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A technique for improving significantly the atomic layer deposition rate of high-k ZrO2 and HfO2

thin films was developed using aN2O-plasma oxidant. Even though the process showedmuch higher
growth rate, electrical properties of the dielectric films were similar or superior to those of the film
using the conventional O2-plasma oxidant. From the results of Auger electron spectroscopy
andX-ray photoelectron spectroscopy, it was concluded that the nitric oxide species were temporally
adsorbed on the surface during the N2O plasma process and then removed the ligands from
the adsorbed metal precursors more effectively, which allowed more precursors to adsorb. In
particular, the deposition rate of ZrO2 thin films (∼0.184 nm/cycle) was similar to the full atomic
monolayer deposition rate. This phenomenon is expected to be applied to the surface modification of
nanostructured materials as well as the improvement in the interface quality of thin films.

1. Introduction

Atomic layer deposition (ALD) has been highlighted as
a method for producing one or two-dimensional
nanostructures1-4 as well as for modifying their surfaces
because it has very low deposition temperature and
precise controllability of the film thickness.5-9 Atomic
layer deposition can control the layer thickness on the
atomic scale through alternating injections of the sources
and reactants. In the step providing precursors to the
substrate, the precursors are initially adsorbed chemically
on the surface with the additional precursors being ad-
sorbed physically on the already deposited precursor
molecules. Physically adsorbed precursors are desorbed
during the subsequent purge step resulting in the growth
of one (or subone) atomic layer in the subsequent reactant

pulse step. This results in a self-limited growth behavior
of the thin films, where the growth rate (GR) is deter-
mined solely by the number of reaction sites on the initial
surface, regardless of the precursor and reactant doses.
However, inmost experimental ALD, the thicknessGR is
usually<0.1 nm per cycle, which is less than one-half of a
full atomic monolayer (0.2-0.3 nm), with the exception
of some cases. This suggests that in ALD, the growing
layer in a single cycle contains a large number of vacant
sites on the surface that are subsequently filled with the
adsorbing atoms during the subsequent cycles. The rea-
son why all possible reaction sites on the surface do not
chemically adsorb the precursors during a single precur-
sor pulse step is usually attributed to a “steric hindrance
effect”, where the bulky ligands of the chemically
adsorbed precursor molecules at certain reaction sites
prevent the adsorption of molecules in the nearby reac-
tion sites.10 This is a crucial problem of ALD processes
because it reduces theGR even further. One of the general
problems with ALD is the lowGRon account of its layer-
by-layer growth nature. Therefore, developing a method
that can improve the GR is highly desirable for most
ALD processes.
For ALD, the reaction site density on the surface is

approximately 1 � 1014 to 7 � 1014/cm2.11 This is con-
sidered to be the upper limit of the adsorbing atom
density when a full monolayer is formed during a single
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cycle of ALD. Whether this can be achieved is dependent
on the process conditions and types of precursors, as will
be discussed below.
One successful ALD process is the ALD of Al2O3 using

trimethyl-aluminum (TMA) as theAl-precursor andH2O
or O3 as the oxidant.

12 The partial pressure of TMA (of
which themolecular weight,M, is 114 g) is approximately
a few hundred millitorr in a typical deposition system. In
the case of a partial pressure of 100 mTorr, the molecular
flux onto a growing surface at the typical ALD tempera-
ture of 300 �C is calculated to be∼1.37� 1019 molecules/
cm2

3 s using the equation: molecular flux= 3.51� 1022�
P/(MT)1/2, where P(torr) and T(K) are the partial pres-
sure of the precursor andwafer temperature.13 Therefore,
the molecular flux is ∼1.37 � 1018/cm2 when TMA is
pulsed for 0.1s. Even with a low sticking probability of
∼ 0.01, the reaction surface can be completely saturated
at amolecular flux of∼ 1.37� 1018/cm2. Therefore, when
the partial pressure of the precursor is 100 mTorr and the
pulse time is 0.1s, the surface saturation with the adsorb-
ing molecules can be completed quickly, provided there
are no adverse interfering effects. However, the typical
GR of Al2O3 thin films by ALD is still j 0.1 nm/cycle14

