of 4
the TPRS data strongly suggest that simple analyses of this sort
likely will be subject to gross errors. Modeling reactive
scattering line shapes, an alternative procedure that fits the .
instantaneous reaction rate measured for a constant flux at many
independent temperatures, provides a more constrained math-
ematical formalism for evaluating these kinetic parameters and
their corresponding energetics (in particular, these analyses more
sensitively bound estimates of the exponential contributions to
the temperature dependence of the reaction rate). These
constraints thus serve to enable a more stiffly determined set
of qualitative correlations between the relative energetics of a
set of competing reaction pathways. With this understanding,
we proceed with a kinetic analysis based on the scattering studies Y.
performed. J s

We first consider the process by whichBuN),W(NHBu-
t), reacts on the surface to form products. We assume in the
scattering experiment that we have two major competing
pathways that the molecules impinging on the surface can Temperature (K)
follow, one in which the molecular species chemisorbs (and/or Figure 8. Functional fit of them/e = 230 scattering profile. The data
reacts to form products) and a second in which the precursorwere normalized to one and inverted to depict the reaction rate rather
desorbs without producing a product. To construct the model, than the rate of loss of scattered intensity as shown in Figure 6.
we assume that the epergetic parameters are iqdepgndent Ohese assumptions, it follows that
surface coverage (admittedly, a very crude approximation) and
that the formation of the strong adsorption state is characterized os(1 — 6;) = Adne =R+ Bo,ne ERT (6)
by a finite sticking probability, s.

The processes that describe the reversible adsorption andSolving for the surface coverage, one obtains
subsequent decomposition of the precursor can be written as

Intensity (arb. units)

T T T T
500 600 700 800

Al B -1
) 0r = (a—r:e‘EA/RT + O—Zse‘EB’RTJr 1) @)
(t-BuN),W(NHBu-t), + surface site:'i1
Therefore, the reaction rate for the molecular chanmét &
(t-BuN),W(NHBu-1),* (1) 230) can be written as
K, _

(t-BuN),W(NHBu-t),* — products (2) reaction rate Ane T

A B

(_nSe—EAIRT + _nse—EB/RT + 1)

os os

(8)

Equation 1 is a simple accommodation/adsorption/desorption
process. Equation 2 is simplified to represent just one product
producing process when, in reality, it is likely that there are ~ To simplify the treatment of the data, we assume that the
several possible reaction pathways along which it partitions. sticking probability of the precursor is large and thus close to

This will be discussed further in the analysis of the product unity (an error in this term would simply serve to scale the
scattering profiles that follows. magnitude of the preexponential term estimated from the fit).

We estimate the flux oft{BuN),W(NHBu-t),, o, reaching our
sample from the size of the doser and the pressure on either
side it#6 this value is approximately 6.4 104 molecules/cr?s.

We can also estimate from the lattice parameters of the precursor
(a =10 A andb = 18 A39 that the surface coverage at
reaction rate= At9TnSe7EA’RT 4) saturationps, is ~5.1 x 103 molecules/cri The data in Figure

6 are normalized and inverted to depict a reaction rate rather
than the loss of scattered intensity. The data can then be fit
well to eq 8, the results for which (for descending temperature)
are shown in Figure 8. From the fit, we find an activation energy
whereo is the flux of ¢-BuN),W(NHBu-t);, s is the sticking  for the product forming reactiorEa, to be ~33 kcal/mol. It
probability of the molecular precursor at an open ghteis the should be noted explicitly that a convergent fit requires the
fractional surface coverage of BuN)W(NHBu-t);, A is the contributions of a reversible process along the decomposition
Arrhenius preexponential factor for the reaction (to produce pathway. The activation energy for the desorption prodéss,
products),B is the Arrhenius preexponential factor for the is estimated to be-21 kcal/mol, a value consistent with the
desorption proces€a and Eg are the activation energies for  vapor pressure of the parent compound. The preexponential

These three processes will have the following reaction rates:

molecular adsorption rate os(1 — 6;) 3)

molecular desorption rate Bo,ne =R" (5)

these processes, respectivalR/js the gas constant is the factors,A and B, associated with this best fit are 7:0 1013
temperature, ands is the number of adsorbed-BuN),W- and 3.3x 109 s, respectively. The preexponential factor for
(NHBu-t); molecules per unit area at saturatfSd® If we the product forming reaction is close to the “normal” value for

assume a Langmuirian model, then the number of moleculesa first-order reaction of 1x 10' s7147 The corresponding
adsorbed should equal the number that react or desorb. Fronpreexponential factor for the molecular desorption step is lower
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crystal,ns is the coverage of chemisorbed fragments, which we
model as a scaled linear function of the numbertd@{N),W-
(NHBu-t), molecules adsorbed per unit areds the sticking
probability, R is the gas constant, afids the temperature. Since
neither the flux nor the adsorption density have changeohd

ns will have the same values as before (6.4L0'4 molecules/
cn?s and 5.1x 10 molecules/crf respectively). Fitting the
equation provides an activation energy, of 43 kcal/mol and

a preexponential factor of 7.9 1013 sL. Again, the preexpo-
nential factor is close to what we would expect for a first-order
process. The activation energy is also close to what we would
predict from TPRS data for a peak maximum temperature of
575 K (this would give an activation energyo#0 kcal/mol)?’

