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The effects of metal precursors on deposition behavior and film properties of HfO2 were investigated and compared to replace the SiO2 gate oxide. HfO2 films were atomic layer deposited with
two types of metal precursors: HfCl4 and TEMAH. TEMAH-processed HfO2 film shows a higher
growth rate than HfCl4 -processed film due to the higher density of hydroxyl groups on the substrate
and no formation of corrosive by-products. The deposition with TEMAH results in a thinner and
smoother interfacial layer between HfO2 and the substrate. This thin interface also exhibits less
interfacial trap generation under constant electrical current stress.
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I. INTRODUCTION
The scaling down of complementary metal-oxidesemiconductor (CMOS) devices with SiO2 as a gate oxide has continued and reached the sub-100 nm regime for
higher density and better performance. Since the electrical thickness of gate oxide will be reduced down to
1 nm in the near future, the physical thickness of SiO2
should also be scaled down to 1 nm [1]. This thickness
corresponds to 4 − 5 atomic layers, which does not work
as an insulator, however, due to the unacceptably large
tunneling leakage through it. To overcome this problem,
high-κ gate dielectric is necessary for high device performance [2]. The electrical thickness of a high-κ dielectric
can be identified by the ratio of its dielectric constant
to that of SiO2 . However, the high-κ materials have a
drawback: the leakage current also increases undesirably
due to their low bandgap energy. Fortunately, HfO2 is a
promising candidate as an alternative to SiO2 due to its
high dielectric constant (>15), relatively high bandgap
energy (>5 eV), and good thermal stability in contact
with Si substrate. For these reasons, interest has been
focused on investigating the properties of HfO2 and its
related materials such as HfSix Oy and HfAlO [3–5].
The material properties are dependent on the fabrication method. A relatively new technology for thin film
formation is atomic layer deposition (ALD) [6]. In the
ALD process, the film grows through a self-limiting sur∗ E-mail:

face reaction of gaseous precursors that are alternately
supplied into the reaction chamber. Even though the
ALD method has the disadvantage of low growth rate, it
offers excellent atomic-level thickness controllability and
thickness uniformity. In order to achieve smaller effective thickness with fewer interface traps, it is necessary
to control the interfacial layer between dielectric and Si
substrate. For example, an unstable and rough interfacial layer decreases the carrier mobility due to its high
interface trap level and roughness [7]. It is well known
that the choice of precursor to fabricate a dielectric film
when using the ALD method determines essential properties of the film itself as well as the interfacial layer [8].
The chemical properties of a precursor are mainly dominated by the type of ligand specimen that affects the vapor pressure and steric hindrance. Several metal precursors having halide, alkoxide, and/or alkylamide ligands
have been introduced for ALD-HfO2 formation. The
film growth properties and their device performance with
these precursors have been widely reported, but have not
been compared under the same conditions [9].
In this paper, HfO2 films were successfully fabricated by ALD technology with two metal precursors
including halide and alkylamide ligands, HfCl4 and
Hf(NCH3 C2 H5 )4 (TEMAH), respectively. The properties of two different HfO2 films deposited from HfCl4
(HfCl4 -HfO2 ) and TEMAH (TEMAH-HfO2 ) with H2 O
were investigated and compared in terms of deposition
rate, formation of interfacial layer, and interfacial trap
generation under current stress.
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II. EXPERIMENTS
The substrates used in this study were p-type (100) Si
wafers with 3 × 1015 cm−3 doping concentration. Prior
to HfO2 deposition on Si wafer, standard RCA cleaning with final 1 % HF-dip for 10 sec was performed to
remove the native oxide. High-κ HfO2 dielectric films
were deposited in a travelling-wave type ALD reactor by
using solid HfCl4 or liquid TEMAH with H2 O [3, 10].
Solid HfCl4 was sublimated from a canister at 180 ◦ C,
while TEMAH was volatilized from a canister at 60 ◦ C.
Nitrogen was used as a carrier gas of Hf precursors as
well as a purge gas. The canister containing H2 O was
kept at 18 ◦ C, and no carrier gas was used to deliver
it to the ALD reactor. The deposition processes were
performed under self-limiting surface reaction with sufficient feeding and purge time. To measure the interface
trapped charge, Pt was deposited on HfO2 films as a top
electrode by a dc magnetron sputtering system at room
temperature. The back surfaces of the substrates were
also metallized by Pt to provide nearly ohmic contact
to Si. The fabricated MOS capacitors were treated by
forming gas anneal (FGA) for 30 min in N2 ambient with
5 % H2 at 400 ◦ C.
The film thickness on Si substrate was measured by
optical ellipsometry. Depth profiles of ions in HfO2 films
were obtained by time of flight - secondary ion mass spectroscopy (TOF-SIMS). The thicknesses of both dielectric
film and interfacial layer and their morphologies were
analyzed by high resolution transmission electron microscopy (HRTEM). The interface trapped charge measurements were performed with a HP4284 LCR meter.