even with the high probability of full saturation of the
reaction sites because of the high vapor pressure of the
precursor.
The situation is even worse for other important high-k

oxides, such as HfO2 and ZrO2. The most typical Hf and
Zr precursors are tetrakis-ethyl-methyl-amino-hafnium
(TEMAH) and tetrakis-ethyl-methyl-amino-zirconium
(TEMAZ), respectively, of which the partial pressure
is <10 mTorr in a typical deposition system. Although
a simple comparison of the partial pressures is a crude
way of considering the possible coverage of the reaction
sites with the precursors, it is quite evident that a pre-
cursor with a low vapor pressure generally requires a
much longer pulse time to achieve the saturated GR in
ALD. The relatively larger molecular size of the precur-
sor, which is generally necessary to achieve a higher vapor
pressure of such relatively heavy metal atoms, would
make the steric hindrance effect more severe so that
achieving a full monolayer coverage would become more
difficult even with a very long precursor pulse time. For
these cases, the optimized design to minimize the volume
of the ALD chamber is essential for achieving the satu-
rated GR within a reasonable short pulse time (<1 s).
There are few choices of proper precursors in high-k

film ALD. Therefore, the use of an alternative oxidant
might be one way of overcoming the low GR problem.
The typical oxidants for the ALD of high-k films are
H2O, O3, and O2-plasma. However, these oxidants have a
limited effect in improving theGR. In this study a plasma-
activated N2O gas was used as the oxidant to grow

various high-k films. It was confirmed that the formation
of intermediate N-related surface species during one cycle
of ALD played a key role in significantly improving the
GR. The saturation GR was improved by ∼100% by
adopting this innovative method.

2. Experimental Section

High-k ZrO2, HfO2, and TiO2 thin films were deposited on

Si substrates using an 8”-diameter scale cross-flow type plasma-

enhanced ALD (PEALD) system (ASM Genitech Corp.). The

deposition temperature and pressure during ALD were 280oC

and 3-5 Torr, respectively. A direct plasma with a frequency of

13.56 MHz, and a power of 300-500 W was applied during the

oxidant pulse step. TEMAZ, TEMAH, and tetrakis-titanium-

isopropoxide (TTIP) were used as the precursors for ZrO2,

HfO2, and TiO2 thin films, respectively. O2 or N2O was used

as the reactant (oxidant). The unit cycle of the PEALDconsisted

of five steps, “source pulse/source purge/reactant pulse/plasma

application/reactant purge”. The reactant pulse step was in-

serted to stabilize the atmosphere of the chamber before gene-

rating the plasma. The cycle time of ZrO2 and HfO2 deposition

was 1/2/0.2/1/0.2 s, and the cycle time of TiO2 deposition was

1/2/0.5/5/2 s. This specific PEALD has an important advantage

in reducing the cycle time of the reactant pulse and purge com-

pared with thermal ALD because reactive species are abruptly

generated when the plasma is turned on, which disappears

within a few microseconds when the plasma is turned off.

The thickness of the high-k thin films was measured using an

ellipsometer with a fixed refractive index value. The area density

of Hf and Ti was measured by X-ray fluorescence spectroscopy

(XRF). The electrical properties, such as capacitance, leakage

current density, and dielectric breakdown, were examined using

a Hewlett-Packard 4284, Hewlett-Packard 4194, and Hewlett-

Packard 4285. The chemical compositions and surface chemical

structures of the high-k thin films were analyzed by Auger

electron spectroscopy (AES) and X-ray photoelectron spectros-

copy (XPS, Sigma Probe, Thermo VG). Surface roughness was

investigated by using atomic force microscopy (AFM, JEOL,

JSPM 5200).

