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The present invention provides a process for
producing a metal nanoparticle composite film, which is
capable of independently controlling the particle diameter and the volume filling ratio of metal nanoparticles in
the metal nanoparticle composite film. The process comprises the steps of (a) treating a polyimide resin film with
an alkali aqueous solution to thereby introduce a carboxyl
group, (b) bringing the resin film into contact with a solution containing metal ions, to thereby dope the metal
ions in the resin film, and (c) performing thermal reduction
treatment in a reducing gas, thereby producing the metal
nanoparticle composite film containing the metal nanoparticles dispersed in the polyimide resin film, wherein
the volume filling ratio of the metal nanoparticles in the
composite film is controlled by regulating the thickness
of a nanoparticle dispersed layer formed in the polyimide
resin film with the thermal reduction treatment in the reducing gas in the step (c).
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[0001] The present invention relates to a process for producing a metal nanoparticle composite film containing metal
nanoparticles dispersed in a polyimide resin film, and also relates to an apparatus for producing the metal nanoparticle
composite film.
Background art
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[0002] A substance formed by embedding nanoparticles with diameters in the range of several to several tens nanometers in a matrix (film), which is made of a material different from the nanoparticle material, is called a metal nanoparticle composite film (see Fig. 4). For example, a substance formed by embedding nanoparticles of a ferromagnetic
metal, e.g., iron or nickel, in a matrix is called a ferromagnetic metal nanoparticle composite film. The ferromagnetic
metal nanoparticle composite film has recently received attention from the viewpoint of potential application to a superhigh density magnetic recording medium, such as a hard disk.
[0003] Generally, properties of the nanoparticle composite film are decided depending on (1) the material properties,
(2) the particle diameter, (3) the volume filling ratio, etc. of nanoparticles constituting the composite film. In particular,
the particle diameter and the volume filling ratio are important parameters giving a significant influence upon the particleto-particle interactions. In order to realize a nanoparticle composite film having the desired properties and characteristics,
therefore, it is essential to control the nanoparticle diameter and the volume filling ratio independently of each other.
[0004] Process for producing the nanoparticle composite film are mainly divided into two types, i.e., a bottom-up
process of stacking atoms and molecules to thereby produce nanoparticles, and a top-down process of cutting through
a bulk.
[0005] The bottom-up process for producing the nanoparticle composite film is practiced, for example, by a selfassembly process using colloid, a molecular beam epitaxy (MBE) process, or a sputtering process. However, those
processes have a difficulty in independently controlling the particle diameter and the volume filling ratio of the nanoparticles
constituting the composite film.
[0006] On the other hand, typical examples of the top-down process for producing the nanoparticle composite film
are a photolithography process and an electron beam lithography process. These processes are able to independently
control the particle diameter and the volume filling ratio. In the state of the art, however, the particle diameter is limited
to a level of several tens nanometers at a minimum and is difficult to control at a level of several nanometers.
[0007] Apart from the above-mentioned processes, the inventors found and previously proposed a process capable
of producing a metal nanoparticle composite film containing metal nanoparticles dispersed in a polyimide resin film, the
process comprising the steps of (a) treating the polyimide resin film with an alkali aqueous solution such as a calcium
hydroxide aqueous solution to thereby introduce a carboxyl group, (b) bringing the resin film into contact with a solution
containing metal ions, e.g., nickel or copper ions, to thereby dope the metal ions in the resin film, and (c) performing
thermal reduction treatment in a reducing gas. (See Japanese Patent Laid-Open No. 2003-82475, Chem. Mater. 2003,
Vol. 15, pp. 2488-2491, and Eur. Phys. J. D Vol. 24, pp. 377-380 (2003))
[0008] The proposed process is able to produce the composite film containing the metal nanoparticles uniformly
dispersed in the polyimide resin film, and to control the diameter of the metal nanoparticle by regulating the temperature
of the heat treatment.
[0009] However, the volume filling ratio of the metal nanoparticles in the composite film produced by the proposed
process is hard to control, and the proposed process has a difficulty in producing the composite film with the desired
properties. Further, it is also difficult to form metal-nanoparticle dispersed layers having the same thickness on both the
front and rear surfaces of the composite film.
[0010] Accordingly, an object of the present invention is to solve the problems in the process for producing the composite
film, which is described in the above-cited Patent Document and Non-Patent Documents, and to provide a process for
producing a metal nanoparticle composite film, which is capable of independently controlling the particle diameter and
the volume filling ratio of metal nanoparticles in the metal nanoparticle composite film.
Disclosure of the Invention
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[0011] As a result of conducting intensive studies, the inventors have accomplished the present invention based on
the findings that (1) the diameter of the metal nanoparticle in the metal nanoparticle composite film is decided by the
first alkali treatment and the particle diameter is not changed after a metal-nanoparticle dispersed layer has been formed
by the heat treatment in the reducing gas, and that (2) the volume filling ratio of the metal nanoparticles in the composite
film can be controlled by regulating the thickness of the metal-nanoparticle dispersed layer through the thermal decom-

