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ABSTRACT 

The chemical vapor deposition of TiB2 from gaseous mixtures of TIC14, B2H6, and H2 onto various substrates was 
studied. A thermodynamic analysis using the SOLGASMIX computer  program indicated that at an input gas ratio corre- 
sponding to the stoichiometry of TiB2, the amount of secondary-phase deposition would be considerably reduced com- 
pared to that of TiB2. For nonstoichiometric input gas mixtures, other solid phases, including oxides and silicides, are ex- 
pected to result from the reaction with substrates. Experimental  depositions of films were carried out in a cold wall system 
over a broad range of temperatures, pressures, and input gas flow rates. X-ray diffraction and x-ray photoelectron spec- 
troscopy data indicate that the as-deposited films are very fine grained polycrystalline or amorphous, and the films RTA- 
annealed above 900~ are crystalline TiB2. Below 550~ surface reactions are the dominant  factor for the kinetics of TiB2 
deposition, while mass transport is a limiting step for deposition above 550~ At higher temperatures the deposition rate 
increases linearly with flow rate and total pressure, suggesting the deposition mechanism is reactant limited. The B/Ti 
ratio determined via Auger electron spectroscopy approaches the stoichiometric value of two in higher temperature films, 
while the presence of excess boron and chlorine was detected for low-temperature films. Stoichiometric TiB2 films were 
deposited over a wide range of input gas mixture B/B+Ti ratios ranging from 0.4 to 0.71. Depletion effects of input gas 
were observed at low flow rate and high pressure where the residence time of reactants is longer than 10 s. 

As the device density of a semiconductor  chip increases 
in each generation, the feature sizes, both lateral and verti- 
cal, decrease according to scaling theory. However, there 
are several components  that deviate from scaling theory 
inherently. In particular, the thickness of the metal inter- 
connection typically cannot be fully scaled down because 
of the resistivity and electromigration limitations of cur- 
rently used materials such as polysilicon and aluminum. 
Even with full scaling, the interconnection RC time con- 
stant remains invariant and can become dominant  as the 
raw device delay is reduced by geometric device scaling. 
For gate level interconnection, the most widely used mate- 
rial is polycrystalline silicon, but its high resistivity places 
a potentially severe limit on its performance in very large 
scale integrated applications. Furthermore,  with the con- 
comitant reduct ion of junct ion depth and contact hole 
size, the interaction between the contact metallurgy and 
the underlying semiconductor  is a serious problem, be- 
cause the interaction may lead to junction shorting or to 
high contact resistance. High series or contact resistance 
to ultrashallow junctions can also severely limit overall de- 
vice performance (1). Hence, it has been necessary to de- 
velop new metallization materials (2) with improved con- 
tact and barrier characteristics, as well as with high 
conductivity. 

Because of its interesting properties, titanium diboride 
has been investigated and commercial ly used for several 
applications such as: crucible materials for melting metals, 

* Electrochemical Society Student Member. 
** Electrochemical Society Active Member. 

thermocouple  protection tubes in melting metal, abra- 
sives, protective coatings, high-temperature electrodes in 
nuclear fusion applications, and cathodes or containers in 
a luminum reduction cells. Nicolet (3) has already pointed 
out t i tanium boride as an interesting potential material for 
microelectronic device fabrication. The high conductivity 
and chemical inertness at high-temperature leads TiB2 to 
be considered as a potential candidate for a diffusion bar- 
rier or gate/diffusion cladding. The resistivity of bulk poly- 
crystalline TiB2 (~10~t2-cm) (4) and single crystal 
(6 ~t -cm) (5) is lower than that of other potential barrier 
materials like silicides or nitrides and only slightly higher 
than that of tungsten. Shappirio et al. showed that ZrB2 is 
stable in contact to aluminum up to 600~ (6). Feldman 
et al. used TiB2 as an electrode in polycrystalline silicon 
thin film solar cells (7). 

Several different methods have been employed to pro- 
duce TiB2 thin films: i.e., sputtering (6, 8-12), reactive ion 
plating (13), laser induced vapor-phase synthesis (14), and 
reaction of Ti-B thin film couples (15). Due to stringent 
ultra large scale integrated (ULSI) requirements for low 
thermal budget, conformal step coverage, and high-purity 
films, low pressure chemical vapor deposition is a good 
choice for producing high quality TiB2 films. 

Chemical vapor deposited (CVD) polycrystalline TiB2 
films have been initially obtained from a source gas of 
TiCI~JBC1jH2. Peshev and Niemyski  (16) deposited TiB2 
films in the temperature range of 1000-1400~ A pyrolytic 
deposition of TiB2 was performed (17, 18) at 1400-1600~ 
and at 3-5 torr. Models for the deposition process were de- 
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Table I. Phases deposited on different substrates as simulated using SOLGASMIX at 350-800~ at 1 torr as a function of input gas ratio. 

B2H6YriCI4 ratio in input gas mixture 
Substrate WiCl4 only TiCI4 rich 1:1 B2H6 rich 

None ~ N o n e ,  T i C I 3  b TiB2 TiB2 T i B 2 ,  B 
Si T i S i ,  T i S i 2  b T i S i ,  T i B 2  r TiB2 B, TiB2 ~ 

SiO2 Ti203, TisSis d TiB2, Ti203 c TiB2 TiB2, B, 
B203 B2Oa, b'e B203 b 

Ti203 r 
TiB2 N o n e ,  TIC13 b TiB2 TiB2 TiB2, B 
TiBia TiCl3, b TiSi TiSi, TiB2 TiB2, TiSi, Si TiB2, Si, B 

Ti TiCI~ b TiB2 TiB2 TiB2 
B TiB2 TiB2 TiB2, B B, TiB2 

A hypothetical inert substrate. 
b Deposit or form only at low temperature. 

One order of magnitude smaller than primary phase. 
a Deposit or form only at high temperature. 

veloped based on the experimental  results of deposition 
rates and efficiencies (19), coupled with thermodynamic 
calculations for CVD TiB2. Pierson and Mullendore (20) re- 
ported that the atmospheric CVD at 900-950~ produced 
boron-rich t i tanium diboride even at a stoichiometric 
input gas. A deposition study combined with a thermody- 
namic study suggested that equil ibrium is approached 
under typical TiB2 CVD conditions, and that the deposited 
phases are far more sensitive to changes in system chem- 
istry than they are to changes in temperature (21). A glow 
discharge deposition (22) was performed at temperatures 
from 480 to 650~ resulting in as-deposited resistivity 
ranging from about 200-450 ixt2-cm. A chemical vapor dep- 
osition of t i tanium diboride using the reaction of TIC14 
with B2H6 in a hydrogen atmosphere in the temperature 
range of 600-900~ temperature was also reported (23). The 
deposition rate of the B2H6 reaction was considerably 
greater than that of the BC13 reaction, and it proceeded at a 
lower temperature; however, the deposition rate was negli- 
gible below 700~ and above 1000~ the deposition tended 
to be powdery, probably the result of vapor-phase nucle- 
ation. 

