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Specification 

 

Title of the Invention:  

 

INDIUM COMPOUND AND METHOD FOR FORMING INDIUM-CONTAINING 5 

FILM USING SAID INDIUM COMPOUND 

 

Technical Field 

[0001] 

The present invention relates to indium compounds and a process for forming 10 

indium-containing film using said indium compounds 

Background Art 

[0002] 

Indium-containing oxides are widely employed in industry, because they are 

transparent and conduct electricity. For example, ITO (indium tin oxide) is widely used 15 

for liquid crystal displays (LCD) and electrodes. And indium oxide films with other 

metallic elements added are also in general use. Indium oxide films with other metallic 

elements added have higher electrical conductivity than indium oxide films which 

include indium as the only metallic element. Recently, materials such as In-Ga-Zn-O, 

termed IGZO, with indium, gallium and zinc included in a transparent thin-film 20 

transistor, are being fitted in specified types of thin-film transistors (TFT). In addition to 

Ga and Zn, There are also materials using other metals such as Sn, rare earths, Al and 

Mg in films which include indium. 

[0003] 

The ITO and IGZO films above are currently being formed by sputtering carried 25 

out under a high vacuum of about 1Pa or less. However, it is difficult to form films of a 

uniform thickness on uneven surfaces by sputtering. In addition, when attempting 

formation of ITO or IGZO films on the flexible organic substrates which have appeared 

in recent years, there is also a possibility of incompatibility with the low pressure 

required by the sputtering process. Accordingly, research is underway into indium 30 

materials for forming indium-containing films by chemical vapor deposition (CVD) or 

atomic layer deposition (ALD). 

[0004] 

Many such indium materials are known which are in a solid state at the 

temperature at which they will be supplied. However, from the point of view of ease of 35 
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supply and ease of supplying vapor at a uniform concentration, liquid materials rather 

than solid materials are ideal as materials employed in film-making processes. 

Accordingly, Patent Document 1 and Non-patent Documents 1 and 2, for example, 

disclose processes for forming indium-containing films by CVD or ALD by employing 

as indium material cyclopentadienylindium compounds, which are liquid at ambient 5 

temperature. 

Prior Art Documents 

Patent Document 

[0005] 

Patent Document 1: JP 2018-90855 A 10 

Non-patent Documents 

[0006] 

Non-patent Document 1: Fumikazu Mizutani et al., “AF1-TuM6 High Purity 

Indium Oxide Films Prepared by Modified ALD using Liquid Ethylcyclopentadienyl 

Indium”, ALD2017 preprints, July 18, 2017 15 

Non-patent Document 2: Fumikazu Mizutani et al., “AF2-TuM15 Reaction 

Mechanisms of the Atomic Layer Deposition of Indium Oxide Thin Films Using 

Ethylcyclopentadienyl Indium”, ALD2018 preprints, July 30, 2018, p.88 

Synopsis of the Invention 

Problem which the invention is intended to solve 20 

[0007] 

Patent document 1 discloses a method for stabilizing cyclopentadienylindium 

compounds by carrying out pretreatment using contact with oxygen, because, in the 

liquid state at ambient temperature, said cyclopentadienylindium compounds are 

unstable due to sensitivity to heat, light and air. However, this method has the problem 25 

that the process for preparing the indium compounds is complex. 

[0008] 

On the other hand, in addition to the physical properties of the material, when 

forming indium-containing films by CVD or ALD it is necessary to raise throughput by 

expressing high GPC (growth per cycle). Especially when forming films by ALD, a 30 

process with a wide ALD window, which enables formation of a uniform high quality 

film with a low content of impurities by making film formation possible at high 

temperatures, is required. 
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[0009] 

Although Non-patent Document 1 (ALD2017) describes a process for forming 

an In2O3 film, using ethylcyclopentadienylindium, In(EtCp), water and oxygen plasma 

as coreactants, GPC is only 0.3-0.4Å/cycle. 

[0010] 5 

Non-patent Document 2 (ALD2018) describes a process for forming an In2O3 

film, using In(EtCp), water and oxygen plasma as an oxidizing agent, and a process for 

forming an In2O3 film using water and oxygen as coreactants, and GPC is 0.9Å/cycle 

and 1.1Å/cycle, respectively, but throughput can be said to be low, since a plurality of 

reactants have to be employed. 10 

[0011] 

Given the situation above, development of a process for forming an indium-

containing film by ALD at high temperature, which enables an indium compound to be 

employed without carrying out special pretreatment, and which can give indium-

containing film with high throughput, is required. 15 

Means for solving the problem 

[0012] 

We will employ the following notation and nomenclature, and different 

abbreviations, symbols, and terms throughout the description and claims below. 

[0013] 20 

As used in this specification, the term “hydrocarbon group” indicates a saturated 

or unsaturated functional group which contains only carbon atoms and hydrogen atoms. 

The term “hydrocarbon group” further indicates a straight chain, branched or cyclic 

hydrocarbon group Examples of straight-chain hydrocarbon groups include, but are not 

restricted to a methyl group, ethyl group, normal (n)-propyl group and normal (n)-butyl 25 

group. Examples of branched hydrocarbon groups include, but are not restricted to an 

isopropyl group, isobutyl group, tertiary (tert)-butyl group and secondary (sec)-butyl 

group. Examples of cyclic hydrocarbon groups include, but are not restricted to a 

cyclopropyl group, cyclopentyl group and cyclohexyl group. 

[0014] 30 

As used in this specification, the abbreviation “Me” indicates a methyl group, the 

abbreviation “Et” indicates an ethyl group, the abbreviation “Pr indicates any propyl 

group (i.e. normal propyl or isopropyl), the abbreviation “nPr” indicates a normal (n)-



- 4 - 

 

propyl group, the abbreviation “iPr” indicates an isopropyl group, the abbreviation “Bu” 

indicates any butyl group (i.e. normal (n)-butyl, isobutyl, tertiary (tert)-butyl and 

secondary (sec)-butyl), the abbreviation “nBu” indicates a normal (n)-butyl group, the 

abbreviation “tBu” indicates a tertiary (tert)-butyl group, the abbreviation “sBu” 

indicates a secondary (sec)-butyl group, the abbreviation “iBu” indicates an isobutyl 5 

group, the abbreviation “Pen” indicates any pentyl group (i.e. normal (n)-pentyl 

neopentyl, isopentyl, secondary (sec)-pentyl and tertiary (tert)-pentyl) the abbreviation 

“tPen” indicates a tertiary (tert)-pentyl group, the abbreviation “sPen” indicates a 

secondary (sec)-pentyl group, the abbreviation “iPen” indicates an isopenyl group, the 

abbreviation ”Cp” indicates a cyclopentadienyl group, and the abbreviation “In” 10 

indicates indium. 