2

EP 1 674 509 A1
position of polyimide serving as a matrix.
[0012] More specifically, to solve the above-described problems, the present invention is constituted as stated in the
following (1) to (9).
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1. A process for producing a metal nanoparticle composite film containing metal nanoparticles dispersed in a polyimide resin film, the process comprising the steps of (a) treating the polyimide resin film with an alkali aqueous
solution to thereby introduce a carboxyl group, (b) bringing the resin film into contact with a solution containing metal
ions, to thereby dope the metal ions in the resin film, and (c) performing thermal reduction treatment in a reducing
gas, thereby producing the metal nanoparticle composite film containing the metal nanoparticles dispersed in the
polyimide resin film, wherein the volume filling ratio of the metal nanoparticles in the composite film is controlled by
regulating the thickness of a nanoparticle dispersed layer formed in the polyimide resin film with the thermal reduction
treatment in the reducing gas in said step (c).
2. A process for producing a metal nanoparticle composite film according to above 1, wherein when the thermal
reduction treatment is performed in the reducing gas in the step (c), the thickness of the nanoparticle dispersed
layer is regulated by controlling a heat treatment time.
3. A process for producing a metal nanoparticle composite film according to above 1, further comprising the steps
of performing the heat treatment in the reducing gas at temperature not lower than the reduction temperature of the
metal ions in the step (c), to thereby form a layer containing the metal nanoparticles dispersed in a polyimide resin,
and (d) performing another heat treatment at temperature different from the temperature of the aforesaid heat
treatment, to thereby regulate the thickness of the metal-nanoparticle dispersed layer.
4. A process for producing a metal nanoparticle composite film according to above 3, wherein the heat treatment
after the formation of the metal-nanoparticle dispersed layer in the step (d) is performed at temperature lower than
the temperature at which the metal-nanoparticle dispersed layer has been formed.
5. A process for producing a metal nanoparticle composite film according to above 3, wherein the heat treatment
after the formation of the metal-nanoparticle dispersed layer in the step (d) is performed at temperature higher than
the temperature at which the metal-nanoparticle dispersed layer has been formed.
6. A process for producing a metal nanoparticle composite film according to any one of above 3 to 5, wherein the
heat treatment after the formation of the metal-nanoparticle dispersed layer in the step (d) is performed in an inert gas.
7. A process for producing a metal nanoparticle composite film according to any one of above 1 to 6, wherein an
aqueous solution of potassium hydroxide or sodium hydroxide is used as the alkali aqueous solution in the step (a).
8. A process for producing a metal nanoparticle composite film according to any one of above 1 to 7, wherein the
solution containing the metal ions used in the step (b) contains one or more kinds of metal ions selected from among
nickel, cobalt and iron.
9. A process for producing a metal nanoparticle composite film according to any one of above 1 to 8, wherein the
reducing gas used in the step (c) is a hydrogen gas.
Brief Description of the Invention
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Fig. 1 is a schematic view showing one example of an apparatus for producing a metal nanoparticle composite film
according to the present invention.
Fig. 2 shows one example of a sample stage disposed inside a reduction treatment chamber in the apparatus of
Fig. 1; specifically, Fig. 2(A) is a plan view and Fig. 2(B) is a front view.
Fig. 3 is a schematic view showing one example of a sample stage used in the prior art.
Fig. 4 is an illustration for explaining the metal nanoparticle composite film.
Fig. 5 shows a cross-sectional photo image of a composite film produced according to Example 1, which was taken
by a transmission electron microscope; specifically, Fig. 5(A) shows a cross-section of the composite film on the
front side and Fig. 5(B) shows a cross-section of the composite film on the rear side.
Fig. 6 shows a cross-sectional photo image of a composite film produced according to Reference Example 1, which
was taken by the transmission electron microscope; specifically, Fig. 6(A) shows a cross-section of the composite
film on the front side and Fig. 6(B) shows a cross-section of the composite film on the rear side.
Fig. 7 is a graph showing the relationship between the volume filling ratio of nickel nanoparticles in the composite
film and the heat treatment time in Example 2.
Fig. 8 shows a cross-sectional photo image of a composite film produced according to Example 3, which was taken
by the transmission electron microscope; specifically, Fig. 8(A) shows a cross-sectional photo image near the surface
of the composite film on one side and Fig. 8(B) shows a photo image of a nickel-nanoparticle dispersed layer in Fig.
8(A) with a high magnification.
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Fig. 9 is a graph showing changes in diameter of the nickel-nanoparticle with respect to a KOH treatment time in
Example 3.
Fig. 10 shows a cross-sectional photo image of a composite film produced according to Example 4, which was taken
by the transmission electron microscope; specifically, Fig. 10(A) shows a cross-sectional photo image near the
surface of the composite film on one side and Fig. 10(B) shows a photo image of a nickel-nanoparticle dispersed
layer in Fig. 10(A) with a high magnification.
Fig. 11 shows a cross-sectional photo image of a composite film produced according to Example 5, which was taken
by the transmission electron microscope; specifically, Fig. 11(A) shows a cross-sectional photo image near the
surface of the composite film on one side and Fig. 11(B) shows a photo image of a nickel-nanoparticle dispersed
layer in Fig. 11(A) with a high magnification.
Best Mode for Carrying out the Invention
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[0014] Steps for producing a metal nanoparticle composite film in a polyimide resin film according to the present
invention will be described in detail below.
[0015] According to the present invention, in a first step (a), a polyimide resin film is treated with an alkali aqueous
solution, such as an aqueous solution of potassium hydroxide or sodium hydroxide, to thereby cleave an imide ring of
polyimide resin and introduce a carboxyl group in the polyimide resin film.
[0016] The concentration of alkali hydroxide is set to about 1  10 mol/liter, in particular preferably about 3  7 mol/