This work consists of both a through thermodynamic 
analysis of the deposition of TiB2 films via CVD, as well as 
specific experimental  results for the mechanism of TiB2 
film deposition at various temperatures, pressures, gas 
mixtures, and flow rates. 

T h e r m o d y n a m i c  Analys is  
The calculation of equil ibrium states in a chemical sys- 

tem is an important  step towards the design of processes 
involving chemical reactions. A thermodynamic study is 
typically used as a guide to determine the effects of chang- 
ing the controllable experimental  variables such as tem- 
perature, total pressure, and the ratio of the chemical ele- 
ments in the input gas ratio on the deposited film 
properties. An initial at tempt to analyze the thermody- 
namics for CVD of TiB2 was made by Peshev and Nie- 
myski (16), and a more extensive thermodynamic analysis 
of deposition from gaseous TIC14, BC13, and H2 was con- 
ducted by Besmann and Spear (19). In the absence of sub- 
strate reactions, TiB2 and boron are the only solid phases 
which can be deposited. The theoretical efficiency of depo- 
sition appeared to generally increase with increasing tem- 
perature, decreasing C1/C1 + H fraction in the reactant gas, 
and decreasing total pressure. Randich and Gerlach (21) 
used the quaternary-phase diagram to determine bulk 
composit ions and phase fields accessible by CVD tech- 
niques. They found that the accessible region of the qua- 
ternary phase diagram of Ti-B-C1-H is very limited, i.e., it is 
not thermodynamical ly possible to obtain t i tanium or TiB 
using TIC14, and BC13 source gas, and the predicted deposit 
in the accessible area is only TiB2 or TiB2 + B. 

In this work, a thermodynamic analysis of the chemical 
vapor deposition of TiB2 from gaseous TIC14, B2H~, and H2 
was performed using SOLGASMIX, which determines the 
equil ibrium mixture  by minimizing the total Gibb's free 
energy of the system. To be more realistic, interactions be- 
tween input gases and the substrate were also investi- 

gated, and are summarized in Table I. The inclusion of the 
substrate in the calculations results in the possible forma- 
tion of solid phases brought  about via reaction between 
the gas and the substrate, rather than deposition. This is 
the case for t i tanium silicide formation on a Si substrate, 
and the formation of oxides of boron and ti tanium on an 
SiO2 substrate. Although the production of such phases 
would indeed be problematic, in most cases, such reac- 
tions would be expected to be self limiting, due to the con- 
tinual requirement  for substrate material to interact with 
gas ambient  via interdiffusion through the film. 

Depos i t ion  on iner t  or TiBz s u b s t r a t e . - - A  TiB2 substrate 
is predicted by SOLGASMIX to be inert to an input gas 
mixture  of TIC14, B2H6, and H2 at least up to 800~ Accord- 
ing to the calculated results, TiB2(s), HC1, BCla, BHC12, and 
TIC13 are the major new products in the temperature range 
of 400-800~ (Fig. 1). The B2H6 reactant that is introduced 
into a system almost completely reacts with chloride from 
TIC14 to form BC13, resulting in a partial pressure of B2H6 
that is extremely low (-<10 -2o atm). As seen by the decreas- 
ing partial pressure of the boron containing species 
(BC13 + BHC12) and the dominant  t i tanium containing spe- 
cies (TIC14) decrease at higher temperature, the deposition 
efficiency of TiB2 is greater at higher temperature. The 
window for single-phase TiB2 deposition is as wide as 0 < 
B/B + Ti < 0.8 for deposition temperatures below 800~ 
but boron is deposited for B/B + Ti -> 0.8. The deposition of 
TIC13 is predicted by the H2 reduction of TIC14, and it de- 
posits at low temperatures (-<350~ for an input gas of 
TIC14 and H2. 

Depos i t ion  on  S i  s u b s t r a t e . - - T h e  equil ibrium analysis of 
TiB2 deposition on silicon substrates, i.e., Ti-B-C1-H-Si sys- 
tem, was carried out, and Fig. 2 illustrates the equilibrium 
partial pressures of gaseous species calculated from an 
input gas mixture with B/B + Ti = 0.67 as a function of 
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Fig. 1. The equilibrium partial pressures of the gaseous species cal- 
culated for chemical vapor deposition of TiB2 from TiCI4, B2H6, and H2 
on an inert substrate with an input gas mixture of B/B + Ti = 0.67 at 
various temperatures. 
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Fig. 2. The equilibrium partial pressures of the gaseous species cal- 
culated for chemical vapor deposition of TiB2 from TiCI4, B2H6, and H2 
on a Si substrate with an input gas mixture of B/B + Ti = 0.67 at vari- 
ous temperatures, 
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Fig. 4. The equilibrium partial pressures of the gaseous species cal- 
culated for chemical vapor deposition of TiB2 from TiCI4, B~H6, and H2 
on an Si02 substrate with an input gas mixture of B/B + Ti = 0.67 at 
various temperatures, 

temperature. It indicates that He, HC1, SiHC13, SIC14, SiCI~, 
SIC12, and BCla are the major gaseous species at equilib- 
rium. The t i tanium is almost completely deposited as evi- 
denced by the very low partial pressures (-< 10 -t~ atm) of ti- 
tanium chlorides (TiCI~). The molar ratio of deposited TiB2 
to total deposited secondary phases, i.e., B + TiSi~, at vari- 
ous temperatures is illustrated as a function of reactant gas 
ratio in Fig. 3 for a silicon substrate. The production of 
SiH~Clu(g) (Fig. 2) may indicate that TIC14 is almost com- 
pletely reduced by Si. From TiC14-rich input  gas mixtures, 
multiphase deposits of t i tanium silicides and t i tanium di- 
boride are predicted. From diborane-rich input  gas mix- 
tures, almost all the t i tanium in the system reacts to pro- 
duee t i tanium diboride, leaving the partial pressure of 
species containing t i tanium extremely low (<10 -n  atm) 
and that of BC13 extremely large. Thus, elemental boron is 
predicted to accompany the TiB2 deposition. However, at 
an input  gas ratio corresponding to the stoichiometry of 
TiB2, the amount  of secondary-phase deposition is consid- 
erably reduced compared to that of TiB2. At 600~ a film 
impurity level of one part per thousand is expected; while 
films deposited at 700~ would contain only 100 ppb of un- 
wanted secondary phases. Hence the permissible range of 
input  gas ratios needed to deposit only TiB2 increases with 
increasing temperature. 

