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DESCRIPTION 

 

Title of Invention: METHOD FOR MANUFACTURING MAGNET IC TUNNEL 

JUNCTION ELEMENT, AND INDUCTIVELY COUPLED PLASMA PROCESSING 

APPARATUS 

 

Technical Field 

 [0001] 

 The present invention relates to a plasma treatmen t 

apparatus, and particularly to a processing damage restraint 

method for a perpendicular magnetization MRAM 

(Magnetoresistive Random Access Memory). 

Background Art 

 [0002] 

 There is a high need for a STT-MRAM (Spin Transfer  Torque 

Magnetic-resistive Random Access Memory) which caus es a 

magnetic tunnel junction (MTJ) element to function as a storage 

element, as a nonvolatile memory from the viewpoint  of an 

operating speed, a rewriting tolerance, and high in tegration.  

Along with refinement, for the purpose of securing thermal 

stability and reducing a rewriting electrical curre nt value, 

a material of the MTJ element is shifted to a perpe ndicular 

magnetization film having perpendicular magnetic an isotropy 

from an in-plane magnetization film having in-plane  magnetic 

anisotropy.  For example, as a perpendicular magnet ization 
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film for the MTJ element, CoFeB which uses interfac ial magnetic 

anisotropy between MgO and CoFeB is a textbook exam ple thereof 

(NPL 1). 

 [0003] 

 Along with a change of the material of the MTJ ele ment, 

a processing method of the STT-MRAM is necessarily modified.  

As a magnetic film processing method for the STT-MR AM, a 

reactive ion etching (RIE) processing method which uses CO/NH 3 

(PTL 1) or alcohol (PTL 2) is proposed. 

Citation List 

Patent Literature 

 [0004] 

 PTL 1:  JP-A-H8-253881 

 PTL 2:  JP-A-2005-42143 

 Non-Patent Literature 

 [0005] 

 NPL 1:  S. Ikeda et al., “A perpendicular-anisotro py 

CoFeB-MgO magnetic tunnel junction” Nature Material s vol. 9 

(September 2010) p. 721 to 724 

 NPL 2:  M. Satake and M. Yamada, “Degradation of 

perpendicular magnetic anisotropy in CoFeB film aft er H2 plasma 

irradiation” Japanese Journal of Applied Physics vo l. 56, 

046202 (2017) 

Summary of Invention 

Technical Problem 
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 [0006] 

 A damage due to the RIE processing is manifested i n the 

perpendicular magnetization film which uses the int erfacial 

magnetic anisotropy between an oxidation film and a  magnetic 

substance.  As an example thereof, a schematic diag ram of 

magnetic properties of the MTJ element after elemen t processing 

by using CO/NH 3 is illustrated.  Fig. 1A is a diagram relating 

to an in-plane magnetization film, and Fig. 1B is a  diagram 

relating to a perpendicular magnetization film, and  Figs. 1A 

and 1B illustrate (1) magnetic properties of a soli d film, (2) 

magnetic properties of a magnetization film obtaine d by 

performing CO/NH 3 processing with respect to the solid film.  

A horizontal axis indicates a magnitude of an exter nal magnetic 

field H OUT which is applied to the film, and a vertical axis 

indicates a magnitude of magnetization M of the mag netization 

film.  As illustrated in Fig. 1A, noticeable degrad ation of 

the magnetic properties does not occur in a case of  the in-plane 

magnetization film.  Even in any case of (1) the so lid film, 

and (2) after the processing, if the magnitude of t he external 

magnetic field H OUT exceeds a predetermined threshold value, 

an orientation of in-plane magnetization in a magne tization 

film 101 is switched in accordance with the orienta tion of the 

external magnetic field H OUT.  On the contrary, as illustrated 

in Fig. 1B, in a case of the perpendicular magnetiz ation film, 

the magnetic anisotropy in a magnetization film 102  is changed 
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to the in-plane magnetic anisotropy from the perpen dicular 

magnetic anisotropy, and the orientation of the mag netization 

of the magnetization film 102 is gently switched, i n the 

magnetization film obtained by performing the CO/NH 3 

processing. 

 [0007] 

 NPL 2 describes an influence of hydrogen (H 2) plasma on 

magnetic properties in a multilayer film of MgO and  CoFeB, and 

degradation of a perpendicular magnetization MTJ pr operties 

element by etching which uses CO/NH 3 is estimated that the 

influence mainly due to the hydrogen plasma is larg e.  

Therefore, in the present invention, there is provi ded a method 

for manufacturing a magnetic tunnel junction elemen t which 

prevents properties degradation due to hydrogen ion s, and to 

which RIE processing that is capable of securing an  etching 

shape is applied. 

