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Description

TECHNICAL FIELD

[0001] The present invention relates to a method of producing a thin film transistor, which employs an InGaZn amor-
phous oxide semiconductor as a channel layer.

BACKGROUND ART

[0002] Thin-film oxide semiconductors are being studied for use as a channel layer of a transistor. In particular, ZnO
oxide-semiconductors are being studied actively for use as a channel of a thin-film transistor (TFT).
[0003] However, the thin ZnO film as a semiconductor film, when formed at room temperature, will become polycrys-
talline and will have several to tens of nanometers of roughness at a semiconductor-insulator interface, a semiconductor-
semiconductor interface, or a semiconductor-metal interface: the interface is highly important in the semiconductor device.
[0004] Further, in the polycrystalline matter, crystal grain boundaries will inevitably be formed. The grain boundary will
cause defects in conduction or will cause deterioration of the property owing to adsorption of gas molecules from the
atmosphere to cause instability of the characteristics, disadvantageously (Journal of Applied Physics, Vol.94, p.7768),
see also Craigen D. C. et al., J. Phys.: Condens. Matter, Vol. 4 (1992), pages 9843-9854).
[0005] To overcome the aforementioned disadvantages resulting from the rough interface or the grain boundaries,
U.S. Patent Application Publication No. US-2007-0194379 discloses a high-performance TFT which employs an amor-
phous oxide semiconductor as a thin-film of an oxide semiconductor (see also WO 2006/051993).
[0006] The semiconductor formed in an amorphous state gives an excellent interface having roughness of less than
a nanometer without the roughness of the interface of ZnO, enabling a higher performance of the semiconductor device.
Thereby, a semiconductor film can be formed without grain boundaries, which prevents deterioration and instability of
the properties caused by the grain boundaries.
[0007] Therefore, an amorphous oxide semiconductor film and a TFT containing this semiconductor film were produced
by pulse laser vapor deposition (PLD) under the same conditions as in the above U.S. Patent Application Publication
No. US-2007-0194379. The obtained semiconductor film and the TFT had properties equivalent to the properties shown
in the U.S. patent or reported in Nature, Vol.432, p.488.
[0008] Further, an amorphous oxide semiconductor film and TFT were produced by sputtering by use of a target of
the composition InGaO3(ZnO), namely an oxide of In1Ga1Zn1. Thereby, an amorphous oxide semiconductor film and a
TFT film were obtained which had excellent properties as the one produced by the PLD process (Applied Physics Letters,
Vol.89, pages from 112123-1 to 112123-3).
[0009] After further investigation, the inventors of the present invention have found the conditions for producing the
amorphous oxide semiconductor having further improved properties of the semiconductor and TFT.
[0010] The present invention provides an amorphous oxide semiconductor containing at least one element selected
from In, Ga, and Zn; and a semiconductor device and a thin-film transistor employing the amorphous oxide semiconductor.

DISCLOSURE OF THE INVENTION

[0011] The present invention as claimed is directed to a method of producing a bottom-gate type thin film transistor
as defined in claim 1.
[0012] The other claims relate to further developments.
[0013] The present invention enables production of an element having high performance, high stability and high
reliability for TFT employing an oxide semiconductor thin film as the channel layer.
[0014] Further features of the present invention will become apparent from the following description of exemplary
embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015]

FIG. 1 is a graph showing the conduction properties of a bottom-gate type TFT employing an amorphous oxide
semiconductor made according to the present invention and of a conventionally made one.
FIG. 2 is a graph showing X-ray reflectivity of an amorphous oxide semiconductor made in accordance with the
present invention and of a conventionally made one.
FIG. 3 illustrates a structure of the bottom-gate type TFT made in Examples of the present invention.
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BEST MODES FOR CARRYING OUT THE INVENTION

