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Abstract
Metal–insulator–semiconductor devices having different oxide thicknesses (10, 6, 4 and 2 nm) were fabricated using atomic-
layer deposited ultra-thin amorphous TiO2 as gate dielectric. From Ig–Vg measurements it was determined that the main 
conduction mechanism is Schottky emission for all thicknesses and even after passivation of the semiconductor–insulator 
interface using SiOx. Furthermore, the Schottky barrier height (ΦB) increases when the oxide thickness decreases; this was 
further corroborated using semi empirical models and SILVACO simulations having excellent agreement. From this analysis, 
important physical parameters like barrier height (ΦB), effective mass (m*) and optical dielectric constant (εr) were extracted, 
and could be used to effectively understand the performance and reliability of these devices. From the extraction of physical 
parameters associated to the conduction mechanism, a correlation between materials’ properties with device performance 
could be obtained (higher barrier height (ΦB) would result in a decrease in leakage current). Also, the high reproducibility 
enables enhanced performance and therefore, better reliability predictions for electron devices based on these oxides.

1  Introduction

Titanium dioxide (TiO2) has been widely studied due to 
its low cost, light weight, and long-term stability [1–3].
The crystalline based TiO2 such as anatase and rutile have 
been widely studied due to its electronic structure [4–6], 
meanwhile, amorphous TiO2 could also play a crucial role 
as an active photocatalyst, a protection layer or to increase 
the effective dielectric constant in MOSFET based devices 
[7–9]. Thus, it is important to accurately understand the con-
duction mechanism of amorphous thin films TiO2 in order 
to obtain a higher level of performance and being able to 
predict the reliability of such devices. In this work, we have 
studied the current carrier transport properties of ultra-thin 
TiO2 deposited by thermal atomic-layer deposition (ALD). 

For this, metal–insulator–semiconductor (MIS) devices 
were fabricated and their morphological and electrical 
characteristics were measured. Devices with four different 
thicknesses (10, 6, 4, and 2 nm) and a set of each passi-
vated resulted in eight different samples. This passivation 
promotes the development of an interfacial layer between 
silicon and TiO2. Also, as the oxide thickness decreases, the 
barrier height increases, thus resulting in lower gate leakage 
current. The main conduction mechanism was found to be 
Schottky emission, and from the extraction of the physical 
parameters associated to this conduction mechanism, cor-
relation of materials’ properties with device performance 
could be made. For instance, oxides with increased barrier 
heights ΦB (same thickness) would result in a decrease in the 
leakage current. Also, given that the current–voltage (Ig–Vg) 
and capacitance voltage (C–V) characteristics for these MIS 
devices are highly dependent on the quality of the deposi-
tion of TiO2 and its interface with silicon, the presence of 
defects like oxygen vacancies or interface states, or even 
an inappropriate nucleation, will also have a major impact 
on the performance of these simple devices. Therefore, a 
simple mechanism explaining conduction models correlated 
to barrier heights and its alignments with silicon help us to 
understand and possibly modulate the electrical behavior of 
these devices. Finally, the high reproducibility, conformality, 
outstanding control (to atomic level) on the thickness and 
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stoichiometry, interface properties with the semiconductor 
substrate, and the low deposition temperature (T ≤ 250 °C) 
for these metal oxides, puts ALD as a powerful deposition 
technique which enables enhanced performance and there-
fore, better reliability predictions for electron devices based 
on these oxides.

2 � Experimental details

300 µm thick, n-type, 2–5 Ω cm resistivity, with a (100) 
surface plane silicon wafers were used as semiconductor 
substrate. Initial cleaning (RCA cleaning, HF-last) of these 
wafers was followed by thermal ALD of TiO2 (10, 6, 4, and 
2 nm) at 250 °C using tetrakis(dimethylamino)titanium and 
water as precursors. Right after deposition of TiO2, electron-
beam evaporation of the metal gate (aluminium = 400 nm 
at 10 Å/s) was done in ultra-high vacuum conditions while 
keeping a transitioning time (from ALD to evaporation) less 
than 2 min in order to minimize any exposure of TiO2 to 
the clean room’s atmosphere. Standard photolithography 
for wet-etching of aluminium was used in order to properly 
define the metal gate patterns. Figure 1a, b show the process 
flow and the eight fabricated MIS structures (four of them 
with a SiOx passivation).

