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ABSTRACT

Key findings are presented from a systematic study aimed at establishing a fundamental understanding of precursor
decomposition pathways and resulting film nucleation and growth kinetics in the chemical vapor deposition of titanium
nitride from tetraiodotitanium. As part of the study, key process parameters were varied systematically in order to deter-
mine process activation energy and establish corresponding functionality curves for film purity, growth rate, structure,
and morphology. The key process parameters studied were substrate temperature, source temperature, hydrogen carrier
gas flow, and reactor pressure. Corresponding findings indicated that all four parameters showed a direct and significant
effect on film quality. Additionally, a thorough evaluation of resulting film composition, texture, and electrical properties
led to the identification of a wide process window for the growth of TilN films with optimized characteristics and perfor-
mance. In this process window, the TiN films were nitrogen-rich, with iodine concentrations below 2 atom %, displayed
resistivities in the range 100 to 150 uQ cm, depending on thickness, and exhibited excellent step coverage, better than
90% conformality in both nominal 0.45 pm, 3:1 aspect ratio and 0.25 wm, 4:1 aspect ratio contact structures.

Introduction

Current microelectronics technologies employ diffusion
barrier layers in the various levels of intrachip metalliza-
tion schemes to prevent undesirable interactions between
the metal plugs and interconnects and surrounding
dielectrics. These barrier layers must also serve as strong
adhesion promoters to ensure structural integrity of the
signal-carrying stacks, in addition to preventing interdiffu-
sion. They also must possess low contact resistivity, be easy
to etch, and able to withstand repeated thermal processing.*

Titanium/titanium nitride (Ti/TiN) bilayers are present- -

ly the most extensively used diffusion barriers/adhesion
promoters and are perhaps the most promising for contin-
ued use in emerging subquartermicron device generations,
at least in the foreseeable future. This is atiributed pri-
" marily to their desirable physical and chemical properties,
as well as the extensive body of knowledge that has
already been established across the industry in the areas of
reliability and integration of Ti/TiN in chip fabrication
flow. However, Ti and TiN are presently deposited by col-
limated sputtering, a line-of-sight technique unable to

meet the step coverage and conformality requirements -

mandated by the aggressive geometries of subgquartermi-
cron technologies.?

Chemical vapor deposition, on the other hand, is an
attractive alternative, especially in terms of its inherent
ability to provide highly conformal profiles in aggressive
device topographies. As a result, extensive research and
development activities have been dedicated to the opti-
mization of metallorganic and inorganic chemical vapor
deposition (CVD) processes for TiN thin films. In metall-
organic CVD (MOCVD), the two most commonly investi-
gated organometallic precursors for the deposition of TilN
were tetrakisdimethylaminotitanium (TDMAT) and
tetrakisdiethylaminotitanium (TDEAT).? In particular,
experiments* using TDEAT were carried out thermally
using ammonia as the reactant gas. These experiments
demonstrated that stoichiometric TiN films with low lev-
els of carbon and oxygen contamination (<3 atom %) and
resistivities of 600 to 800 pQ cm can be successfully
deposited from TDEAT. Unfortunately, films grown in this
process regime exhibited a step coverage of only 40 to 50%
in'3.4 aspect-ratio contacts. Filims with higher step cover-

age (up to 65%) were also grown by the same thermally
activated process using higher precursor-to-ammonia
ratios and pressures. However, this process regime caused
film resistivity to increase by as much as three orders of
magnitude while increasing oxygen concentrations from 3
to 30 atom %. . .

Experiments done with TDMAT showed a similar trade-
off between film purity and step coverage. Resulting films®
exhibited step coverage of 75% for 0.4 pm contact vias
with 2:1 aspect ratios at a film thicknesses of 150 nm. Just
as in the case of TDEAT, these films showed inclusion of N,
C, and O with atomic ratios for TiN:C:O of 1:1:1.3:1.
Corresponding resistivities were high, on the order of 3000
1) cm. Further process development has led to step cover-
age of greater than 80% in a 1.6 X 0.4 pm diam contact.®
For this process, an in situ postdeposition radio frequency
(rf) nitrogen plasma treatment was used to reduce resistiv-
ities to values as low as 500 p.Q cm. This reduction in resis-
tivities corresponded to a similar decline in the amount of
carbon in the films. Interestingly, no oxygen incorporation
was observed, even upon long-term air exposure. Similar
results have been reported by Inteman when depositing
TiN from both TDMAT and TDEAT using remote plasma
CVD." .