[0015] 

The present invention has been devised in order to solve, at least partially, the 

problems mentioned above, and can be expressed as the embodiments and application 

examples presented below. 15 

[0016] 

[Application Example 1] 

One embodiment of a process for forming indium-containing film according to 

the present invention is a process for forming an indium-containing film on at least part 

of the surface of a substrate, characterized in that it includes  20 

(a) a step of placing an aforementioned substrate inside a chamber, and  

(b) a step of introducing a gas which includes an indium compound represented 

by general formula (1) below into the aforementioned chamber, and  

(c) a first purging step after carrying out the aforementioned step (b), in which 

the aforementioned chamber is purged with a first purge gas, and  25 

(d) a step in which an oxygen-containing gas is introduced into the 

aforementioned chamber, and  

(e) a second purging step after carrying out the aforementioned step (d), in which 

the aforementioned chamber is purged with a second purge gas, 

and steps (b)-(e) are repeated, at a temperature of ≥225ºC and ≤400ºC, until the 30 

desired thickness of the aforementioned indium-containing film is obtained. 

In (C5R
1

xH(5-x))・・・・・ (1)  

(Where, in general formula (1), x is an integer 1-5, and each R1 is independently 
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a C1-8 hydrocarbon group.) 

[0017] 

The present inventors have discovered that among indium compounds having a 

cyclopentadienyl group, compounds having a hydrocarbon group as a substituent group 

on the cyclopentadienyl group are particularly ideal for forming indium-containing films. 5 

By employing an indium compound having a cyclopentadienyl group according 

to the present invention when forming an indium-containing film, a film low in carbon 

impurities can be obtained. In addition, due to the fact that they have a hydrocarbon 

group as a substituent group on the cyclopentadienyl group, indium compounds having 

a cyclopentadienyl skeleton according to the present invention have a low melting point, 10 

and have improved stability in air and thermal- and photostability. Consequently, indium 

compounds having a cyclopentadienyl skeleton according to the present invention are 

liquids at the desired indium compound supply temperature, and are easily supplied to 

the film-forming process. 

In the present invention, formation of indium-containing films can be carried out 15 

by ALD, and in order to ensure a broad ALD window, and obtain high quality, it is 

necessary to be able to form a film at high temperatures. Indium compounds according 

to the present invention have high heat stability, and therefore the film-forming process 

can be carried out at high temperature. Moreover, when indium compounds according 

to the present invention are employed, a high GPC is obtained. Consequently, they are 20 

ideal materials, having a broad ALD window, for obtaining high quality films with a 

high throughput  

[0018] 

[Application Example 2] 

In the process for forming indium-containing film set forth in the application 25 

example above, the aforementioned indium-containing film can be an indium oxide-

containing film, and the aforementioned oxygen-containing gas can at least include 

ozone. 

[0019] 

Although water and oxygen, etc., can be considered as an oxidizing agent when 30 

forming an oxide film, a plasma source is often used in order to get a higher film-forming 

speed. However, the film that is formed may be damaged when a plasma source is 

employed. Accordingly, use of ozone is ideal, because it raises film forming speed and 
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causes little damage to the film. 

[0020] 

[Application Example 3] 

In the process for forming indium-containing film set forth in the application 

examples above, the aforementioned indium-containing film can be an insulating 5 

material with a relative permittivity (k value) of ≥7 

[0021] 

[Application Example 4] 

Moreover, in the application examples above the oxygen-containing gas can 

further include water, hydrogen peroxide, oxygen, nitric oxide, nitrous oxide, nitrogen 10 

dioxide, a sulfur oxide or a gas comprising a combination thereof. 

[0022] 

[Application Example 5] 

In the application examples above, the substrate can be glass, silicon, silica or a 

polymer. 15 

[0023] 

[Application Example 6] 

In the application examples above the film-forming speed in one cycle of steps 

(b)-(e) can be ≥0.7Å/cycle. 

[0024] 20 

When an indium compound according to the present invention with high heat 

stability is employed, a broad ALD window is guaranteed, and it is possible to carry out 

a process which forms a high-quality film. And use of such an indium compound enables 

film-forming with a high GPC. 

[0025] 25 

The application examples above are preferably ALD film-forming processes. 

Therefore, there is no need for a high vacuum as the pressure in the chamber during film 

formation, as in sputtering processes, for example. Consequently, even when the 

substrate is incompatible with a high vacuum process, an indium-containing film can be 

formed by a process in these application examples, 30 

In addition, by making the film-forming temperature a high temperature ≥225ºC 

and ≤400ºC, it can give a high quality indium-containing film containing little impurities. 
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[0026] 

[Application Example 7] 

One embodiment of an indium compound according to the present invention is 

an indium compound for forming an indium-containing film, represented by general 

formula (2) below. 5 

In (C5R
1

xH(5-x))・・・・・ (2)  

(Here, in general formula (2), x is an integer 1-5, and each R1 is independently a 

C3-8 hydrocarbon group.) 

[0027] 

[Application Example 8] 10 

The indium compound set forth in the application example above can be 

In(C5
iPrH4), In(C5

sBuH4), In(C5
iBuH4), In(C5

sPenH4), or In(C5
iPenH4). 

