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Abstract 
A comparison between interface quality of several 
temperatures thermal annealed HPRS TiOz films and 
750 "C annealed ALD TiOz films has been established. 
Our attention has been focused on the interfacial state 
and disordered induced gap state densities. From our 
results, HPRS films submitted to in situ 900 C 
thermal annealing in oxygen atmosphere exhibit the 
best characteristics, with Di, density being the lowest 
value measured in this work ( 5  - 6 x 10" cm'2 eV-'), 
and undetectable conductance transients within our 
experimental limits. 

1. Introduction 
Titanium dioxide has been one of the most extensively 
studied oxides because of its remarkable optical and 
electrical properties [ 1-51, Because of its high dielectric 
constant, it may used as a thin film capacitor. Also, it is 
a prototypical altemate gate dielectric for deep- 
submicron MOSFETs due to the acceptance o f  titanium 
in most modem CMOS fabrication facilities. Studies of 
thin films of Ti02 typically report dielectric constants 
that range from 40 to 86. It is believed that this 
variability is related to the presence of low-permittivity 
interfacial Iayers and to the dependence of permittivity 
on crystalline phase. Titanium dioxide forms in a 
number of phases. By far the most common are anatase 
and rutile, which normally forms at temperatures above 
800 "C. The bandgap of the material is reported to be 
between 3.0 and 3.5 eV, depending on the crystalline 
phase. The anomalously high permittivity of TiOz, 
which arises through a strong contribution from soft 
phonons involving Ti ions, is not exhibited by the other 
group IVB metal oxides. On the other hand, Ti has 
several stable oxidation states of Ti'* and Ti4' which 

lead to a well-known problem with materials 
containing Ti-0 bonds: a reduced oxide. Such a 
reduced oxide has many oxygen vacancies which act as 
carrier traps and high leakage paths [6] .  
Another important concem related to titanium dioxide 
is the electron effective mass value. Monticone et al. 
taked the anatase TiOz electron effective mass to be 
equal to m, = 10 ma [7]. On the other hand, J. Pascual 
and co-workers obtained m, = 3 mo [8], whereas M. D. 
Stamate recentIy reported a value of m, = (0.71 - 1.26) 

The present work deals with the interface quality of 
TiOz-based metal-insulator-semiconductor (MIS) 
structures, with TiOz being fabricated by using two 
different methods: high-pressure reactive sputtering 
(HPRS) and atomic layer deposition (ALD). 

m~ 191. 

2. Experimental 
Some films were grown by atomic layer deposition 
(ALD) [IO] in a flow-type low-pressure (250 Pa) 
reactor. Ti02 films were deposited from three different 
precursor systems employing titanium tetrachloride 
(Tic&) and titanium ethoxide (Ti(OC2H5)4) as the 
metal precursors, and water (H20) and hydrogen 
peroxide (H202) vapors as the oxygen precursors. In all 
cases an ALD cycle consisted of metal precursor pulse 
(t,),  purge (I2), oxygen precursor pulse (t3) and another 
purge (I4). Nitrogen was used as the camer of precursor 
as well as the purging gas. The growth temperatures 
(T,) and time parameters of the deposition process are 
listed in Table 1. 
The n-type Si( I 0 0) substrates used in our experiments 
were etched in HF and then rinsed in deionized water 
immediately before loading them into the reactor. The 
Ti02'films were grown on the bare substrates without 
using any buffer layers. The thickness value of the 
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Sample 

1012 
lo18 

1025 
I024 

films deposited for electrical measurements was 20 nm. 
These films were too thin for reliable composition 
analysis. However EPMA measurements performed for 
thicker films grown under similar conditions 
demonstrated that the concentration of residual 
chlorine did not exceed 0.1 atomic % in the TiOz films 
grown from Tic14 and H 2 0  at 200-275T [ I  11 and the 
concentration of residual carbon was 0.5-1 .O atomic % 
or lower in the fiIms grown from Ti(OC2H5)4 and HzO 
at 200°C and higher temperatures [12, 131. 
The Ti02 films were too leaky in their as-grown stage. 
Therefore thermal annealing was used to improve 
dielectric properties of those films. The annealing has 
been carried out at 750 "C in purified oxygen 
(99.999%) under atmospheric pressure for 10 min. 
After the film deposition and also after annealing 
procedures, aluminium dot electrodes were e-heam 
evaporated through shadow mask on the top of 
dielectric films. The area of AI dots was 0.204 m2. 
The backsides of the silicon substrates were etched in 
HF and metallized by evaporating the A1 electrodes to 
provide nearly ohmic contact to silicon. The thickness 
of the A1 electrodes was 120-1 50 m. 
On the other hand, HPRS Ti021Si02 dielectric thin 
films stacks were grown on n-type silicon substrates. 
First, a 7 nm SiOz film was grown by ECR-CVD. 
After, 77.5 nm Ti02 films were grown in a HPRS 
system at a pressure of 1 mbar during 3 hours, the 
growing temperature was kept at 200°C and the RF 
power was 600 W. Finally, the samples were in situ 
annealed in oxygen atmosphere at temperatures 
ranging from 600 to 900°C. 
Electrical characterization was carried out by using 
capacitance-voltage (C-V), deep-level transient 
spectroscopy (DLTS) and conductance transient (G-t) 
measurements. 