While these MOCVD processes generate lower levels of
particle contamination than the titanium tfetrachloride
(TiCl,) based inorganic CVD method of growth, their
inclusion in emerging subquartermicron device genera-
tions appears limited by concerns over MOCVD TiN step
coverage in such aggressive structures. Additionally, the
need for several cycles of rf N,-plasma anneals in order o
achieve optimum film properties limits the incorporation of
this type of process step in production line manufacturing.

For inorganic CVD routes, research has focused on the
use of titanium halides, primarily titanium tetrachloride
(TiCl1,). This compound has been studied extensively for
the deposition of TiN, with films grown between 550 and
700 °C containing as little as 1 atom % chlorine, while films
grown between 400 and 500 °C exhibit more than 5 atom %
chlorine.® Excellent step coverage was demonstrated for
stoichiometric TiN films. However, serious concerns exist
regarding chlorine inclusion in the TiN films due to chlo-
rine’s corrosive nature and its resulting effects on the over-
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lying metal layers. Thus, chlorine contamination needs to
be minimized, requiring the higher temperature regime for
this process and thus prohibiting the use of this process
above the contact level.

Based on the information presented, it is clear that there
is a need for a low-temperature (<450 °C) thermal CVD
process for the growth of pure and ultrathin (<250 A) tita-
nium nitride thin films, which exhibit viable electrical and
barrier properties, for incorporation in the 0.18 pm tech-
nology and beyond. Accordingly, work herein has focused
on the use of a more advantageous precursor, namely,
tetraiodotitanium (Til,), for the development of a low-
temperature TiN CVD process.” The proposed approach
aims to extend existing technology developed using ther-
mal TiCl, CVD for deposition of TiN to lower processing
temperatures and significantly reduced halide incorpora-
tion. More importantly, previous work by the same
research group, including diode leakage measurements,
has indicated that 2 atom % iodine did not affect TilN per-
formance as a diffusion barrier/adhesion promoter.'” These
findings are consistent with the expectation that the acti-
vation energy for iodine diffusion is significantly higher
than chlorine, given that I is a much heavier than CL It is
also supported by work on the interaction of fluorine and
chlorine with (111) Si,"* which showed that the barrier for
chlorine penetration into the Si surface is much larger
than that for fluorine, a behavior due to the larger size,
and hence, ionicity and resulting coulomb interaction of
the chlorine atom in comparison with fluorine.

This paper presents the results of a systematic study of
precursor decomposition pathways and resulting film
nucleation and growth kinetics in TiN CVD from Til,. It
required varying key process parameters in a systematic
fashion in order to determine process activation energy
and establish corresponding functionality curves for film
purity, growth rate, structure, and morphology. The key
process parameters studied were substrate temperature,
source temperature, hydrogen carrier gas flow, and reactor
pressure. A summary of relevant experimental techniques
and methods of analysis is presented below, along with key
findings, associated discussions, and pertinent conclusions,

Experimental

The reactor used for these experiments was a custom-
made, 8 in. wafer, warm wall, plasma-capable, stainless
steel system, while a standard pressure-based bubbler unit
was applied to the delivery of the solid Til, precursor. The
bubbler was attached to the cone-shaped shower head of
the CVD reactor through a delivery line which was
designed with a T-shaped section. This section was
equipped with two high-vacuum valves to allow precursor
delivery to either the processing chamber or through a
bypass line to the pumping stack. This bypass line allowed
both the establishment of a steady-state precursor flux
prior to introduction into the chamber and conditioning of
the bubbler prior to deposition. Hydrogen gas was used as
carrier gas to aid in precursor delivery.

A cone design was chosen as shower head because of its
simplicity and ability to provide good uniformity in pre-
cursor and reactant gas distribution over the substrate
surface. The top of the cone was equipped with five stain-
less steel flanges, including two used for connecting the
precursor and ammonia (NH;) delivery lines. Two addi-
tional flanges were employed for interfacing the electrical
feedthroughs and support for the plasma mesh. -The
feedthroughs were equipped with ceramic spacers, allow-
ing the plasma mesh to be electrically isolated from the
rest of the chamber. The plasma mesh thus acted as active
electrode, while the remainder of the system, including the
substrate heater chuck, served as ground. The process
chamber and delivery lines were kept at temperatures
above 140 °C to prevent precursor recondensation.