Deposit ion on Si02 substrates . - -The equilibrium partial 
pressures of gaseous species in a chemical system of Ti-B- 
C1-H-Si-O (for the case of an SiO2 substrate) are shown as a 
function of temperature in Fig. 4. As temperature in- 
creases, the partial pressure of HC1 increases and those of 
BC13, TiCh, and H2 decrease, indicating efficient deposi- 
tion of TiB2 at high temperature. SOLGASMIX predicts 
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Fig. 3. Thermodynamic calculation of the ratio of TiB2 deposition to 
secondary-phase deposition on a Si substrate at various temperatures. 

that silicon dioxide reacts with a chlorine containing spe- 
cies to produce volatile silicon chlorides, SIC14, SiHCla, and 
that t i tanium oxide is thereby formed under  these input  
gas ratios. Figure 5 shows the ratio of TiB2 to secondary de- 
posits on silicon dioxide substrates as a function of input  
gas ratio at various deposition temperatures. In  addition to 
TiB2, t i tanium oxides or boron oxides (~400~ are ex- 
pected to deposit on SiO2 substrates in a TiC14-rich gas 
mixture while boron, t i tanium diboride, and boron oxides 
(-<400~ are expected in a B2H6-rich gas mixture. Due to a 
significant amount  of B203 formation at low temperatures, 
and B deposition at high temperatures, the window for 
nearly pure TiB~ is the widest at 600~ where a film impur- 
ity of only 100 ppb is expected. 

To take advantage of the widest single-phase window 
possible for the Si and SiO2 substrates, the thermodynami- 
cally optimized standard condition for input  gas mixture 
and deposition temperature were chosen as; B/B + Ti = 
0.67 and 600~ respectively. 

Deposition on TiSi2, Ti, or B substrates . --For an input  
gas of TIC14 + H2, and a Ti substrate, SOLGASMIX pre- 
dicts that TIC13 deposits at low temperature (-<400~ 
Above 400~ the TIC13 is volatile, and a net etching of the 
Ti substrate occurs. The TIC13, either in gas phase or solid, 
is formed presumably both by a disproportionation reac- 
tion of TIC14 in the presence Ti (s), and by a hydrogen re- 
duction of TIC14. For the input  gas mixture B/B + Ti > 0, 
some Ti is supplied from the substrate to form TiB2, result- 
ing in an etching of the Ti substrate. Therefore, pure TiB2 
could be produced even in a boron-rich gas mixture, and 
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Fig. 5. Thermodynamic calculation of the ratio of TiB2 deposition to 
secondary-phase deposition on an SiOz substrate at various tempera- 
tures. 
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the deposition of elemental  B is predicted only for a pure 
diborane input gas. 

In case of a boron substrate, TiB2 is deposited even for 
pure TIC14 inputs, indicating that the boron substrate acts 
as a supplier of B. The concurrent  deposition of B and TiB2 
takes place for the input gas mixture  B/B + Ti -> 0.63 at 
800~ and 0.71 for 400~ 

The reaction of a TiSi2 substrate and the reactant gases is 
very significant. -No window for deposition of single-phase 
TiBz is found in the temperature range of 400-800~ For an 
input gas of TIC14 and H2, ti tanium disilicide transforms to 
a higher t i tanium silicide (TiSi) during deposition at the 
temperature range studied. The amount  of t i tanium in ti- 
tanium silicide increases, while that of silicon in t i tanium 
silicide decreases. In other words, additional Ti deposits 
from the gas phase to form a higher silicide, and Si in the 
silicide is etched. For titanium-rich gas mixtures, concur- 
rent t i tanium diboride deposition, and titanium silicide- 
phase formation is expected. As more diborane is intro- 
duced in the input gas mixture, the amount  of deposited 
TiB2 increases, and Si starts to segregate and etch due to a 
decomposit ion of TiSiz. At a boron-rich input gas mixture, 
t i tanium silicide is completely consumed, leaving Si and 
elemental  B deposits. 

Experimental 
The low-pressure chemical  vapor deposition reactor, de- 

picted schematically in Fig. 6, consists of a deposition 
chamber, gas distribution system, heating system, and 
pumping system. The overall reaction chamber  is made up 
of a cylindrical high purity 316 stainless steel chamber 
penetrated by various ports, feedthroughs, and windows. 
The substrate is heated in the center of the chamber  by 
means of a pyrolitic boron nitride-coated graphite heating 
element.  The heater employs closed loop temperature con- 
trol using a thermocouple  mounted within a graphite sus- 
ceptor on top of the element  and is capable of heating the 
substrate to approximately 1000~ High-purity gases are 
brought to the reaction chamber  in stainless steel tubing 
using VCR fittings for ultimate vacuum integrity. The 
gases are introduced just  above, and parallel to, the sub- 
strate to help promote uniform film growth. The reactant 
gases used for deposition of ti tanium diboride are TIC14 
(Alfa, 99.999%), 10% BzH6 in H2 (Voltaix), and H2 (Airco). 
TIC14 is a liquid at room temperature;  therefore the source 
cylinder of TIC14 is maintained at ~60~ which keeps its 
vapor pressure above 70 torr (24). The flow of the vapor of 
TIC14 is controlled by a high-temperature mass flow con- 
troller, maintained at 90~ without using an additional 
carrier gas. The lines of the TIC14 cylinder are differentially 
heated with heating tapes, resulting in a temperature gra- 
dient, maintained from the TIC14 source to the mass flow 
controller, which prevents TIC14 vapor from condensing in 
the line. The chamber  is pumped by a 510 liter/s corrosive 
service turbomolecular  pump, which is backed by a 
1520 liter/min corrosive service rotary vane mechanical  

i 

mass flow 
controller 

Si wafer 
graphite ~ ~  turbo molecular 
s u s c e p t o r ~  pump 

1[[ I ~ Z leak III z ~ detector 

' by-pass line ~" ' "~ 

li I ! :: 
iN [.4- Temperature 
"U ~ gradient 

H 2 Ar B2H 6 TiCI 4 

pump 

Fig. 6. Experimental apparatus for TiB2 deposition. 

pump. This combination provides sufficient pumping 
speed at the expected process pressures as well as a good 
initial base pressure. Gate valves isolate the chamber, 
turbo pump, and backing pump. The pressure is moni- 
tored by a capacitance manometer  at high pressure 
(>10-3torr) and by an ion gauge at low pressure 
(<10 -3 torr). The deposition pressure is controlled by an 
automatic throttle valve coupled to a capacitance ma- 
nometer. 