[0028] 

In the indium compound set forth in the application example above, the 

hydrocarbon group which is the substituent group on the cyclopentadienyl group has a 15 

branched structure, reactivity is low, and photostability and stability in air are 

particularly high. Consequently, they are easy to handle, and can be maintained for long 

periods in a highly pure state, without carrying out any special pretreatment. These 

compounds also have high heat stability, and are, therefore, ideally suited to high-

temperature film-forming processes. 20 

[0029] 

[Application Example 9] 

One embodiment of an indium compound according to the present invention is 

an indium compound for forming an indium-containing film represented by general 

formula (3) below. 25 

In(C5AxR
2

yH(5-x-y))・・・・・ (3)  

(Here, in general formula (3), x is an integer 1-5, y is an integer 0-4, each A is, 

independently, SiR3R4R5 or GeR3R4R5; R3, R4 and R5 are each, independently, a C1-6 

hydrocarbon group or hydrogen, and R2 is a C1-6 hydrocarbon.) 

[0030] 30 

[Application Example 10] 

One embodiment of an indium compound according to the present invention is 

an indium compound for forming an indium-containing film, represented by general 
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formula (4) to general formula (6) below. 

[Formula 1] 

 

[Formula 2] 

 5 

[Formula 3] 

 

(Here, in general formula (4) to general formula (6), each R6 is, independently, a 

C1-6 hydrocarbon group or hydrogen.) 

[0031] 10 

[Application Example 11] 

One embodiment of an indium compound according to the present invention is 

an indium compound for forming an indium-containing film, represented by general 

formula (7) below. 

In(NC4R
7
xH(4-x))・・・・・ (7)  15 

(Here, in general formula (7), x is an integer 1-4, and each R7 is independently a 

C2-6 straight-chain, branched (except for tBu) or cyclic hydrocarbon group or 

hydrogen.) 

[0032] 

[Application Example 12] 20 

One embodiment of an indium compound according to the present invention is 

an indium compound for forming an indium-containing film, represented by general 
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formula (8) below. 

In(NxC5-xR
8
yH(5-x-y))・・・・・ (8)  

(Here, in general formula 8), x is an integer 2-4, y is an integer 0-(5-x), and each 

R8 is independently a C1-6 straight-chain, branched or cyclic hydrocarbon group.) 

[0033] 5 

The indium compounds having a non-cyclic pentadienyl, cyclohexadienyl or 

cycloheptadienyl skeletal structure, or a pyrrolyl, pyrazolyl or imidazolyl nitrogen-

containing heterocyclic structure set forth in the application examples above have high 

stability similar to cyclopentadienylindium compounds, due to the fact that, like a 

cyclopentadienyl group, 6 electrons are donated to indium. 10 

[0034] 

[Application Example 13] 

The indium compounds set forth in the application examples above preferably 

have a melting point of ≤80ºC. 

[0035] 15 

In order to make a high-temperature film-forming process feasible, the indium 

compound more preferably has high heat stability, and is in the liquid state at high 

temperatures. By carrying out the process of forming an indium-containing film at a 

temperature of at least 200ºC, faster film-formation becomes possible, and therefore, 

high heat-stability at film-forming temperatures upwards of 80ºC is required. In addition, 20 

indium compounds are normally delivered from a container heated to ≥20ºC, and are, 

therefore, preferably liquid at this container temperature. 

Because indium compounds according to the present invention are highly stable, 

and have a melting point lower than 80ºC, the temperature at which they are used, they 

can used in the liquid state. And since they also have adequate vapor pressure and 25 

reactivity, they are ideal as materials for forming indium-containing films. 

[0036] 

[Application Example 14] 

The indium compound set forth in the application example above can also be 

materials for forming indium-containing films for manufacturing semiconductor devices. 30 

[0037] 

[Application Example 15] 

The indium compound set forth in the application examples above can be 
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materials for forming indium-containing films by a film-forming process selected from 

a set comprising chemical vapor deposition (CVD), atomic layer deposition (ALD), 

plasma-enhanced chemical vapor deposition (PECVD), plasma-enhanced atomic layer 

deposition (PEALD), pulsed chemical vapor deposition (PCVD), low pressure chemical 

vapor deposition (LPCVD), subatmospheric chemical vapor deposition (SACVD), 5 

atmospheric pressure chemical vapor deposition (APCVD), spatial ALD, radical-

assisted deposition, supercritical fluid deposition, spin-on deposition and combinations 

thereof. 

[0038] 

With the present invention, because the indium compounds are highly stable to 10 

light and heat, the indium compounds can be employed in high-temperature film-

forming processes without carrying out special pretreatment. Consequently, they enable 

formation of high quality indium-containing films. 

[0039] 

[Application Example 16] 15 

One embodiment of a process for forming indium-containing film according to 

the present invention is a process for forming an indium-containing film on at least part 

of the surface of a substrate characterized in that it includes  

(a) a step of placing an aforementioned substrate inside a chamber, and  

(b) a step of introducing a gas which includes an indium compound of any one 20 

of Application Example 7 to Application Example 12 into the aforementioned chamber, 

and  

(c) a first purging step after carrying out the aforementioned step (b), in which 

the aforementioned chamber is purged with a first purge gas, and  

(d) a step in which an oxygen-containing gas is introduced into the 25 

aforementioned chamber, and  

(e) a second purging step after carrying out the aforementioned step (d), in which 

the aforementioned chamber is purged with a second purge gas,  

and steps (b)-(e) are repeated, at a temperature of ≥225ºC and ≤400ºC, until the 

desired thickness of the aforementioned indium-containing film is obtained. 30 

[0040] 

The indium compounds in Application Example 7 to Application Example 13 

above, like compounds represented by general formula (1) above, have a comparatively 
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low melting point, and are outstandingly stable in air and to heat and light. Consequently, 

the indium compounds in Application Example 7 to Application Example 13 above are 

liquids at the desired indium compound supply temperature, and are easily supplied to 

the film-forming process. 

Formation of indium-containing films can be carried out by ALD with the present 5 

invention, and in order to ensure a broad ALD window and obtain high quality it is 

necessary to be able to form a film at high temperatures. The indium compounds in 

Application Example 7 to Application Example 13 above have high heat stability, and 

therefore the film-forming process can be carried out at high temperature. Moreover, a 

high GPC is obtained by employing the indium compounds in Application Example 7 to 10 

Application Example 13 above. Consequently, they are ideal materials having a broad 

ALD window, for obtaining high quality films with a high throughput  

Simplified Description of the Drawings 

[0041] 

[Figure 1] Figure 1 is a graph showing the result of thermal analysis of In(sBuCp) 15 

obtained in Example 1. 