The substrates were loaded on a heater chuck which
consisted of a quartz plate placed on an electrically isolat-
ed boroelectric heater. The heater was supported by a
stainless steel ring bolted to three ceramic posts which

were attached to the base of the reactor. A stainless steel
enclosure was used to protect the heater contacts from
processing gases. The enclosure was purged with 100 scem
argon (Ar) to prevent diffusion of reactive process gases to
the heater connections. Substrate temperature was deter-
mined by calibrating the power supplied to the heater as a
function of substrate temperature with a specially
designed sensor wafer prior to actual processing.

The reactor was symmetrically pumped through its base
through four lines. The pumping speed was controlled
manually through a Huntington Model GVA600 gate-type
throttling valve. The system was equipped with a special-
ized multitrap which was placed between the reactor and
the pumping stack. The three-stage multitrap consisted of
a series of water-cooled coils to capture any unreacted
precursor, a series of sodasorb filters to neutralize any
acidic by-products, and a series of carbon filters. A Stokes
Model 070-245 roots blower pumping stack was used dur-
ing actual deposition runs. The system was also equipped

-with a Leybold Model 451 high-vaccum turbomolecular

pump capable of achieving a base pressure of 107" Torr.
The reactor was leak tested down to 107® em®/min before
actual experimentation was started. A Model 128 heated
MKS pressure transducer baratron gauge and a Series 421
cold cathode gauge were also attached to this back panel
to allow monitoring of reactor pressure.

A load lock was employed to prevent contamination of
the process chamber. The load lock was coupled to the
chamber using a rectangular Viton O-ring seal and was
equipped to handle 200 mm wafers. The load lock was
pumped using a Balzers Model TCP121 turbomolecular
pumping stack, to a base pressure of 4 X 107° Torr. The
pressure in the load lock was monitored by an MKS Model
122A pressure transducer baratron gauge at pressures
above 10 mTorr and MKS Series 423 cold cathode gauge at
pressures below 1 mTorr. The load lock was equipped with
a manual, magnetically controlled arm for delivery of the
wafer to the heated quartz plate.

A soft hydrogen plasma predeposition clean was per-
formed on all samples prior to deposition. However, no
plasma was used during actual deposition. The substrates
used for these experiments were nonpatterned silicon and
silicon dioxide, Sematech-produced patterned structures
with nominal 0.25 wm, 4 to 1 aspect ratio, features, and
specialized cantilever structures produced at Stanford.
Nonpatterned Si samples were cleaned by rinsing with
acetone and then methanol. The substrates were subse-
quently dried using pure argon gas. Next, the Si samples
were placed in a bath of 10% hydrofluoric acid/90%
deionized water for 1 min followed by a deionized water
rinse in order to remove native oxide. Following the rinse,

. the substrates were once again dried using pure argon gas.

The samples were then mounted on an 8 in. carrier wafer
and were heated for a minimum of 10 min prior to deposi-
tion. Alternatively, the SiO, and patterned samples were
rinsed with methanol and then blown dry using pure
argon. These samples were also mounted on the same 8 in.
carrier wafer as the blanket Si samples prior to the in situ
heating step. :

As mentioned previously, the effects of the four key
process parameters, namely, substrate temperature, source
temperature, hydrogen carrier gas flow through the bub-
bler, and reactor pressure, on key film characteristics were
investigated. The relevance of these four parameters, pri-
marily in terms of their effects on film properties, was
determined in a screening set of experiments which are
beyond the scope of this work and are not discussed here.
Each of these parameters was varied singly in order to
determine their first-order effects on film quality. In this
respect, both the source temperature and hydrogen bub-
bler flow control the flux of precursor into the reaction
zone. Changing the source temperature corresponded to a
“coarse change” in precursor flux, while changing the
hydrogen bubbler flow served as a “fine” control of pre-
cursor flux. The process regime which was investigated for
these experiments is listed in Table I. Each experiment
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was only performed once. However, a monitor run was
reproduced several times during the course of these exper-
iments to ensure process reproducibility.