liter. The polyimide resin film is immersed in the aqueous solution at temperature of about room temperature  80 °C,
preferably about 40  60 °C, for a period of about 1  60 minutes, preferably about 3  10 minutes, whereby the
carboxyl group is introduced in the polyimide resin film.
[0017] In a next step (b), the polyimide resin film in which the carboxyl group has been introduced (hereinafter referred
to also as a "modified polyimide resin film") is brought into contact with a solution containing positive metal ions, to
thereby dope the positive metal ions in a modified layer (i.e., a layer containing the carboxyl group) of the modified
polyimide resin film through the positive ion exchange reaction of the carboxyl group.
[0018] As the solution containing the positive metal ions is preferably used a solution containing one or more kinds of
metal ions selected from among nickel, cobalt, iron, copper and platinum. The selected metal ions are finally dispersed
as metal nanoparticles in the composite film.
[0019] The metal ions are generally mixed as a metal salt in the metal-ion containing solution. The kind of the metal
salt used here is not limited to particular one so long as the metal salt has appropriate solubility depending on the kind
of metal. In the case of nickel ions, for example, the metal ions can be mixed in the form of, e.g., nickel chloride, nickel
sulfate, nickel nitrate, or nickel acetate.
[0020] The concentration of metal ions in the metal-ion containing solution is usually suitable in the range of about
0.001  1.5 mol/liter, preferably about 0.01  1 mol/liter, and more preferably about 0.1  1 mol/liter.
[0021] The metal-ion containing solution is generally used in the form of an aqueous solution. Depending on the kind
of metal ions used, however, an organic solvent, such as methanol, can also be used. Further, as the occasion requires,
a buffer agent for maintaining a proper pH, a complexing agent for preventing precipitation of the metal ions, etc. can
also be mixed in the metal-ion containing solution.
[0022] With the reaction between the ion exchange group and the metal ion, the pH of the metal-ion containing solution
is gradually reduced. In the case of replenishing the metal ions with addition of a hydroxide, therefore, it is desired that
the pH of the metal-ion containing solution be regulated to a value ranging from weak acidity to neutrality, in practice to
a pH range of about 2  6, preferably about 3  4.
[0023] A process for contacting the metal-ion containing solution and the modified polyimide resin film with each other
is not limited to particular one, and usually the resin film is immersed in the metal-ion containing solution. With that
treatment, the metal ion is coupled to or adsorbed in the ion exchange group contained in the resin film. The immersion
treatment is performed at temperature of, e.g., about 20  80 °C, preferably about 25  80 °C, for a period of, e.g.,
about 1  20 minutes, preferably about 3  10 minutes.
[0024] In a next step (c), the modified polyimide resin film containing the positive metal ions doped therein is subjected
to heat treatment in a reducing gas such that the positive metal ions are reduced to form metal nanoparticles made up
of aggregated metal atoms, and to restore the cleaved imide ring in the modified polyimide resin film by dehydrating
condensation, to thereby form, in the polyimide resin film, a metal-nanoparticle dispersed layer in which the metal
nanoparticles are dispersed. Then, the volume filling ratio of the metal nanoparticles in the metal nanoparticle composite
film is controlled by regulating the thickness of the metal-nanoparticle dispersed layer. As a result, the metal nanoparticle
composite film having the desired properties is obtained.
[0025] In the above-cited Non-Patent Documents, the inventors reported that the diameter of the metal nanoparticle
in the composite film can be controlled by regulating the temperature of the heat treatment in the reducing gas. As a
result of subsequent studies, however, the inventors have found that the volume filling ratio of the metal nanoparticles
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can be controlled independently of the particle diameter by regulating the thickness of the metal-nanoparticle dispersed
layer formed in the composite film.
[0026] The independent control of the particle diameter is based on the principle utilizing such a property that the
polyimide resin serving as a matrix is shrunk with thermal decomposition by performing another heat treatment after the
formation of the metal-nanoparticle dispersed layer. In other words, the volume filling ratio of the metal nanoparticles is
controlled by regulating the thickness of the matrix instead of controlling the array of the metal nanoparticles.
[0027] As a method for regulating the thickness of the metal-nanoparticle dispersed layer, there is (1) a method for
regulating the thickness of the nanoparticle dispersed layer by controlling a heat treatment time when the thermal
reduction treatment is performed in the reducing gas, or (2) a method for regulating the thickness of the metal-nanoparticle
dispersed layer by performing the heat treatment in the reducing gas at temperature not lower than the reduction
temperature of the metal ions, to thereby form a layer containing the metal nanoparticles dispersed in the polyimide
resin, and by performing another heat treatment at temperature different from the temperature of the aforesaid heat
treatment, to thereby regulate the thickness of the metal-nanoparticle dispersed layer.
[0028] The above method (2) of performing another heat treatment at temperature different from the temperature of
the aforesaid first heat treatment in the reducing gas after the formation of the metal-nanoparticle dispersed layer is
comparatively preferable because the thickness of the metal-nanoparticle dispersed layer can be more easily regulated.
The temperature of the subsequent heat treatment may be set to be either lower or higher than that of the first heat
treatment.
[0029] When the heat treatment after the formation of the metal-nanoparticle dispersed layer is performed at temperature lower than that of the first heat treatment, the thermal decomposition rate of the polyimide resin is held comparatively
low and the volume filling ratio of the metal nanoparticles can be easily controlled. On the other hand, when the heat
treatment after the formation of the metal-nanoparticle dispersed layer is performed at temperature higher than that of
the first heat treatment, the thermal decomposition rate of the polyimide resin is increased and a time required for the
entire process can be cut. Thus, the temperature of the subsequent heat treatment can be optionally selected depending
on the metal nanoparticle composite film to be produced.