[Figure 2] Figure 2 is a graph showing the result of thermal analysis of 

In(sPenCp) obtained in Example 2. 

[Figure 3] Figure 3 is a graph showing the result of thermal analysis of In(iPenCp) 

obtained in Example 3. 20 

Modes for Carrying Out the Invention 

[0042] 

Modes for carrying out the present invention are described in detail below. It 

should be understood that the present invention is not restricted only to the embodiments 

described below, and includes various other different examples within a scope which 25 

does not alter the essential substance of the present invention. 

[0043] 

<Indium compounds> 

The indium compound according to one embodiment of the present invention is 

a compound represented by general formula (1) to (8) below. 30 

[0044] 

Compounds represented by general formula (1) 

In(C5R
1
xH(5-x))・・・・・ (1)  
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(Here, in general formula (1), x is an integer 1-5, and each R1 is independently a 

C1-8 hydrocarbon group.) 

[0045] 

Compounds represented by general formula (1) above have a structure with 

hydrocarbon group on the cyclopentadienyl group. The melting point of said compound 5 

is lowered and stability in air and to heat and light are raised by having such a structure. 

Consequently, compounds represented by general formula (1) above are liquids at the 

desired indium compound supply temperature, and are easily supplied to the film-

forming process. 

[0046] 10 

Although x in general formula (1) above is an integer 1-5, an integer 1-4 is 

preferred, an integer 1-3 is more preferred, an integer 1-2 is even more preferred, and 1 

is especially preferred. Provided that x is in the range above, When an indium-containing 

film is formed by employing a compound represented by general formula (1) above, it 

is easy to obtain a film low in carbon impurities.. 15 

[0047] 

Although R1 in general formula (1) above is a C1-8 hydrocarbon group, a C2-6 

hydrocarbon group is preferred, a C3-6 hydrocarbon group is more preferred, and C3-6 

hydrocarbon group including a secondary carbon is more preferred. The melting point 

of compounds represented by general formula (1) above is lowered and stability in air 20 

and to heat and light is raised when R1 is a hydrocarbon group described above. Because 

such compounds represented by general formula (1) above have high stability, they can 

be formed into films at high temperatures, and by making the film-forming temperature 

a high temperature ≥225ºC and ≤400ºC, for example, they can give a high quality 

indium-containing film containing little impurities. 25 

[0048] 

Examples of such hydrocarbon groups include a methyl group, ethyl group, n-

propyl group, an isopropyl group, n-butyl group, isobutyl group, sec-butyl group, tert-

butyl group, n-pentyl group, neopentyl group, isopentyl group, sec-pentyl group, 3-

pentyl group, tert-pentyl group, n-hexyl group, sec-hexyl group, n-heptyl group, sec-30 

heptyl group, n-octyl group and sec-octyl group. Of these, an isopropyl group, isobutyl 

group, sec-butyl group, isopentyl group, sec-pentyl group, 3-pentyl group, sec-hexyl 

group, sec-heptyl group and sec-octyl group, etc., which include a secondary 
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hydrocarbon, are preferred; and the secondary hydrocarbon groups sec-butyl group and 

sec-pentyl group are more preferred. 

[0049] 

Therefore, among compounds represented by general formula (1) above, a 

compound represented by general formula (2) below is preferred, from the viewpoint of 5 

stability in air and to heat and light and the ability to form an indium-containing film at 

high temperatures, 

In(C5R
1
xH(5-x))・・・・・ (2)  

(Here, in general formula (2), x is an integer 1-5, and each R1 is independently a 

C3-8 hydrocarbon group which includes a secondary carbon.) 10 

[0050] 

Compounds represented by general formula (3) 

In(C5AxR
2

yH(5-x-y))・・・・・ (3)  

Here, x in general formula (3) is an integer 1-5, y is an integer 0-4, each A is, 

independently, SiR3R4R5 or GeR3R4R5; R3, R4 and R5 are each, independently, a C1-6 15 

hydrocarbon group or hydrogen, and R2 is a C1-6 hydrocarbon.) 

[0051] 

In general formula (3) above, the total number of carbons in the substituent 

groups R3+R4+R5 is 1-18, but a total number of carbons of 1-10 is preferred and 1-7 is 

more preferred. 20 

[0052] 

Examples of SiR3R4R5 or GeR3R4R5 include a methylsilyl group, ethylsilyl group, 

ethylmethylsilyl group, diethylmethylsilyl group, dimethylethylsilyl group, 

trimethylsilyl group, triethylsilyl group, tri(isopropyl)silyl group, tri(n-propyl)silyl 

group, tri(n-butyl)silyl group, tri(isobutyl)silyl group and tri(sec-butyl)silyl group. Of 25 

these, a trimethylsilyl group and triethylsilyl group are preferred. 

[0053] 

In general formula (3) above, R2 is a C1-6 hydrocarbon group, but 1-4 is 

preferred, and it is more preferably 1-3. Examples of such hydrocarbon groups include 

a methyl group, ethyl group, n-propyl group, isopropyl group, n-butyl group, isobutyl 30 

group, sec-butyl group, tert-butyl group, n-pentyl group, neopentyl group, isopentyl 

group, sec-pentyl group, 3-pentyl group, tert-pentyl group, n-hexyl group, and sec-hexyl 

group. Of these, a methyl group, ethyl group, n-propyl group and isopropyl group, etc., 
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are preferred. 

