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(57) ABSTRACT 

The present invention provides a semiconductor device 
comprising a single-crystal silicon substrate; and a single 
crystal oxide thin ?lrn having a perovskite structure formed 
through epitaxial growth on the single-crystal silicon. sub 
strate. The single-crystal oxide thin ?lrn is directly in contact 
with a surface of the single-crystal silicon substrate, and 
contains a bivalent metal that is reactive to silicon. 
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SEMICONDUCTOR DEVICE, METHOD OF 
FORMING EPITAXIAL FILM, AND LASER 

ABLATION DEVICE 

BACKGROUND OF THE INVENTION 

[0001] The present invention generally relates to semicon 
ductor devices, and, more particularly, to a semiconductor 
device that has an oxide ?lm formed by a silicon substrate 
and an epitaxial ?lm groWn on the silicon substrate. 

[0002] Conventionally, the formation of an oxide ?lm on 
a silicon substrate has been commonly performed. For most 
cases, the oxide ?lm is an amorphous ?lm, and is mainly 
employed as an insulating ?lm or a dielectric ?lm. 

[0003] In a semiconductor device that utiliZes the proper 
ties of an oxide ?lm, such as a ferroelectric memory, a 
crystalliZed oxide ?lm is employed to realiZe desired func 
tions. Some oxide crystals exhibit many properties including 
not only insulation and dielectric properties but also ferro 
electricity, pieZoelectricity, pyroelectricity, and supercon 
ductivity. By forming oxide crystals having these properties 
as a thin ?lm on a single-crystal silicon substrate, a device 
having various functions such as a memory, a sensor, and a 
?lter, can be obtained. These functions derive from the 
properties of the oxide crystals. In an amorphous state, 
hoWever, the oxide ?lms cannot exhibit the properties or can 
exhibit only a part of the properties. 

[0004] A ferroelectric ?lm used in a ferroelectric memory 
obtains the above properties through crystalliZation in the 
existence of oxygen at a temperature of several hundred 
degrees centigrade. HoWever, a conventional ferroelectric 
?lm is a polycrystalline ?lm, in Which the orientations of 
crystals in a direction perpendicular to the substrate, for 
instance, are aligned, but the orientations of crystals in other 
directions are generally at random, resulting in defects With 
the grain boundaries, for instance. For this reason, a semi 
conductor device including a conventional crystalline oxide 
?lm only has a limited ability to exhibit the properties of the 
oxide crystal. 

[0005] MeanWhile, it has been very difficult to form an 
oxide ?lm having an epitaxial orientation in Which the 
crystal orientations are aligned not only in a direction 
perpendicular to the substrate surface but also in a direction 
parallel to the substrate surface. 

[0006] To develop an epitaxial oxide thin ?lm on a single 
crystal silicon substrate, it is necessary to utiliZe the orien 
tations on the surface of the single-crystal silicon substrate. 
HoWever, a single-crystal silicon substrate has the same 
chemical properties as metals. If exposed to an oxygen 
atmosphere at a high temperature, the surface of a single 
crystal silicon substrate is quickly oxidiZed to form a silicon 
oxide (SiOx) ?lm. Since a silicon oxide ?lm is amorphous 
and does not have a crystal orientation, an epitaxial oxide 
thin ?lm cannot groW on a silicon oxide ?lm. It is also 
essential for epitaxial groWth that the reaction and diffusion 
betWeen a groWing thin ?lm and a single-crystal silicon 
substrate should be minimiZed. For this reason, not all 
oxides can be formed through epitaxial groWth on a single 
crystal silicon substrate. Materials that are knoWn to date as 
suitable for epitaxial groWth on a single-crystal silicon 
substrate only include rare earth element oxides such as 
yttrium fully stabiliZed Zirconia (YSZ: see J.Appl.Phys. 
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Vol.67, (1989) pp.2447), magnesia spinel (MgAl2O4: ISSCC 
Digest of Tech. Papers (1981) pp.210), and cerium oxide 
(CeO2: Appl.Phys.Lett, Vol.56, (1990) pp.1332), and stron 
tium titanate (StTiO3: Jpn.J.Appl.Phys, 30 (1990) L1415). 

[0007] The index of crystal quality of an epitaxial oxide 
thin ?lm formed on a silicon substrate is a half value Width 
that is obtained through X-ray diffraction (Full Width at Half 
Maximum, FWHM). A half value Width is a value deter 
mined from a rocking curve obtained by scanning ?xed 2 0 
axes of an X-ray peak. More speci?cally, the half value 
Width (FWHM) is determined by the peak Width at a half of 
the strength of the peak top of the rocking curve. This 
indicates the degree of crystal tilt in the thin ?lm. A smaller 
value indicates properties similar to those of a single-crystal 
material, Which exhibits better crystalliZation and orienta 
tion. With aligned orientations of crystals in a thin ?lm, the 
electric properties (such as leak properties With improved 
hysteresis properties) are improved. It is therefore essential 
that a thin ?lm having as small half value Width (FWHM) as 
possible should be produced for suitable application to a 
device. 

