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Abstract

HfO; thin films have been deposited on p-type (1 0 0) Si substrates by pulsed laser deposition. Transmission electron microscopy observation
illustrated that the Hf@films are in polycrystalline structure and the interface with Si substrate is free from amorphous layer. The rough
feature of the film/Si interface suggested interfacial reaction and diffusion. Depth profile X-ray photoelectron spectroscopy (XPS) analysis
results revealed the formation of Hf silicate and Hf silicide at the interface. A two-step reaction model was proposed to interpret the interfacial
reaction. At initial stage of film growth, insufficient oxidation of Hf atoms on bare Si surface resulted in reaction of Hf with Si leading to
silicidation of Hf, at least Hf—Si bonds formation. During the following film growth, the preformed Hf silicide was further oxidized leading to
Hf silicate formation. This two-step reaction model suggests a gradient distribution of the film stack, thati#jftsilicate/Hf silicide/Si.

It was found that with sufficient oxygen during film growth, the Hf silicide formation was suppressed.
© 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction ficient in the HfQ films and also at the film/Si interfaces.
The oxygen deficiency, as we have found during pfiln
Due to the limitation of physical thickness of Si@ate deposition by pulsed laser deposition (PLD), results in Hf
dielectric film, a new gate dielectric material with dielectric silicidation at the interfacial area which is detrimental to
constant higher than that of SiQs required to meet the the MOS device performance. However, the reaction mech-
next generation complimentary metal-oxide-semiconductor anism under an oxygen deficient condition between HfO
(CMOS) technology requirement. There are many candi- and Si is not well understood yet. In this paper, we propose
dates of highk dielectrics such as 385, ZrO,, Al,03, and a two-step reaction mechanism to interpret the interfacial re-
among them, Hf@is one of the most attractive candidates action during HfQ thin film deposition by PLD on p-type
due to its relatively higher stability on Si substrate and bet- (100) Si substrates.
ter reliability [1-3]. However, it is well known that due to
the presence of oxygen during the film growth, Hf silicate
or SiQ, interfacial layer is unavoidable and many studies 2. Experimental details
have been devoted to the reaction mechanism and its effect
to dielectric propertie§3—6]. The HfO, thin films on p-type (100) Si with resistance
In order to reduce the equivalent oxide thickness, the Si of 5-25Q cm were deposited by PLD with base vacuum of
oxide-riched interfacial layer, that is responsible for the de- 7x 10~ Pa. The wave length of the Excimer laser is 284 nm
crease of dielectric constant, has to be reduced by reducingand the energy density is 6 J/@rwith frequency of 5Hz.
the oxygen during film deposition. This can lead to $iO In order to prevent the formation of SjOnterfacial layer
layer free HfQ/Si interface, but may result in oxygen de- during the film deposition, the Hf&¥ilms were deposited in
high vacuum without introducing any oxygen gas. The de-
position temperature is 55C and last for 2 min. After de-
* Corresponding author. position, the HfQ thin film was subjected to a rapid thermal
E-mail address: apdaijy@inet.polyu.edu.hk (J.Y. Dai). annealing at 650C for 15s in order to reduce the oxygen
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vacancies in the film. The formed MOS capacitor was evalu- subjected to XPS analysifig. 2 shows the depth profile
ated by high frequency capacitance—volta@e\) measure- XPS binding energy of Hf 4f and Si 2p peaks as the film
ment at 1 MHz using HP 4194A impedance analyzer. The was progressively milled by Arin-situ sputtering. One can
leakage current of the MOS capacitor was characterized bysee fromFig. 2(a)that with increasing depth, the peak po-
current—voltagelV) measurement. The film thickness and sition of Hf 4f shifted from HfQ (17.6 eV) to elemental Hf
interfacial property were studied by high-resolution trans- (~14.6 eV). The presence of elemental Hf peak inside the
mission electron microscope (TEM) with JEOL 2010 mi- film illustrates the existence of oxygen vacancies. The domi-
croscope. nated elemental Hf peak at the interfacial area suggests more
oxygen deficiencies during the early stage of film growth.
It may also evidence Hf silicide formation at the interface