Methods of Analysis

All TiN samples were characterized at the analytical
facilities of the New York State Center for Advanced Thin
Film Technology by X-ray photoelectron spectroscopy
(XPS), Rutherford backscattering (RBS), atomic force
microscopy (AFM), cross-sectional SEM (CS-SEM), and
four-point resistivity probe. In these studies, the results
were standardized using a pure TiN standard deposited by
collimated sputtering at Sematech. Specific details of the
analytical methods applied have already been reported
and are only summarized here.

Microchemical and compositional information was
obtained by XPS and RBS. In addition, RBS was applied
in conjunction with CS-SEM in the determination of aver-
age growth rates and film thickness. Deposition rates were
defined as T/t where T is film thickness and ¢ is run time.
Run time was measured starting from the instant when the
precursor was actually being delivered into the reactor.
Also, a Nanoscope III multimode atomic force microscope
was applied to examine the surface morphology of the
titanium nitride films. Data was collected in tapping mode
AFM with Si cantilevers at resonance frequencies in the
range 200 to 300 kHz. Multiple surface locations were
probed for each sample using a variety of scan sizes rang-
ing from 500 X 500 nm up to 10 X 10 mm.

Results and Discussion

Effects of processing temperature on growth rates—The
Arrhenius plot of In (growth rate) vs 1/T for our set of
experiments is shown in Fig. 1. An increase in the slope is
observed at higher temperatures (above 450 °C, corre-
sponding to 1/T values below 1.56 X 107® K™}, indicating
the dominance of a single rate-limiting mechanism. As
shown in the following section, film structural and chem-
ical characteristics change once this threshold is crossed.
Additionally, the data point at 370 °C (corresponding to a
1/T value of 0.00148 K™') might indicate that a second
mechanism is becoming dominant in this region, but more

data is necessary from this lower temperature region

before a definite conclusion can be reached. This activity
is beyond the scope of this work and is discussed in a sub-
sequent report by the authors.

Table . Process regimes investigated.

H, carrier Source Substrate Reactor
NH,; flow gas flow temperature iemperature pressure
(sccm) (scem) °C) ¢C) (Torr)
Hydrogen carrier gas flow series
400 10 140 420 0.48
400 30 140 420 . 048
400 50 140 420 ©0.48
400 70 140 420 0.48
400 90 140 . 420 0.48
Bubbler temperature series '
400 30 90 420 0.48
400 30 100 420 0.48
400 30 110 420 0.48
400 30 120 420 0.48
400 30 140 420 0.48
400 30 145 420 0.48
Substrate temperature series
400 30 140 370 0.48
400 30 140 420 0.48
400 30 140 440 0.48
400 30 140 460 0.48
400 30 140 490 0.48
Reactor pressure series
400 30 140 420 0.39
400 30 140 420 0.48
400 30 140 420 0.74
400 30 140 420 0.92
400 30 140 420 1.12

400 scom NH3, Reactor Pressure 0.48 Tom, 140°C Source Temp., 30 scem H2
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Fig. 1. Arrhenius plot obtained from experiments using Til, as the
source chemistry.

The effects of processing temperature on film composi-
tion, resistivity, and step coverage—XPS and RBS were
used to investigate the dependence of film composition on
processing temperature in the temperature range 370 to
490 °C. All other processing parameters were kept con-
stant, including a 400 sccm NH; flow, 0.48 Torr reactor
pressure, 30 scem H, cafrier gas, and 140 °C source tem-
perature. Given that results on Si and SiO, were similar,
we discuss only results on Si as the substrate.

Figure 2 displays XPS variations in film concentrations
of Ti and N, as well as O and 1, as a function of processing
temperature. In particular, it is observed that most films
grown at substrate temperatures between 370 and 440 °C
were stoichiometric TiN within the experimental errors of
the techniques used (+10%). XPS depth profile analysis
showed that film composition was uniform across its bulk,
as shown in Fig. 3. Also, the XPS N Is and Ti 2p;,, core
energy peaks for the CVD-grown films (Fig. 4) were locat-
ed at 397.5 and 454.87 eV, respectively. These values are in
excellent agreement with their corresponding counter-
parts from the PVD TiN standard and indicate a N/Ti ratio
of ~1. The small peak broadening on the high-energy side
of the Ti peak could correspond to a very small titanium
oxide phase, which was attributed to oxygen contamination
of =2 atom %. Iodine incorporation was in the 1 to 2 atom
% range. Corresponding step coverage in Sematech nomi-
nal 0.25 pm trench structures was better than 90%, as
shown in Fig. 5.