[0054] 

Examples of indium compounds represented by general formula (3) below 

include ((trimethylsilyl)cyclopentadienyl)indium, ((methyl)(trimethylsilyl)-

cyclopentadienyl)indium, ((ethyl)(trimethylsilyl)cyclopentadienyl)indium, 5 

((isopropyl)(trimethylsilyl)cyclopentadienyl)indium, ((diethylmethylsilyl)-

cyclopentadienyl)indium, ((diethylmethylsilyl)cyclopentadienyl)indium, ((triethyl-

silyl)cyclopentadienyl)indium, ((triethylsilyl)(ethyl)cyclopentadienyl)indium, 

((trimethylgermanium)cyclopentadienyl)indium, ((methyl)(trimethylgermanium)-

cyclopentadienyl)indium, ((ethyl)(trimethylgermanium)cyclopentadienyl)indium, 10 

((isopropyl)(trimethylgermanium)cyclopentadienyl)indium, ((dimethylethyl-

germanium)cyclopentadienyl)indium, ((diethylmethylgermanium)cyclopentadienyl)-

indium, ((triethylgermanium)cyclopentadienyl)indium, and 

((triethylgermanium)(ethyl)cyclopentadienyl)indium. 

[0055] 15 

Indium compounds represented by general formula (3) above have a structure 

with a hydrocarbon group having a silicon group or germanium group as a substituent 

group on the cyclopentadienyl group. By placing a substituent group containing Si or Ge 

in this way, it becomes possible to obtain highly stable indium compounds 

[0056] 20 

Compounds represented by general formula (4) to (6) 

[Formula 4] 

 

[0057] 

[Formula 5] 25 
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[0058] 

[Formula 6] 

 

(Here, in general formula (4) to general formula (6), each R6 is independently a 

C1-6 hydrocarbon group or hydrogen.) 5 

[0059] 

Although R6 in general formula (4) to general formula (6) is a C1-6 hydrocarbon 

group, it is preferably a C1-4 hydrocarbon group, and it is more preferably a C1-3 

hydrocarbon group. 

[0060] 10 

Examples of such hydrocarbon groups include a methyl group, ethyl group, n-

propyl group, isopropyl group, n-butyl group, isobutyl group, sec-butyl group, tert-butyl 

group, n-pentyl group, neopentyl group, isopentyl group, sec-pentyl group, 3-pentyl 

group, tert-pentyl group, n-hexyl group, and sec-hexyl group. Of these, a methyl group, 

ethyl group, n-propyl group and isopropyl group are preferred 15 

[0061] 

Compounds represented by general formula (7) 

In(NC4R
7
xH(4-x))・・・・・ (7)  

(Here, in general formula (7), x is an integer 1-4, and each R7 is independently a 

C2-6 straight-chain, branched (except for tBu) or cyclic hydrocarbon group or 20 

hydrogen.) 

[0062] 

In general formula (7), R7 is preferably sBu, sPen or tPen. 

[0063] 

Compounds represented by general formula (8) 25 

In(NxC5-xR
8
yH(5-x-y))・・・・・ (8)  

(Here, in general formula 8), x is an integer 2-4, y is an integer 0-(5-x), and each 

R8 is independently a C1-6 straight-chain, branched or cyclic hydrocarbon group.) 



- 16 - 

 

[0064] 

Although R6 in general formula (4) to general formula (6) is a C1-6 hydrocarbon 

group, it is preferably a C3-6 hydrocarbon group, and it is more preferably a C4-5 

hydrocarbon group. 

[0065] 5 

Compounds represented by general formula (7) to general formula (8) above 

have a structure with hydrogen or a hydrocarbon group on a nitrogen-containing 

heterocyclic ring. By having such a structure, as in the case of compounds having a 

cyclopentadienyl group, melting point is lowered and stability in air and to heat and light 

are raised. Consequently, compounds represented by general formula (7) to general 10 

formula (8) above are liquids at the desired indium compound supply temperature, and 

are easily supplied to the film-forming process. 

[0066] 

<Process for forming an indium-containing film> 

An indium-containing film on a substrate can be obtained by forming a film 15 

employing at least one compound selected from indium compounds represented by 

general formula (1) to (8) above. 

[0067] 

There are no particular restrictions as regards the substrate, provided that it is a 

substance that allows the growth of an indium-containing film, and it can be glass, silicon, 20 

silica or a polymer, for example, depending on the purpose of the indium-containing 

film. 

[0068] 

Methods for introducing the indium compound into the chamber in which the 

substrate is placed, in order to form an indium-containing film, include, for example, 25 

decreasing the pressure inside the chamber to draw in the desired quantity of vapor of 

the indium compound filling the indium compound container, bubbling methods, and 

direct injection methods, but it can be any method which supplies the desired quantity 

of indium compound to the substrate, and is not restricted to these methods. 

[0069] 30 

Because indium compounds represented by general formula (1) to (8) above have 

high heat stability, the temperature during storage and supply can be a comparatively 

high temperature in the region of ≥50ºC and ≤200ºC. 
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[0070] 

In addition, a carrier gas can be employed in order to entrain the vapor of the 

indium compound. There is no restriction as the carrier gas employed, provided that it is 

inert towards the indium compound, and it can be nitrogen or argon, for example. 

[0071] 5 

There is no restriction as to the process for forming an indium-containing film, 

and it can be a film-forming process selected from a set comprising chemical vapor 

deposition (CVD), atomic layer deposition (ALD), plasma-enhanced chemical vapor 

deposition (PECVD), plasma-enhanced atomic layer deposition (PEALD), pulsed 

chemical vapor deposition (PCVD), low pressure chemical vapor deposition (LPCVD), 10 

subatmospheric chemical vapor deposition (SACVD), atmospheric pressure chemical 

vapor deposition (APCVD), spatial ALD, radical-assisted deposition, supercritical fluid 

deposition, spin-on deposition and combinations thereof. 

[0072] 

When an indium compounds represented by general formula (I) is employed, 15 

atomic layer deposition (ALD) is particularly ideal as a method for forming an indium-

containing film. 

[0073] 

After carrying out a step of placing the substrate in the chamber, ALD includes 

a step of introducing the indium compound into the chamber in the form of a gas, and a 20 

step of purging the indium-containing gas from the chamber by means of a purge gas 

(the first purge gas) after reacting the substrate and the indium compound, and a step in 

which an oxygen-containing gas is introduced into the aforementioned chamber after 

purging, and a step of purging the oxygen-containing gas from the chamber by means of 

a purge gas (the second purge gas). The step of introducing the indium compound gas, 25 

and the step of introducing an oxygen-containing gas, can be carried out alternately a 

given number of times. The two steps can be carried out alternately until reaching the 

desired thickness of the indium containing film. 