3. Results since the Hf-Si binding energy is very close to that of the
elemental Hf peaf8-10]. In fact, as shown irFig. 2(b)
Fig. 1 shows high-resolution TEM images of HiGhin when approaching the film/Si interfacial area, the appear-

films on the Si substrate deposited at high vacuum condi- ance of a shoulder in the Si 2p peak toward higher energy
tion with and without oxygen gas introduced. It can be seen is an indication of Hf—Si bond formatidi 2]. This fact and
that with oxygen gas introduced, the interface presents athe appearance of elemental Hf 4f peak when approaching
thin amorphous layer (S¥Jor Hf silicate) and the HfQ the film/Si interface suggest that Hf silicide or Hf—Si bonds
thin film is polycrystalline structure. For the H$Qhin film was formed at the interfacial area, even though there is no
deposited without oxygen gas introduced, however, the in- evidence from TEM observation. It may be argued that sput-
terface is rough in atomic scale. One reason of this atomic tering process used for depth profile changed the chemical
scale surface roughness is the presence of large amount o$tate at the interfacial regid@]. However, the XPS spectra
misfit dislocations due to the lattice mismatch506) be- of Hf 4f and O 2p at the surface support our explanation.
tween HfQ and Si. Another possible reason is due to in- Since the film is only about 30 A, the XPS spectra from sur-
terfacial reaction, even though the image does not show anyface also contain information from the interfacial area due
evidence of interfacial phase. We believe that atomic scaleto the penetration effect.
interfacial reaction and diffusion, for example, the forma-  The depth profile XPS study also revealed Hf-silicate for-
tion of H—Si or Hf—~O-Si bonds, can cause the interface mation at the interfacial area. The Si 2p peak 202.8eV in
roughness. It is worth noting that polycrystalline Hf@im the spectrum as indicated by an arrow as showfidgn 2(b)
on bare Si grown by PLD has also been reported earlier by corresponds to Hf—-silicate bonding enefgy. The shifting
Ikeda et al[7]. However, due to the large stress at the in- to a higher binding energy of Hf 4f peak from spectrum (i)
terface and the possible phase transformation from cubic toto (ii) as can be clearly seen kig. 2(a)also evidences the
tetragonal and monoclinic structures in the films, it is diffi- presence of Hf-silicate at the interfacial af84L0].
cult to grow HfQ epitaxial films on Si. The formation of Hf silicide or Hf—Si bonds at the Hi(3i

XPS technique has been widely used in the study of thin interface can be understood by considering the fact of in-
film chemical structure and interfacial reactions in the sys- sufficient oxidation of Hf adatoms at the beginning of film
tems of HfQ/Si and Hf silicate/S[8—15]. In order to study growth on bare Si surface which leading to the reaction of Hf
the interfacial reaction and diffusion that may occur at the with Si. The Hf silicate formation is believed to be due to the
interface of the Hf@ film on Si, the as-grown films were  further oxidation of Hf silicide that has been formed at the

Fig. 1. Cross-sectional HRTEM pictures of HfGilms on Si substrates observed along Si [110] direction: (a) with,Si€hed amorphous layer, and
(b) without amorphous layer.
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Fig. 2. XPS depth profile of Hf@film on Si: (a) Hf 4f peak, (b) Si 2p peak. The sequence of the spectra are as follow: (i) film surface, (ii) after a 30s
sputtering, (iii) after a 630 s sputtering, (iv) after a 870 s sputtering, and (v) after a 1350 s sputtering.

interface. A model was proposed to interpret this two-step stage of film growth or can be eliminated during subsequent
interfacial reaction mechanism as illustratedrig. 3. The growth.

first few layers of Hf atoms arrive at Si surface when the  The effect of interfacial silicidation to the electric proper-
system is in a high vacuum condition, thus, the lack of oxy- ties was studied bg-V andI-V measurements:ig. 4is a

gen atoms at the initial stage of film growth leads to Hf C-V curve of the as-grown Hf@thin film on Si without any
silicide formation. After a few laser pulses ablation on the interfacial amorphous layer as shownHig. 1(b) A hump
target, the pressure in the vacuum chamber was noticed topresents at the depletion region and the curve is stretched
increase in one order due to the generation of plume. Thereout at the end of accumulation side. This abnormal feature in
will be more oxygen atoms arrive on the sample surface to- the C-V curve is an indication of large leakage current and
gether with Hf atoms and result in oxidation of the preformed
Hf silicide into Hf silicate. It is reasonable to expect that
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Fig. 3. Schematic diagram of a two-step interfacial reaction model: (a) Fig. 4. High frequency (1 MHz)C-V curve of MOS capacitor with Pt
interfacial reaction forming Hf silicide at initial stage of film growth, and  dot as electrode for the HiZGi systems without Si@riched amorphous
(b) oxidation of Hf silicide leading to Hf silicate formation at the interface. layer.
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