3. Results and Discussions

Figure 1a shows the changes in film thickness as a
function of the number of ALD cycles of the ZrO2 thin
films when deposited on a Si substrate by O2-plasma and
N2O-plasma, respectively. The substrate temperature was
280oC. These conditions correspond to the saturated
growth conditions for ZrO2 films. The saturation char-
acteristics of growth rate with respect to the precursor and
oxidant pulse time were confirmed by the preliminary
experiments. As an example for the saturation behavior,
the inset in Figure 1a shows the variation in the growth
rate of ZrO2 films as a function of TEMAZ pulse time
where the precursor purge, O2-plasma pulse, and purge
times were 2, 1, and 0.2 s, respectively. The growth rate
was almost saturated to 0.1 nm/cycle after the pulse time
of ∼ 0.4 s. This is a slightly larger value compared to the
value determined from the thickness vs number of cycle
plots shown below due to the involvement of interfacial
layers. Although other saturation characteristics are not
shown, all the growth rates reported in this work were
saturation growth rates which were confirmed by the
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preliminary experiments. The GR of the bulk film, which
is independent of the presence of interfacial layers, was
estimated from the slopes of the best-linear fitted graphs
shown inFigure 1a. TheN2O-plasmaprocess shows aGR
of 0.184 nm/cycle, which is approximately 2.1 times
higher than that (0.087 nm/cycle) of the O2-plasma
process. Because the thickness of the monolayer of bulk
ZrO2 is ∼0.2 nm,15 the high GR of the N2O-plasma
process suggests that an almost fully covered atomic
monolayer was formed during a single ALD cycle.
Figure 1b shows the change in the GR as a function of
the N2O concentration in the oxidant (the other gas was
O2) mixture. It can be understood that only ∼7% N2O
was needed to enhance the GR significantly. In ALD, an
increase in GR can be attributed to two factors: an
increase in the density of the reactive species and thermal
decomposition of the physically adsorbed precursors, i.e.
chemical vapor deposition (CVD) effect. It was reported
that N2O gas thermally decomposed through the follow-
ing two steps; (1) N2O f N2 þ O, and (2) N2O þ O f
2NO.16 Similar reactions might also occur in a plasma
environment. N2O has a higher dissociation probability
in plasma than oxygen because the dissociation energies
of N2-O, N-NO, and OdO are 1.67, 4.9, and 5.1 eV,
respectively.16-18 Therefore, even with a small concentra-
tion of N2O gas in the oxidant gas, a much higher density
of the active species is generated from N2O in the cham-
ber, which is believed to be responsible for the enhanced
GR shown in panels a and b in Figure 1. The GR was

checked at 255, 280, and 305 �C, in order to determine if
this increase inGR is due to the thermal decomposition of
the precursors and the formation ofmultiple layers on the
surface, as shown in Figure 1c. Although this is not
enough data to clearly show the full ALD temperature
window, where the GR is independent of deposition
temperature, it is quite certain that 280 �C is within the
ALD process window for this specific ALD reactor. The
ALD reaction using the O2 andN2O plasmamay proceed
via the reaction that is similar to the ALD with O3

oxidant, where active oxygen atoms are produced and
mediate a certain ALD type reaction. The ligands may be
removed as CO, CO2, and H2O. As H2O can be produced
as the reaction byproduct, OH-ligand mediated ALD
reactions can also take part in during the film deposition.
Figure 1d shows theAES depth profiles of ZrO2 thin films
deposited using the N2O plasma. In this analysis, no
detectable nitrogen was found in the film. However, it is
believed that nitrogen played an important role in achiev-
ing a higher GR of the ZrO2 film during the mean time of
ALD cycles, even though it was not incorporated into the
film. As a result, a certain type of catalytic effect can be
considered for this case.
To check if the higher GR of the film resulted in a

deterioration of the electrical performance of the films,
the leakage current densities of ZrO2 thin films deposited
by O2 plasma and N2O plasma were examined as a
function of the applied electrical field (J-E curves), as
shown in Figure 2a. Equivalent oxide thicknesses (EOT,
ε0� εSiO2�A/C, where ε0, εSiO2,A, andC are permittivity
in vacuum, dielectric constant of SiO2 (3.9), electrode
area, and capacitance, respectively) of 1.27 and 1.35 nm
were measured from the capacitance-voltage (C-V)
measurements of the films deposited using the N2O-
and O2-plasma, respectively. The number of ALD cycles
for each process was controlled in order to achieve a
similar EOT value for theN2O- andO2-plasma processes.
TheZrO2 film grownby theN2O-plasmaprocess does not
show any notable degradation in leakage current density,
even though the GR was highly improved. This was
further confirmed from the expected lifetimes (time to
hard breakdown at a certain voltage). The 10 year life-
time was achieved at ∼3 V for both films, as shown in
Figure 2b.
A similar enhancement effect in the GR of HfO2 thin