At processing temperatures above 450 °C, the films exhib-
ited increased oxygen incorporation with higher substrate
temperature, up to ~11 atom % at 490 °C. Iodine levels
were below the detection limits of RBS and XPS. The
increased oxygen inclusion is not due to a reactor leak,
given that it was thoroughly tested and found to be vacu-
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Fig. 2. Composition-of TiN films as a function of substrate tem-
perature,
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Fig. 3. XPS depth profile of CVD TiN grown af 440 °C susbtrate
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um tight down to 1077 Torr. Instead, it is believed that oxy-
gen is being incorporated in the films through grain
boundary diffusion upon exposure to air. This is support-
ed by the following three findings: (i) the “open” grain
structure observed for the TiN films deposited at higher
temperature, as shown in the cross-sectional SEM of Fig. 6
and (if) the surface morphology of the TiN films grown at
higher temperature, as documented by the AFM image
shown in Fig. 7. AFM supported the CS-SEM findings per-
taining to the open TiN structure and yielded a root-mean-
square (rms) surface roughness of 6.61 nm for a film thick-
ness of 110 nm.

This surface morphology is significantly different for the
TiN films deposited at lower temperatures, as documented
in the AFM micrograph of Fig. 8. An AFM surface scan
yielded an rms roughness of 1.028 nm in this case (film
thickness 90 nm), and (#4i) the location of the XPS N 1s and
Ti 2p;, at 397.5 and 454.87 eV, respectively, in the CVD
grown films, similar to the profiles observed in Fig. 4.
These peaks correspond to mainly a pure titanium nitride
phase.

Film resistivity, on the other hand, varied from ~450 p{)cm
for a 630-nm-thick film grown at 370 °C, down to ~50 pf)
cm for a 1500-nm-thick film deposited at 490 °C. This trend
is consistent with the larger role that surface scattering
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Fig. 5. Cross-sectional SEM of a TiN film grown in a Sematech-
nominal 0.25 um trench at a substrate temperature of 440 °C.

Fig. 6. C5-SEM of a TiN film grown in a 0.5 um trench at a sub-
strate temperature of 490 °C.

plays with decreasing film thickness, leading to increased
film resistivity. Interestingly, the low film resistivity does
not seem to be affected by oxygen incorporation at the
higher substrate temperatures.

The effect of source temperature on film characteris-
tics.—In CVD processing, varying the source temperature is
shown to have a significant effect on precursor flux into
the reactor; it provides a “coarse” means to control such
flux, with higher source temperature leading to increased
precursor flow. Accordingly, work in this section has
focused on establishing the role of variations in source
temperature, or correspondingly large changes in precur-
sor gas-phase concentration, on resulting film structure,
composition, and resistivity.

Figure 9 plots film composition as a function of “coarse
variations in precursor flux. It is observed that films
grown at source temperatures below 100 °C exhibit up to
15 atom % oxygen incorporation, which decreases with
increasing source temperature to below the detection lim-
its of the analytical techniques employed (XPS and RBS).
Interestingly, iodine concentration in the films was also
below the detection limits of XPS for source temperatures
under 100 °C, and increased slightly to ~1 to 2 atom % for
higher temperatures. Corresponding step coverage in
Sematech nominal 0.25-pm trench structures was better
than 90%, similar to that observed in Fig. 5. Alternatively,
the films grown below 100 °C were nitrogen deficient, in
contrast to those deposited above that temperature, and
were stoichiometric TiN.

