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Abstract

Current–voltage and capacitance–voltage measurements on MOS structures with hafnium gate oxide (HfO2) prepared by atomic layer
deposition were conducted to determine the dominant current conduction in the Al/HfO2/Si structure. In n-type substrate MOS struc-
tures, electron injection from Al into HfO2 is observed when the Al electrode is negatively biased. Whereas in p-type MOS capacitors at
negative biasing, no hole injection can be detected and the current in the insulator is again due to the electron injection from Al. These
results unambiguously indicate that in both p- and n-type substrates and at both biasing polarities only electronic current conduction in
the Si/HfO2/Al is significant.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

To suppress the direct tunneling current through the
gate dielectric in future CMOS devices with channel length
less than 70 nm, physically thicker high-j dielectrics
become indispensable. Because of its high chemical stabil-
ity, wide band gap, high electron and hole barriers at Si/
HfO2 interface, hafnium oxide or hafnia (HfO2) is recog-
nized as one of the most promising candidates for future
CMOS devices and is now intensively investigated [1–5].
The bandgap of HfO2 is in the range of 5.25–5.8 eV [6–
9]. This value is close to the band gap of silicon nitride
which is in the range of 4.5–5.3 eV [10]. Unfortunately, haf-
nia is also similar to silicon nitride in having high trap
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density [5,11,12]. In addition, several issues still need fur-
ther investigation before any real applications of hafnia
[1,2] become possible. Regarding the current conduction
in hafnia, presently there is no enough available data for
comparison. It is well known that the conduction of
Si3N4 in metal–nitride–silicon (MNS) structures is bipolar
(two bands). When the metal electrode is positively biased
(Si is negatively biased), the conduction current in MNS
structure is dominated by the electron injection from sili-
con. For the metal electrode being negatively biased metal
the current conduction is governed by the hole injection
from silicon [13–17].

Whereas the current conduction in Si–SiO2–Al structure
is governed by the electronic injection only as the electron
barrier at Si/SiO2 interface (3.14 eV) is substantially smal-
ler than that of the hole barrier (�3.8–4.5 eV). The carrier
sign in semiconductors can be determined using Hall, or
thermo-power measurements. However, due to the low car-
rier density in the wide band gap insulator, neither Hall
effect nor thermo-power method can be used to determine
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Fig. 1. Typical grazing incidence X-ray diffraction patterns of HfO2 films
grown on Si(100) substrates. The X-ray incidence angle is 0.3� for bottom
trace and 1.0� for upper trace. The diffraction peaks are assigned as those
of monoclinic polymorph HfO2.
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the carrier sign. The carrier sign in Si3N4 was determined
by using the minority carrier injection from n- and p-type
silicon [14–17]. This method was confirmed with a compli-
cated method based on carrier separation technique using
field effect transistor [13]. The sign of carrier conduction
is important because it governs the carrier injection and
charge trapping which give rise to the instability of thresh-
old voltage of MOS transistors. The objective of this paper
is to determine the dominant carrier sign in hafnium oxide
using minority carrier injection from n- and p-type silicon
substrate in MOS (Si–HfO2–Al) structures. The hafnium
oxide was prepared by atomic layer deposition (ALD).
ALD method has been demonstrated to be a promising
one for HfO2 thin film fabrication. It is a process with
self-limit and conformal growth and with excellent thick-
ness and composition uniformities [5].

2. Experiments

The HfO2 films used in this investigation were grown in
a hot-wall horizontal flow-type F120 ALD reactor [18].
The hafnium precursor HfCl4 was evaporated from an
open boat at 160 �C inside the reactor. The pulse length
of HfCl4 was 400 ms while the pulse length of water and
purging periods were 500 ms. Nitrogen was used as the pre-
cursor carrier as well as the purge gas. The pressure in the
reactor was about 10 mBar. H2O vapor, generated in an
external reservoir at room temperature, was led into the
reactor through needle and solenoid valves to deposit the
hafnium oxide

HfO2 films were grown at 300 �C on p-Si or n-Si sub-
strate with h100i orientation and resistivity of 5–7 X cm.
Prior to the deposition, the native SiO2 layer was removed
by etching the substrates in 1% HF aqueous solution for
25–30 s. The film thickness was evaluated by fitting the
optical reflection spectra [19] from a Hitachi U2000 spec-
trophotometer and is 70 nm and 57 nm for p-type substrate
and n-type substrate, respectively. The crystallinity of the
as-deposited thin films was evaluated by grazing incidence
diffractometry (GIXRD) using a Bruker D8 Advance
X-ray diffractometer.