[0008] Materials having perovskite structures, including 
barium titanate, are ferroelectric materials that are desirable 
in terms of pieZoelectricity, dielectricity, pyroelectricity, 
semiconductivity, and electric conductivity. HoWever, it has 
been conventionally dif?cult to develop a material having a 
perovskite structure through epitaxial groWth directly on a 
single-crystal silicon substrate. This is because an amor 
phous-phase SiOx ?lm or a reaction phase such as silicide is 
formed on a single-crystal silicon substrate. 

[0009] The only epitaxial perovskite thin ?lm convention 
ally employed and formed on a single-crystal silicon sub 
strate is strontium titanium (SrTiO3). A metal strontium ?lm 
as an intermediate layer is interposed betWeen a strontium 
titanium thin ?lm and a single-crystal silicon substrate. 
Since titanium and silicon are reactive to each other, a 
strontium titanate ?lm is formed to prevent reaction betWeen 
titanium and silicon. More speci?cally, after a metal stron 
tium ?lm is formed on the surface of a silicon substrate, 
strontium and titanium are supplied in the existence of 
oxygen so as to produce a strontium titanate ?lm. If the 
metal strontium ?lm as an intermediate layer is thin enough, 
the titanium diffuses into the metal strontium ?lm during the 
formation of a SrTiO3 ?lm. As a result, a SrTiO3 ?lm that 
appeases to have developed through epitaxial groWth 
directly on the single-crystal silicon substrate can be 
obtained. 

[0010] To develop a strontium titanate ?lm through epi 
taxial groWth in the above manner, a process control is 
necessary at the atomic layer level, and, therefore, a molecu 
lar beam epitaxy (MBE) technique is employed. Alterna 
tively, Japanese Laid-Open Patent Application No. 
10-107216 discloses a method of forming a strontium titan 
ate (SrTiO3) ?lm. More speci?cally, high-vacuum laser 
ablation is performed on a SrO target in a high vacuum of 
10-8 Torr, so as to form a strontium oxide (SrO) ?lm as an 
intermediate layer. Astrontium titanate (SrTiO3) ?lm is then 
formed on the SrO ?lm. If the SrO intermediate layer is thin 
enough, the titanium diffuses into the SrO intermediate layer 
during the formation of the SrTiO3 ?lm. As a result, it 
appears that the SrTiO3 ?lm has developed through epitaxial 
groWth directly on the single-crystal silicon substrate. 
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[0011] Alternatively, another method has been suggested 
in Which an intermediate layer is formed to prevent the 
reaction betWeen a single-crystal silicon substrate and a 
perovskite oxide, and the formation of a SiOx phase. Inter 
mediate layers that are knoWn to date include yttria partially 
stabiliZed Zirconia (YSZ: J .Appl.Phys.67 (1989) pp.2447) 
and magnesia spinel (MgAl2O4: ISSCC Digest of Tech. 
Papers (1981) pp.210). With any of these intermediate layer, 
a 2-layered structure in Which the intermediate layer and a 
perovskite ?lm are laminated in this order on a single-crystal 
silicon substrate is obtained. 

[0012] Ayttria partially stabiliZed Zirconia (YSZ) thin ?lm 
formed through epitaxial groWth on a single-crystal silicon 
substrate is obtained by a pulse laser deposition technique 
using YSZ ceramics as a target. Where a perovskite ?lm is 
formed on such a YSZ ?lm on a single-crystal silicon 
substrate, an epitaxial phenomenon in Which the (011)-plane 
of the perovskite ?lm is orientated in a direction correspond 
ing to the (001)-plane of the YSZ ?lm can be seen. HoWever, 
the spontaneous polariZation direction of a tetragonal per 
ovskite ?lm is the <001>-direction. If the (011)-plane of a 
perovskite ?lm is orientated, the spontaneous polariZation 
direction is tilted by 45 degrees With respect to the substrate 
surface. In such a case, the apparent polariZation in the 
direction perpendicular to the substrate surface decreases, 
Which is disadvantageous in application to a FeRAM or a 
pieZoelectric actuator. 

[0013] Conventionally, it has been knoWn that an oxide 
thin ?lm containing a rare earth element such as cerium 
oxide (CeO2) or yttrium oxide (Y2O3) can be formed 
through epitaxial groWth on a single-crystal silicon substrate 
by a pulse laser deposition technique using a composite 
material of the rare earth element as a target. HoWever, such 
an oxide thin ?lm containing a rare earth element is (011) 
orientated With respect to a single-crystal silicon substrate. 
For this reason, it is dif?cult to form a (001)-orientated 
perovskite ?lm through epitaxial groWth on such an oxide 
thin ?lm. 