[0016] The best mode of practicing the present invention is described with reference to the attached drawings.
[0017] Firstly the amorphous oxide semiconductor is described.
[0018] The amorphous oxide semiconductor employed in the present invention contains In, Ga, and Zn at an atomic
ratio represented by InxGayZnz.
[0019] In the composition, x>0, y>0 and z>0, and preferably x/(x+y+z) ≥0.2, y/(x+y+z) ≥0.2, and z/(x+y+z) ≥0.2. That
is, the ratios x/(x+y+z), y/(x+y+z), and z/(x+y+z) are preferably not less than 0.2 respectively.
[0020] The amorphous oxide semiconductor of the present invention is characterized by the density thereof of not
less than 94.0% of the theoretical density defined below.
[0021] In2O3 has a density of 7.121 g/cm3 according to PDF No. 00-006-0416, International Center for Diffraction Data.
[0022] Ga2O3 has a density of 5.941 g/cm3 according to PDF No. 00-041-1103, International Center for Diffraction Data.
[0023] ZnO has a density of 5.675 g/cm3 according to PDF No. 00-036-1451, International Center for Diffraction Data.
[0024] Accordingly, the theoretical density of the amorphous oxide semiconductor containing In, Ga, and Zn at a
composition ratio of InxGayZnz is calculated to be (7.121x+5.941y+5.675z)/(x+y+z) [g/cm3].
[0025] The amorphous oxide semiconductor of the present invention has a density of not less than 94% of the above
theoretical density. This relation is expressed by relational expression (1) below: 

where 0<x≤1, 0<y≤1, 0<z≤1, and x+y+z≠0.
[0026] Generally, a thin film of an amorphous substance has a density lower than the theoretical density owing to
formation of void in the thin film or another cause. For example, the amorphous silica film formed by vacuum vapor
deposition as described in Journal of Applied Physics, Vol.78, pp.962-968 has a density of 90% (2.0 g/cm3) of or lower
than the density (2.2 g/cm3) of the bulk silica. Reportedly, the film contains void capable of adsorbing moisture.
[0027] Such void in the amorphous oxide semiconductor film can scatter the carrier electrons or lengthen the conduction
path to affect adversely the conduction properties of the semiconductor such as the mobility.
[0028] To overcome such adverse effects, in the examples described below, the inventors of the present invention
prepared an amorphous oxide semiconductor film by a sputtering process, which enables readily formation of a relatively
high density of a thin film, by adjusting the film-forming temperature.
[0029] Thereby, a thin film of the amorphous oxide semiconductor was prepared which has a higher film density
containing In, Ga, and Zn at a composition ratio of InxGayZnz. The thin film was found to be superior to conventional
ones in the conductivity characteristics, especially in the mobility.
[0030] According to the invention as claimed, the above-mentioned amorphous oxide semiconductor film having a
density of not less than 94.0% of the theoretical density is prepared by sputtering such as rf-sputtering and DC-sputtering.
[0031] The temperature for formation of the above semiconductor is in the range from 150°C to crystallization-causing
temperature.
[0032] The above amorphous oxide semiconductor is used for a thin film transistor (TFT) as the channel layer of the TFT.
[0033] In the TFT, a Si oxide film or a metal oxide film is preferably employed as the gate-insulating film. The oxide
for the gate-insulating film may contain a small amount of nitrogen. A Si nitride is also preferred as the gate-insulating
film. The insulating film is formed preferably by vacuum vapor deposition including PLD (pulse vapor deposition) or
sputtering.
[0034] The amorphous oxide semiconductor derived as described above has properties (e.g., mobility) more suitable
for a semiconductor device than conventional amorphous oxide semiconductors. With the amorphous oxide semicon-
ductor, a semiconductor device, especially a TFT, can be produced having a higher performance than conventional
semiconductor device.

