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ABSTRACT 

Since NH3 is an important component of TiN chemical vapor deposition processes, 
understanding the NH3/'TiN surface interaction is crucial to developing a model for the overall 
reaction. Temperature programmed desorption experiments show that NH3 adsorbs molecularly on 
amorphous TiN surfkes. Chemisorption occurs at only -5% of the surface sites, with an activation 
energy for desorption of 24 kcdmol. The sticking probability into this state is 0.06 at 100 K. In 
addition, NH, adsorbs with high probability into a multilayer state with an activation energy for 
desorption of 7.3 kcdmol, similar to that found in other systems. NH3 does not dissociate on TiN. 
Under CVD conditions, however, the reactivity of N& on TiN may increase and surface reactions 
may play a part in film growth. 

INTRODUCTION 

Titanium nitride is an important material for dfision barriers in interconnects for 
microelectronic circuits. CVD methods are attractive for TiN film growth since they can produce 
the conformal coatings necessary for electronic applications. Both metalorganic (Ti(NMeJ,, 
Tim&),) and inorganic (TiCl&H3) precursors have been used, with substrate temperatures of 400- 
700°C and typical reactor pressures ranging fiom 150 mtorr to atmospheric pressure, consisting 
largely of Carrier gasses such as H2, N2, and Ar. To obtain films with low C content, CVD processes 
with metalorganic precursors require a large excess of N H 3 . ' s 2  NH, is also a major component of the 
inorganic deposition process. Dubois et al.", found that NH3 is the source of the nitrogen 
incorporated into the TST h s  even when the precursor contains Ti-N bonds and proposed a gas- 
phase transamination model to account for these results. It is conceivable, however, for the NH3 to 
react directly with the surface to deposit nitrogen. In order to investigate this possibility, the 
reaction of NH3 with TiN surfaces was examined with temperature programmed desorption (TPD). 
This reaction has been studied previously: but the published spectra were not fblly analyzed. 

Four different processes have been characterized for NH3 desorption in ultrahigh vacuum 
(UHV) fiom a variety of metal and semiconductor surfaces, with each substrate displaying some 
combination of the four. The various desorption processes are distinguished by the strength of the 
adsorbate-surface interaction. The molecules desorbing at the highest temperatures represent 
dissociative adsorptioq6 where a N-H bond breaks and both fiagments bond to the surface. In 
addition, three molecular adsorption states have been described.' In decreasing order of desorption 
temperature, these are chemisorption, physisorption, and multilayer or solid NH,. The chemisorbed 
NH3 molecules remain intact while forming a chemical bond to the surface. The physisorbed 
molecules are attracted to the surface more weakly, but in contrast to the multilayer they interact 
directly with the substrate. Since the chemisorption state often saturates at coverages well below 
1 monolayer w), the physisorption state can be envisioned as the first layer of NH3 ice bound to 
bare regions of the substrate. Only the chemisorption and multilayer states are observed for NH, 
on TiN. 
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EXPERIMENTAL TECHNIQUE 

The experiments were performed in a stainless-steel UHV chamber that has been described 
previously,' modified such that the chamber housing the mass spectrometer was pumped by a 
turbomolecular pump rather than by an ion pump. The T N  films (Goodfellow Corp.) were sputter- 
deposited 2-3 pm thick on 8-mm-diameter Ti disks. Auger electron spectroscopy (AES) showed 
that C and 0 were the main contaminants, with typical CDi and O/Ti atomic ratios of <0.2 and <O. 1 
respectively. Unfortunately, the Ti/N ratio could not be determined by AES since the N Auger peak 
overlaps with a Ti peakg and a standard of known composition was not available. Gross changes in 
the AES peak shapes did, however, serve as a diagnostic for depletion of N fiom the film following 
extended sputtering cycles. The depletion was confirmed by a change in the film's color fiom gold 
to silver. When this occurred, the film was replaced with a new one. 

Before each desorption experiment, the film was sputter-cleaned for 15 minutes with 5-keV 
Ar+ ions and then annealed at 900 K for 5 minutes. MI3 was introduced to the chamber through a 
stainless-steel dosing tube. The sample temperature was held at 100 K during exposure to NH3 and 
then raised to 850 K at 5 Ws with a button heater during TPD. Three different dosing arrangements 
were used. For some experiments, the sample was turned away fiom the doser so that the incident 
flux could be estimated fiom the chamber pressure. Since this led to high background levels of NH3 
in the vacuum chamber, on other occasions the sample was placed directly in fiont of the doser 
during the exposure. This minimized the adsorption of NH, on the chamber walls. To fbrther 
reduce t h e m ,  background and to provide better control of the magnitude of the exposure, in some 
cases the NH, was diluted with Ar in a ratio of -1:3. The sample was then placed directly in fiont 
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q of the dosing tube. 