After fabrication, all structures were characterized using 
a semiconductor-device analyzer (SDA 4200 from Keithley), 
and at least 15 devices were measured for each condition 
in order to ensure reproducibility. Current–voltage (Ig–Vg), 
capacitance–voltage (C–V), and current–voltage–tempera-
ture (Ig–Vg–T) measurements were made at room tempera-
ture, in dark conditions, and with electromagnetic isolation.

3 � Material characterization

3.1 � FTIR measurements

Chemical analysis by FTIR (Bruker Vector-22) at room 
temperature was performed for the films formed on sili-
con wafers just after the deposit by ALD for both the as-
prepared and passivated MIS devices to analyze the thin 
film structure. The formation of TiO2 on the surface of 
silicon wafers of the as-prepared devices was confirmed 
by the characteristic peaks observed below 1000 cm−1 
[10], however, no specific bands of rutile or anatase phase 
were observed. The existence of intense bands in 610 and 
1100 cm−1 associated with vibrational modes of the Si–O 
bonds [11], indicate silicon dioxide thermal growing on 
the silicon wafer surface during material deposition, so 
it is suggested that surface presence of TiO2 is not uni-
form, a phenomenon that could be associated with the 
lack of nucleation observed in very thin deposits by ALD 
(Fig. 2a).

For the passivated devices the typical absorbance bands 
associated with the presence of TiO2 were not observed, 
instead, a large decrease in the absorbance band associated 
with the presence of silicon dioxide around 1200 cm−1 
is observed as seen in Fig. 2b. The decrease of this sig-
nal could be explained due to the presence of titania that 
screens-out the silicon dioxide underneath. However, it is 
also important to mention that the absence of any absorb-
ance vibrational mode for TiO2 could mean an incomplete 
nucleation of this film during the ALD process. It is known 
that in order to properly nucleate ultra-thin TiO2 films on 
silicon, delicate conditions must be met regarding the 
chemical nature of the silicon surface [12, 13]. In particu-
lar, there must be an adequate density of proper chemical 
species on silicon, so that the possibility of an unsatu-
rated surface chemistry (leading to undesired interfacial 
reactions), could be minimized and thus, promote proper 
nucleation given the self-limited reactions during the 
sequential introduction of the titanium and oxygen precur-
sors. Also, a complete nucleation of thermal ALD-based 
TiO2 is enhanced for relatively thicker films on silicon, 
where even the anatase phase could be obtained [14–16]. 
Nevertheless, this problem could somewhat be alleviated 
by introducing super-saturated cycles for each precursor 
being sequentially introduced during the ALD process of 
even thinner TiO2 [14].

3.2 � X‑ray diffraction

The crystalline phases of the resulting TiO2 films obtained 
after X-ray diffraction (XRD) measurements (Philips 

Fig. 1   a Process flow for fabrication of MIS structures using TiO2 as 
gate oxide, b Schematic of the resulting MIS structures having eight 
samples with 10, 6, 4 and 2  nm of physical thickness for TiO2 and 
also, a passivation treatment. It is expected that passivated samples 
result in less interfacial states
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X’Pert MPD), with a scanning step of 0.02°, using Cu–Kα 
radiation with λ = 1.5406 Å as an X-ray source are shown 
in Fig. 3. There, we show the XRD patterns for SiOx/Si 
and the TiO2/SiOx/Si structures obtained. For only the 
chemical oxide on silicon (SiOx/Si structure), a diffraction 
peak at 52° was observed and associated with the (311) 
plane of silicon. This peak disappears when an ultra-thin 
film of titania is deposited as shown in the passivated XRD 
pattern, where no signal was observed suggesting the pres-
ence of amorphous material. This shows that the TiO2 lay-
ers (10 nm in thickness for the XRD data) could be largely 
present in an amorphous phase or, for the thinner films, 
present an incomplete nucleation due to the unsaturated 
reactions during the first ALD cycles.