III. RESULTS AND DISCUSSION
Figure 1 shows the growth rates of both HfCl4 - and
TEMAH-HfO2 films as a function of the deposition temperature. It is clearly observed that the two curves
show greatly different features in the studied temperature range from 250 to 500 ◦ C. For HfCl4 -HfO2 deposition, the growth rate decreases monotonically as deposition temperature increases until it reaches 450 ◦ C. The
concentration of hydroxyl group terminated on metal oxide surface after the H2 O injection process is responsible
for the surface exchange reaction [11]. The decrease of
hydroxyl group with increasing temperature can be well
explained by early work using real-time quartz crystal
microbalance (QCM) measurements [11]. In addition,
the low growth rate could be partly caused by the film
densification and subsequent crystallization with deposition temperature due to the lower residues of by-products
and/or organic compounds [12]. The growth rate decreases from 0.62 to 0.48 Å/cycle with a temperature increase from 250 to 450 ◦ C. In the case of TEMAH-HfO2 ,
however, the growth rate variation can be divided into
two regimes. One has no considerable variation, nearly

Fig. 1. Growth rates of HfCl4 - and TEMAH-HfO2 films
as a function of deposition temperature.

0.81 Å/cycle, with temperature ranging from 250 to 400
◦
C, and the other has an increasing characteristic with
growing temperature over 400 ◦ C. The former, generally
called an ALD window, indicates a self-limiting surface
reaction behavior. However, the latter shows a behavior that is like conventional chemical vapor deposition
(CVD) due to the formation of non-volatile decomposition products from TEMAH precursor [13]. It seems
that the concentration of the hydroxyl group does not
play a main role in this reaction because the alkyl ligands of TEMAH supply sufficient hydrogen molecules for
the formation of hydroxyl groups on the substrate.
On the other hand, concerning the growth rates of
both films at a certain temperature, TEMAH-HfO2 has a
higher rate than HfCl4 -HfO2 , for example, 0.80 and 0.56
Å/cycle at 300 ◦ C, respectively. In ALD, the growth rate
of film is influenced by a large number of conditions: density of hydroxyl groups at the surface, steric hindrance of
precursor, formation of non-volatile products, and chemical properties of by-products. HfCl4 has a relatively
smaller size than TEMAH with less steric hindrance. It
is expected that many metal ions from HfCl4 may give an
advantage in growth rate compared to that of TEMAH.
However, our experimental result was contrary to this expectation. Two possibilities are proposed for the growth
rate difference: density of hydroxyl groups and formation of corrosive by-products. The film surface after
the H2 O feeding process is terminated with dehydroxyl
group as well as hydroxyl group. The dehydroxyl group
contributes less to the ALD reaction than the hydroxyl
group. As TEMAH itself has a number of hydrogens
in the ligand, it can exchange surface dehydroxyl groups
into hydroxyl groups with self-contained hydrogens. This
reaction mechanism with TEMAH makes the surface terminated with more hydroxyl groups. These ligands can
give a higher absorption probability of metal cations
into the surface, which can lead to fast film growth.
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Fig. 3. HRTEM images of (a) HfCl4 - and (b) TEMAHHfO2 films on Si substrates, deposited at 300 ◦ C.

Fig. 2. TOF-SIMS depth profiles of (a) HfCl4 - and (b)
TEMAH-HfO2 films deposited on Si. Negative secondary ions
such as Si− , H− , Cl− , C− , and CN− are obtained by using
ion sputtering.

