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Metal-organic atomic-layer deposition of titanium-silicon-nitride films 
Jae-Sik Min, Hyung-Sang Park, and Sang-Won Kangal 
Department of Materials Science and Engineering, Korea Advanced Institute of Science and Technology, 
Taejon, Korea 

(Received 11 May 1999; accepted for publication 19 July 1999) 

Titanium-silicon-nitride films were grown by metal-organic atomic-layer deposition at 180 °C. 
When silane was supplied separately in the sequence of a tetrakis(dimethylamido) titanium pulse, 
silane pulse, and ammonia pulse, the Si content in the deposited films and the deposition thickness 
per cycle remained almost constant at 18 at.% and 0.22 nm/cycle, even though the silane partial 
pressure varied from 0.27 to 13.3 Pa. Especially, the Si content dependence is strikingly different 
from the conventional chemical-vapor deposition. The caeacitance-voltage measurement revealed 
that the Ti-Si-N film prevents the diffusion of Cu up to 800 °C for 60 min. Step coverage was 
approximately 100% even on the 0.3 µm diam hole with slightly negative slope and I 0: 1 aspect 
ratio. © 1999 American Institute of Physics. [S0003-6951(99)01137-7] 

As the minimum feature size of semiconductor devices 
shrinks, the Cu diffusion barrier must be effective even when 
it is as thin as 10 nm because thick diffusion barriers leave 
little space for Cu, and thus, nullify the advantage of Cu 
metallization. 1 

•
2 In this respect, more effective Cu diffusion 

barrier materials with a thinner thickness are required. Amor­
phous refractory ternary metals such as (Ti, Ta, W)-Si-N, 
W-B-N do not have fast diffusion paths such as a grain 
boundary present in polycrystalline materials and are prom­
ising candidates for these applications.3

,4 These diffusion 
barriers need to be deposited with good step coverage, espe­
cially on the sidewall, as the aspect ratio of contact/via/ 
trench increases. 

Metal-organic atomic-layer deposition (MOALD) 
achieves near-perfect step coverage and can control precisely 
the thickness and composition of grown films. 5 We have al­
ready demonstrated that TiN film could be grown with ex­
cellent conformality by MOALD using tetrakis(ethylmethyl­
amido)titanium and NH3. 

6 However, MOALD of a ternary 
system may not be as easy to demonstrate as much as it is for 
a binary system and may not be understood straightforwardly 
in terms of chemical composition and growth kinetics. 
Therefore, in the present study, we have developed a 
MOALD technique for ternary Ti-Si-N films using a se­
quential supply of Ti[N(CH3h]4 [tetrakis(dimethylamido) ti­
tanium: TDMAT], silane (SiH4), and ammonia (NH3), and 
evaluated the Cu diffusion barrier characteristics of a 10 nm 
Ti-Si-N film with high-frequency small-signal 
capacitance-voltage ( C- V) measurements. 

A MOALD apparatus was used to grow Ti-Si-N films, 
which is schematically similar to the one described 
previously.6 All the films were grown on Si02 (100 nm)/Si 
wafers at the substrate temperature of 180 °C and with the 
reactor pressure maintained at 133 Pa. TDMA T was deliv­
ered from the bubbler (30 °C) to the reactor using Ar (70 
seem) as a carrier gas. Also, the flow rates of NH3 and SiH4 

(forming gas with 10% SiH4/90% Ar) diluted in Ar were 
fixed at 70 seem. The film thicknesses were measured by the 

")Electronic mail: swkang@cais.kaist.ac.kr 
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surface profilometer. The composition of the grown film was 
analyzed using 9.0 MeV Cl5+ elastic recoil detection time of 
flight (ERD-TOF), 2.43 MeV He2+ Rutherford backscatter­
ing spectroscopy (RBS), and Auger electron spectroscopy 
(AES). 