films using the N2O-plasma was also confirmed.
Figure 3a shows an approximately 100% increase in the
bulk filmGR compared to the O2-plasma case (0.137 nm/
cycle for N2O vs 0.068 nm/cycle for O2). Panels b and c in
Figure 3 show the J-E curves and lifetime expectation,
respectively, of the HfO2 films with a similar EOT but
grown under the different plasma conditions. The HfO2

film grown by theN2O-plasma process showed a better or
similar electrical performance compared to that of the
HfO2 film grown by the O2-plasma process. The higher
GR of the N2O-plasma process was also observed over
the three-dimensional deep hole structured capacitors.
The inset transmission electronmicroscopy (TEM) image
in Figure 3d shows the cross-sectional structure of the

Figure 1. (a) Deposition rates of ZrO2 films deposited by N2O plasma
andO2 plasma. (b) Deposition rates of ZrO2 films as a function of the gas
flow ratio ofN2O/O2. (c)Deposition rates ofZrO2 films depositedbyN2O
plasma as a function of the deposition temperature. (d) AES depth
profiles of the ZrO2 film deposited at 280 �C usingN2O plasma. Nitrogen
was not detected in the ZrO2 film.
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capacitor hole with a diameter and height of 0.25 and
0.8 μm, respectively. In this capacitor, the bottom elec-
trode was a 20 nm thick TiN layer grown by a metal-
organic CVD (MOCVD), and the top electrode was
composed of sputtered-TiN (the thickness was 40 nm)
followed by the deposition of an 80 nm thick TiN film
again by MOCVD. Here, the composite (Zr,Hf)O2 film
was grown conformally, as expected from the ALD
process, with both the N2O- and O2-plasma processes
(inset TEM image in Figure 3d corresponds to the N2O-
plasma process). The number of ALD cycles was again
controlled to achieve a similar EOTof the (Zr,Hf)O2 films
using the N2O- and O2-plasma processes considering
the significantly different GR. The addition of ZrO2

into HfO2 leads to a lower EOT than that of pure HfO2

because of the higher dielectric constant of ZrO2 while
having a better reliability. The ratio of Zr:Hf was
∼2.5:1. The almost identical J-E curves (measured
at 85 �C) of the two films grown on the deep hole
structured capacitors shown in Figure 3d suggest that
the higher GR was conformal all over the hole struc-
ture. The results show that the GR of ZrO2 and HfO2

films was improved by as much as 100% by adopting
N2O-plasma without sacrificing the electrical perfor-
mance. The following discusses the possible reasons
for this improvement.
To confirm if nitrogen (N) is temporarily present on the

growing surface at a certain moment of ALD (most
probably immediately after the N2O-plasma step), we
used surface sensitive XPS to detect N after the N2O-
plasma step of the growing film. Although the XPS was
not performed in situ, N might be detected by XPS
because N is almost never adsorbed on the surface from
air at room temperature. Furthermore, to exclude the
possible incorporation of N from the amino ligands of
the TEMAH or TEMAZ, we used N-free TTIP to grow
TiO2 films. However, regardless of the types of oxidants,
N 1s XP spectra related to nitric oxide were hardly
detected when the film was grown on the flat Si substrate.
This may be due to the very lower density of surface N
even if they actually remain on the film surface. There-
fore, in order to increase the possibility of detecting N on
the film surface, a porous low-k SiOC film was used as a
substrate for the TiO2 ALD. The low-k film with a

dielectric constant of 2.5 was exposed to ultraviolet lamps
(100 �C, 5min) in order to generatemany open pores with
the appropriate diameter (∼1 nm).19 Only one ALD cycle
of the TiO2 film was performed on the standard Si and
low-k substrates, and the amount of deposited Ti was
estimated by XRF. The relative amount of Ti on the
porous low-k substrate was∼15 times higher than that on
the Si substrate. This suggests that the high specific sur-
face area of the porous low-k substrate was quite effective
in increasing the amount of surface adsorption.
Therefore, the surface chemistry of the porous low-k