3.3 � HR‑TEM measurements

High resolution TEM (HRTEM) was used to observe the 
structure from a cross-sectioned area of the MIS device 
(TiO2 = 2 nm in physical thickness). A polycrystalline 
thick top aluminium layer can be observed in the cross-
section. Figure 4a, c shows that the aluminium top layer 
is formed by columnar grains running perpendicular to 
the TiO2/silicon structure (grain boundaries at 90°) for 
both samples. The HR TEM images show the gate oxide 
for both as-prepared and passivated devices, (Fig. 4a, c). 
Even though the EDS analysis shows no titanium pres-
ence, it is evident that a partially crystallized gate oxide 
with the desired thickness is present on the silicon sub-
strate. Although a detailed compositional characterization 
for this gate oxide is needed (like Angle-resolved X-ray 
photoelectron spectroscopy (AR-XPS), which is able to 
resolve chemical composition and other details with spa-
tial resolution in the nanoscale), we observe a combined 
crystallized and amorphous phase for the resulting gate 
oxide, and also, the presence of the ultra-thin chemical 
oxide (SiOx) in the passivated samples. From the fast Fou-
rier transform (FFT) images displayed in Fig. 4b1, b2, 
aligned to the < 011 > zone axis, it is possible to determine 
the Si-substrate (200) planes parallel to the growth direc-
tion of the gate oxide. Experimental distances from the 
FFT are in close agreement with expected values of the 
diffraction spots of Si. Indexing this FFT, an interplanar 
distance of 0.3169, 0.2779 and 0.1958 nm for its (111), 
(200) and (220) planes can be measured. As the imaged 
aluminium grain is away of any zone axis, only 0.235 nm 
stripes can be measured, which points to the values for 
(111) Al planes.
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Fig. 2   a FTIR measurements of the as-prepared MIS devices. b FTIR spectra for ALD titanium dioxide thin films (10 nm TiO2) before and after 
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vation layer on silicon (SiOx layer) and the titanium dioxide thin film 
(10 nm of TiO2 deposited on SiOx/Si) in the passivated condition
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4 � Theory of conduction mechanisms

When a moderate E (in the form of an applied gate voltage 
Vg) is applied and sustained across a MIS device, it gener-
ates a gate current that flows throughout the oxide. The stud-
ying of this tunneling current helps to identify conduction 
mechanisms that in turn, are strongly related to important 
physical parameters in the gate oxide (TiO2 in this case) thus 
giving us information about its general physical properties 
[17–20].

Temperature dependent Ig–Vg measurements must also 
be performed in the MIS devices in order to accurately 
determine the right CM present. In our samples, it is found 
that the main conduction mechanism is Schottky emission, 
obtained from Ig–Vg–T measurements and that was con-
firmed with the corresponding theoretical models by using 
analytical expressions and computer-aided design (CAD) 
tools after simulations in SILVACO. Due to the tempera-
ture dependence, Poole–Frenkel emission was also explored, 
nevertheless, it was determined that this CM was not present 
for these samples.

4.1 � Schottky emission

This current conduction mechanism is due to an electron 
emission from the semiconductor in accumulation to the 
dielectric, this is one of the most observed CM in dielectric 
films, especially at relatively high temperatures. The expres-
sion is given by [21]

(1)

J = A∗T2 exp
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where A* is the effective Richardson constant, T is the 
absolute temperature, q is the electronic charge qΦB is the 
Schottky barrier height, E is the electric field across the die-
lectric, m0 is the electron mass, m* is the effective mass, kB 
is the Boltzmann constant, εo is the permittivity in vacuum 
and εr is the optical dielectric constant, this value should be 
close to the square of the refractive index (εr = n2).