Titanium boride films were deposited on bare Si, or ther- 
mally oxidized silicon wafers. Chemical vapor deposition 
of TiB2 for this work was done over a wide range of process 
temperatures (375-750~ pressures (0.5-5 torr), and total 
flow rates (69-550 sccm). The B/B + Ti ratio of the input 
gases was varied from Ti rich (B/B + Ti ~ 0) to B rich (B/B 
+ Ti ~ 1). Only one parameter was varied for each set of ex- 
periments, while the others were held at a nominal value. 

The deposition procedure commenced with loading of a 
100 m m  silicon wafer with a 450 nm thermal oxide into the 
deposition chamber. The base pressure prior to wafer load- 
ing was usually mid 10 -7 torr. After pumping on the cham- 
ber for about 1 h to reduce the base pressure to 10 -6 torr, 
the heater was turned on, and H2 was introduced at the 
same flow rate as the total of the TIC14, B2H6, and H2 to sta- 
bilize the throttle valve at the process pressure. Once the 
wafer temperature approached the deposition tempera- 
ture, the input gases were allowed to flow through by- 
passed lines of the three-way valves, connected to the 
backing pump for about 30 s. After both temperature and 
flow rates stabilized, the reactant gases were introduced 
into the chamber  by changing the path of the three-way 
valves. The three-way valves were installed at the same 
distance from the chamber  so that the input gases reach 
the substrate at the same time. At the end of deposition, 
the flow of B2H6 and TIC14 were simultaneously ter- 
minated, and the heater was turned off. Then, H2 was intro- 
duced and the throttle valve was opened all the way to 
purge out the reactants quickly and to help cool the wafer. 
The TIC14 line and its mass flow meter  were purged and 
pumped out through a by-pass line after each run. Nitro- 
gen was used to vent the chamber  to unload a wafer. 

The thicknesses and surface roughness of the TiB2 films 
were measured using a Dektak profilometer after etching 
through the film with a 30% H202 solution at room tem- 
perature for 1-10 rain to provide a step at the measurement  
point. The thickness of some samples was verified using 
Rutherford backscattering spectroscopy (RBS) and/or 
cross-sectional transmission electron microscopy (TEM). 
The thickness of films deposited below 600~ was meas- 
ured via angle lapping and cross sectional SEM. The com- 
position and phases of the films were determined by Auger 
electron spectroscopy (AES), x-ray photon spectroscopy 
(XPS), and x-ray diffraction. 

The optimized deposition conditions were achieved 
through a careful characterization of the as-deposited and 
annealed TiB2 films. This optimization required measuring 
the following parameters: phases and crystallinity, stoichi- 
ometry, resistivity, impurity incorporation into the films, 
deposition rate, and uniformity. The application of TiB2 as 
a diffusion barrier, and its stability to A1 or to Cu is dis- 
cussed in detail elsewhere (25). 

Results and Discussion 
Film chemistry.--X-ray diffraction was employed to 

identify the phases present in the as-deposited films. No 
x-ray diffraction lines of TiB2 were observed at a deposi- 
tion temperature up to 750~ suggesting the presence of a 
very fine grained polycrystalline or amorphous phase for 
the as-deposited films. As shown in Fig. 7, the films RTA- 
annealed above 900~ gave patterns corresponding to the 
TiB2 structure, and the intensities of the TiB2 peaks in- 
creased as the annealing temperature was increased. The 
x-ray data indicated that the average grain size in TiB2 film 
grows with annealing temperature. Only the as-deposited 
sample showed a silicon substrate line, which is probably 
due to a stress buildup during film deposition. The grain- 
size growth and the resistivity reduction with annealing 
temperature are discussed in detail elsewhere (26). In addi- 
tion, XPS, coupled with depth profiling, was performed to 
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Fig. 7. X-ray diffraction patterns of TiB2 for as-deposited and an- 
nealed films. 

find the phase(s) and chemical composit ion of the films. A 
typical result for a stoichiometric TiB2 film deposited at 
650~ and 5 torr is shown in Fig. 8. No phase and composi- 
tion change in the bulk film were noticed after rapid ther- 
mal anneal at 1150~ 10 s (27). The film appears to be pure 
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Fig. 9. The thickness of TiB2 films as a function of deposition time. 
The TiB2 films were deposited on silicon dioxide substrates or silicon 
substrates at 600~ 1 torr, B/B + Ti = 0.67, TiCI4 25 sccm, and 10% 
B2H6 in H2 250 sccm. 

TiB2, with some oxygen present only at the surface, pre- 
sumably due to surface oxidation. Examinat ion of the B ls  
peak in detail revealed that only Ti--B bonding was pres- 
eht in the film, with the exception of the surface, where 
some B--O bonding is also present, revealing the forma- 
tion of BxO~. 

The effect of deposition time on deposition rate.--The de- 
pendence of the film thickness on the deposition t ime was 
examined in Fig. 9. The TiB2 films were deposited on sili- 
con, or thermal oxide substrates under  a typical deposition 
condition: 600~ 1 torr, TIC14 = 25 sccm, and 10% B2H6 in 
H2 = 250 sccm (B/B + Ti = 0.67). The film thickness in- 
creased linearly with the growth time, and the deposition 
rate was independent  of the substrate (Si vs. SiO2). Some 
evidence of an incubation t ime (~20 s) was observed. 
Since this t ime is very small compared to a typical deposi- 
tion t ime (6 min), the growth rate was calculated simply by 
dividihg the fihn thickness by the growth t ime in this 
work. 

The effect of temperature on the deposition.--The effect 
of temperature on deposition rate of TiB2 was studied as 
shown in Fig. 10. The depositions of TiB2 were done at 
3 torr, B/B + Ti = 0.67 in the temperature range of 375- 
750~ This graph contains an Arrhenius plot of the loga- 
ri thm of the deposition rate as a function of reciprocal tem- 
perature. As can be seen in this figure, two distinct regimes 
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Fig. 8. XPS depth profiling and binding energy for as-deposited TiB2 
films. 
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Fig. 10. Deposition rate of titanium diboride films as a function of 
temperature. The activation energy of TiB2 deposition is 0.31 eV above 
600~ and 1.38 eV below 600~ The depositions were performed at 
3 torr, B/B + Ti = 0.67, TiCI4 25 sccm, 10% B2H6 in H2 250 sccm, and 
H2 625 sccm. 
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of deposition kinetics are evident. From standard CVD 
theory, the presence of the two regimes is defined by the 
type of controlling reaction rate; if the surface reaction is 
rate limiting, as is often the case at low temperature, the 
deposition rate will be a strong function of deposition tem- 
perature. If  the rate limiting step is either reactant l imited 
or diffusion controlled, the temperature dependence will 
be slight. As can be seen from the figure, below 550~ sur- 
face reactions are apparently the dominant  factor for the 
kinetics of TiBa deposition, while mass transport is a limit- 
ing step for deposition above 550~ Activation energies 
for deposition are 1.36 and 0.31 eV for low and high tem- 
perature deposition, respectively. The reported value of 
the activation energies for TiB2 deposition from BC13, 
TIC14, and H2 source were 1.74 and 0.17 eV (28). 