[0030] Additionally, the heat treatment after the formation of the metal-nanoparticle dispersed layer can also be performed in an inert gas, such as a nitrogen gas, instead of the reducing gas.
[0031] In the present invention, the volume filling ratio (%) of the metal nanoparticles is calculated, based on the
following formula, from an amount of adsorbed metal ions (mol/cm2) which is measured by a chemical analysis.
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[0032] In the present invention, the polyimide resin film in which the nanoparticle dispersed layer are formed can be
made of not only a polyimide resin film itself, but also of a member prepared by coating a polyimide resin on the surface
of a base made of, e.g., glass, ceramics or metal.
[0033] When the polyimide resin film itself is used, the metal-nanoparticle dispersed layer can be formed on one
surface or each of both surfaces of the film depending on the treatment conditions. Also, in the case of using the member
prepared by coating the polyimide resin on the surface of the base made of, e.g., glass, ceramics or metal, the metalnanoparticle dispersed layer is formed on one surface of the polyimide resin film.
[0034] The reducing gas used in the present invention is not limited to particular one, and can be, e.g., a hydrogen
gas or a diborane gas. Usually, the hydrogen gas is used. The temperature and time of the heat treatment performed
in the reducing gas can be selected depending on the kind of the reducing gas used, the kind of the metal doped in the
polyimide resin film, the properties of the composite film to be produced, and so on.
[0035] By performing the heat treatment in the reducing gas, the metal ions coupled or adsorbed in a region of about
several microns from the surface of the polyimide resin film are controlled to be kept from diffusing toward the resin film
surface. Conversely, those metal ions are forced to diffuse into the interior of the resin film while the reduction reaction
is progressed.
[0036] As a result, the metal-nanoparticle dispersed layer is formed in which very fine metal particles each having a
diameter of about several nanometers are uniformly dispersed in the resin matrix in a region of several tens nanometers
to several microns from the resin film surface. When two or more kinds of metal ions are doped in the polyimide resin,
fine alloy particles are formed by the heat treatment.
[0037] Steps of performing the heat treatment in two stages will be described in more detail below, by way of example,
in connection with the case of producing a nickel nanoparticle composite film by using a hydrogen gas as the reducing gas.
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[0038] Because the reduction completion temperature of Ni ions in a hydrogen atmosphere is about 320 °C, the heat
treatment of the first stage is performed in the hydrogen atmosphere at 320 °C. As a result, Ni particles are formed in
the composite film. The diameter of the Ni particle is about 5 nm in the film treated with KOH for 2 minutes and is about
8 nm in the film treated for 7 minutes.
[0039] After the formation of the Ni particles, the heat treatment of the second stage is performed. With the heat
treatment of the second stage, polyimide constituting the matrix is thermally decomposed and causes a mass loss.
Accordingly, the relative volume of the matrix is reduced, and the volume filling ratio of the Ni nanoparticles is increased.
The heat treatment temperature in the second stage can be set to, for example, about 280 °C, i.e., a value lower than
320 °C that is the heat treatment temperature in the first stage. Conversely, the heat treatment temperature in the second
stage can also be set to, for example, about 350 °C, i.e., a value higher than the heat treatment temperature in the first
stage.
[0040] Performing the heat treatment of the second stage at a comparatively low temperature is advantageous in that
the thermal decomposition rate of the polyimide is held low and the volume filling ratio is easier to control. Also, performing
the heat treatment of the second stage at a comparatively higher temperature is advantageous in that the thermal
decomposition rate is increased and a time required for the process can be cut.
[0041] Further, the atmosphere gas used in the heat treatment of the second stage is not limited to the hydrogen gas
and may be an inert gas, such as a nitrogen gas. During the heat treatment of the second stage, the diameter of the Ni
particle is kept constant. Hence, by performing the two-stage heat treatment and controlling the temperature and time
of the heat treatment of the second stage, only the volume filling ratio can be controlled while keeping the diameter of
the Ni nanoparticle constant.
[0042] According to the present invention, in the case of using a polyimide resin film itself as the polyimide resin film
in which the metal nanoparticle composite film is to be formed, when front and rear surfaces of the polyimide resin film
are evenly subjected to the heat treatment in the reducing gas, a metal nanoparticle composite film can be obtained in
which the metal-nanoparticle dispersed layers having the same thickness are formed on the front and rear surfaces of
the composite film.
[0043] In order to evenly perform the heat treatment of the front and rear surfaces of the polyimide resin film in the
reducing gas, the heat treatment is carried out by using a composite film producing apparatus including a tubular reduction
treatment chamber as shown in Fig. 1, for example, such that the reducing gas is evenly brought into contact with the
front and rear surfaces of the composite film.
[0044] The composite film producing apparatus 1 is constructed by arranging a tubular electric furnace 3 so as to
surround a tubular reduction treatment chamber 2 which is made of a heat-resistant material, such as quartz, ceramics
or heat-resistant glass. Opposite ends of the reduction treatment chamber 2 are sealed by plugs 4, 4 made of heatresistant rubber, for example. Pipes 5, 5 are fixed respectively to the plugs 4, 4 such that the reducing gas, e.g., the
hydrogen gas, is introduced to and discharged out of the reduction treatment chamber 2. A sample stage 6 made of a
heat-resistant material, e.g., ceramics, is disposed inside the reduction treatment chamber 2. A polyimide resin film 7
to be heat-treated is placed on the sample stage 6 parallel to the longitudinal direction of the reduction treatment chamber
2.
[0045] Fig. 2 shows one example of the sample stage disposed inside the reduction treatment chamber; specifically,
Fig. 2(A) is a plan view and Fig. 2(B) is a front view.
[0046] The sample stage 6 is constructed by providing six stands 12 on a base plate 11. The polyimide resin film 7 is
held on the sample stage 6 to erect vertically with one side of the resin film 7 sandwiched between the stands 12.