The compositional behavior described is consistent with
the suggestion that at lower source flux, the TiN films
exhibit a less dense structure, which oxidizes upon expo-
sure to air. In this case, oxygen appears to be present not
only at grain boundaries, but also at lattice sites with N
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Fig. 7. AFM micrograph of a
TiN film grown at 400 scem NH,,
reactor pressure 0.48 Torr, 490
°C substrate temperature, 140 °C
bubbler temperature, and 30
sccm H, bubbler flow.

vacancies. This is supported by the following findings: (¢)
the “open” grain structure observed for the TiN films
grown at lower source temperature, as shown in the CS-
SEM micrograph of Fig. 10; (ii) the corresponding TiN sur-
face morphology, as exhibited in the AFM surface map of
Fig. 11, which indicates a “looser” surface grain morphol-
ogy with larger grains and an rms surface roughness of
1.46 nm for a 600-nm-thick film as compared to its higher
source temperature counterpart (Fig. 8); (iii) the XPS Ti
2ps core energy peak for the lower source temperature
films, indicating the presence of an oxide as well as a
nitride phase; and (iv) film resistivity behavior as a func-
tion of source temperature, as plotted in Fig. 12. Film
resistivity is seen to decrease significantly with increasing
precursor flux, from ~500 to 1000 p.Q cm for 30 to 50-nm-
thick films (T, 90 °C), to below 200 p.Q em for >100 nm-

Fig. 8. AFM micrograph of a
TiN film grown at 400 sccm NH,,
reactor pressure 0.48 Torr, 420
°C substrate temperature, 140 °C
bubbler temperature, and 30
scem H, bubbler flow.

NanoScope Tapping AFH
Scan size 1,004 ps
Setpoint 3,234 U
Scan rate 0.3009 Hz
Number of samples 512

X 0.200 pu/div
Z 100.000 nu/div

thick films grown at higher source temperatures. The
resistivity values reported for T ... < 110 °C are too high
to be attributed to film-thickness-driven surface scatter-
ing effects. Instead, they could be due to the higher oxygen
concentrations observed at the low source temperatures
(see Fig. 9).

Similar effects have been observed in CVD TiN from
TiCl,.”**® TEM analysis of the resulting films also revealed
an open grain structure with a large effective surface area.
In either case, it is suggested that the lower precursor flux
regime causes the formation of a smaller density of surface
nucleation sites, which ultimately leads to a larger, less
dense, grain structure.

The effect of hydrogen carrier gas flow.—As mentioned
earlier, precursor delivery is controlled by two key process

NanoeScope Tapping AFH
Scan size 2.060 pm
Setpoint 2.000 U
Scan rate G.7535 Hz
Humber of sawmples 512

0.5

X 0.500 pu/div
Z 20.000 nu/div
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Fig. 9. TiN film composition as a function of source temperature.

Fig. 10. CS-SEM of a TiN film grown in a 0.3 pm trench at a bub-
bler temperature of 100 °C.

parameters: source temperature (coarse control of precur-
sor flux) and hydrogen flow through the bubbler (fine con-
trol of precursor flux). In this section we discuss the
results obtained by varying the amount of hydrogen carri-
er gas delivered through the bubbler. For this series of
experiments, the hydrogen carrier gas flow was varied

from 10 to 90 scecm in 20 sccm increments. As expected,
most film characteristics showed similar but less dramatic
results than those seen by varying the source femperature.

In particular, as in the case of source temperature, films
grown with hydrogen flows below 30 scem show up to 5 atom
% oxygen incorporation, which decreased with increasing
hydrogen flow to below the detection limits of the analyt-
ical techniques used (XPS and RBS). Similarly, I levels
were not detectable in films grown at lower hydrogen
flows and increased slightly to ~1 to 2 atom % for higher
flows. Films grown below 30 sccm H, were also nitrogen
deficient, in contrast to those grown &t higher hydrogen
flow; and their resistivity varied from ~500 p{} cm for
7000-nm-thick films (hydrogen flows 10 sccm), to ~120
uf) cm for 900-nm-thick films deposited at higher hydro-
gen flow. As in the case of source temperature, the values
reported for hydrogen flow below 30 sccm are too high to
be attributed to film-thickness-driven surface scattering
effects.

The compositional and conductivity behavior as a func-
tion of hydrogen flow (“fine” changes in precursor flux) is
in excellent agreement with that seen for source tempera-
ture (“coarse” variations in precursor flux) and is attrib-
uted to the same structural factors discussed in pevious
sections.