RESULTS 

Two molecular desorption states were detected in the TPD spectra, one at -350 K and one 
at 140 K, as shown in Figure 1. The higher temperature state fills first and saturates at a coverage 
of -0.05 ML (1 ML = 1 NH,/TiN, or s IXIO'~ molecules/cm2). Then the low temperature state 
begins to fill and continues to grow without achieving saturation. 

The activation energy for desorption can be found by fitting each of the two peaks to the 
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Figure 1: Temperature programmed desorption spectra of increasing coverages of NH3 fiom T N  
8, ranges fiom 0.01 ML to 0.1 ML, fiom bottom to top. 
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Arrhenius equation: 

- = -  
dt " RT 

where Bis the surface coverage, f is time, v is the pre-exponential factor, E, is the activation energy, 
R is the gas constant, and Tis temperature. Typical desorption analysis using the Arrhenius equation 
assumes an infinite pumping speed for the desorbing molecules. Since Mi3 is pumped very slowly 
in stainless-steel vacuum systems due to adsorption and desorption fiom the walls, long high- 
temperature tails appear in the desorption spectra. A pumping time constant was incorporated into 
the desorption analysis as a fit parameter to account for this long residence time.'' The resulting 
model gives an activation energy for desorption of 7.3 kcaVmol for the peak at 140 K. 

In order to fit the higher temperature peak, an additional assumption is required. Since the 
samples are polycrystalline, the breadth of the peak in the TPD spectrum is likely due to desorption 
fiom multiple su& sites. It is therefore assumed that the sudace is composed of a variety of sites 
whose binding energies are described by a Gaussian distribution." The values of both E,,, the mean 
activation energy, and a, the width of the Gaussian distribution, were fit, wjth v and n fixed at 1013 
sec" and 1, respectively, for all sites. The initial coverage, 8, which serves as an overall scaling 
factor, was also fit. Figure 2 shows the fits to a series of low-coverage spectra following subtraction 
of a linear background. The peak shifts to lower temperature as Bo increases and E,, therefore 
decreases from 23 kcaVmol for 8, = 0.003 ML to 17 k d m o l  for eo = 0.03 ML. Conversely, c 
increases from 2.0 to 3.5 kcaVmol through this range. A linear extrapolation yields a value of 24 
kcaVmol for Ea in the limit of zero coverage. 

The sticking probability into the low-coverage state, calculated by comparing the incident 
flux to the integrated desorption flux, is 0.06 at 100 K. Only spectra with coverages below 0.05 ML 
were considered. In addition, beam reflectivity measurements following the method of Reference 
6 confirm the low value of the sticking probability for temperatures above 140 K. In contrast, the 
sticking probability into the low-temperature state at 100 K is essentially 1. 

During some of the TPD experiments, H2 was detected in addition to NH3. The peak was 
not reproducible, however, and may be due to desorption fiom the sample mounts. H2 could also 
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Figure 2: The low coverage Mi3 TPD spectra (symbols) and the fits to the model (solid lines). 8, 
= 0.003,0.006,0.013,0.024, and 0.026 ML, from bottom to top. 4 
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be a.product of NH, dissociation but in that case it would likely be accompanied by desorption of 
N2, which was not detected. It is possible that small amounts of nitrogen remain on the surface and 
are incorporated into the TiN lattice, particularly in locally nitrogen-deficient regions.. NH, 
dissociation can therefore not be completely ruled out, but since the H2 desorption does not correlate 
with sample preparation or NH3 exposure, it is more likely attributed to an experimental artifact. 

DISCUSSION 

The results obtained here can be compared with previous UHV investigations of NH, 
desorption from TiN and related surfaces. Truong et al.' studied NH, desorption fiom T a x  and 
found spectra with the same general shape as those shown in Figure 1, namely a broad peak at -400 
K, moving to lower temperatures as the coverage increases, and a sharp peak at -125 K. Although 
a detailed kinetic analysis was not performed, the activation energy for desorption of the higher 
temperature peak was estimated to be 24 kcal/mol, in excellent agreement with the present work. 

On the TiO2(O01) surface,'2 NH, exhibits both molecular and dissociative adsorption. The 
molecular chemisorption state desorbs at 338 K, with an activation energy of 19 kcdmol. NH3 
desorption fiom three different molybdenum nitride  surface^'^ (P-Mol6N,, y-Mo2N, and 6-MoN) 
exhibits broad peaks at -350 K. The low-temperature multilayer peak was not observed, since the 
sample temperature was 280 K during the MI3 exposure. In contrast to TiN, NH3 does dissociate 
on molybdenum nitride surfaces. 