[0047] In a sample stage used in the prior art, as shown in Fig. 3, the resin film 7 is simply rested on a base 21 in the
form of a flat plate. Therefore, it was impossible to evenly heat the front and rear surfaces of the resin film 7, and to
evenly bring the reducing gas into contact with the front and rear surfaces.
[0048] In the present invention, by using the sample stage 6 having the above-described construction, the heat treatment is performed in such a state that the polyimide resin film 7 is arranged to erect on the sample stage 6 with its one
side held in a sandwiched way and to extend parallel to the longitudinal direction of the reduction treatment chamber 2.
It is therefore possible to evenly heat the front and rear surfaces of the resin film 7, and to evenly bring the reducing gas
into contact with the front and rear surfaces. Additionally, the above-described apparatus for producing the composite
film can also be employed to produce a composite film using, as the matrix, other suitable resin than the polyimide resin,
or a composite film using a resin film which is formed by coating the polyimide resin, etc. on the surface of a base made
of, e.g., glass, ceramics or metal,
[0049] Fig. 5 shows one example of photos taken by a transmission electron microscope and representing a crosssection of the metal nanoparticle composite film produced by using the apparatus shown in Fig. 1, which includes the
sample stage shown in Fig. 2; specifically, Fig. 5(A) shows a cross-section of the composite film on the front side and
Fig. 5(B) shows a cross-section of the composite film on the rear side.
[0050] Also, Fig. 6 shows photos taken by the transmission electron microscope and representing a cross-section of
the metal nanoparticle composite film produced by using the prior-art apparatus, which includes the sample stage shown
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in Fig. 3; specifically, Fig. 6(A) shows a cross-section of the composite film on the front side and Fig. 6(B) shows a crosssection of the composite film on the rear side.
[0051] In each of those photos, a layer positioned between two arrows represents the metal-nanoparticle dispersed
layer. In the composite film shown in Fig. 5 and produced by using the apparatus shown in Fig. 1, both the metalnanoparticle dispersed layers formed on the front side (A) and the rear side (B) have the same thickness. On the other
hand, in the composite film shown in Fig. 6 and produced by using the prior-art apparatus shown in Fig. 3, the metalnanoparticle dispersed layers formed on the front side (A) and the rear side (B) apparently differ in thickness from each
other.
[0052] Thus, a composite film having even properties on both the front and rear sides can be obtained with the
apparatus shown in Fig. 1, but it is very difficult to obtain such a composite film with the prior-art apparatus.
[0053] While the sample stage 6 shown in Fig. 2 includes six stands 12 provided on the base plate 11 and holds two
polyimide resin films 7 between three pairs of stands 12 in a sandwiched way, the number of the stands 12 and the
number of the sandwiched resin films 7 can be of course optionally selected as required. The dimensions and shapes
of the stands 12 and the resin films 7 are also optionally selectable as required. For example, two stands 12 shown in
Fig. 2(B) may be modified into one integral stand so as to hold the lower side of the resin film 7 over its entire length.
[0054] The metal nanoparticle composite film produced by using the above-described sample stage 6 can be obtained
as a composite film having uniform properties by partially cutting portions of the composite film which have been sandwiched between the stands 12 of the sample stage 6, or by cutting the composite film along the entire length of its one
side at which the composite film has been held.
[0055] According to the present invention, by controlling the heat treatment time when the thermal reduction treatment
is performed in the reducing gas by using the apparatus shown in Fig. 1, for example, a composite film can be obtained
in which the metal-nanoparticle dispersed layers having the same thickness and each having the desired volume filling
ratio of the metal nanoparticles are formed on both the front and rear surfaces of the polyimide resin film.
[0056] Also, according to the present invention, through the steps of, when the thermal reduction treatment is performed
in the reducing gas, performing the heat treatment at temperature not lower than the reduction temperature of metal
ions in the reducing gas, to thereby form a layer containing the metal nanoparticles dispersed in a polyimide resin, and
performing another heat treatment at temperature different from the temperature of the aforesaid heat treatment, to
thereby regulate the thickness of the metal-nanoparticle dispersed layer, a composite film can be obtained in which the
metal-nanoparticle dispersed layer is formed with the desired volume filling ratio of the metal nanoparticles.
[0057] Those composite films have characteristics not obtained with the prior art, and can be used in a wide range of
fields including magnetic recording media, electronic parts, etc.
[0058] The present invention will be described in more detail below with reference to Examples, but the following
Examples are not purported to limit the present invention.
(Example 1: Control of volume filling ratio by control of heat treatment time)
[0059] By immersing a polyimide resin film (trade name "Kapton 200-H" made by Dupont) with a thickness of 50 Pm
in an aqueous solution of potassium hydroxide of 5 mol/liter at 50 °C for 5 minutes, a carboxyl group was introduced to
the surface of the polyimide resin film.
[0060] Then, after washing the treated film with ion-exchanged water for 2 minutes, the film was immersed in an
aqueous solution of nickel chloride of 0.5 mol/liter at room temperature for 5 minutes, whereby nickel ions were doped
in the polyimide resin film.
[0061] After washing the doped film with ion-exchanged water for 2 minutes, the film was supported on the sample
stage, shown in Fig. 2, with its one side held in a sandwiched way and was arranged in the apparatus, shown in Fig. 1,
so as to extend parallel to the longitudinal direction of the tubular reduction treatment chamber. Then, a hydrogen gas
was introduced to the reduction treatment chamber and the heat treatment was performed at 300 °C for 30 minutes,
thereby producing a composite film containing nickel nanoparticles dispersed in the polyimide resin film.
[0062] Fig. 5 shows a photo image of the thus-produced composite film, which was taken by the transmission electron
microscope. In Fig. 5, Fig. 5(A) shows a cross-sectional photo image of the composite film on the front side and Fig. 5
(B) shows a cross-sectional photo image of the composite film on the rear side.
(Reference Example 1)