We should note that, at this crude level of analysis, it is not
possible to distinguish between the minute differences in the
y-hydrogen and th8-methyl activation reactions that contribute
to this reactive scattering waveform. We simply note that, while
the broader body of data suggest that multiple pathways operate
here, their energy differences and weighting must be such as to
preclude the evaluation of more than a single exponential
contribution to the temperature dependence of the reaction rate.

As noted above, thave = 40 scattering data show consider-
able hysteresis. Previous studies usiti®yN),W(NHBu-t),
than that expected for a simple coverage insensitive first-order demonstrated that higher deposition temperatures gave higher
rate process. The activation energies are, however, in goodW/N ratios'° Also, it is recognized that a W/N ratio of 2 is the
agreement with activation energies one expects based on amost thermally stable of the tungsten nitrides. Our samples,
Redhead model analysis of appropriate peak maxima seen inhowever, seem-to-have ratios far greater than 2 (as seen in the

Intensity (arbitrary units)

300

500

600 700 800

Temperature (K)

Figure 9. Functional fit of them/e = 40 scattering profile. The data
were normalized to one.

the TPRS data, assuming a first-order desorption prdééss.
example, thenw'e = 58 TPRS product (trackingtert-butylamine

AES studies), a result which strongly correlates with the direct
observation that the nitrogen is being released from the bulk

species) desorbs at approximately 400 K, and from this we upon heating.

predict a desorption energy of30 kcal/mol. The high-

Schemes 1 and 2 present summaries of the reactions occurring

temperature desorption features, however, do not follow theseon the surface during the MOCVD process suggested by the
simple correlations. It is likely that the fit of this scattering curve data obtained in this study. We see that significant amounts of
does not incorporate enough parameters to effectively modelcarbon are left on the surface, probably due to incomplete ligand
all the reactions involved in the film growth, only those leading reactions and the methyl elimination process. The tungsten
to a reduction in then'e = 230 molecular scattering intensity.  nitride-producing pathway (paradoxically given the thermal

Even so, it does reasonably account for the energetics associatedtability of the product phase) is favored at higher deposition

with the disproportionation of the precursor’s ligand shell, a
process that evidently generated-butylamine as one of several
volatile products. This issue is discussed in more detail later.
We turn now to fit a product scattering profile that more directly
tracks the processes leading to the film growth and evolution.
On the basis of the TPRS data, tmée = 40 data appear to

temperatures. A complex series of reactions contribute to this
deposition process. We should also note that the data suggest
that the reagent appears to be thermally labile. Its collisions
with the surface can lead to the loss of starting material (with
the production oftert-butylamine), albeit in a way that does
not necessarily seem to correlate directly with film growth. A

track most sensitively the high-temperature reactions occurring ligand disproportionation reaction (as shown below) may

in this system and thus should mirror those which kinetically
limit the film growth. Figure 9 shows the fit to theve = 40
scattering profile. The equation used to model these data b
necessity differs from the one we used for the full molecular
scattering waveform. In this case, since the mass originates fro
the decomposition and subsequent desorption of a chemisorb
fragment, it is not be necessary to account for a reversibl
formation process. Therefore, we use a simplified equation base
on effective chemisorption and subsequent reaction eveéfits.
Again, we assume Langmuir adsorption kinetics and Arrhenius

account for this latter behavior.

R

Nn / N
N NH Na
, W\ W /W ==N—R —> WNR)K
N NH N
7/

R R

The fate of the reactive imido species postulated in this

behavior in the temperature dependencies. On the basis of thesécheme has not been established. The data do appear to compel

assumptions, the rate aflfe = 40 production is given by

Cnse—Ec/RT
y=

== 9)
C
_nse_Ec/RT +1
oS

In this case(C is the Arrhenius preexponential factor associated
with the product forming pathwaykc is the corresponding
activation energyg is the flux of ¢-BuN),W(NHBu-t), to the

an interpretation (based on consideration of mass action, see
above) in which the compound is lost as a product desorbing
into the gas phase. Such species are in fact known in closely
related osmium and rhenium systeffig®a further, albeit less
explicit, analogy is found in the work of Cummins et al. on the
activity of homogeneous molybdenum amido complexes as
reagents for the low-temperature cleavage pfriyole bonds>®

The reactions limiting the growth thus appear to be ones more
directly related to the rupture of surface-bound amido/imido
ligand structures. These processes involve the cleavage of the
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C—N bond and significant activation of both-C and C-H
bonds in the chemisorbed fragments. The energies required t

Crane et al.

(21) Park, B. L.; Ko, K.-H.; Kim, Y. S.; Ha, J. M.; Park, Y. W.; Lee,

o> |; Lee, H-D; Lee, M. B; Chung, U. I.; Koh, Y. B.; Lee, M. Y.

Electron. Mater.1997, 25, L1-L5.

activate these latter pathways are sufficiently large as to compete 5oy im v. T.: Lee, C. W.J. Appl. Phys1994 76, 542-545.

with nitrogen extrusion. The growth of a stoichiometriogNV

(23) Kim, Y. T.; Lee, C. W.: Min, S.-K.Jpn. J. Appl. Phys1993 32,

phase would thus appear to require the use of a secondary6126-6131.

reactant gas (e.g.,2Mr NHs) to maintain the stoichiometry of
the film.
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