<EXAMPLES>

<Reference Example For Forming An Amorphous Oxide Semiconductor>

[0035] Firstly, an n-type Si substrate having thereon a thermally oxidized SiO2 film of 100 nm thick was prepared. On
the SiO2 film, an amorphous oxide semiconductor film containing In, Ga, and Zn at a composition ratio of InxGayZnz was
formed in a thickness of 40 nm at the substrate temperature of 200°C by rf-sputtering with an InGaO3(ZnO) target.
[0036] The composition of the formed film, namely x/(x+y+z), y/(x+y+z), and z/(x+y+z), was determined to be respec-
tively 0.406, 0.376, and 0.218 by X-ray fluorescence analysis. From the composition analysis result, the theoretical
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density was estimated at 6.36 g/cm3.
[0037] The obtained film was measured for X-ray reflectivity with an X-ray diffraction apparatus equipped with a Cu-
Kα X-ray source and an X-ray mirror. FIG. 2 shows the measurement result by curve 21. Therefrom the film density was
estimated at 6.12 g/cm3, 96.2% of the above-estimated theoretical density.
[0038] Separately, another amorphous oxide semiconductor film of the composition ratio of InxGayZnz was formed by
the same method in a thickness of 40 nm on the same substrate kept at room temperature (substrate temperature
monitor reading: 22°C).
[0039] The composition of the formed film, x/(x+y+z), y/(x+y+z), and z/(x+y+z), was determined to be respectively
0.397, 0.364, and 0.239 by X-ray fluorescence analysis. From the composition analysis result, the theoretical density
was estimated at 6.35 g/cm3.
[0040] The obtained film was measured for X-ray reflectivity. FIG. 2 shows the measurement result by curve 22.
Therefrom the film density was estimated at 5.95 g/cm3, 93.8% of the above-estimated theoretical density.
[0041] As described later, TFTs were produced by use of the above amorphous oxide semiconductor film as the
channel layer. The amorphous oxide semiconductor films were tested for the field-effect mobility. The film having a
density of 96.2% of the theoretical density gave the mobility of 12 cm2/Vs, whereas the film having a density of 93.8%
of the theoretical density gave the mobility of 5 cm2/Vs.
[0042] A film produced according to the method disclosed in the above non-patent literature 4 had a density of 93.7%
of the theoretical density, and a film produced according to the method disclosed in the above non-patent literature 3
had a density of 83.7% of the theoretical density. By comparison of the two films, the field-effect mobility is higher in the
film having the density of 93.7% of the theoretical density.
[0043] From the above results, the density of the amorphous oxide semiconductor is correlative with the properties,
especially the mobility: the higher the density, the higher is the mobility.
[0044] In making the present invention, it was found that the film having the density of not lower than 94.0% of the
theoretical density is superior in the properties to a conventional film of a lower density.
[0045] In the above Reference Example, the amorphous oxide semiconductor film of a higher density was obtained
by controlling the film formation conditions.
[0046] In another method outside the scope of the claimed invention, a film of a density of lower than 94.0% of the
theoretical density is formed firstly, and then the density is increased by irradiation of ions, plasma, radicals, or the like.
Thereby, an amorphous oxide semiconductor can be obtained which has a high performance similar to that obtained
by controlling the film formation conditions.