55

[0063] A composite film containing metal nanoparticles dispersed in a polyimide resin film was produced in the same
manner as in Example 1 except that the sample stage shown in Fig. 3 was used instead of the sample stage shown in
Fig. 2 and used in Example 1.
[0064] Fig. 6 shows a photo image of the thus-produced composite film, which was taken by the transmission electron
microscope. In Fig. 6, Fig. 6(A) shows a cross-sectional photo image of the composite film on the front side and Fig. 6
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(B) shows a cross-sectional photo image of the composite film on the rear side.
[0065] In each of those photo images, a layer positioned between two arrows represents the metal-nanoparticle
dispersed layer. In the composite film shown in Fig. 5 and produced according to Example 1, both the nickel-nanoparticle
dispersed layers formed on the front side (A) and the rear side (B) have the same thickness. On the other hand, in the
composite film shown in Fig. 6 and produced according to Reference Example 1, the nickel-nanoparticle dispersed
layers formed on the front side (A) and the rear side (B) apparently differ in thickness from each other.
(Example 2)
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[0066] To examine the relationship between the heat treatment time in the hydrogen gas and the volume filling ratio
of the metal nanoparticles in the composite film, composite films were produced while changing the heat treatment time
in the hydrogen gas in Example 1. Fig. 7 shows the thickness of the nickel-nanoparticle dispersed layer estimated from
the cross-sectional photo image of each of the produced composite films, which was taken by the transmission electron
microscope, and also shows the relationship between the volume filling ratio of the nickel nanoparticles and the total
heat treatment time, which was estimated from the thickness of the nickel-nanoparticle dispersed layer.
[0067] In Fig. 7, the horizontal axis represents the total heat treatment time (minute). Also, a mark P represents the
thickness of the nicke-I nanoparticle dispersed layer (as indicated in the left-side vertical axis in Fig. 7), and a mark ■
represents the volume filling ratio of the nickel nanoparticles (as indicated in the right-side vertical axis in Fig. 7).
[0068] As seen from Fig. 7, with the lapse of the heat treatment time, the thickness of the nanoparticle dispersed layer
is reduced and the volume filling ratio is increased. Accordingly, the volume filling ratio of the nanoparticles can be
controlled by regulating the thickness of the nanoparticle dispersed layer.
[0069] The following description is made of examples in which the thermal reduction treatment in the reducing gas is
performed in two stages to regulate the thickness of the metal-nanoparticle dispersed layer, thereby producing a composite film in which the metal-nanoparticle dispersed layer having the desired volume filling ratio of the metal nanoparticles
is formed.
(Example 3: Heat treatment of first stage)
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[0070] By immersing a polyimide resin film (trade name "Kapton 200-H" made by Dupont) with a thickness of 50 Pm
in an aqueous solution of potassium hydroxide of 5 mol/liter at 50 °C for 7 minutes, a carboxyl group was introduced to
the surface of the polyimide resin film.
[0071] Then, after washing the treated film with ion-exchanged water for 2 minutes, the film was immersed in an
aqueous solution of nickel chloride of 0.5 mol/liter at room temperature for 5 minutes, whereby nickel ions were doped
in the polyimide resin film.
[0072] After washing the doped film with ion-exchanged water for 2 minutes, the film was supported on the sample
stage, shown in Fig. 2, with its one side held in a sandwiched way and was arranged in the apparatus, shown in Fig. 1,
so as to extend parallel to the longitudinal direction of the tubular reduction treatment chamber. Then, a hydrogen gas
was introduced to the reduction treatment chamber and the heat treatment was performed at 320 °C for 5 minutes,
thereby producing a composite film (hereinafter referred to as a "sample 1") containing nickel nanoparticles dispersed
in the polyimide resin film.
[0073] Fig. 8(A) shows a photo image of the sample 1 near its surface on one side, which was taken by the transmission
electron microscope. In Fig. 8(A), a layer positioned between two arrows represents the nickel-nanoparticle dispersed
layer. The thickness of the nickel-nanoparticle dispersed layer in the sample 1 is 1.9 Pm. Also, Fig. 8(B) shows a photo
image of the nickel-nanoparticle dispersed layer in Fig. 8(A) with a high magnification. As shown, the presence of nickel
nanoparticles can be confirmed. The diameter of the nickel nanoparticle was about 8 nm.
[0074] In addition, another nickel-nanoparticle dispersed layer similar to the above-described one was also formed
on the opposite surface of the sample 1.
