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Hafnium oxide is one of the most promising high dielectric constant materials to replace silicon
dioxide as the gate dielectric. To take the advantages of high dielectric constant of HfO2 thoroughly,
the relatively low dielectric constant interfacial layer must be controlled carefully. In this work, the
formation of an interfacial SiO2 layer at the HfO2/Si interface was studied comprehensively. It is
observed that during reactive sputtering deposition of the HfO2 layer, a very thick interfacial SiO2
layer, thicker than 3 nm, would be grown. O-radical signals, instead of O2-radicl signals, are
detected in the sputtering chamber. An O-radical enhanced oxidation model is proposed to explain
such an unusual thick SiO2 layer. The adoption of a two-step deposition method, the thickness of
interfacial SiO2 layer can be reduced only if the bottom Hf layer is thicker than 5 nm. However, the
reduction of effective oxide thickness would be limited. Reoxidation of Hf film sounds a better
choice. A 1.0–1.5-nm-thick interfacial SiO2 layer is still observed. This implies that the traced
oxygen in the sputtering chamber plays a critical role on the formation of the interfacial layer. It is
thus concluded that reactive sputtering is not a suitable method to prepare a HfO2 layer with a
negligible interfacial SiO2 layer. Reoxidation of Hf film is a better choice, but the oxygen content
in the sputtering chamber must be well controlled. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1574594#
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INTRODUCTION

Silicon dioxide (SiO2) have been used as the gate
electric of complementary metal–oxide–semiconductor
vices for several decades because of its superior prope
such as low interface state density, large energy band
~8.9 eV!, low leakage current, and good thermal stability f
the Si substrate and poly-Si gate. As device dimensions s
down, the thickness of SiO2 must be reduced to keep suffi
cient current driving capability. But when the thickness
SiO2 was below 3.5 nm, direct tunneling current increas
100 times for every 0.4–0.5 nm decrease of thickness.1 This
high gate leakage current would increase standby power
sumption and induce loss of inversion layer changes.
cording to the 2001 ITRS roadmap, the effective oxide thi
ness~EOT! ~a number which converts thickness of dielect
thickness into thickness of SiO2) will reach 1.8 nm and the
maximum gate current should be lower than 2 mA/cm2 for
low power application in 2005.2 The simulated leakage cur
rent of 1.8 nm SiO2 was about 1 A/cm2 and could not mee
the specified gate leakage current.

In order to reduce gate current caused by direct tun
ing, the physically thickness of dielectric must increase s
that the EOT can scale down continuously. Gate dielect
with dielectric constant~K! higher than SiO2 must be devel-
oped. Oxynitride~SiON!, with K in the range of 5–7, has
been extensively studied and was found to exhibit more c
trollable oxidation rate, lower interface state generation,
proved resistance against dopant diffusion, higher dielec
intensity, lower stress induced leakage current, and lo

a!Electronic mail: bytsui@mail.nctu.edu.tw
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charge trapping characteristics.3–5 It has been thought as a
alternative dielectric for the next generation. But it is uncle
if oxynitride will meet future leakage current target becau
its dielectric constant is not high enough. Several alterna
high dielectric constant~high-k! materials with dielectric
constant higher than SiON have been studied to overco
the challenge of gate dielectric scale down.

The most commonly reported high-k materials are HfO2,
ZrO2, Ta2O5, TiO2, Al2O3, and La2O3 etc.6–12Among these
candidates, HfO2 attracted much more attention form rece
researches. The reported dielectric constant of HfO2 is about
25–30.6,7 This magnitude of theK value is higher than tha
of Si3Ni4 ~;7! and Al2O3 ~8–11.5!.6,7 At the same time, it is
not too high to induce severe focused ion beam lithogra
effect.13 The energy band gap of HfO2 is about 5.68 eV,
which is higher than that of the other high-K materials.14

Band alignment determines the barrier height for elect
and hole tunneling from gate or Si substrate. The calcula
band offsets of HfO2 for electron and hole is 1.5 and 3.4 e
respectively.14 This band alignment is acceptable and bet
than other high-K materials such as Ta2O5.