To carry out the electrical measurements, aluminum
electrodes with effective area of 0.204 mm2 were e-beam
evaporated on the as-deposited hafnia film. The backside
of the silicon wafer was etched in hydrofluoric acid and
ohmic contact was created by depositing Al after the etch-
ing. Capacitance–voltage (C–V) measurements were con-
ducted at a frequency of 100 kHz and the current–voltage
(I–V) measurements were performed using a ramp voltage
with a rate of 0.15 V/s. All measurements were made at
room temperature.

3. Results and discussion

The films grown from HfCl4 and H2O at 300 �C can be
described approximately as stoichiometric dioxides [18].
The contents of residual chlorine and hydrogen are not
higher than 1.0 at.% and 0.4 at.%, respectively in the
obtained films. The films were polycrystalline and consist
of monoclinic HfO2 phase (Fig. 1). As depicted in Fig. 1,
a diffraction peak from additional tetragonal HfO2 could
be detected at 30.4�. It has been shown that the contribu-
tion from tetragonal or cubic metastable phases, as well
as the amorphous regions, increase for thinner films
[18,20]. Thus phase inhomogeneity is expected in our
thicker films. Moreover, the layers at the oxide/silicon
interface, as well as the topmost oxide layer, containing
more impurities and having less defined lattice parameters,
are likely to be more disordered when compared to the
bulk material. Therefore, the films used in this investigation
are defective in terms of both impurity content and
polycrystallinity.

Fig. 2 shows energy diagram of p-Si/HfO2/Al MOS
structure at: (a) zero biasing, (b) positive biasing (applying
positive voltage to Al contact), and (c) negative biasing.
Capacitance–voltage and current–voltage characteristics
were measured and the results are depicted in Fig. 3(a)
and (b), respectively. At positive biasing (depletion mode),
the current rises exponentially as the biasing voltage
increasing up to 1.5 V. At higher voltage, the current tend
to be saturated. At positive biasing, the capacitance
decreases from the inversion value to the depletion capac-
itance value. Both current saturation and capacitance
reduction are related to the out-flowing of the minority car-
riers (electrons) from the silicon substrate to the gate
dielectric. The finite minority carrier generation in the
space charge region of Si surface results in the expansion
of depletion layer and in a larger voltage drop across this
layer (see Fig. 2(b)). Further confirmation of the substrate
electron injection was obtained with illumination experi-
ments. As shown in Fig. 3, illumination results in the
increase of saturation current and depletion capacitance
(see Fig. 3(a) and (b)) because of additional minority car-
rier (electron) generation in depletion region. Similar sub-
strate electron injection in positively based metal was also
observed in metal/nitride/oxide/silicon (MNOS) structures



Fig. 2. Energy diagram of Si/HfO2/Al structures with p-type substrate
(a)–(c) and n-type substrate (d)–(f). Biasing conditions: (a) and (d) without
biasing; (b) and (e) positive voltage is connected to the metal; (c) and (f)
negative voltage is connected to the substrate.

Fig. 3. (a) Capacitance–voltage and (b) current–voltage characteristics of
p-Si/HfO2/Al structures. The thickness of HfO2 is 70 nm. The voltage
polarity is referred to the gate electrode.
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with thin (�2 nm) tunnel oxide [14–17] and in metal/
nitride/silicon (MNS) structures with boron nitride (BN)
[21]. The current saturation and capacitance reduction in
the present experiments unambiguously imply that when
the metal is positively biased the current conduction should
be due to the electron injection from the silicon into the
hafnium oxide. The value of electron barrier at the Si/
HfO2 interface, determined by photoemission measure-
ments, is 2.0 eV [6]. Regarding the band gap value of
HfO2, there are several different published values. Depend-
ing on the sample preparation methods, the gap determina-
tion methods and the model used for experimental data
interpretation, the band gap value is found to be in the
range 5.22–5.8 eV [6–9]. We used the latest value of
5.6 eV reported by Afanas’ev, Stesmans and Tsai [8]. The
electron barrier at Al/HfO2 interface measured with photo-
emission method is 2.1 eV [6]. Based on these data, a
detailed band diagram of the Si/HfO2/Al structure can be
determined and is shown in Fig. 2(a). As can be seen in
Fig. 2(a), the electron barrier at Si/HfO2 interface is lower
than the hole barrier (3.5 eV) at the Al/HfO2 interface.
Hence the hole injection from Al electrode is not likely to
occur. Similar argument can be applied to that case of neg-
atively metal in MOS structure biased on p-type substrate.
The leakage current is governed by the electron injection
from Al into HfO2 (see Fig. 2(c)). In addition, since the
hole barrier at Si/HfO2 interface (2.5 eV) is larger than
the electron barrier at Al/HfO2 interface (2.1 eV), the cur-
rent conduction will be dominated by the electron injection
from the metal instead of hole injection from silicon when
the Al is negatively biased.

