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Epitaxial growth of yttrium-stabilized HfO  , high- k gate dielectric thin films
on Si
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Epitaxial yttrium-stabilized Hf@ thin films were deposited oprtype (100 Si substrates by pulsed
laser deposition at a relatively lower substrate temperature of 550 °C. Transmission electron
microscopy observation revealed a fixed orientation relationship between the epitaxial film and Si;
that is, (100)SV(100)HfO, and[001]Si//[001]HfO,. The film/Si interface is not atomically flat,
suggesting possible interfacial reaction and diffusion. X-ray photoelectron spectrum analysis also
revealed the interfacial reaction and diffusion evidenced by Hf silicate and Hf—Si bond formation at
the interface. The epitaxial growth of the yttrium stabilized Kt@in film on bare Si is via a direct
growth mechanism without involving the reaction between Hf atoms and, S&yer.
High-frequency capacitance—voltage measurement on an as-grown 40-A yttrium-stabilized HfO
epitaxial film yielded an effective dielectric constant of about 14 and equivalent oxide thickness to
SiO, of 12 A. The leakage current density is X002 A/lcm? at 1 V gate bias voltage. @003
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I. INTRODUCTION (PLD). Electric properties of the epitaxial films, mechanism

for the epitaxial growth, and chemical reaction at the film/Si
Due to the limitation of physical thickness of Si@ate interface were studied.

dielectric film! a gate dielectric with relative permittivity

higher than that of SiQis needed to meet the next genera-

tion complementary metal-oxide-semiconductt@MOS)  Il. EXPERIMENTAL PROCEDURE

technology requirement. There are many potential candidates

of highk gate dielectrics, such as Jla, SrTiO;, Al,Os,

ZrO,, and HfG,,2"° and among them, HfQis one of the

most attractive candidates due to its relatively higher stabil

ity on Si substrate and better reliabilfty.

Conditions for the epitaxial growth of HfOfilms by
PLD have been investigated by varying the growth condi-
tions such as oxygen partial pressures, different taigeie
HfO, and YSH and substrate temperatures. The thin YSH
The problem for HIG in gate dielectric application s i<t rasistance of 5-:2Bom were deposied at con-
that it crystallizes at temperatures higher than 500 °C. Ther&giions described subsequently. Si substrates were treated by
fore, SiQy has been commonly used alloying with Bf@® 5 ¢,yentional HF-last process before film deposition leav-
form amorphous Hf silicate that is thermodynamically stablemg hydrogen terminal surface. The base vacuum of the PLD
under high-temperature annealing up to more than 1000 *Ghamber was of % 10°5 Pa. After heating up the substrate
Even though the amorphous structure has been commonjy gg °C. the vacuum decreased t& 20 4 Pa due to de-
accepted as the approach to select figte dielectrics,  gassing. The wavelength of the excimer laser is 248 nm and
epitaxial single-crystalline dielectric films are still of signifi- e energy density is 6 J/Gwith a repetition rate of 2 Hz. In
cant fundamental and technological interest. It is well knownyqer to prevent the formation of SjOnterfacial layer dur-
that epitaxial growth of metal oxide films on Si is a greating deposition, the films were deposited at 204 Pa with-
technical challenge due to the easily formed amorphous silig ;¢ introducing any oxygen gas. The Pt dot electrode was
con oxide layer on Si surface in an oxygen atmosphere pregmrmed on top of the films by subsequent deposition of Pt by
venting the intended oxide heteroepitaxy on Si subsfrate.p| D at 200 °C in the same chamber with a shadow mask of
Nevertheless, epitaxial growth of yttrium-stabilized ZrO .20 mnf. The so-formed MOS capacitors were evaluated by
(YSZ) and SrTlQ hlghk gate dielectrics on bare Si has been high_frequencﬁ_v and Conductance_vonagGGV) mea-
successfully demonstratéd:' However, to the best of our surements using HP 4192A impedance analyzer. The leakage
knowledge, there is no report of epitaxial HfOn bare Si.  current of the MOS capacitor was characterized Iby