Precursors TG, O C  tl-t2-t3-t+ s Cycles Thickness, nm 

TiCI4-H20 225 0.5-2-2-2 330 20 

Ti(OC2H5)4-H20 275 2-2-2-2 300 20 

Ti(OC2HJ4-H202 225 2-2-2-2 360 20 

Ti(OC2H5)4-HZ02 275 2-2-2-2 330 20 

3. Results and Discussion 
Figure 1 shows capacitance-voltage curves obtained at 
liquid nitrogen temperature (a) and at room 
temperature (b). As for C-V measured at 77 K, we see 
that unannealed films deposited by HPRS show 
positive flat-band voltage shift which means negative 
trapped charge in the insulator. Also, C-V curves have 
a considerable stretch-out as well as hysteresis 
behaviour, thus indicating that interface states 
distribution follows the disordered induced gap-state 

1.0- 

0.8 - - 

0.6 - 

(DIGS) model [14]. However, annealed films both 
atomic layer deposited and high-pressure sputtered 
show flat band voItage values very near to 0 V, and 
their C-V shape are much less distorted, thus indicating 
better interface quality. It is worth to point out that flat- 
band voltage shift corresponding to ALD samples 
clearly diminishes in C-V curves measured at 77 K to 
respect those measured at room temperature, indicating 
that some defects are frozen at low temperatures. 
Deep level transient spectroscopy (DLTS) 
measurements allow us to obtain interfacial state 
density, as it is shown in Figure 2. Unannealed HPRS 
films and annealed ALD films have Di, densities of 5 x 
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Fig.1. 1 MHz C-V curves measured at 77 K (a) and at room 

temperature (b) corresponding to HPRS and ALD TiOz MIS 

devices. 
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Fig.2. DLTS profiles for HPRS and ALL3 Ti02 MIS devices. 

10'' cm-2 e V '  and 4 x 10" cm.2 eV', respectively. 
However, for 700 "C annealed WPRS films we obtain 
lower D;, values (1 x 10" cm'2 eV'). NO great 

FEg.3. Three-dimensional DIGS profiles of 750 "C 

annealed ALD (a) and 700 "C anneaIed HPRS (b) 

differences are observed between DLTS spectra 
corresponding to all the samples in Table 1. 
Moreover, from experimental conductance transients 
we can obtain the DIGS state density as a function o f  
the spatial distance to the interface and of the energy 
position, as it has been described elsewhere [ 1 5 ,  161. 
To evaluate the spatial coordinate, we must know the 
effective mass value. Differences of a factor of 3 have 
been obtained by using the values provided in 
references [7-91, but they only affect to the value of the 
spatial distance to the interface and not to the DIGS 
density values. So, the intermediate value (me = 3 m) 
has been considered through all this work. 
Figure 3 shows three-dimensional DIGS profiles of 750 
"C annealed ALD (a) and 700 "C annealed HPRS (b) 
Ti02 fiIms. Despite their low values of Dil obtained by 
DLTS, we clearly see that DIGS density i s  higher for 
700 "C annealed HPRS films (2.5 x 10" cm-* eV') 
than for 750 "C annealed ALD films (DIGS density is 
less than 1 x 10" cm-'eV-'). 
HPRS films submitted to different annealing 
temperatures exhibit lower DIGS densities, as we can 

(a) Ai/TiO,/Si 

( b )  AIITi0,ISi 

Fig.4. Three-dimensional DIGS profiles of 600 "C (a) 

and 800 "C annealed (b) HPRS Ti02 MIS devices. 
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FigS. DLTS profiles for several annealing temperatures HPRS 

see in Figure 4: we obtain 5 x 10” cm‘2 eV-’ in the 
cases of 600 “C annealing (a) and 1-1.2 x 10“ cm-’ e V  

in the 800 “C cases (b). Within our experimental 
resolution, conductance transients have not been 
detected for 900 “C annealed HPRS samples. However, 
at this point it is worth to compare DIGS and D,, 
densities. Figure 5 indicates that samples submitted to 
600 “C and 800 “C annealing exhibit greater interfacial 
state densities than those submitted to 700 “C 
annealing. Also, the lowest value of Dit is obtained for 
900 “C annealed HPRS films. 

1 ’  

4. Conclusions 
In summary, an electrical characterization of TiOz- 
based MIS structures, with Ti02 being fabricated by 
using two different methods: high-pressure reactive 
sputtering (HPRS) and atomic layer deposition (ALD) 
has been carried out, by means of C-V, DLTS and G-t 
techniques. A comparison between several 
temperatures thermal annealed HPRS films has been 
established. Our results show that annealed HPRS 
films exhibit better interface quality than 750 “C 
annealed ALD ones in terms of interfacial state density. 
However, DIGS density is greater for 700 “C annealed 
HPRS films than for 750 “C annealed ALD TiOz films, 
whereas 800 ” C annealing offers DIGS density values 
similar to ALD cases. Annealing temperature of 600 “C 
provides HPRS films with DIGS density as low as 5 x 
10” cm.2 eV’.  900 “C annealing seems to be the best, 
with Dit density being the lowest value measured in 
this work (5 - 6 x I O “  eV‘) ,  and undetectable 
conductance transients within our experimental limits. 
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