Figure 1 shows the dependence of the Si content in the 
Ti-Si-N film and the film deposition thickness per cycle on 
SiH4 partial pressure. In this case, Ti-Si-N films were 
grown by a sequential supply of TDMA T for 5 s, SiH4 for 
IO s, and NH3 for 10 sin a cyclic manner, and an Ar pulse 
for 20 s was inserted between each reactant gas pulse in 
order to isolate the reactant gases from each other. The par­
tial pressure of SiH4 was varied from 0.27 to 13.3 Pa by 
mixing with Ar. Despite the wide variation in SiH4 partial 
pressure, the Si content in the films and the deposition thick­
ness per cycle remain almost constant at 18 at.% and 0.22 
nm/cycle, respectively. The dependence of Si content on the 
SiH4 partial pressure in MOALD is quite different from the 
conventional metal-organic chemical-vapor deposition 
(MOCVD) of Ti-Si-N, in which the Si content in the film 
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at the substrate temperature of 180 °C: Ti-Si-N films were grown by se­
quential supply of TDMA T for 5 s, SiH4 for 10 s, and NH3 for lO s. 

© 1999 American Institute of Physics 

MICRON Ex.1010 p.6



1522 Appl. Phys. Lett., Vol. 75, No. 11, 13 September 1999 

,........, 
Q) 

40 0.5 0 
Saturated TIN film th<ckness per cycle (0.44 nmlcycle) ;;.... 

() 
·························--·-···------ --- E • Si contents 0.4 c: ,........, 

30 '--' 
~ 0 Film thickness per cycle cu 
,.j 0 co 

0.3 ;;.... '--' 
(.) 

Vl ....... 
20 

..... c: cu 
G) • 0.. ....... 

0.2 c: Vl 
0 en 
u Q) 

c: 
10 ~ 

Cl) () 
0.1 :E ....... 

5 
0 0.0 ~ 10·3 10·2 10·1 10° 101 102 

SiH/NH3 ratio 

FIG. 2. Dependence of the Si content in 1hc Ti-Si-N films and deposition 
thicknes~ per cycle on the SiH4 /NH 3 ratio for 1he films grown on Si02 at the 
substrate temperature of 180 °C. SiH4 and NH , were simultaneou:.ly ,up­
plied in 1he ~equeoce of TDMAT for 5 >and SiH4 /NH3 for JO s. On the 
comrary. '~hen TDMAT and H, were alternately supplied withou1 Sill4 • 

the ~aturated TiN deposition thicknes~ per cycle was 0.44 nm/cycle. 

increases logarithmically as the partial pressure of SiH4 
increases.7 

The difference between MOALD and MOCYD may 
originate from the fact that the Si content in the MOALD is 
controlled by the amount of Si H4 that can be adsorbed on the 
su1face during a SiH-t pulse. As a preliminary experiment, it 
was observed tbat there was no reaction between SiH4 and 
TDMAT, or S~ and H3 at 180 °C. These results indicate 
that SiH-t cannot react directly with TDMAT or H3 at this 
temperature. Thus. the amount of available adsorption sites 
for SiH4 would be limited, since most of the available ad­
sorption sites on the surface have been already occupied by 
TDMAT molecules, which were chemisorbed on the surface 
during the prior injection of the TDMAT pulse. Therefore, 
the Si content in the Ti-Si - N films will be controlled by the 
amounr of SiH4 adsorbed on the surface, not by the SiH4 
partial pressure. 

On the other band. the Ti-Si-N deposition thickness per 
cycle, 0.22 nm/cycle, is nearly half the value of TiN (0.44 
nm/cycle. shown in Fig. 2). A menrioned above. SiH4 can­
not react directly with TDMAT or NH3 at this MOALD tem­
perature of 180 °C. Thus. SiH4 can only take part in the 
Ti - Si- N formation during the reaction between TDMAT 
and NH3. Therefore, when Lhe substrate covered with both 
TDMAT and SiH4 is exposed to the NH3 pulse. the reaction 
between TDMAT and NH3 should at fast occur on the sur­
face. And then, the SiH4 ad orbed on the surface could be 
involved into the Ti-Si-N formation. But, excess SiH4 

would still remain on the surface after the end of the H3 
pulse and act as a blockade toward the adsorption of 
TDMAT during the following TDMAT pulse of the next 
cycle. Consequently, the total quantity of TDMAT and NH3 
that contributes to the film growth during one cycle wou ld be 
decreased. and it would result in reduction of the Ti - Si- N 
deposition thickness per cycle. 