However, the HfCl4 molecule cannot contribute to forming hydroxyl-terminated surface by itself. Also, the
sub-reaction between halide ligands themselves and/or
between halide and hydrogen can generate by-product
gases such as HCl or Cl2 . These corrosive by-products
play a role as an etching gas to the deposited film. It
is suggested that these two factors, less hydroxyl surface
and corrosive by-products, are responsible for the slower
growth rate with HfCl4 precursor.
If the by-products, HCl and/or Cl2 , are formed during the deposition process, they may remain in the deposited HfO2 film due to their incomplete evaporation.
Figure 2(a) and (b) show the depth profiles of negative secondary ions in HfCl4 - and TEMAH-HfO2 films
deposited on Si substrate at 300 ◦ C, respectively. In
the TOF-SIMS analysis, negative secondary ions such
as Si− , H− , Cl− , C− , and CN− are detected in HfO2
films. These ions are collected by using 8 kV Cs+ ion
sputtering. As expected, a large number of Cl− ions are
detected in HfCl4 -HfO2 film, as shown in Figure 2(a).
The C and N ions which are included in TEMAH show
similar distribution in both HfO2 films. This shows that
there is not too much contamination by C and N from
the TEMAH precursor.
Cross-sectional HRTEM images of HfCl4 - and
TEMAH-HfO2 films are shown in Figure 3(a) and (b), respectively. The deposition cycles of both HfO2 films were

Fig. 4. Conductance loss peak (Gp /ω) vs. gate voltage
curves of (a) HfCl4 - and (b) TEMAH-HfO2 films under the
same constant current stress.

adjusted for the same thickness of 45 Å at the same deposition temperature of 300 ◦ C. It is obvious that there
is a thinner interfacial layer under TEMAH-HfO2 (∼3
Å) than HfCl4 -HfO2 (∼12 Å). The longer cycle due to
slower growth rate for HfCl4 -HfO2 thickens the interfacial layer mostly due to the large amount of the supplied
oxidants reaching the substrate during the deposition
process. Therefore, the shorter deposition time may be
a result of the thin interfacial layer [3,9]. In addition to
this, an additional possible explanation may be the oxidant penetration through the dielectric. It is known that
nitrogens in dielectric play a role as a diffusion barrier
for oxygen or other ions [14]. When TEMAH is absorbed
onto the surface, the alkylamide group including N may
hinder the excessive oxygen in the H2 O feeding process
from penetrating into the deposited film. Therefore, the
oxygen ions have less chance to reach the substrate and a
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thinner and smoother interfacial layer is expected under
TEMAH-HfO2 film.
Since the interface trapped charges directly affect the
mobility of the charge carriers, they are compared by the
conductance method. When series resistance is negligible, the interface trapped charge density Dit is expressed
in terms of the measured conductance Gm and measured
capacitance Cm [15]:
2
2
ωGm Cox
2 Gp
r.
Dit ≈ ( )max =
q ω
q G2m + ω 2 (Cox − Cm )2

(1)

The conductance loss (Gp /ω) peak variations of HfCl4 and TEMAH-HfO2 MOS capacitors with the same EOT
of 31 Å are presented in Figure 4(a) and (b), respectively,
under constant current stress of −1 × 10−5 A/cm2 . For
both capacitors, the conductance loss peak monotonically shifts toward negative voltage with stress, which
indicates that positive charges are generated at the interface. This positive charge generation can be explained
by hydrogen release under electrical stress. The conductance loss peak is smaller in TEMAH-HfO2 than in
HfCl4 -HfO2 , which implies less interfacial trap generation (∆Dit ). For example, after the constant current
stress is applied for 100 sec, (Gp /ω)max values are 5.56
and 4.02 pF for HfCl4 - and TEMAH-HfO2 films, respectively, which correspond to ∆Dit of 24.1 and 17.5 × 1011
eV−1 cm−2 . The reduced interfacial trap generation of
TEMAH-HfO2 under the same electrical stress may be
attributed to the smaller hydrogen content at the interface.

IV. CONCLUSIONS
Two kinds of HfO2 films formed by an ALD technique
from different metal precursors, HfCl4 and TEMAH,
were investigated. The temperature-dependent growth
rates for HfCl4 - and TEMAH-HfO2 films show very different features. HfCl4 -HfO2 shows a linearly decreasing
growth rate with temperature, but TEMAH-HfO2 shows
an ALD window where the growth rate is rather constant. In addition, TEMAH-HfO2 has a faster growth
rate than HfCl4 -HfO2 due to a higher density of hydroxyl ligand and no formation of corrosive by-products.
This fast deposition mechanism affects the characteristics of the interfacial layer between dielectric and substrate. TEMAH-HfO2 , with a thin and smooth interface
and less hydrogen, can suppress interfacial trap generation under electrical stress. Therefore, it is believed that
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TEMAH is a promising precursor to grow HfO2 -based
thin dielectrics for future MOS device generation.
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