Fig. 4 shows the capacitance–voltage and current–volt-
age characteristics of n-Si/HfO2/Al structure. When the
metal is positively biased (accumulation), all applied volt-
age will drop on the dielectric and the current increases
exponentially as the voltage increases (Fig. 4(b)). In that
case, the current conduction is again electronic, and is
due to the electron injection from Si into HfO2. The C–V

hysteresis in Fig. 4(a) confirms this allegation. As shown
in Fig. 4(a), when a positive voltage (+15 V) was applied
to the gate electrode, a flatband voltage shift of 9 V to posi-
tive voltage was observed. This behavior indicates that a
negative charge (electron) accumulation in HfO2 occurs,
due to the electron injection from Si. When �15 V is
applied to the Al electrode, the flat band voltage shift in
the C–V curves is about +7 V. The electron trap concentra-
tion estimated from the C–V hysteresis is about 1019 cm�3.
When the metal is negatively biased, neither capacitance
depletion nor current saturation can be recorded. Current
value in inversion does not depend on the illumination in
this case. These results again indicate that the conduction
of hafnium oxide at negatively biased Al is not a result
of the minority carrier (hole) injection from silicon. The
current conduction in this case is due to the electron injec-
tion from aluminum.

The charge transport mechanism in MOS structure with
thin HfO2 as gate dielectrics was studied by Zhu et al.
[22]. We are not going to investigate the charge transport
mechanism again. Since the electron barrier at Si/HfO2



-15 -10 -5 0 5 10 15
0.4

0.6

0.8

1.0 Al/HfO2/n-Si
d=57 nm

(a)

3 21

N
or

m
al

iz
ed

 C
ap

ac
ita

nc
e

Voltage (V)

-15 -10 -5 0 5 10 15
(b)

Al/HfO2/n-Si
d=57 nm

10-3

10-5

10-7C
ur

re
nt

 D
en

si
ty

 (A
/c

m
2 )

Voltage (V)

Fig. 4. (a) Capacitance–voltage (a) and (b) current–voltage characteristics
of n-Si/HfO2/Al structure with HfO2 thickness of 57 nm. In C–V

measurement, curve 1 (initial) is measured with voltage sweep from
�5 V to +15 V, curve 2 from +15 V to �15 V, curve 3 from �15 V to
+15 V. Voltage polarity is referred to the gate electrode.

Fig. 5. (a) Capacitance–voltage and (b) current–voltage characteristics of
n-Si/HfO2/Al structures with thin HfO2 thickness of 4.8 nm. F–N curve in
(b) is the theoretical Fowler–Nordheim plot with barrier height of 2.0 eV.
The voltage polarity is referred to the gate electrode.
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and at Al/HfO2 is about 2 eV, the current should be limited
by Fowler–Nordheim (F–N) injection from the contacts.
Fowler–Nordheim conduction is described by

J ¼ AF 2 exp½�Bðm�/3=2=F �
A ¼ q3=ð8ph/Þ; B ¼ 8p

ffiffiffi

2
p

=3hq
ð1Þ

where F is the electric field strength, / is the barrier height
and m* is effective mass of the tunneling electron.

When calculated the F–N electron current from Si with
barrier height of 2.0 eV and effective electron mass
m* = 0.5mo [23], the obtained value of the tunnel current
at low electric fields (V < 5.5 eV) is substantial lower than
the experimental findings (see Fig. 5(b)). High leakage cur-
rent in HfO2 MOS structures was observed in other works
[4,22]. One possible explanation for the high current leak-
age in MOS structures with hafnia gate oxide may be the
trap-assisted electron injection mechanism from the con-
tact [24]. Grain boundary conduction due to the polycrys-
talline dielectric film is another possible leakage mechanism
[25]. Further experimental work is needed to confirm the
proposed mechanisms.

4. Conclusions

In summary, hafnium oxide films were prepared by
atomic layer deposition. The study of the current conduction
polarity, capacitance–voltage and current–voltage measure-
ments on the Si/HfO2/Al structures were performed. Both
n-type and p-type Si substrates were used. Unlike the two
band conduction in MIS structures with Si3N4 and boron
nitride as gate dielectrics, the current conduction in HfO2

MOS capacitors is governed by the electron injection only,
regardless of the biasing polarities and the type of substrate
doping. This single band electronic current conduction
behavior is more similar to the case of MOS structures with
thermal silicon oxide. Further exploration is needed in order
to clarify the pronounced excess leakage current over the
Fowler–Nordheim mechanism.
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