4.2 � Poole–Frenkel emission

This current conduction mechanism considers an electron 
in a trapping center within the oxide; where the Coulomb 
potential energy of the electron can be reduced by an 
applied electric field across the dielectric film. Then, the 
reduction in potential energy may increase the probability 
of an electron being thermally excited out of the trap into 
the conduction band of the dielectric. This makes this con-
duction mechanism highly dependent on temperature. The 
expression for PF emission is given by [21]:

where qΦT is the trap energy level found in the energy 
gap of the oxide (taken from the minimum of its conduc-
tion band and below), and εi is the optical dielectric con-
stant, the other variables are defined as before. For this 
conduction model, we notice a strong dependence of gate 
leakage current with temperature.
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Fig. 4   a HR-TEM image of the as-prepared MIS devices with 
TiO2 = 2  nm in expected physical thickness. FFT images showing 
the crystalline planes associated to b1 aluminium and b2 silicon sub-

strate. c HR-TEM image of passivated MIS devices. In this case, a 
TiO2 = 2 nm in physical thickness is deposited on top of an ultra-thin 
chemical oxide (SiOx ~1 nm in thickness)
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5 � Results and discussion

Figure 5a shows the Ig–Vg experimental data for the as-
prepared MIS devices having TiO2 = 2, 4, 6 and 10 nm as 
gate dielectric oxide, as seen, no clear relation between 
current and thickness exist for gate injection, due to the 
amorphous structure of the TiO2, nevertheless, after nor-
malizing to thickness and area, a lowering of the leakage 
current under substrate injection is observed, as seen in 
Fig. 5c. On the other hand, Fig. 5b shows that, after pas-
sivation with SiOx, the current under substrate injection 
decreases slightly compared to the as-prepared samples, 
due to less interfacial states and the formation of an inter-
facial layer between silicon and TiO2, as to the widening 
of the effective bandgap of the TiO2 layer.

Gate current density versus electric field (J–E) char-
acteristics are shown in Fig. 5c, d after normalizing the 
former Ig–Vg data to device area and gate oxide thickness 

respectively. As seen, when the oxide thickness decreases, 
the gate current density also decreases, this effect is 
caused by a widening of the effective bandgap of the TiO2 
[22–24], thus resulting in a larger barrier height and its 
more evident in the passivated devices due to the interfa-
cial layer, which effectively decreases the barrier height 
associated to each device. Also, from Fig.  5b, d, it is 
observed that passivation of the bare silicon results in a 
reduction of the contact resistance, via a fermi level depin-
ning [25, 26], except for the 6 nm device, which could be 
explained by a failed passivation or a poor nucleation of 
the TiO2, allowing us to make a correlation between mate-
rial properties and electrical characteristics [27–29].

C–V measurements were performed in all devices, 
and, even though the dielectric constant could be not be 
extracted due to a high leakage current of all devices, 
flat band voltage could be obtained, as seen in Fig. 6. 
The flat band voltages for the as-prepared MIS devices 
are: 10 nm = 0.15 V, 6 nm = 0.26 V, 4 nm = 0.08 V and 
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Fig. 5   a Ig–Vg characteristics for the as-prepared MIS devices using 
ultra-thin TiO2 as gate oxide with thox = 10, 6, 4 and 2 nm. b Ig–Vg 
characteristics for the passivated MIS devices using ultra-thin TiO2 
as gate oxide with thox = 10, 6, 4 and 2 nm. c, d J–E characteristics 

of MIS devices, after normalizing the former Ig–Vg data to device 
area and oxide thickness respectively. At least 10–15 MIS devices for 
each condition (oxide thickness, passivated) were measured in order 
to ensure reproducibility
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2 nm = 0.06 V, which is expected due to the band align-
ment between the silicon and the aluminium. Meanwhile, 
the flat band voltages for the passivated devices are: 
10 nm = −0.13 V, 6 nm = 0.18 V, 4 nm = −0.20 V and 
2 nm = −0.12 V. This reduction in the value of Vfb for the 
passivated Al/TiO2/SiOx/n-Si structures is associated to 
the dipole formation near the TiO2/SiOx interface. Because 
TiO2 presents a high concentration of oxygen vacancies, 
the difference in the oxygen density for TiO2 and the SiOx 
could promote dipole formation in this interface when 
charged oxygen vacancies migrate from the region of 
higher oxygen density towards the region of lower oxygen 
density [30–33] thus reducing the flat band voltage. The 

passivation with SiOx is also reducing the dangling bonds 
in the interface between insulator and semiconductor.