[0014] There is also a knoWn method of forming a 
MgAl2O4 ?lm through epitaxial groWth on a single-crystal 
silicon substrate by a CVD technique. As disclosed in 
J.Appl.Phys. vol.66 (1989) pp.5826, a perovskite ?lm 
formed on a MgAl2O4 ?lm in this manner has the <001> 
direction aligned With respect to the <001>-direction of 
MgAl2O4 ?lm. This is advantageous in application to a 
FeRAM or a pieZoelectric actuator. 

[0015] As described above, the only knoWn perovskite 
oxide ?lm that can be formed through epitaxial groWth 
directly on a single-crystal silicon substrate is a strontium 
titanate ?lm formed With a thin intermediate layer. Also, the 
methods of producing such a ?lm only includes a MBE 
technique that requires a high vacuum of 10-12 Torr or 
loWer, and a pulse laser deposition technique that also 
requires a high vacuum. A high-vacuum pulse laser depo 
sition technique requires a vacuum of 10-8 Torr or loWer, 
and, therefore, a metal-sealed vacuum device is necessary to 
perform high-vacuum pulse laser deposition. Furthermore, 
such a high-vacuum process requires maintenance such as 
baking, and loWers the throughput, resulting in an increase 
of production costs. 

[0016] In the MBE technique, metal strontium is used as 
a raW material. HoWever, an alkaline earth metal such as 
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metal strontium quickly reacts to Water, and therefore needs 
to be stored in oil. With metallic magnesium, there is also a 
problem in safety, because metallic magnesium easily starts 
?re. MeanWhile, strontium oxide is used as a target used in 
a high-vacuum pulse layer deposition technique. HoWever, 
an oxide containing an alkaline earth metal such as stron 
tium oxide has deliquescence, and absorbs moisture from 
the air to change into a hydroxide. Such a hydroxide 
containing an alkaline earth metal is a strong alkali and 
therefore corrodes the device. As described so far, With the 
conventional methods and techniques, there are problems in 
safety and maintenance, as intensive care must be taken in 
handling raW materials. 

[0017] In the MBE technique, it is dif?cult to form a thick 
intermediate layer such as a perovskite ?lm or a strontium 
oxide ?lm, because each layer is atomically laminated on 
one another. In the CVD technique, on the other hand, an 
organic metal material is supplied in the existence of oxy 
gen, and is decomposed on the substrate surface so as to 
form a deposition ?lm on the silicon substrate. A cyclepen 
tadiene compound is often employed as the organic metal 
material. Since such a material does not contain oxygen 
atoms, hoWever, it is dif?cult to combine With oxygen at the 
time of decomposition, often resulting in precipitation of the 
metal. While an oxide does not easily react to metal, tWo 
metallic materials easily diffuse into the substrate to form an 
alloy. Such a reaction layer disturbs the surface crystal, and 
therefore hinders the epitaxial groWth of a single-crystal 
oxide thin ?lm on the surface. Further, it is dif?cult to 
maintain a high-volume chamber at a high vacuum in 
accordance With the MBE technique and the high-vacuum 
pulse laser deposition technique. As a result, it is also 
dif?cult to form an oxide ?lm through epitaxial groWth on a 
single-crystal silicon substrate having a large diameter. 

[0018] Japanese Laid-Open Patent Application No. 
6-122597discloses a structure in Which an organic salt such 
as carbonate, nitrate, or sulfate is used as a target for 
pulse-laser deposition of an oxide that is unstable in the air 
at room temperature. In accordance With this technique, an 
inorganic salt contained in the target is decomposed by laser 
irradiation, and adheres onto the substrate as a crystalline 
oxide thin ?lm. In this technique, hoWever, the non-decom 
posed part of the inorganic salt may also adhere onto the 
substrate, or a nitride oxide gas or sulfur oxide gas may react 
to the silicon substrate. To obtain a high-quality crystalline 
thin ?lm, it is preferable to perform ?lm formation in a 
vacuum space. HoWever, an inorganic salt often contains 
Water of crystalliZation in the crystals. When decomposed by 
laser irradiation, such crystalliZation Water greatly reduces 
the vacuum. The above facts disturb the crystal structure of 
the oxide, and become a hindrance to formation of a 
high-quality crystalline thin ?lm. 

SUMMARY OF THE INVENTION 

[0019] A general object of the present invention is to 
provide semiconductor devices, methods of forming an 
epitaxial ?lm, and laser ablation devices in Which the above 
disadvantages are eliminated. 

[0020] Amore speci?c object of the present invention is to 
provide a method of forming a single-crystal oxide thin ?lm 
through epitaxial groWth on a single-crystal silicon sub 
strate, and a semiconductor device that includes such a 
single-crystal oxide thin ?lm formed on a single-crystal 
silicon substrate. 
