Figure 11 shows the B/Ti and the C1/Ti mole ratios as a 
function of deposition temperature. The B/Ti ratio of films 
was determined by AES coupled with depth profiling. A 
3 keV Ar beam was used for sputtering the film. The lack 
of a t i tanium diboride standard did not allow us to cali- 
brate the B/Ti ratio precisely. Instead, the sensitivity fac- 
tors of metallic t i tanium and metallic boron were adopted 
to quantify the ratio. AES analysis of the f i lmindicated the 
presence of excess boron throughout  the bulk for films de- 
posited at low temperatures. For example, the B/Ti ratio 
for a TiBx film deposited at 500~ was found to be 2.6 rather 
than the 2.0 value obtained for higher deposition tempera- 
tures. In addition, during wet etching, the films deposited 
at temperatures below 600~ could not be completely re- 
moved. The residual layer, which was not completely 
etched in H202, is believed to result from concentration of 
a boron phase as the boron-rich t i tanium boride film is 
etched, ult imately resulting in a layer which resists further 
etching. Thus, thickness data were obtained from cross- 
sectional SEM after an angle lapping. As the deposition 
temperature increases, the B/Ti ratio approaches the stoi- 
chiometric value of 2, within the reasonable uncertainty of 
the AES sensitivity factors, and stays constant at higher 
temperatures.  Pierson and Mullendore (23) also found 
boron-rich films deposited at 600~ or below and more 
stoichiometric films at higher temperature. In addition to 
the problem of excess boron, a large C1 content was ob- 
served in low temperature films as we l l  At 600~ and 
above the C1 was at the detection limit for energy disper- 
sive spectroscopy (2%). The decomposit ion of the chlo- 
rides at lower temperature is presumably not efficient, so 
that the films containing chlorine and excess boron are de- 
posited, The benefit of higher temperature deposition in 
producing purer and more stoichiometric films is clear, 
and qualitatively in agreement  with the thermodynamic 
calculations. 

The effect of  input  gas mix ture  on deposition.--The dep- 
osition rate of t i tanium boride films was measured for the 
films deposited at 600~ 3 torr for 6 min. The B/B + Ti 
ratio of the input gas mixture  was varied from 0.0 to 0.8 at a 
constant total flow rate of 550 sccm. In the temperature 
range 375-750~ a violet-colored film was deposited on the 
cold wall and the color changed to white when the cham- 
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Fig. 11. The B/Ti and CI/Ti ratio in the titanium boride films depos- 
ited on SiO2 as a function of deposition temperature. The depositions 
were performed at B/B + Ti = 0.67, 1 torr. 
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Fig. 12. Input gas ratio dependence of deposition rate and stoichiom- 
etry (B/Ti ratio) for TiBz films. The films were deposited at 600~ 
3 torr, and the B/Ti ratio was measured by AES. 

ber door was opened. The deposition on the wall was more 
pronounced in lower total pressure runs, in which the dep- 
osition efficiency is lower. It is believed that the observed 
films were t i tanium subchloride(s) because both TIC13 (22, 
29, 30) and TiCI2 (23) are reported as stable substances 
below 440 and 475~ respectively. 

One interesting observation is the reaction between a Si 
substrate and the reactant gas in a CVD system containing 
only TIC14 (B/B + Ti = 0), since TiSi2 could form. In this 
work, no discernible depositions were observed when 
75 sccm of TIC14 and 925 sccm of H2 were introduced at ei- 
ther 375 or 600~ 3 torr for 20 min. Reynolds et al. also 
found no reaction at 627~ when TIC14 was introduced over 
a Si wafer; however, he did form TiSi2, and simultaneously 
etch Si above 827~ over the pressure range of 1-750 mtorr 
(31). Bouteville et el. used a hydrogen reduction of TIC14 in 
the temperature range of 700-1000~ and a total pressure of 
0.75 torr to form ti tanium silicide selectively on Si (32). 

The deposition rate and B/Ti atomic ratio determined via 
AES are plotted as a function of the B/B + Ti ratio in the re- 
actant gas mixture  in Fig. 12. The B/Ti ratio and the depo- 
sition rate were found to be dependent  on the input gas 
ratio. No deposition is observed at an input gas mixture of 
B/B + Ti = 0 (TIC14 only). On the other hand, the films de- 
posited at B/B + Ti = 0.8 were very nonuniform in compo- 
sition and color. For this boron-rich input gas mixture, the 
B/Ti ratio in the film increases from 2.4 to 9.9 along the di- 
rection in which the input gases travel, indicating a de- 
pletion of TIC14. The peak in deposition rate occurs close to 
an input gas ratio corresponding to stoichiometry (0.67). 
Such a peak in deposition rate from a fixed total flow sys- 
tem could be expected from a highly efficient, or reactant- 
l imited process. However, it is difficult to conclude 
whether  there is a true maxima in the B/Ti ratio at B/B + Ti 
= 0.67 in the input gas, or if the data represent noise in the 
AES measurements.  The films were found to have a con- 
stant, nearly s toichiometr ic  B/Ti ratio over a wide range of 
input gas mixture  ratios ranging from 0.4 to 0.71. This re- 
sult indicates that the window to deposit a single phase 
TiB2 with very limited amount  of secondary deposits (e.g., 
<0.1%) was wide, as predicted by thermodynamic calcula- 
tions (e.g., 600~ in Fig. 5). 

The effect of  input  gas f iow rate on deposition.--The dep- 
osition rate at 600~ increases linearly with total flow rate, 
from 70 to 550 sccm, as shown in Fig. 13. However  the TiB2 
thickness (deposition rate) also varies along the gas flow 
direction as shown in Fig. 14. For flow rates below 
140 sccm, the thickness of the film decreases monotoni- 
cally along the substrate in the direction of gas travel; at 
higher flow rates the film thickness max imum moves to- 
ward the center of the wafer. 