[0074] 

There is no particular restriction as to the oxygen-containing gas provided that it 30 

is a gas containing oxygen, and it can be water, oxygen or ozone. Use of ozone is ideal, 

because it gives a higher film-forming speed than water or oxygen, without employing 

plasma. 
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[0075] 

The purge gas can be any gas that is inert towards the indium compound, 

examples include nitrogen and argon, but there is no restriction as to these. The first 

purge gas and second purge gas can be the same or different. 

[0076] 5 

The film-forming temperature can be 225ºC-400ºC, and is preferably 230ºC-

300ºC and more preferably 240ºC-260ºC. 

Examples 

[0077] 

Below, the present invention is described in specific terms by means of 10 

examples; however, the present invention is not restricted to these examples. 

[0078] 

<Example 1: Synthesis of In(sBuCp)> 

300 mL of dehydrated pentane and 27.8 g of s-butylcyclopentadiene (0.22mol, 

1.1 equiv.) were put into a 1L capacity container. 131 mL of a 1.6M n-butyllithium 15 

solution (0.21mol, 1 equiv.) was added dropwise at room temperature (20ºC). The 

resulting reaction mixture was stirred for 3 hours with a magnetic stirrer, and then the 

solvent was distilled off at decreased pressure, to give a white solid. 

This white solid was suspended in 500 mL of dehydrated diethyl ether; 31.6 g of 

InCl (0.21mol, 1 equiv.) was added, followed by stirring at room temperature, and then 20 

a yellow filtrate was recovered by filtration. 

The solvent was removed from the resulting liquid by distillation under 

decreased pressure, to give a yellow liquid. The resulting liquid was introduced to a 

single distillation device, and the pale yellow liquid fraction recovered by distillation at 

a temperature of 40ºC to 45ºC and pressure of 5Pa was obtained with a yield of 45.3 g 25 

(0.19 ml.), percentage yield (relative to InCl) 91%. The resulting pale yellow liquid was 

a liquid at the storage temperature, room temperature 23ºC. 

[0079] 

The resulting In(sBuCp) was analysed by nuclear magnetic resonance (NMR). 

The results of 1H-NMR using C6D6 confirmed the structure of In(sBuCp). 1H-NMR (δ, 30 

C6D6, 400MHz, 25ºC): δ 5.91 (t, 2H, Cp-H), 5.81 (t, 2H, Cp-H), 2.46 (m, 1H, Cp-CH-), 

1.60-1.35 (m, 2H, -CH2CH3), 1.15 (d, 3H, -CH (CH3)CH2CH3), 0.91 (t, 3H, -CH2CH3) 

A JEOL 400Mz NMR device was employed for NMR analysis. 
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[0080] 

Figure 1 is a graph showing the result of thermal analysis of the In(sBuCp) 

obtained above. The conditions of thermal analysis were: TG-DTA measurement with 

sample weight 25.57 mg, pressure 1 atm., in an atmosphere of nitrogen, heating speed 

10.0ºC/min. As shown by the solid line in Figure 1, in thermogravimetric analysis (TGA), 5 

99.4% was vaporized at up to 200ºC, with a residue of 0.6%; therefore, it can be said 

that thermolysis does not occur in a short time at ≤200ºC. 

And the result of isothermal gravimetric analysis showed that the vapor pressure 

of In(sBuCp) was 1Torr at 38.3ºC. 

A Mettler Toledo TGA/SDTA851 analyzer was employed for thermogravimetric 10 

analysis. 

[0081] 

<Example 2: Synthesis of In(sPenCp)> 

9.5 g of Li(sPenCp) (0.067mol, 1.0 equiv.) and 200 mL of dehydrated diethyl 

ether were put into a 500 mL capacity flask. Then, 10.1 g of InCl (0.067mol, 1 equiv.) 15 

was added, followed by stirring at room temperature, and then a yellow filtrate was 

recovered by filtration. The solvent was removed from the resulting liquid by distillation 

under decreased pressure, to give a yellow liquid. The resulting liquid was introduced to 

a single distillation device, and the pale yellow liquid fraction recovered by distillation 

at a temperature of 70ºC to 80ºC and pressure of 5Pa was obtained with a yield of 13.8 20 

g (0.055ml), percentage yield (relative to InCl) 83%. The resulting pale yellow liquid 

was a liquid at the storage temperature, room temperature 23ºC. 

[0082] 

The resulting In(sPenCp) was analysed by nuclear magnetic resonance (NMR). 

The results of 1H-NMR using C6D6 confirmed the structure of In(sPenCp). 1H-NMR (δ, 25 

C6D6, 400MHz, 25ºC): 5.92 (t, 2H, Cp-H), 5.81 (t, 2H, Cp-H), 2.57 (m, 1H, Cp-CH-), 

1.60-1.25 (m, 4H, -CH2CH2CH3), 1.16 (d, 3H, -CH(CH3)CH2CH2CH3), 0.88 (t, 

3H, -CH2CH2CH3) 

A JEOL 400Mz NMR device was employed for NMR analysis. 

[0083] 30 

Figure 2 is a graph showing the result of thermal analysis of the In(sPenCp) 

obtained above. The conditions of thermal analysis were: TG-DTA measurement with 

sample weight 24.39 mg, pressure 1 atm., in an atmosphere of nitrogen, heating speed 
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10.0ºC/min. As shown by the solid line in Figure 2, in thermogravimetric analysis 97.4% 

was vaporized at up to 210ºC, with a residue of 2.6%; therefore, it can be said that 

thermolysis does not occur in a short time at ≤210ºC. 

And the result of isothermal gravimetric analysis showed that the vapor pressure 

of In(sPenCp) was 1Torr at 52.4ºC. 5 

A Mettler Toledo TGA/SDTA851 analyzer was employed for thermogravimetric 

analysis. 