substrate after 1 cycle of TiO2 deposition using N2O-
plasma was examined by XPS. Here, the final step before
the XPS was the purge of N2O-plasma. Figure 4a shows
the N 1s XPS spectra of the low-k substrate (0 cycle) and
after the 1 cycle of TiO2 deposition. The increase of the
N signal was observed, which confirms that nitrogen was
adsorbed after the 1 cycle of ALD TiO2. The density of
N was approximately similar to that of titanium when
calculated in consideration of atomic sensitivity factors.
The binding energy of the N 1s peak (399-400 eV) was
close to that of a N atom bonded to an O atom.20

However, the AES depth profiles of Figure 1d showed
no nitrogen in the final film. The detection limit of XPS
and AES is similar (∼0.5%). This suggests that N exists
only temporarily on the film surface. Figure 4b-d show
XPS spectra of silicon, carbon, and oxygen, respectively,
before and after 1 cycle of TiO2 deposition. In silicon, the
peak intensity around 104 eV from SiOH was drastically
reduced after 1 cycle of TiO2 deposition. In the range of
101.5 to 103.5 eV related to SiOxCy, the intensity of the
relatively high binding energy increases, which means
that carbon atoms bonded to silicon atoms are replaced

Figure 2. (a) Leakage current densities and (b) TDDB characteristics of
ZrO2 films deposited by N2O plasma and O2 plasma. The numbers in
parentheses in (a) denote the deposition temperatures. “at 125 �C” in (a)
indicates the measurement temperature.

Figure 3. (a) Deposition rates, (b) leakage current densities, and (c)
TDDB characteristics of HfO2 films deposited by N2O plasma and O2

plasma. (d) Leakage current densities of (Zr,Hf)O2 composite films in the
three-dimensional capacitor structure. The inset of (d) shows a TEM
image of the capacitor structure. BE and TE mean the bottom and top
electrode, respectively. The dark line following the contour of a concave
hole displays the (Zr,Hf)O2 composite film. “at 85 �C” in (d) indicates the
measurement temperature.
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partially by oxygen atoms. In carbon, the peak intensities
of 286 to 289 eV related to carbonates (CO, COH) and
283.5 eV from SiC decreased significantly after 1 cycle of
TiO2 deposition. In oxygen, the peak intensities from
Si-O-H (534.5-535.5 eV) were reduced significantly
after 1 cycle of TiO2 deposition. In the range of
530-533 eV, the peak intensity increased after 1 cycle
of TiO2 deposition because new peaks from Ti-O-N
(530-531 eV), C-O-N (532 eV), and Ti-O-Ti
(530-531 eV) appear, even though the peaks forC-O-H
(530.5-531.5 eV) and Si-O-C (531-532 eV) are wea-
kened. However, because of the limited resolution of the
XPS instrument, theO 1s peak cannot evidently prove the
presence of N on the film surface.
Panels e and f in Figure 4 show the Ti 2pXP spectra and

their deconvolution results for the 1 cycle ALD TiO2 on
the porous low-k substrate and the 5.5 nm thick TiO2 film
on the normal Si substrate, respectively. Deconvolution
results of the Ti 2p spectrum from the thinner film suggest
that the layer is composed of mainly TiO2 (peak at ∼459
eV) and Ti-O-N (peak at∼458 eV) with aminor amount
of Ti-N(peak at∼456 eV) and possible Ti-Si-O (peak at
∼461 eV). The major presence of Ti-O-N coincides well
with the N 1s result in Figure 4a. The high affinity of Ti to
Nmay result in thepartial formationofTi-Nbodings.The
spectrum from the thick TiO2 films was exclusively com-
posed of Ti4þ state signal, suggesting that the Ti-N bond-
ing was hardly remained. Therefore, it can be understood
thatN is intermediately involvedduring the filmgrowthbut

readily removed during the subsequent steps by either the
ligand exchange reaction or oxidation.
AFM (data not shown) revealed that the surface mor-