For the transport of gaseous species between the bulk 
gas and the deposition surface, it is usually assumed that a 
laminar boundary layer lies between the turbulent  bulk 
gas flow and the deposition surface, and that the diffusion 
of gaseous species through the laminar boundary layer is a 
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Fig. 13. Deposition rate as a function of total flow rate. The deposi- 
tion rate increases linearly with flow rate. The depositions were per- 
formed at B/B + Ti = 0.67, 600~ and 1 torr. 

poss ib l e  r a t e - l imi t ing  s tep.  Typ ica l ly  two  d i s t i nc t  types  of  
m a s s  t r a n s p o r t  l i m i t a t i o n s  are  a s soc i a t ed  w i t h  r e a c t a n t  
f lux in to  t h e  r e a c t i o n  c h a m b e r ,  a n d  t h e  c o m b i n a t i o n  of  
t h e s e  two  e s t a b l i s h e s  t h e  m a s s  t r a n s p o r t  l im i t ing  a spec t s  
of  a r e a c t i o n  t a k i n g  p lace  in  a g iven  o p e n  t u b e  sys tem.  The  
first  d e p e n d s  en t i r e ly  o n  t h e  ra te  of  i n t r o d u c t i o n  of  gas- 
eous  r e a c t a n t  in to  t he  c h a m b e r .  T h e  s e c o n d  d e p e n d s  on  
t h e  m o v e m e n t  of  t h i s  i n t r o d u c e d  m a s s  to  all p o r t i o n s  of  
t h e  r e a c t i o n  c h a m b e r ,  pa r t i cu l a r ly  t h e  r eac t i on  site, a n d  is 
g o v e r n e d  b y  t h e  s y s t e m  geomet ry .  T he  ave r age  l inea r  gas 
s t r e a m  ve loc i ty  is t yp ica l ly  c o m p u t e d  in  a h o t  wal l  s y s t e m  
to  p r o v i d e  a n o r m a l i z a t i o n  of  t h e  g e o m e t r y  (33). However ,  
i t  is p rac t i ca l ly  v e r y  di f f icul t  to  get  a m e a n i n g f u l  v a l u e  of  
t he  l i nea r  gas  s t r e a m  ve loc i ty  in  a cold  wal l  s y s t e m  d u e  to 
t he  c o m p l e x  r eac to r  geomet ry .  In  th i s  work ,  flow ra tes  are 
u s e d  for ana lys is ,  i n s t e a d  of  l i nea r  gas s t r e a m  veloci t ies .  

T h e  r e s i d e n c e  t i m e  of  t h e  i n p u t  gas in  a r eac to r  is de f ined  
as t = 60 VP/f, w h e r e  t = 3 r e s i d e n c e  t i m e  (s), V = v o l u m e  of  
t h e  r e a c t o r  (liters), f = f low ra te  (SLPM),  P = p r e s s u r e  
(atm). At  a low f low rate ,  t h e  r e s i d e n c e  t i m e  of  t h e  r e a c t a n t  
i n t r o d u c e d  in to  t h e  r e a c t i o n  c h a m b e r  m a y  b e  l ong  in  com-  
p a r i s o n  to c h e m i c a l  r e a c t i o n  or  m a s s - t r a n s f e r  rates .  H e n c e  
t h e  c h e m i c a l  s y s t e m  in  t h e  r eac t o r  m a y  b e  e x p e c t e d  to  ap- 
p r o a c h  e q u i l i b r i u m .  O n c e  t h e  s y s t e m  a p p r o a c h e s  equi l ib -  
r ium,  t h e  i n p u t  gas  f low ra te  b e c o m e s  t h e  m a s s  t r a n s p o r t  
rate.  In  o t h e r  words ,  in  th i s  r e g i m e  t h e  d e p o s i t i o n  ra te  is 
d e t e r m i n e d  en t i r e ly  b y  t h e  i n p u t  gas  f low rate ,  a n d  the re -  
fore  is p r o p o r t i o n a l  to  t he  flow rate.  I n  Fig. 13 t he  deposi -  
t i on  ra t e  is a l i nea r  f u n c t i o n  of  t h e  f low rate.  

O n  t h e  o t h e r  h a n d ,  as t h e  r e a c t a n t s  f low a long  t he  l e n g t h  
of  t h e  r e a c t i o n  c h a m b e r ,  a p o r t i o n  of  t h e  r e a c t a n t  gas is 
c o n s u m e d .  T h e  par t i a l  p r e s s u r e  of  t he  r e a c t a n t  gas  is t h u s  
l o w e r  n e a r  t h e  ou t l e t  e n d  of  t he  reac tor ,  a n d  t h e  d e p o s i t i o n  
r a t e  is r e d u c e d  t h e r e  i f  all  o t h e r  d e p o s i t i o n  p a r a m e t e r s  re- 
m a i n  c o n s t a n t .  T h e  c a l c u l a t e d  r e s i d e n c e  t i m e  for  t he  sys- 
t e m  u s e d  h e r e  is s h o w n  in  Tab le  II. As  can  b e  s een  in t h e  
tab le ,  t h e  r e s i d e n c e  t i m e  i nc r ea se s  as t h e  flow ra te  de-  
c reases .  W h e n  t h e  f low ra te  or gas  s t r e a m  ve loc i ty  is low, 

Table II. The residence time at various input gas flow rates at 600~ 
1 torr, B/B + Ti = 0.67. 

Flow rate (sccm) 68.8 103.1 137.5 275 550 
Residence time (s) 21.9 14.7 11.0 5.5 2.8 

i.e., t h e  r e s i d e n c e  t i m e  is long,  d e p l e t i o n  of  i n p u t  gases  
m i g h t  b e  e x p e c t e d  to  occur .  I n d e e d ,  as can  b e  s e e n  in  
Fig. 14, for  to t a l  f low ra tes  b e l o w  137.5 s c c m  t h e  t h i c k n e s s  
of  TiB2 d e c r e a s e s  a l o n g  t he  d i r e c t i o n  of  gas  t ravel ,  ind ica t -  
ing  d e p l e t i o n  of  t h e  i n p u t  gas, wh i l e  at  h i g h  f low ra tes  w i t h  
sho r t  r e s i d e n c e  t imes ,  t h e  t h i c k n e s s  is m a x i m u m  at  t h e  
c e n t e r  of  t he  wafe r  a n d  d e c r e a s e s  radial ly.  T h e  loca t ion  of  
t h e  m a x i m u m  t h i c k n e s s  is o b s e r v e d  to sh i f t  f r om the  
wafe r  edge  n e a r e s t  t h e  gas  i n j ec to r  to  t h a t  of  t he  p u m p i n g  
po r t  as t h e  f low ra te  ( l inear  gas  s t r e a m  veloci ty)  inc reases .  
Th i s  is p r o b a b l y  b e c a u s e  t h a t  i t  t akes  l onge r  for  t he  i n p u t  
gas  to a p p r o a c h  t h e  d e p o s i t i o n  t e m p e r a t u r e  at  h i g h  f low 
rate.  E v e n  t h o u g h  t h e  n u m e r i c a l  r e su l t s  are  r eac to r  specif -  
ic, t h e  gene ra l  t r e n d s  s h o u l d  b e  a p p l i c a b l e  to  a r a n g e  of  
cold  wal l  sys tems .  