Single-crystal oxides grown by molecular-beam epitaxymeasurement performed with Advantest TR8652 Digital
methods can in principle be obtained, but the requirement of|ectrometer. The film microstructure and interfacial struc-
ultrahigh vacuum limits its application due to low wafer ture were studied by high-resolution transmission electron
throughput. In this article, we report the deposit of thin epi-microscopy(HRTEM) with a JEOL 2010 microscope. The
taxial yttrium-stabilized Hf@ (YSH) film on bare Si at rela-  film surface roughness was evaluated by atomic force mi-
tively lower substrate temperature by pulsed laser depositioBroscopy(AFM). The depth profile of the film was charac-
terized by photoelectron spectroscop§PS) using a Physi-
dAuthor to whom correspondence should be addressed; electronic maif.:‘?lI Electronics Quantum 2000 XPS with a monochromatic
apdaijy@inet.polyu.edu.hk AlK , (1486.7-eV source.
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FIG. 2. High-frequency(1-MHz) C—V and G-V curves of the parallel
plate capacitor of the as-grown 40-A YSH epitaxial film. The inset is a
characteristid —V curve of the epitaxial film.

However, a parallel capacitance analysis yields a dielectric
constant smaller than 1. The large discrepancy between the
series and parallel analysis revealed a large dissipation of the
capacitor(dissipation factor is calculated to be 5.1 at 1 MHz
from the admittance Since the as-grown film/Si interface
may contain Hf—Si bonds and interfacial dislocations, the
interface trap density and flat-band voltage are expected to
FIG. 1. HRTEM image of epitaxial YSH film of100) Si observed along P& much higher than acceptable values, as suggested by Fig.
the direction of[110] of Si, (a) is a lower magnification image ar(®) a 2. However, for a very thin YSH film, it is difficult to opti-
higher magnification image. mize the annealing condition in oxygen ambient, since the
resistance to oxygen diffusion for H§Cfilm is very low.
Therefore, a layer of Si©Qwill normally be formed at Si
lll. RESULTS AND DISCUSSION interface after thermal annealing in oxygen ambient. The ef-
Figure 1 shows the cross-sectional HRTEM images offort to find an optimized annealing condition without form-
the as-grown 40-A yttrium-stabilized HiCfilm on Si sub-  ing SiG, interfacial layer was not successful and it deserves
strate. Within all the TEM observation areas, there is no disfurther studies.
tinguishable grain boundary in the film and the film shows a  In order to study the epitaxial growth mechanism, some
fixed orientation relationship with the Si substrate. This charcomparison experiments were carried out. Pure Hte-
acteristic suggests that the film is highly epitaxial. From theramic target was used to grow HfGilms under the same
enlarged HRTEM image shown in Fig(k, the orientation condition for the epitaxial growth of YSH films. TEM obser-
relationship between cubic HfCGand Si substrate can be de- vations of the pure Hf® films revealed that the films are
termined as (100)HfgY/(100)Si, and 001]HfO,//[001]Si.  polycrystalline even though there is no Sifayer present at
One can also see that the interface is free from any, SiOthe interface. Figure 3 shows a TEM image of a few KfO
amorphous layer. However, due to a lat§er% lattice mis-
match between Hf@and Si, the interface is actually not
atomically flat and sharp. This interface characteristic sug-
gests that lattice strain and diffusion at the interface may
occur. In addition, interfacial dislocations at the interface can
also be identified by careful examination of the lattice image.
Figure 2 shows th€ -V andG-V curves of the epitax-
ial YSH films on the MOS capacitor measured at 1 MHz.
Due to the presence of oxygen deficiencies in the film, the
as-grown samples show quite large leakage current (7.0
X 1072 A/lcm? at gate voltage of 1 Vas shown in the inset
in Fig. 2. Thus, theC—V measurements at different frequen-
cies exhibited large discrepancy, especially for frequencies
lower than 1 MHz, and only the result measured at 1 MHz is
shown. The effective dielectric constant of the YSH film
from the series capacitance analysis as shown in Fig. 2 is
about 14, and the equivalent oxide thickness t0,3812 A. FIG. 3. HRTEM image of a polycrystalline HfCfilm on Si.
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FIG. 5. XPS depth profile of epitaxial YSH film on Si) Hf 4f peak,(b)
Si 2p peak. The sequence of the spectra are as folléw&im surface, (i)
after a 150-s sputteringjii) after a 270-s sputteringjv) after a 750-s
sputtering,(v) after a 1110-s sputtering, arfdi) after a 1600-s sputtering.

atom mobility and allows the atoms to move into low-energy
lattice sites and thus leads to a layer-by-layer growth. Lower
substrate temperatures result in lower atom mobility; thus,
the adatoms do not have sufficient kinetic energy to over-
come the energy barrier to reach the epitaxial lattice sites and
the film growth is basically via island growth mechanism
forming columnar grains with different orientations. Again
one can see that the film/Si interface is rough, suggesting
interfacial diffusion and reaction.