It is important to consider the physical significance of each of the desorption sites for NH3 
fiom TiN. The lower temperature peak, which does not saturate, arises fiom IW3 multilayer 
desorption. The activation energy of 7.3 kcal/mol is in good agreement with reported values for E, 
for desorption fiom MI3 multilayers on other su~~e.s. ' * '~~~'  There is no separate peak for desorption 
fiom the fist NH, layer bound to the TN, indicating that E, for desorption of NH3 fiom the majority 
of the TiN surface is very close to E, for desorption fiom the NH3 multilayer. This is plausible since 
the ThJ surface is most likely terminated with N atoms, rather than with the more reactive Ti. The 
first layer of NH, is therefore bound to the surface through an NH,/N interaction similar to that in 
them3 multilayer, Le. hydrogen bonding. The peak at -350 K, indicative of a chemisorption state, 
saturates at a very low coverage (0.05 ML). It therefore represents desorption fiom a site that has 
a low surface concentration, perhaps a defect such as an'exposed Ti atom. The low sticking 
probability (0.06) into this state may reflect the low concentration of the sites rather than the 
likelihood of a molecule that is incident on such a site to stick to it. Ifthe density of these sites 
increases, as may be the case during CVD, the apparent sticking probability should increase as well. 

The activation energy of 24 kcdmol for desorption fiom the chemisorption state can be 
considered in light of the bond energies of various Ti- and N-containing species. The strength of 
the hydrogen bonding in an NH, multilayer is -7 kcal/mol. This corresponds to the lower 
temperature peak in the TPD spectra and therefore cannot be responsible for tlie peak at 350 K. On 
the other hand, the bond dissociation energy of gas-phase (N€Q3Ti-NH2 an analogue of adsorbed, 
dissociated NH,, has been calculated16 as 86.1 kcal/mol. Dissociation of the TiN lattice has an 
activation energy of -85 kcal/m01.~' The N-N bond strength in H2N-NH, is" 65.8 kcdmol. All of 
these are significantly higher than the desorption energy of NH3 on TiN. Since NH3 does not 
dissociate on the TiN surface, a more relevant comparison is CI,Ti:NH,, in which there is a dative 
bond between Ti and N. The bond dissociation energy for this speciesI6 is 17.0 kcal/mol, reasonably 
close to the 24 kcdmol measured here. The molecular chemisorption state of NH, on Ti02(001), 
with E, = 19 kcal/mol, may represent a similar process. 

Eg, for desorption fiom the higher energy state decreases as Bo increases. The variation of 
desorption energy with coverage in the NH,/RU(OO~)~~ and ~ 3 ~ i 0 ( 1 0 0 ) ' 5  systems is attributed to 
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repulsive lateral interactions between the NH, dipoles. Such an explanation is not appropriate in the 
NH,/TiN case, however. First, the coverages in question are so low (<0.05 ML) that it is unlikely 
that repulsive interactions play an important role in the desorption process?o Second, ifE, changed 
as Bchanged, the shape ofthe spectra would differ 'significantly fiom that shown here with Ea, held 
constant for each spectrum. 

arises fiom consideration of the fact that 
ahcreases as E,, decreases. Figure 3 shows two Gaussian distributions (Ee, and a equal to 23 and 
2.0 kcaVmol and 17 and 3.5 kcdmol, respectively) with populations differing by a factor of 10, 
corresponding to the fit parameters for two of the spectra shown in Figure 2. The upper ends of 
these distributions nearly coincide. This means that the shift in mean activation energy with initial 
coverage could simply result fiom the filling of the higher energy end of the distribution before the 
lower energy end. Such a preference for the more stable states can be manifested only ifthere is a 
high mobility of NH, on the surface, either during the adsorption process or, more likely, as the 
sample is heated during the desorption experiment. 

An alternate explanation for the variation in E 'T" 

CONCLUSIONS 

These experiments help to clar$ the role of NH, in TiN CVD processes. The low activation 
energy for desorption means that NH, leaves the surface readily at CVD temperatures and therefore 
cannot block sites from reacting with other process intermediates. The low saturation coverage and 
sticking probability for the chemisorbed state and the lack of evidence for dissociative adsorption 
indicate that NH, is fairly unreactive with an annealed TiN sample. During deposition, though, there 
may be a higher concentration of active sites on the surface and the apparent sticking probability of 
NH3 on TiN may therefore increase. The presence of other surface species (e.g., C1-containing 
fiagments) may lead to additional gas-surface reactions. On the other hand, experimentally- 
measured TiN deposition rates can be explained by a model2' using a reactive sticking coefficient 
of 0.03. Thus, the sticking coefficient measured here indicates that adsorption of NJ3, is not the rate- 
limiting step to TiN CVD and that W, is sufficiently reactive with the TiN surface for incorporation 
of N into the lattice. 

. 

5 10 15 20 25 30 

Activation Energy (kcal/mol) 
Figure 3: Comparison of two Gaussian distributions. The relative populations are 1:lO. 
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