14 The free energy
of reaction with Si is about 47.6 Kcal/mol at 727 °C, which
also higher than that of TiO2 and Ta2O5. Therefore, HfO2 is
a more stable material on the Si substrate as compare
TiO2 and Ta2O5.15 Among the elements in the IVA group o
the periodic table~Ti, Zr, Hf!, Hf has the highest heat o
formation ~271 kcal/mol!.16 Unlike other silicides, the sili-
cide of Hf can be easily oxidized.17 That means that Hf is
easy to be oxidized to form HfO2 and the oxide of Hf is
usually stable on the Si substrate. Unlike ZrO2 HfO2 shows a
good thermodynamic stability with poly-Si. It had been r
9 © 2003 American Institute of Physics
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ported that HfO2 would not react with poly-Si at tempera
tures as high as 1000 °C.18

Several deposition techniques have been employe
prepare HfO2 film. They are physical vapor depositio
~PVD!,19,20 chemical vapor deposition,21,22 atomic layer
deposition,23,24 and jet vapor deposition.25,26 Among these
deposition techniques, PVD has advantages of simple
cess, high purity, and low cost-of-ownership. However,
unusually thick interfacial layer~IL ! was observed in som
literatures.27 Figure 1 shows the calculated impact of interf
cial layer on the effectivek value of the HfO2/IL stack as-
suming thek value of HfO2 is 27. A 10% SiO2-like interfa-
cial layer results in a more than 30% degradation of
effectivek value. To take the advantages of highK value of
HfO2 thoroughly, the interfacial layer must be reduced
possible.

In this article, we focused on the formation of interfac
layer using the PVD method. Various deposition schem
were employed to form HfO2 film. A detailed experimenta
procedure is described in the next section. Experimenta
sults are presented and discussed in Sec. III. The forma
mechanism of an interfacial layer and the guidelines
minimizing the interfacial layer are proposed last.

EXPERIMENTAL PROCEDURE

Simple metal–insulator–silicon structures were fab
cated to study the EOT and interfacial layer at the HfO2/Si
interface. The main process flow is briefly listed in Fig.
The starting material is 6 in.~100!-orientedp-type wafer.
After a standard Radio Corporation of American clean, w
fers were immersed in dilute HF solution to remove chemi
oxide. Wafers were then loaded into the chamber of a re
tively dc sputtering system. During film deposition, the su
strate temperature was held at 100 °C. Either HfO2 or Hf film
was deposited by sputtering from a Hf target. The base p
sure of the sputtering chamber before deposition w
pumped down to 231028 Torr and the pressure during dep
sition was kept at 231023 Torr. When Hf was deposited, th
gas and flow rate are Ar and 120 sccm, respectively.
HfO2 deposition, the gas mixture and flow rate are Ar/2

and 30/10 sccm, respectively. The deposition power was

FIG. 1. Effective dielectric constant of HfO2/interfacial layer stack structure
vs the thickness of interfacial layer with the dielectric constant of interfa
layer as parameter. The dielectric constant of HfO2 is assumed to be 27.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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at 100 W. The deposition rate of HfO2 and Hf is different for
different power and gas ratio. For the deposition condit
used in this work, the deposition rate of HfO2 and Hf is
about 0.6 and 9.6 nm/min, respectively. The thickness r
of the HfO2/Hf stack was split into two categories. One
fixing the bottom Hf thickness at 1 nm and varying the t
HfO2 thickness from 3 to 9 nm. The other is fixing the to
HfO2 thickness at 7 nm and varying the bottom Hf thickne
from 0 to 5 nm. The deposited film structures and sample
are listed in Table I.

Postdeposition annealing~PDA! was performed in a
rapid thermal annealing system at 600 °C for 30 s in2
ambient. Since oxygen can penetrate through both Hf
HfO2 films the deposited Hf layer was converted into HfO2

during PDA by reacting with residual oxygen in anneali
ambient.16,28–30Platinum is used as gate electrode due to
inert property. Pt was deposited in an electron beam eva
ration system through a shadow mask after PDA. The are
the capacitor is 3.6331023 cm2. Then a backside metalliza
tion process completed the sample fabrication. A met
insulator–metal~MIM ! sample was also fabricated to ide

l

FIG. 2. Schematic drawing of main process flow used in this work.

TABLE I. Sample ID and film structures used in this work.

Sample ID H70 H71 H73 H75 H31 H51 H71 H91 H0

HfO2 ~nm! 7 7 7 7 3 5 7 9 0
Hf ~nm! 0 1 3 5 1 1 1 1 3
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tify the actual dielectric constant of the deposited HfO2 layer.
TiN is used as gate electrode of the MIM sample.

The thickness of deposited film was measured with
N&K analyzer. The surface roughness was measured with
atomic force microscope~AFM!. For electrical analysis, a
high frequency capacitance–voltage~HFCV! characteristic
was measured at 100 kHz with a precision impedance m
of model Agilent 4284A. The effective dielectric constant
then calculated from the measured capacitance at accum
tion mode and optically measured dielectric thickness.
material analysis, transmission electron microscopy~TEM!
was used to determine the exact thickness and identify
interface situation between the HfO2 and Si substrate. The
dielectric constant of HfO2 can be calculated from the MIM
sample. Then, the dielectric constant of the interfacial la
can be determined according to the actual thickness of e
layer and the dielectric constant of HfO2 from the MIM
sample. The composition of the interfacial layer was furth
identified with energy dispersive microscopy~EDS! in a
TEM system.