phology of the PEALD TiO2 film was very smooth. A
root-mean-squared roughness of ∼ 0.2 nm was achieved
from a 5 nm thick TiO2 film (scan area 2� 2 μm2), which
is similar to the value of the film grown by a thermal ALD
using the same precursor and H2O oxidant.
From these experimental results, a model can be

assumed to explain the ALD behavior of ZrO2 (HfO2

too) thin films depending on the types of oxidants. In the
case of O2-plasma, active oxygen on the surface removes
some of the ligands from the metal precursors, but there
could be a high proportion of unoccupied reaction sites.
This originates mainly from the steric hindrance effect of
the residual bulky ligands which are still attached to the
adsorbed metal ions. The bulkiness of these remaining
ligands precludes the chemisorption of another precursor
molecule at the adjacent adsorption sites. For this case,
the total ALD process is just a repeat of approximately
half monolayer growth of one ALD cycle.
On the other hand, the surface N-O groups in the case

of N2O-plasma are believed to play a key role in improv-
ing theGRduring the precursor pulse step. Similar ligand
exchange reaction occurs when the precursor molecules
approach the surface with the N-O groups and active
oxygen atoms, and some of the ligands are removedby the
chemical reaction as in the case of the O2-plasma ALD.
However, in this case, N ions around the adsorbed
precursors may contribute to further chemical reactions
that remove the residual ligands from the adsorbed metal
ions further. The active N atoms react with the remaining
ligands and make the adsorbed precursor molecules
retain less ligands. This would reduce the steric hindrance
effect during the precursor pulse step and increase the
chemical adsorption of the precursor molecules. There-
fore, with the favorable surface structure for the precur-
sor adsorption wit theN2O plasma almost full monolayer
coverage can be attained.
Another important point for this type of reaction route

is that there is no possibility of multilayer formation. This
is because the temperature is not high enough to induce
thermal decomposition of the precursor molecules with-
out any surface catalytic reaction. Therefore, the ligands
bound to the incoming precursor molecules are rarely
dissociated, resulting in little adsorption on the predepos-
ited metal ions which are now free of ligands and active
species. Even a small amount of weakly bound mole-
cules to the metal ions by physisorption are easily re-
moved by the subsequent purge step. A more detailed
experimental and theoretical study will be needed,
particularly for the precursor adsorption step in the
N2O-plasma case. However, the hypothesis made in this
study has firm ground considering the well-matched
experimental results.

4. Conclusions

ALD of ZrO2 and HfO2 using N2O-plasma resulted in
a significant increase (by J100%) in deposition rate

Figure 4. (a)XPSN1speaks, (b)XPSSi 2ppeaks, (c)XPSC1speaks, (d)
XPSO 2p peaks, and (e) XPS Ti 2p peaks for 0 and 1 cycle of TiO2 on the
UV-treated low-k film. (f) XPS Ti 2p peaks for the 5.5 nm thick TiO2 film
on the normal Si substrate.
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compared with the ALD with O2-plasma. In particular,
the growth rate of ZrO2 (0.184 nm/cycle) achieved by the
N2O-plasma process in this study was very close to the
ideal monolayer growth rate (∼0.2 nm). This suggests
that the steric hindrance effect, which is normally the
cause of the suppressed growth rate in ALD, was over-
come during N2O-plasma ALD. The active N atoms of
the N-O groups immediately after the N2O-plasma step
remove the bulky amino ligands of the precursors more
efficiently at the subsequent precursor pulse step and
catalyze full coverage of the adsorption sites. This phe-
nomenon is expected to greatly assist in the surface

modification of nanostructures and the improvement in
interface qualities of thin films.

Acknowledgment. This work was supported by the Korea
Science and Engineering Foundation (KOSEF) grant

funded by the Korea government (MEST) (R17-2008-043-

01001-0), system IC 2010 project, IT R&D program of

MKE/IITA (Contract 2009-F-013-01), and World Class

University program through the Korea Science and

Engineering Foundation funded by the Ministry of Educa-

tion, Science andTechnology (R31-2008-000-10075-0) of the

Korean government.