[0084] 

<Example 3: Synthesis of In(iPenCp)> 

400 mL of dehydrated pentane and 23.2 g of isopentylcyclopentadiene (0.18mol, 10 

1.1 equiv.) were put into a 1L capacity container. Then, 104 mL of a 1.6M n-butyllithium 

solution (0.17mol, 1 equiv.) was added dropwise at room temperature (20ºC)l The 

resulting reaction mixture was stirred for 3 hours with a magnetic stirrer, and then the 

solvent was distilled off at decreased pressure, to give a white solid. 

This white solid was suspended in 500 mL of dehydrated diethyl ether, 25.1 g of 15 

InCl (0.17mol, 1 equiv.) was added, followed by stirring at room temperature, and then 

a yellow filtrate was recovered by filtration. 

The solvent was removed from the resulting liquid by distillation under 

decreased pressure, to give a yellow solid. The resulting solid was introduced to a single 

distillation device, and the pale yellow liquid which was the fraction from distillation at 20 

a temperature of 60ºC to 65ºC and pressure of 0.7kPa was collected. This liquid 

solidified when left at room temperature. The yield of the resulting solid was 34.0 g 

(0.14mol), and percentage yield (relative to InCl) was 80%, the melting point was 55-

56ºC. 

[0085] 25 

The resulting In(iPenCp) was analysed by nuclear magnetic resonance (NMR). 

The results of 1H-NMR using C6D6 confirmed the structure of In(iPenCp). 1H-NMR (δ, 

C6D6, 400MHz, 25ºC: δ 5.93 (t, 2H, Cp-H), 5.83 (t, 2H, Cp-H), 2.46 (m, 2H, Cp-CH-), 

1.60-1.35 (m, 3H, -CH2CH(CH3)2), 0.89 (d, 6H, -CH(CH3)2) 

A JEOL 400Mz NMR device was employed for NMR analysis. 30 

[0086] 

Figure 3 is a graph showing the result of thermal analysis of the In(iPenCp) 

obtained above. The conditions of thermal analysis were: TG-DTA measurement with 
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sample weight 24.63 mg, pressure 1 atm., in an atmosphere of nitrogen, heating speed 

10.0ºC/min. As shown by the solid line in Figure 3, in thermogravimetric analysis (TGA), 

99.4% was vaporized at up to 215ºC, with a residue of 0.6%; therefore, it can be said 

that thermolysis does not occur in a short time at ≤215ºC. 

And the result of isothermal gravimetric analysis showed that the vapor pressure 5 

of In(iPenCp) was 1Torr at 65ºC. 

A Mettler Toledo TGA/SDTA851 analyzer was employed for thermogravimetric 

analysis. 

[0087] 

<Example 4: Forming an In2O3 film by ALD using In(sBuCp)> 10 

An indium-containing film was formed on a substrate by ALD by employing 

In(sBuCp) synthesized as an indium compound in Example 1 above and employing O3 

as a reaction gas, under the following conditions. 

[0088]  

(Film-forming conditions) 15 

A step in which a cylinder filled with In(sBuCp) was heated to 39ºC, vapor and 

introduced into a reaction chamber by bubbling using N2 gas at 100 sccm (pulse A), and 

a step in which O3 produced by an ozone generator was introduced into the reaction 

chamber by N2 gas at 50 sccm (pulse B) were carried out alternately, separated by 

purging for 4 seconds with N2 gas at 200 sccm as purge gas. 200 cycles were carried out 20 

in the ALD chamber on an Si substrate at a substrate temperature of 250ºC, at a pressure 

of ca. 1 torr. This gave an In2O3 film 28 nm thick. GPC at 250ºC reached 1.4Å/cycle. 

[0089] 

In the results of SIMS analysis of the In2O3 film thus obtained, concentrations of 

carbon and hydrogen in the film were 2×1019 atoms/cm3 and 5×1020atoms/cm3, 25 

respectively (lower limit of detection: carbon 5×1018 atoms/cm3 and hydrogen 

5×1019atoms/cm3). A PHI ADEPT1010 was employed for the analysis. 

[0090] 

Film thickness and GPC when films were formed under the same film-forming 

conditions changing only the substrate temperature are presented in Table 1 below. As 30 

shown in Table 1, at a film-forming temperature (i.e. substrate temperature when 

forming a film) of ≤200ºC, GPC is <0.7Å/cycle, and the throughput of the film-forming 

process is inadequate because the speed of film formation is slow. On the other hand, 
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when the film-forming temperature is of ≥225ºC, GPC is ≥0.7Å/cycle, and film-forming 

speed can be said to be adequate. 

[0091] 

[Table 1] 

 5 

[0092] 

<Example 5: Forming an In2O3 film by ALD using In(iPenCp)> 

An indium-containing film was formed on a substrate by ALD by employing 

In(iPenCp) synthesized as an indium compound in Example 3 above, and employing O3 

as a reaction gas, under the following conditions. 10 

[0093]  

(Film-forming conditions) 

A step in which a cylinder filled with In(iPenCp) was heated to 39ºC, and vapor 

was introduced into a reaction chamber by bubbling using N2 gas at 100 sccm (pulse A), 

and a step in which O3 produced by an ozone generator was introduced into the reaction 15 

chamber by N2 gas at 50sccm (pulse B), were carried out alternately, separated by 

purging for 4 seconds with N2 gas at 200 sccm as purge gas. 200 cycles were carried out 

on an Si substrate at a substrate temperature of 250ºC in the ALD chamber, at a pressure 

of ca. 1 torr. This gave an In2O3 film 28 nm thick. GPC at 250ºC reached 1.4Å/cycle. 