RESULT AND DISCUSSION

The uniformity, defined as the range of thickness divid
by 2 times of the average thickness, of as-deposited
thickness measured with an N&K analyzer is between
and 5% for both Hf and HfO2 films at all thicknesses. Figur
3 shows that the surface roughness of the 2-nm-thick Hf fi
measured by AFM is 0.253 nm, which is very close to that
the original Si surface and is much smaller than the thickn
of deposited film. The continuity of films was further cha
acterized with plane-view scanning electron microscopy
spection, no pin holes and agglomeration phenomenon w
observed. All of these results confirm the homogeneity of
deposited films.

Figure 4 shows the HFCV curve of sample H73. T
curve looks normal but the calculated effectiveK value is
only 8.5, which is much lower than the typicalK value of

FIG. 3. Atomic force microscopic image of 2-mm-thick Hf film. The roo
mean-square roughness is only 0.253 nm.
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HfO2 film. To check if the deposited film is normal, th
TiN/Hf/HfO2/Hf/TiN structure was prepared. The thickne
of the dielectric is 12.5 nm from the cross-sectional TE
inspection. The exactK value of HfO2 film was calculated to
be 27.9 and this value is consistent with the reportedK value
of HfO2, 20–30. To understand why the effectivek value of
sample H73 is so low, high-resolution TEM was employed
inspect the actual sample structure. Figure 5 shows the cr
sectional TEM micrograph of sample H73. Because of
poor adhesion between Pt and HfO2, the Pt layer peeled-off
during sample preparation. A thick interfacial layer of 3.2 n
thick between HfO2 and Si substrate is clearly observed. Th
observation is consistent with that reported previously.27 Be-
cause HfO2 was deposited immediately after the HF-dip ste
there should not be such an unusual thick native oxide on
Si surface. In fact, the native oxide thickness measured
the Si wafer just after the HF dip process by the N&K an
lyzer is less than 0.3 nm.

The interfacial layer may be either silicon dioxide
Hf–silicate. To clarify what material it is, theK value of the
interfacial layer was estimated using the thickness of inte
cial layer and the thickness of the HfO2 layer measured from
Fig. 5, and the dielectric constant of HfO2 is assumed to be
27.9. The estimatedK value of the interfacial layer is 3.8
which indicates that the interfacial layer is SiO2-liked mate-
rial. The composition of the interfacial layer was analyz
with EDS. The signal intensity of Hf within the HfO2 layer is
much stronger than that within interfacial layer, while th

FIG. 4. High frequency capacitance–voltage curve of sample H73.
curve looks normal but the calculated effectiveK value is only 8.5.

FIG. 5. Cross-sectional TEM micrograph of sample H73. A thick interfac
layer of 3.2 nm thick between the HfO2 and Si substrate is clearly observe
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 [This a
signal intensity of oxygen keeps similar. The result confir
that the interfacial layer is SiO2-like material but not Hf–
silicate.

Since the sample shown in Fig. 5 did not experien
PDA, the thick interfacial oxide must be grown during th
HfO2 deposition period. It should be noted that the PD
process used in this work only produces a SiO2 layer thinner
than 0.5 nm on bare Si. Even if the sample experien
PDA, the 3.2-nm-thick SiO2-liked IL can not be attributed to
the PDA process.

Up to now, a fact that can be sure is that the thick ox
layer is formed during the reactive sputter process. Why
active sputter introduces such a thick oxide layer? The t
perature during sputtering is only 100 °C and the conten
oxygen is much lower than that in typical oxidation furnac
The partial pressure of oxygen during sputtering is kep
0.5 mTorr and the deposition time is shorter than 15 min.
it is impossible that this thick SiO2 layer comes from the
oxidation of the Si substrate by reacting with the oxyg
molecule under such a low thermal budget and short pe
of time.