[0075] While the diameter of the nickel nanoparticle was about 8 nm in this example by performing the heat treatment
of the polyimide resin film after treating in the aqueous solution of potassium hydroxide for 7 minutes, the nanoparticle
diameter after the heat treatment of the first stage can be changed by regulating the treatment time in the aqueous
solution of potassium hydroxide.
[0076] Composite films were produced by performing the same treatment as in the case of the sample 1 except for
changing the treatment time in the aqueous solution of potassium hydroxide (KOH), and the diameter of the nickel
nanoparticle in each of the produced composite films was estimated based on observation using an electron microscope.
Fig. 9 shows changes in diameter of the nickel nanoparticle with respect to the KOH treatment time. As seen from Fig.
9, by changing the KOH treatment time from 0.5 minute to 7 minutes, the diameter of the nickel nanoparticle can be
changed from about 5 nm to about 8 nm.
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(Example 4: One kind of heat treatment of second stage)
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[0077] The sample 1 obtained in Example 3 was further subjected to heat treatment in a nitrogen atmosphere at 310°C
for 8 hours, whereby a composite film (hereinafter referred to as a "sample 2") was produced. Fig. 10(A) shows a crosssectional photo image of the sample 2 near its surface on one side, which was taken by the transmission electron
microscope. In Fig. 10(A), a layer positioned between two arrows represents the nickel-nanoparticle dispersed layer.
The thickness of the nickel-nanoparticle dispersed layer in the sample 2 is 1.75 Pm. Thus, with the heat treatment of
the second stage, the thickness of the nanoparticle dispersed layer is reduced from that in the sample 1. Fig. 10(B)
shows a photo image of the nickel-nanoparticle dispersed layer in Fig. 10(A) with a high magnification. As shown, the
diameter of the nickel nanoparticle was hardly changed with the heat treatment of the second stage.
(Example 5: Another kind of heat treatment of second stage)
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[0078] The sample 1 obtained in Example 3 was further subjected to heat treatment in a nitrogen atmosphere at 350
°C for 1 hours, whereby a composite film (hereinafter referred to as a "sample 3") was produced. Fig. 11(A) shows a
cross-sectional photo image of the sample 3 near its surface on one side, which was taken by the transmission electron
microscope. In Fig. 11(A), a layer positioned between two arrows represents the nickel-nanoparticle dispersed layer.
The thickness of the nickel-nanoparticle dispersed layer in the sample 3 is 1.6 Pm. Thus, it was confirmed that the
thickness of the nickel-nanoparticle dispersed layer, i.e., the volume filling ratio of the nanoparticles, can be controlled
in a shorter time by performing the heat treatment of the second stage at higher temperature than the heat treatment of
the first stage.
[0079] Fig. 11(B) shows a photo image of the nickel-nanoparticle dispersed layer in Fig. 11(A) with a high magnification.
As shown, the diameter of the nickel nanoparticle was hardly changed with the heat treatment of the second stage.
[0080] From Examples 3 to 5 described above, it is apparent that the diameter and the volume filling ratio of the
nanoparticles in the metal nanoparticle composite film can be controlled independently of each other by performing the
thermal reduction treatment in the reducing gas in two stages.
[0081] Examples 1 to 5 were described above in connection with the case of using a polyimide resin film itself as the
polyimide resin film in which the metal-nanoparticle dispersed layer is to be formed, and forming the metal-nanoparticle
dispersed layers on both surfaces of the film. However, a film prepared by coating the polyimide resin on the surface of
a base made of, e.g., glass, ceramics or metal, can also be of course used as the polyimide resin film in which the metalnanoparticle dispersed layer is to be formed.
Industrial Applicability
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[0082] According to the present invention, since the particle diameter and the volume filling ratio of the metal nanoparticles in the metal nanoparticle composite film can be controlled independently of each other, it is possible to easily
and efficiently produce the metal-nanoparticle dispersed layer having the desired particle diameter and the desired
volume filling ratio.
[0083] Since the ferromagnetic metal nanoparticle composite film obtained with the present invention has superior
characteristics in points of, for example, exhibiting ferromagnetism up to a temperature closer to room temperature, the
composite film can be applied to various industrial fields including an ultra-high density magnetic recording medium, a
magnetic noise absorbing material utilizing magnetic resonance, etc.