The effect of precursor flux on TiN growth rate—
Figure 13 plots TiN growth rate as a function of hydrogen
flow. It is observed that higher growth rates are observed
for lower hydrogen flow (i.e., smaller precursor flux) in the
process regime investigated. An identical trend was
observed for growth rates as a function of source temper-
ature. The behavior is similar to that observed in the liter-
ature for the dependence of growth rates on TiCl, partial
pressure.’® In that case, a region of lower precursor flux

exists in the pressure range 0.5 to 0.75 Torr, where a dra- -

matic increase in growth rate is observed. Unfortunately,
no acceptable explanation is proposed for this increase,
but it was suggested that it may be partly due to the gas-
phase formation of TiCl, adduects, which subsequently
decompose to yield TiN.** A similar explanation could
apply in the case of Til,.

The effect of reactor pressure.—For the set of experi-
ments described herein, process pressure was varied by
controlling pumping speed while maintaining all other
processing conditions the same. This was achieved by
throttling the gate valve that separated the reactor from

NanoScope Tapping AFM
Scan size 2,000 pn
Setpoint 2,483 U
Scan rate 0.5450 Hz
Huuber of samples 512

Fig. 11. AFM micrograph of a
TiN %Im grown at 400 scem NH;,,
reactor pressure 0.48 Torr, 420
°C substrate temperature, 90 °C
bubbler temperature, and 30
scem H, bubbler flow.

X 0.500 pm/div
Z 20.000 nw/div
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400 scem NH3, Reactor Pressure.0.48 Yorr, Substrate Temp. 420°C, H2 Bubbler 30 sccm
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Fig. 12. TiN resistivity vs source temperature,

the pumping stack, which resulted in increasing reactant
residence time in the reaction zone.

Figure 14 plots the effects of processing pressure on the
concentrations of N, Ti, I, and O in the films. It is observed
that within the experimental errors of the analytical tech-
niques used, film composition was quite constant across
the pressure space investigated and corresponded to a sto-
ichiometric TiN phase. Iodine and oxygen concentrations
were in the range 1 to 2 atom %, regardless of the process-
ing pressure used. Resistivity measurements indicated that
films grown below 1 Torr pressure displayed resistivities
below 200 pQ cm.

However, as pressure was increased above 1 Torr, resis-
tivity was seen to increase dramatically to values in excess
of 5000 pQ cm in the process regime investigated. As dis-
cussed earlier, this increase cannot be attributed to I or O
contamination, as supported by the XPS Ti 2p and N 1s
core energy spectra for the CVD TiN film, indicating a
mainly TiN phase with, as discussed before, a small peak
broadening on the high-energy side of the Ti peak which
corresponded to a very small titanium oxide phase. Instead,
this resistivity enhancement is due to the “open” grain
structure observed for the TiN films deposited at higher
pressure, as shown in the AFM surface grain map of Fig. 15.
This morphology results in the incorporation of up to 3 to 4
atom % O in the TiN matrix upon exposure to air, as
detected by XPS depth profiling.

One potential explanation for the textural change in TiN
at higher processing pressure is possibly the increase in
gas-phase reactions in the reaction zone due to the longer
reactant residence time in the reactor. In situ quadrupole
mass spectrometry (QMS) and Fourier transform infrared
spectroscopy (FTIR) investigations of the gas-phase evolu-
tion of reactant species should shed some light on the TiN
structural behavior. ‘

Conclusions

The dependence of film structural, compositional, and
electrical properties on key process parameters was inves-
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Fig. 13. Growth rate of TiN films vs hydrogen carrier gas flow.
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Fig. 14. TiN film composition vs reactor pressure.

Fig. 15. AFM micrograph of a TiN film grown at 400 sccm NH;, .
reactor pressure 0.74 Torr, 420 °C substrate temperature, 140 °C
bubbler temperature, and 30 scem H, bubbler flow.

tigated in this report through a systematic approach which
examined the first-order effects of each parameter singly
while maintaining all other parameters constant. In this
respect, the key process parameters studied were substrate
temperature, source temperature, hydrogen carrier gas
flow, and reactor pressure. Resulting findings indicated
that each showed a direct and significant effect on film
quality. Additionally, it was determined that a wide
process window exists for the deposition of nitrogen-rich,
gold-colored TiN with I and O levels below 2 atom % and
resistivities under 200 pQ) em. Further investigations are
necessary to establish a better understanding of the rate-
limiting process steps. FTIR and QMS studies are planned
by the Albany group in an effort to achieve this goal.
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