The process window for YSH epitaxial growth on bare
Siin our case is very narrow. We believe this is due to the
relatively lower vacuum in our system as compared to a
UHV system. Due to the residue oxygen gas in the chamber,
there is a temperature limit above which $iwill be formed
FIG. 4. HRTEM image of polycrystalline YSH film on S{g) grown at  gn Sj surface. For a UHV system in which Si@nd SiO can
600 °C and(b) grown at 450 °C. be vaporized at high temperature, the epitaxial growth can be

realized over a broad range of temperatures. This suggests

that the quality of YSH epitaxial films may be improved by
grains with different orientations in the film. Polycrystalline growing the films in a UHV system at higher temperatures.
HfO, film on bare Si grown by PLD has been reported by The oxygen content in the YSH films is another issue since it
Ikeda and co-workers: However, due to the large stress at is very difficult to be optimized. However, a well-controlled
the interface and the possible phase transformation from cuand optimized Si@ layer of less than 10 A can result in a
bic to tetragonal structures in the film, it is difficult to grow compromised effect between a decreased gate stack capaci-
pure HfQ, epitaxial films on Si. This is due to the well- tance and improved interfacial quality to Si, since no high-
known instability of HfQ, cubic structure that undergoes system has yet shown an interfacial quality equal to that of
martensitic phase transformation to tetragonal and moncSiO,.*
clinic structures under stress. The advantages of the YSH epitaxial films over the KfO

Substrate temperature was found to be a critical parampolycrystalline films have been studied in terms of surface
eter for the epitaxial growth of YSH films. TEM observa- flatness. AFM analysis revealed that the surface rms rough-
tions revealed that a higher substrate temperature at 600 °&ss for the YSH epitaxial film is 2.5 A, and 5.4 A for pure
caused Si@ formation on Si surface before film deposition HfO, film. Therefore, the surface flatness for epitaxial YSH
and therefore prevented the epitaxial growth of the fileee  films is better than that of polycrystalline H§Gilms.

Fig. 4@]. On the other hand, the films grown at a lower XPS has been commonly used in the study of thin film
substrate temperature of 450 °C also resulted in polycrystakhemical structure and interfacial reaction of Hfénd Hf
line structure even the interface is free from Si@yer[Fig.  silicate on Si*~2!In order to study the interfacial reaction
4(b)]. This can be understood by considering the differentand diffusion that may occur at the interface of the epitaxial
mobility of adatoms at the Si surface under different tem-YSH film on Si, the as-grown film was subjected to XPS
peratures. Higher substrate temperatures result in highemalysis. Figure 5 shows the depth profile XPS binding en-
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ergy of Hf 4f and Si 2 peaks as the film was progressively V. CONCLUSION
milled by Ar* in situ sputtering. One can see from Figab

that with increasing depth, the peak position of Hifshifted (100 Si substrates by pulsed laser deposition at a low sub-

from Hl;ozl (17.6 el\))l_:]? eIeTSantgdl Hf£]~1f1f.6 '(IEIV). The prﬁs- strate temperature of 550 °C. The orientation relationship be-
ence of elementa peak inside the film illustrates the e)}(_Eveen the epitaxial film and Si is (100)&i100)HfO, and

Epitaxial YSH thin films have been deposited pitype

istence of oxygen \{acancies. The dominated elementgl' 001]Si//[ 001]HfO,. The effective dielectric constant of an
pgak at 'the interfacial area SUQQEStS more oxygen deficie s-grown 40-A YSH epitaxial film was characterized to be
cles during th_e ear_ly stage of f|Im groyvth as WeII_as Hi- about 14, and the equivalent oxide thickness is 12 A. The
silicide formation since the Hf—Si binding energy is very leakage current density is 00 2 Alcm? at 1 V gate bias

~16
close_to that Of_ thFT‘ elemental Hf pedk. voltage. A direct growth mechanism of epitaxial YSH thin
Since the film is only about 40 A, the XPS spectra fromfilms on Si is proposed

surface may also contain information from the interfacial
area due to the penetration effect. The Sieak at~102.8
eV in spectrum(i) as shown in Fig. &) illustrates Hf- ACKNOWLEDGMENTS
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