<Example: Production of TFT Element>

[0047] A bottom-gate type of TFT element illustrated in FIG. 3 was produced as a semiconductor device employing
an amorphous oxide semiconductor film.
[0048] Firstly, n-type Si substrate 101 having thereon thermally oxidized SiO2 film 102 of 100 nm thick was prepared.
On the SiO2 film, amorphous oxide semiconductor film 103 containing In, Ga, and Zn at a composition ratio of InxGayZnz
was formed in a thickness of 40 nm at the substrate temperature of 200°C by rf-sputtering with an InGaO3(ZnO) target.
The obtained film had a density of 96.2% of the theoretical density.
[0049] The obtained amorphous oxide semiconductor film containing In, Ga, and Zn at a composition ratio of InxGayZnz
was etched in a necessary size, and then source electrode 104 and drain electrode 105 were formed by photolithography
and a lift-off method. The material of the electrodes was a multilayer of Au (150 nm)/Ti (5 nm), and film formation was
conducted by electron-beam vapor deposition.
[0050] n-Type Si 101, the substrate, was utilized as the gate electrode, and SiO2 film 102 was utilized as the gate-
insulating film of the TFT element.
[0051] Among the obtained TFT elements, a TFT element having a channel length of 10 mm and a channel width of
30 mm was tested for conduction properties (drain current/gate voltage characteristic, etc.). FIG. 1 shows the characteristic
by curve 11. The field-effect mobility was 12 cm2/Vs.
[0052] Separately, in the same manner and constitution as above, an amorphous oxide semiconductor film of the
composition ratio of InxGayZnz was formed on a substrate at room temperature (substrate temperature monitor reading:
22°C) in a thickness of 40 nm (93.8% of the theoretical density), and a TFT element was produced.
[0053] The TFT element having a channel length of 10 mm and a channel width of 30 mm was tested for conduction
properties. FIG. 1 shows the characteristic by curve 12. The field-effect mobility was 5 cm2/Vs.
[0054] As described above, a TFT element of higher performance was obtained by use of an amorphous oxide sem-
iconductor having a higher density as the channel layer.
[0055] This high-density amorphous oxide semiconductor is effective not only in the TFT but also in a device requiring
a high mobility such as a transparent electrode material in an electronic device.
[0056] The amorphous oxide semiconductor containing In, Ga, and Zn in a composition ratio of InxGayZnz made by
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the present invention is useful widely as a material for parts of an electronic device like a display. In particular, the TFT
employing this amorphous oxide semiconductor is useful widely as a switching element for an LCD, and an organic EL
display, or the like, and a switching element of a switching element of a matrix device such as a light-receiving element,
and sensor element. Further the amorphous oxide semiconductor is useful for an IC card, an IC tag, or the like.
[0057] While the present invention has been described with reference to exemplary embodiments, it is to be understood
that the invention is not limited to the disclosed exemplary embodiments, but defined in the following claims.

Claims

1. Method of producing a bottom-gate type thin film transistor which employs an InxGayZnz amorphous oxide semi-
conductor as a channel layer, wherein the amorphous oxide semiconductor contains In, Ga, and Zn at an atomic
ratio of InxGayZnz, in the mass density M [g/cm3] of the amorphous oxide semiconductor satisfies the relational
expression (1) below: 

where 0<x≤1, 0<y≤1, 0<z≤1, and
werein said channel is prepared by a sputtering process at a film forming temperature in the range from 150°C to
crystallization temperature.

2. The method according to claim 1, wherein the ratios x/(x + y + z), y/(x + y + z), and z/(x + y + z) are respectively not
less than 0.2.

Patentansprüche

1. Verfahren zur Herstellung eines Dünnschichttransistors vom bottom-gate-Typ, der einen InxGayZnz amorphen Oxid-
halbleiter als Kanalschicht verwendet, wobei der amorphe Oxidhalbleiter In, Ga und Zn in einem Atomverhältnis
von InxGayZnz beinhaltet,
die Massendichte M [g/cm3] des amorphen Oxidhalbleiters die folgende Beziehung (1) erfüllt: 

wobei 0<x≤1, 0<y≤1, 0<z≤1, und
wobei der Kanal vorbereitet wird durch ein Sputterverfahren bei einer Schichtausbildungstemperatur im Bereich
von 150 °C bis hin zur Kristallisationstemperatur.

2. Verfahren nach Anspruch 1, wobei die Verhältnisse x/(x + y + z), y/(x + y + z), und z/(x + y + z) jeweils nicht weniger
als 0,2 sind.

Revendications

1. Procédé pour produire un transistor à couche mince du type couche de fond-grille qui utilise un semi-conducteur à
base d’oxyde amorphe InxGayZnz comme couche à canal, dans lequel le semi-conducteur à base d’oxyde amorphe
contient In, Ga et Zn en un rapport atomique InxGayZnz, la masse volumique M [g/cm3] du semi-conducteur à base
d’oxyde amorphe satisfait l’expression relationnelle (1) ci-dessous : 

dans laquelle 0 < x ≤ 1, 0 < y ≤ 1, 0 < z ≤ 1, et
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ledit canal est préparé par un procédé de pulvérisation cathodique à une température de formation de film dans
l’intervalle de 150°C à la température de cristallisation.

2. Procédé suivant la revendication 1, dans lequel les rapports x/ (x + y + z), y/ (x + y+ z) et z/ (x + y + z) sont
respectivement non inférieurs à 0,2.
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