Ig–Vg–T (from 300 to 355 K) measurements were per-
formed in order to accurately obtain the conduction mecha-
nisms that could best fit the experimental data. Poole–Fren-
kel emission was evaluated and found out to be impossible 
due to a nonexistent energy trap level obtained. Afterwards, 
Schottky emission was fitted as seen in Fig. 7a, b and 
resulted to be the main conduction mechanism for these 
devices; as seen, there exist a point in which MIS devices 
are not affected by temperature, which is also consistent 
with Schottky emission [34, 35]. Furthermore, after this 
temperature independent point, the tendency of the leakage 
current shifts, resulting in a lower leakage current for higher 
temperatures, which can be explained by generation of elec-
tron–holes pairs created by temperature, resulting in recom-
bination centers, thus lowering the overall leakage current. 
From this conduction mechanism the Schottky barrier height 
was obtained for the as-prepared MIS devices (Fig. 7a, b) 
and found to be 0.253 eV for the 10 nm, 0.265 eV for the 
6 nm, 0.284 eV for the 4 nm, and 0.297 eV for the 2 nm, 
which is consistent with the lowering of the current density 
as the oxide thickness decreases. For the passivated devices, 
the Schottky barrier height was 0.255 eV for the 10 nm, 
0.272 eV for 6 nm, 0.291 eV for 4 nm and 0.312 eV for 
the 2 nm. This is also consistent with the increased barrier 
height due to an interfacial SiOx layer for the passivated 
devices under substrate injection.

After extracting physical parameters from experimen-
tal data, the semi-empirical conduction models (Eqs. 1, 
2) and the models for gate leakage current provided in 
standard CAD tools, can be simulated and compared to our 
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experimental Ig–Vg data in order to validate the formerly 
fitted conduction mechanism. Using MATLAB and SIL-
VACO, Schottky emission was further validated and fitted 
with excellent agreement with experimental data as seen 
in Fig. 8a, b. Also, it is seen that if the experimental meas-
urements continue, the model will still be fitted for higher 
electric fields.

Figure 9 shows the change in the Schottky barrier height 
for different thicknesses and as seen, the relation is almost 
linear, which could be adjusted in case of even thinner die-
lectrics and/or when a passivation with SiOx is performed, 
which is very important since the barrier height could be 
tuned according to application.

Figure 10a–d show the ideal energy band diagrams for as-
prepared and passivated Al/TiO2/n-Si samples respectively 

(thermal equilibrium). After passivation, an interfacial lower 
k-IL between TiO2 and silicon is obtained, which reduces the 
dangling bonds and lowers the effective gate leakage current. 
Also, when the oxide thickness is reduced, a widening of the 
TiO2 bandgap occurs, thus having a larger Schottky barrier 
height resulting in less leakage current.

Table 1 shows the parameters extracted from experi-
mental data, as from MATLAB and SILVACO simulations. 
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These parameters have excellent agreement with previously 
reported values for amorphous TiO2 [35–38].

6 � Summary and conclusions

Schottky emission was found to be the main CM for the fab-
ricated MIS devices using amorphous TiO2 as gate dielectric 
with different thicknesses (10, 6, 4, and 2 nm); furthermore, 
this CM remains the same even after passivation of the 
interface between insulator and semiconductor using SiOx. 
From this analysis important physical parameters such as 
the effective mass (m*), barrier height (ΦB) and the optical 
dielectric constant (εr) were extracted and compared to semi 
empirical models, having excellent agreement with reported 
amorphous TiO2 values. When the samples were passivated, 
a shift to the left in the flat band voltage is observed and is 
consistent with a positive charge in SiOx, this passivation 
reduces the interface charges of the fabricated MIS devices 
and reduces the gate current density when substrate injection 
is applied. The accurate identification of CM for the gate 
leakage current in MIS devices allows for better reliability 
predictions before failure of these devices.
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