The effect of pressure on deposition.--A ser ies  of  exper i -  
m e n t s  to  s t u d y  t h e  d e p e n d e n c e  of  p r e s s u r e  on  d e p o s i t i o n  
of  TiB2 were  p e r f o r m e d .  T h e  to ta l  p r e s s u r e  of  t h e  c h a m b e r  
was  va r i ed  f rom 0.1 to 4 t o r r  b y  t h r o t t l i n g  t h e  e x h a u s t  
valve.  T h e  o t h e r  d e p o s i t i o n  v a r i a b l e s  w e r e  f ixed at  600~ 
250 s c c m  to ta l  flow ra te  h a v i n g  B/B + Ti = 0.67 a n d  6 m i n  
d e p o s i t i o n  t ime.  F i g u r e  15 s h o w s  t h e  d e p e n d e n c e  of  t he  
d e p o s i t i o n  ra t e  of  TiB2 f i lms on  t h e  to ta l  p ressu re .  No dep-  
os i t ion  was  d e t e c t e d  at  0.1 torr ,  e v e n  u s i n g  f o u r - p o i n t  
p r o b e  s h e e t  r e s i s t a n c e  m e a s u r e m e n t ,  w h i c h  s h o u l d  b e  sen-  
s i t ive  to  t he  p r e s e n c e  of  a n  u l t r a  t h i n  film. A m e a n i n g f u l  
v a l u e  of  d e p o s i t i o n  ra te  cou ld  no t  b e  o b t a i n e d  a t  a p r e s s u r e  
of  4 t o r r  d u e  to p o o r  t h i c k n e s s  un i fo rmi ty .  As can  b e  s een  
in t h e  f igure,  t h e  d e p o s i t i o n  ra t e  l i nea r ly  inc reases  w i t h  t he  
i n p u t  pa r t i a l  p r e s s u r e  of  TIC14 a n d  B2H6. T h e  f i lm t h i c k n e s s  
v a r i a t i o n  o n  t he  wafe r  a long  t h e  d i r e c t i o n  of  gas  f low is 
p lo t t ed  in  Fig. 16, w h e r e  e v i d e n c e  of  gas  d e p l e t i o n  is s e e n  
a b o v e  1 torr.  T h e  l oca t i on  of  t he  m a x i m u m  in  t h e  f i lm 
t h i c k n e s s  sh i f t s  f r o m  the  l e ad ing  ( input )  to  t he  t ra i l ing  (ex- 
haus t )  edge  as t h e  p r e s s u r e  d e c r e a s e s  f r o m  2 to 0.5 torr .  

F o r  a h o r i z o n t a l  CVD reac tor ,  t h e  b o u n d a r y  layer  th i ck -  
ness ,  8, c an  b e  d e t e r m i n e d  u s i n g  t h e  equa t ion :  6 = 
(Drd/Re) 1/2, w h e r e  Dr is t h e  d i a m e t e r  of  t he  tube ,  d is t he  
axia l  d i s t a n c e  a long  t h e  t ube ,  a n d  Re  is t h e  R e y n o l d s  n u m -  
ber.  E v i d e n t l y  D, a n d  d are  i n d e p e n d e n t  of  t he  p re s su re .  
T h e  R e y n o l d s  n u m b e r  is c a l cu l a t ed  u s i n g  t h e  fo rmula :  
Re  = Dd • L/DA, w h e r e  Dd is l i nea r  gas  s t r e a m  veloci ty ,  L is 
a cha r ac t e r i s t i c  l e n g t h  d e s c r i p t i v e  of  t h e  f low field wh ich ,  
for t h e  case  of  gas  f low in  a tube ,  w o u l d  b e  equa l  to t he  di- 
a m e t e r  of  t h e  tube ,  a n d  DA is d i f fus ion  cons t an t .  B e c a u s e  L 
is i n d e p e n d e n t  of  p r e s s u r e  a n d  b o t h  t he  l inea r  gas  s t r e a m  
ve loc i ty  a n d  t h e  d i f fu s ion  c o n s t a n t  are  i n v e r s e l y  p ropor -  
t iona l  to  t h e  s y s t e m  p res su re ,  t h e  R e y n o l d s  n u m b e r  a n d  
c o n s e q u e n t l y  b o u n d a r y  layer  t h i c k n e s s  are  i n d e p e n d e n t  
of  t h e  p r e s s u r e  (34). H o w e v e r  t h e  d e p o s i t i o n  ra te  i nc reases  
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Fig. 14. The thickness of TiB2 as a function of location on the wafer 
for various flow rates. The films were deposited at 600~ B/B + Ti = 
0.67, and 1 torr. 
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Fig. 15. Deposition rate as a function of deposition pressure. The 
deposition rate increases linearly with pressure. The depositions were 
performed at B/B + Ti = 0.67, 600~ 
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Table III. The residence time and deposition efficiency at various 
pressures at 600~ 275 sccm total flow, B/B + Ti = 0.67. 

Total pressure (torr) 0.5 1.0 1.5 2.0 
Residence time (s) 2.8 5.5 8.2 11.0 
Deposition efficiency (%) 0.75 8.1 13.5 18 

linearly with the partial pressure of the reactants, which is 
proportional to total pressure in this experiment.  

The residence t ime of the input gas in the chamber and 
deposition efficiency are calculated in Table III. The depo- 
sition efficiency is defined as a ratio of the mole amount  of 
Ti deposited on the heated area to the mole amount  of Ti in 
the input gas based on the input gas flow rate. The resi- 
dence t ime of reactant and the deposition efficiency both 
increase with the pressure. The gas depletion effect dis- 
cussed earlier in the flow rate experiments  is observed 
again in these pressure experiments for long residence 
times. 