In order to investigate the origin of interfacial SiO2, op-
tical emission spectroscopy~OES! was employed to detec
the chemical state in sputter chamber during film deposit
Figure 6 shows the OES spectrums for various gas co
tions. Only the O radical instead of the O2 radical is detected
in the sputtering chamber, while in a typical O2 plasma sys-
tem, the O2 radical is the main radical detected.28 Based on
the observation, an O-radical enhanced oxidation mode
proposed to explain the thick interfacial oxide layer. T
injected oxygen molecules are excited into ions and radic
The oxygen related species in the plasma system may
clude O ion, O2 ion, O radical, O2 radical, etc. O2 radicals
may collide with the other particles and decompose into
radicals and/or O ions. Some O radicals and O2 radicals dif-
fuse randomly to the Si surface and form an interfacial ox
layer at the initial deposition stage. Ions are accelerated
ward target and after bombarding the target, all of the2
ions decompose into O ions or O radicals. Some reflecte
radicals move toward wafers with high energy. Because

FIG. 6. Optical-emission spectrums of various gas mixtures in the sputte
chamber. Strong O-radical signals are detected in all cases.
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O radical has a small radius and is highly reactive, it pe
etrate through the HfO2/Hf stack rapidly and during the pen
etration, it not only oxidized the bottom Hf layer but als
reacts with the Si substrate to form SiO2. Therefore, a very
thick SiO2 layer is formed during the reactive sputtering pr
cess. The oxidation due to the other O-contained species
not be ruled out totally. Since O radical has the highest
tivity and the intensity of O radical is much higher than t
other species, it is believed that O-radicals play a major r

Based on the mechanism of the formation of a th
interfacial SiO2, a series of HfO2/Hf stack structures are ex
amined to reveal the efficiency of the bottom Hf layer on t
reduction of interfacial SiO2. Figures 7~a! and 7~b! show the
effective K value as a function of thickness of bottom H
layer and of thickness of upper HfO2 layer, respectively. For
the same thickness of top HfO2 layer, a thicker Hf layer
results in a higher effectiveK value. On the other hand, fo
the same thickness of the bottom Hf layer, a thicker Hf2

layer results in lower effectiveK value. Because the fina
thickness of the dielectric is different for different sample
the improvement of the effectiveK value may be due to the
reduction of the interfacial oxide layer or simply due to t
decrease of the thickness percentage of the interfacial o
layer. Figures 8~a!, 8~b!, and 8~c! show the cross-sectiona
TEM micrographs of samples with a HfO2/Hf stack of 7
nm/1 nm ~sample H71!, 7 nm/5 nm~sample H75!, and 3
nm/1 nm ~sample H31!, respectively. The interfacial laye
thickness depends on the HfO2/Hf stack structure. The cor
relation between the interfacial layer thickness and the b
tom Hf thickness with the same upper HfO2 thickness is
shown in Fig. 9. By increasing the bottom Hf thickness to

g

FIG. 7. Effective dielectric constant as a function of the thickness of~a!
bottom Hf layer and~b! upper HfO2 layer.
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nm, the thickness of the interfacial oxide layer can be
duced to 1.3 nm, which is the same as that observed in
sample with only a Hf layer~H03!. This phenomenon im-
plies that a 5-nm-thick Hf is necessary to block the diffusi
of O radicals during the reactive sputtering of HfO2. The
origin of the 1–1.5-mn-thick interfacial oxide layer is post
lated to the surviving oxygen in the chamber or the trac
oxygen impurity in Ar gas.

FIG. 8. Cross-sectional TEM micrographs of samples~a! H71, ~b! H75, and
~c! H31.

FIG. 9. Interfacial SiO2 layer thickness as a function of bottom Hf thickne
with the same upper HfO2 thickness.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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Correlation between the interfacial layer thickness a
the upper HfO2 thickness is shown in Fig. 10. Similar inte
facial SiO2 thickness of about 3–4 nm was observed. T
result indicates that the growth of the interfacial oxide lay
occurs at the early stage of HfO2 deposition. With the in-
crease of HfO2 thickness, oxidation is blocked.

CONCLUSION

In this work, the formation of the interfacial SiO2 layer
at the HfO2/Si interface was studied comprehensively. It
observed that using the physical vapor deposition techniq
it is difficult to totally eliminate the formation of the interfa
cial SiO2 layer. During reactive sputtering deposition of th
HfO2 layer, an interfacial SiO2 layer thicker than 3 nm
would be grown. Such an unusual thick SiO2 layer is formed
due to the enhanced oxidation of O radicals generated in
sputtering chamber. Adoption of a two-step depositi
method, the thickness of interfacial SiO2 layer can be re-
duced only if the bottom Hf layer is thicker than 5 nm. How
ever, the reduction of the effective oxide thickness would
limited. Reoxidation of the Hf film sounds like a bette
choice. A 1.0–1.5-nm-thick interfacial SiO2 layer is still ob-
served. This implies that the traced oxygen in the sputter
chamber plays a critical role in the formation of the interf
cial layer. To conclude, reactive sputtering is not a go
method to prepare a HfO2 layer with a negligible interfacial
SiO2 layer. Reoxidation of the Hf film is a better choice, b
the oxygen content in the sputtering chamber must be w
controlled.
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