Figure 2 shows the dependence of the Si content and the 
deposition thickness per cycle on the SiH-t!NH3 ratio. In this 
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FIG. 3. I kHz C-V measurements for MOS capacitors, Cu (100 nm)/10 nm 
Ti-Si-N barrier layer (or without the barrier layer)/Si01 ( IOO nm)/N-type 
Si. (a) and (b) are the C-V profile;. for the MOS capaciior wi1hout 1hc 
barrier layer before and after thermal treatment at 600 °C for 60 mm in 112 
( 10%)/Ar (90%). respectively. (c) b 1he C - V profiles for the MOS capaci­
tor with a 10 run Ti-Si-N barrier la)'er afler thermal treatment at 800 C for 
60 min in H~ ( 10%)/Ar (90<K). 

experiment, Sili.i and NH3 were simultaneously supplied in 
the sequence of the TDMAT pulse for 5 sand the SiH4/NH3 
pulse for 10 s. The Si content increases as the SiH4 /NH3 
ratio increases and is saturated at 23 at.%. ft is comparable 
to the conventional CVD that the Si content increases ac­
cording to the SiH-t partial pressure. The deposition thickness 
per cycle decreases continuously as the Si content in the film 
increases. Two possible reasons can be considered. The first 
reason is that the number of reactant molecules that contrib­
ute to the film deposition during one cycle decreases due to 
the SiH4 blocking effect, as mentioned in Fig. 1. And the 
second reason is that the deficiency of NH3 can also reduce 
the overall reaction rate during one cycle. 

Metal-oxide-semiconductor (MOS) capacitors, Cu (I 00 
nm)/barrier layer (or without the barrier layer)/Si02 (I 00 

FIG. 4. Cross-sectional SEM micrograph of a 50 nm Ti-Si-N lilm grown 
by MOALD at 180 °C. Step coverage of the Ti-Si-N film i' approxi­
m;uely 100% even on the 0.3 µm diam hole with ~lightly nega1ive slope and 
I 0: I aspect ratio. 
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nm)/N-type Si, were fabricated to investigate the Cu diffu­
sion barrier characteristics of the MOALD Ti-Si-N film. 
Figure 3 shows the C - V profiles measured at the 1 kHz 
frequency of a small signal. In Fig. 3, (a) and (b) are the 
C - V profiles for the MOS capacitor without the barrier layer 
before and after thermal treatment at 600 °C for 60 min in H2 

(10%)/Ar (90%), respectively. (c) is the C-V profile for the 
MOS capacitor with a 10 nm Ti0_32Si0_18N0_50 barrier layer 
after thermal treatment at 800 °C for 60 min in H2 ( 10% )/Ar 
(90% ). In the case of (a), the C - V profile shows the typical 
high-frequency small-signal C - V characteristics. However, 
in the case of (b), the C-V profile shows low-frequency 
C- V characteristics in spite of the 1 kHz small-signal C- V 
measurement. This will come from the Cu atoms diffused 
into the N-type Si, because Cu atoms form deep donor levels 
and can act as the generation and recombination centers of 
electron-hole pairs. But, in the case of (c), the C-V profile 
shows no change by thermal treatment at 800 °C for 60 min, 
compared with the case of (a). It is revealed that the 10 nm 
Ti-Si-N film grown by MOALD performs the role of the 
Cu diffusion barrier up to 800 °C for the 60 min well. 

The MOALD process has great potential for excellent 
step coverage on severe surface topography due to the com-
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plete surface reaction. Figure 4 shows the cross-sectional 
scanning electron microscope (SEM) image of the 50 nm 
Ti-Si-N film grown by the same method as in Fig. 1. It 
clearly demonstrates the perfect step coverage of MOALD 
even on the 0.3 µm diam hole with slightly negative slope 
and 10: 1 aspect ratio. 

A MOALD for Ti-Si-N was developed by alternate 
supply of TDMAT, SiH4, and NH3 at 180°C. The MOALD 
Ti-Si-N films showed excellent Cu diffusion barrier perfor­
mance with 10 nm thickness up to 800 °C for 60 min. 
MOALD is a promising deposition method for Ti-Si-N 
with less than 10 nm thickness as a Cu diffusion barrier film. 
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