At the total pressure of 2 torr where the residence t ime is 
11 s, the input gas depletion effect is very pronounced, i.e., 
the film thickness on the wafer decreases along the direc- 
tion of gas flow. A more uniform wafer, having the thickest 
film more symmetrically at the center, is obtained at the 
pressure of 1 torr. It is very interesting to note the shift of 
the thickest  film position from the front of the wafer at 
2 torr toward the back at 0.5 torr, presumably caused by 
the low pressure gas taking longer (traveling farther) to 
achieve thermal equilibrium. 

Roughness of the films.--The surface of the films were 
scanned with a Dektak profilometer to measure the rough- 
ness of the film. In Fig. 17 the roughness of the films repre- 
sented by the height difference between peaks and valleys 
is shown as a function of the film thickness. This figure 
contains two different variables: varying the deposition 
t ime from 1 to 6 min or varying the flow rate from 68.75 to 
550 sccm, keeping the other process conditions constant. 
The deposition condition was 600~ 1 torr, 6 rain, and 
275 sccm of input flow rate with B/B + Ti = 0.67. The agree- 
ment  of both sets of data suggests that the surface rough- 
ness of the films is independent  of the total flow rate, in- 
creases linearly with the film thickness, and typically 
amounts to about 5%. 

Conformal depesition.--One advantage of chemical 
vapor deposition is its conformality. The film deposited 
over a 0.5 ~m wet-etched oxide step at 600~ 1 torr, B/B + 
Ti = 0.67 shows a conformal deposition. The film thickness 
on the etched wall and bot tom is more than 90% of that on 
top of the step. This result indicates good conformal cover- 
age of TiB2 over moderate steps. 

Etching.--TiB2 films deposited on thermal silicon diox- 
ide at 600~ and above were wet etched in 30% H202 at 
room temperature.  Wet etching in H202 left a very thin 
layer (<10 nm measured by XPS) on the etched surface. 
Because the thickness of the unetched layer was very thin, 
the use of chemical  analysis to verify the content of the 
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Fig. 16. The thickness of TiB2 as a function of location in the wafer 
for various pressures. The films were deposited at 600~ B/B + Ti = 
0.67, and 275 sccm total flow rate. 
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Fig. 17. The roughness of TiB2 films as a function of film thickness. 

film was very difficult. However, the thermodynamic anal- 
ysis discussed earlier suggested that an interface layer be- 
tween the substrate and the TiB2 film would be present. 
Boron oxide and t i tanium oxide are expected to form on a 
silicon dioxide substrate while t i tanium silicide is pre- 
dicted on a Si substrate. The presence of such a residual 
layer leads to a high level of leakage currents between ad- 
jacent  TiB2 dots which are defined by photolithography, 
and hindered any further meaningful  electrical measure- 
ments. The remaining residue from the TiB2 films on an 
SiO2 substrate could be etched in a single-wafer, mag- 
netically enhanced plasma reactor (35). For the dry etch- 
ing, CFzC12 was initially used for a very short period of time 
to nonselectively etch any surface materials. Subsequently 
Br2 was used for the main part of the etch because it is well 
known to give highly anisotropic profiles with a very high 
selectivity to the underlying oxide. The electrical measure- 
ments on dry etched TiB2 film suggested that dry etching 
with such a combination of reactants successfully etched 
TiB2 films on thermal oxide. 

Conclusions 
A thermodynamic analysis of the chemical  vapor deposi- 

tion of TiB2 from gaseous TIC14, B2H~, and H2 was per- 
formed using SOLGASMIX and served as a guide line for 
selecting process conditions. In TiC14-rich gas mixtures, 
multiphase deposits of t i tanium silicides and ti tanium di- 
boride are predicted on a silicon substrate. In a diborane- 
rich input gas mixture,  elemental  boron is expected to ac- 
company TiB2 deposition on a silicon substrate. However, 
at an input gas ratio corresponding to the stoichiometry of 
TiB2, the amount  of secondary-phase deposition is pre- 
dicted to be considerably reduced compared to that of 
TiB2. On the other hand, in addition to TiB2, ti tanium oxide 
and boron oxides are expected to deposit on SiO2 sub- 
strates in a TiC14-rich gas mixture, while boron and ti- 
taniunh diboride are expected in a B2H6-rich gas mixture. 
To take advantage of the widest single-phase window pos- 
sible for both substrates, the thermodynamically opti- 
mized standard condition for input gas mixture and depo- 
sition temperature were chosen as B/B + Ti = 0.67 and 
600~ respectively. Multiple-phase deposition is predicted 
on most other substrates. 

X-ray diffraction data indicated the presence of a very 
fine grained polycrystalline or amorphous phase for as- 
deposited films. However,  the films RTA-annealed above 
900~ gave patterns corresponding to the TiB2 structure. 
Except  for an oxidized layer at the surface, the films ap- 
pear to be pure TiB2 when analyzed via XPS. 

The film thickness increased linearly with the growth 
time, and the deposition rate was independent  of the sub- 
strate (Si vs. SIO2). Two distinct regimes of deposition ki- 
netics were evident in different deposition temperature 
ranges. Below 600~ surface reactions are found to be the 
dominant  factor for the kinetics of TiB2 deposition, while 
mass transport is the limiting step for deposition above 
600~ Activation energies for deposition were determined 
to be 1.36 eV, and 0.31 eV for low and high temperature 
deposition, respectively. The presence of excess boron and 
chlorine was detected throughout  the bulk for low-tem- 
perature films. As the deposition temperature increased, 
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the B/Ti ratio approached the stoichiometric value of two, 
and remained constant  at higher temperatures; further- 
more the C1 content  was reduced. Over a wide range of 
input  gas mixture ratios from 0.4 to 0.71, the films were 
found to have a constant, nearly stoichiometric B/Ti ratio. 
This result indicates that the window to deposit single- 
phase TiB2 is quite wide. The peak in deposition rate was 
found to occur close to an input  gas ratio corresponding to 
stoichiometry (0.67), suggesting that the deposition mech- 
anism was reactant limited. The deposition rate increased 
linearly with flow rate and pressure, indicating that the 
mechanism for deposition was equil ibrium limited in the 
range of flow rate 70-550 sccm. Input  gas depletion effects 
were observed at low flow rates and high pressures where 
the residence time of reactants was longer than 10 s. A sur- 
face reaction limited mechanism was not observed in 
these experiments,  even at the max imum flow rate of 
550 sccm. The roughness of the films increased linearly 
with the thickness. 

To get stoichiometric and uniform films in the reactor 
used in this study, the optimized process condition was 
600~ 1 torr, total flow rate of 550 sccm with an input  gas 
mixture of B/B + Ti = 0.67. 
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