Claims
1.

A process for producing a metal nanoparticle composite film containing metal nanoparticles dispersed in a polyimide
resin film, the process comprising the steps of (a) treating the polyimide resin film with an alkali aqueous solution
to thereby introduce a carboxyl group, (b) bringing the resin film into contact with a solution containing metal ions,
to thereby dope the metal ions in the resin film, and (c) performing thermal reduction treatment in a reducing gas,
thereby producing the metal nanoparticle composite film containing the metal nanoparticles dispersed in the polyimide
resin film, wherein the volume filling ratio of the metal nanoparticles in the composite film is controlled by regulating
the thickness of a nanoparticle dispersed layer formed in the polyimide resin film with the thermal reduction treatment
in the reducing gas in said step (c).

2.

A process for producing a metal nanoparticle composite film according to Claim 1, wherein when the thermal reduction
treatment is performed in the reducing gas in said step (c), the thickness of the nanoparticle dispersed layer is
regulated by controlling a heat treatment time.
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3.

A process for producing a metal nanoparticle composite film according to Claim 1, further comprising the steps of
performing the heat treatment in the reducing gas at temperature not lower than the reduction temperature of the
metal ions in said step (c), to thereby form a layer containing the metal nanoparticles dispersed in a polyimide resin,
and (d) performing another heat treatment at temperature different from the temperature of the aforesaid heat
treatment, to thereby regulate the thickness of the metal-nanoparticle dispersed layer.

4.

A process for producing a metal nanoparticle composite film according to Claim 3, wherein the heat treatment after
the formation of the metal-nanoparticle dispersed layer in said step (d) is performed at temperature lower than the
temperature at which the metal-nanoparticle dispersed layer has been formed.

5.

A process for producing a metal nanoparticle composite film according to Claim 3, wherein the heat treatment after
the formation of the metal-nanoparticle dispersed layer in said step (d) is performed at temperature higher than the
temperature at which the metal-nanoparticle dispersed layer has been formed.

6.

A process for producing a metal nanoparticle composite film according to any one of Claims 3 to 5, wherein the heat
treatment after the formation of the metal-nanoparticle dispersed layer in said step (d) is performed in an inert gas.

7.

A process for producing a metal nanoparticle composite film according to any one of Claims 1 to 6, wherein an
aqueous solution of potassium hydroxide or sodium hydroxide is used as the alkali aqueous solution in said step (a).

8.

A process for producing a metal nanoparticle composite film according to any one of Claims 1 to 7, wherein the
solution containing the metal ions used in said step (b) contains one or more kinds of metal ions selected from
among nickel, cobalt and iron.

9.

A process for producing a metal nanoparticle composite film according to any one of Claims 1 to 8, wherein the
reducing gas used in said step (c) is a hydrogen gas.
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