[0094] 20 

Film thickness and GPC when films were formed under the same film-forming 

conditions changing only the substrate temperature are presented in Table 2 below. As 

shown in Table 2, at a film-forming temperature (i.e. substrate temperature when 

forming a film) of ≤200ºC, GPC is <0.7Å/cycle, and the throughput of the film-forming 

process is inadequate because the speed of film formation is slow. On the other hand, 25 

when the film-forming temperature is of ≥225ºC, GPC is ≥0.7Å/cycle, and film-forming 

speed can be said to be adequate. 
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[0095] 

[Table 2] 

 

[0096] 

As shown above, by using a process for forming an indium-containing film set 5 

forth in the present invention, at a temperature of ≥225ºC it was possible to form an 

indium-containing film at a high GPC.
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CLAIMS 

 

1. A process for forming an indium-containing film on at least part of the 

surface of a substrate wherein the process for forming an indium containing film includes  

(a) a step of placing an aforementioned substrate inside a chamber, and  5 

(b) a step of introducing a gas which includes an indium compound represented 

by general formula (I) below into the aforementioned chamber, and  

(c) a first purging step after carrying out the aforementioned step (b), in which 

the aforementioned chamber is purged with a first purge gas, and  

(d) a step in which an oxygen-containing gas is introduced into the 10 

aforementioned chamber, and  

(e) a second purging step after carrying out the aforementioned step (d), in which 

the aforementioned chamber is purged with a second purge gas,  

In (C5R
1

xH(5-x))・・・・・ (1)  

(Here, in general formula (1), x is an integer 1-5, and each R1 is independently a 15 

C1-8 hydrocarbon group.) 

 

2. The process for forming an indium-containing film as claimed in claim 1, 

wherein the aforementioned indium-containing film is a film containing indium oxide, 

and the aforementioned oxygen-containing gas includes at least ozone. 20 

 

3. The process for forming an indium-containing film as claimed in claim 1 

or claim 2, wherein the aforementioned indium containing film is an insulating material 

with a relative permittivity (k value) of ≥7. 

 25 

4. The process for forming an indium-containing film as claimed in claim 2, 

wherein the aforementioned oxygen-containing gas further includes water, hydrogen 

peroxide, oxygen, nitric oxide, nitrous oxide, nitrogen dioxide, a sulfur oxide or a gas 

comclaim5prising a combination thereof. 

 30 

5. The process for forming an indium-containing film according to any of 

claim 1 to claim 4, wherein the substrate is glass, silicon, silica or a polymer. 
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6. The process for forming an indium-containing film as claimed in any of 

claim 1 to claim 5, characterized in that the speed of film formation in one cycle of steps 

(a)-(e) above is ≥0.7Å/cycle. 

 

7. An indium compound for forming an indium-containing film, represented 5 

by general formula (2) below. 

In(C5AxR
1

yH(5-x-y))・・・・・ 23) 

(Here, in general formula (2), x is an integer 1-5, and each R1 is independently a 

C3-8 hydrocarbon group which includes a secondary carbon.) 

 10 

8. The compound as claimed in claim 7 wherein the aforementioned indium 

compound represented by general formula (3) is In(C5
iPrH4), In(C5

sBuH4), In(C5
iBuH4), 

In(C5
sPenH4) or In(C5

iPenH4). 

 

9. In(C5AxR
2

yH(5-x-y))・・・・・ (3) 15 

Here, x in general formula (3) is an integer 1-5, y is an integer 0-4, each A is, 

independently, SiR3R4R5 or GeR3R4R5, R3, R4 and R5 are each, independently, a C1-6 

hydrocarbon group or hydrogen, and R2 is a C1-6 hydrocarbon.)  

Here, x in general formula (3) is an integer 1-5, y is an integer 0-4, each A is, 

independently, SiR3R4R5 or GeR3R4R5, R3, R4 and R5 are each, independently, a C1-6 20 

hydrocarbon group or hydrogen, and R2 is a C1-6 hydrocarbon.) 

 

10. An indium compound for forming an indium-containing film, represented 

by general formula (4) to general formula (6) below. 

 25 
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(Here, in general formula (4) to general formula (6), each R6 is independently a 

C1-6 hydrocarbon group or hydrogen.) 

 

11. An indium compound for forming an indium-containing film, represented 5 

by general formula (7) below. 

In(NC4R
7
xH(4-x))・・・・・ (7)  

(Here, in general formula (7), x is an integer 1-4, and each R7 is independently a 

C2-6 straight-chain, branched (except for tBu) or cyclic hydrocarbon group or 

hydrogen.) 10 

 

12. A compound represented by general formula (8) below. 

In(NxC5-xR
8
yH(5-x-y))・・・・・ (8)  

(Here, in general formula (8), x is an integer 2-4, y is an integer 0-(5-x), and each 

R8 is independently a C1-6 straight-chain, branched or cyclic hydrocarbon group.) 15 

 

13. The indium compound as claimed in any of claim 7 to claim 12, 

characterized in that the melting point is ≤80ºC. 

 

14. The indium compound as claimed in any of claim 7 to claim 12, which is 20 

material for forming an indium-containing film for producing a semiconductor device. 

 

15. The indium compound as claimed in any of claim 7 to claim 12, which is 

material for forming an indium-containing film by a film-forming process selected from 

a set comprising chemical vapor deposition (CVD), atomic layer deposition (ALD), 25 

plasma-enhanced chemical vapor deposition (PECVD), plasma-enhanced atomic layer 

deposition (PEALD), pulsed chemical vapor deposition (PCVD), low pressure chemical 

vapor deposition (LPCVD), subatmospheric chemical vapor deposition (SACVD), 

atmospheric pressure chemical vapor deposition (APCVD), spatial ALD, radical-
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assisted deposition, supercritical fluid deposition, spin-on deposition and combinations 

thereof. 

 

16. A process for forming an indium-containing film on at least part of the 

surface of a substrate, wherein the process for forming an indium containing film 5 

includes 

(a) a step of placing an aforementioned substrate inside a chamber, and  

(b) a step of introducing a gas which includes an indium compound of any one 

of claim 7 to claim 12 into the aforementioned chamber, and  

(c) a first purging step after carrying out the aforementioned step (b), in which 10 

the aforementioned chamber is purged with a first purge gas, and  

(d) a step in which an oxygen-containing gas is introduced into the 

aforementioned chamber, and  

(e) a second purging step after carrying out the aforementioned step (d), in which 

the aforementioned chamber is purged with a second purge gas and  15 

and steps (b)-(e) are repeated, at a temperature of ≥225ºC and ≤400ºC, until the 

desired thickness of the aforementioned indium-containing film is obtained.