Solution to Problem 

 [0008] 

 According to an aspect of the present invention, t here 

is provided a method for manufacturing a magnetic t unnel 

junction element including generating a multilayer film which 

has a magnetic film including at least one of Co, N i, and Fe, 

and an oxidation film including at least one of Mg,  Zn, and 

Al, of which a thickness of the magnetic film is 2 nm or less, 

and of which the magnetic film and the oxidation fi lm have an 
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interface in a film surface direction, forming a ma sk layer 

that is patterned on the multilayer film, and perfo rming 

etching with respect to the multilayer film on whic h the mask 

layer is formed, by using a mixed gas of a hydrogen  gas and 

a nitrogen gas as a reaction gas, in which a flow r atio of a 

flow rate of the hydrogen gas to a flow rate of the  mixed gas 

is 50% or less. 

 [0009] 

 Other problems and new characteristics will be cle ar from 

the description of the present specification, and t he 

accompanying drawings. 

Advantageous Effects of Invention 

 [0010] 

 In a manufacturing process of the magnetic tunnel 

junction element, it is possible to achieve both re ducing of 

the damage due to the RIE and securing of the etchi ng shape. 

Brief Description of Drawings 

 [0011] 

 [Fig. 1A]  Fig. 1A is a diagram for describing a c hange 

of magnetic properties by CO/NH 3 processing in an in-plane 

magnetization film. 

 [Fig. 1B]  Fig. 1B is a diagram for describing a c hange 

of magnetic properties by CO/NH 3 processing in a perpendicular 

magnetization film. 

 [Fig. 2]  Fig. 2 is a diagram illustrating perpend icular 
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magnetic anisotropy energy of CoFeB before and afte r hydrogen 

plasma irradiation. 

 [Fig. 3A]  Fig. 3A is a diagram illustrating a 

layer-stacked film that is used for measuring magne tic 

properties of a CoFeB perpendicular magnetization f ilm. 

 [Fig. 3B]  Fig. 3B is a diagram illustrating the m agnetic 

properties of the CoFeB perpendicular magnetization  film which 

is irradiated with hydrogen/nitrogen mixed plasma. 

 [Fig. 4]  Fig. 4 is a diagram illustrating depende ncy 

on a hydrogen flow ratio of perpendicular magnetic anisotropy 

energy of the CoFeB perpendicular magnetization fil m. 

 [Fig. 5]  Fig. 5 is a diagram illustrating the dep endency 

on the hydrogen flow ratio of a Ta mask selectivity  of the CoFeB 

perpendicular magnetization film. 

 [Fig. 6]  Fig. 6 is an outline diagram of a plasma  etching 

processing apparatus. 

 [Fig. 7]  Fig. 7 is a diagram for describing a gas  flow 

ratio adjustment sequence of hydrogen/nitrogen. 

 [Fig. 8]  Fig. 8 is a bird’s-eye view of 1 bit of an MRAM. 

Description of Embodiments 

 [0012] 

 In order to prevent an influence of hydrogen plasm a, 

etching with a mixed gas of nitrogen and hydrogen i s provided 

with respect to a perpendicular magnetization film.   At that 

time, in a case where a hydrogen flow rate is refer red to as 
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H2, and a nitrogen flow rate is referred to as N2, a hydrogen 

flow ratio is set to be H2/(H2 + N2) ≤ 50%.  Hereinafter, details 

thereof will be described. 

 [0013] 

 Fig. 2 illustrates results of dependency on a film  

thickness of perpendicular magnetic anisotropy ener gy of a 

COFeB perpendicular magnetization film before and a fter 

irradiation with the hydrogen plasma.  As a film th ickness t 

of a magnetic layer becomes large, the perpendicula r magnetic 

anisotropy energy of the CoFeB perpendicular magnet ization 

film becomes small, and does not function as a perp endicular 

magnetization film.  The thickness of a magnetic fi lm 

indicating properties as a perpendicular magnetizat ion film 

is 2 nm or less, although the thickness depends on each material 

and a combination of the magnetic film and a barrie r layer (here, 

MgO).  In general, perpendicular magnetization anis otropy 

energy K eff  of a magnetic substance is expressed by (Math. 1) 

which uses saturation magnetization M s, and an effective 

anisotropic magnetic field µ0Hk. 

 [0014] 

(Math. 1) 

 [0015] 

 Here, K int  represents the perpendicular magnetic 

anisotropy energy at a CoFeB/MgO interface (interfa ce), K b 
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represents the perpendicular magnetic anisotropy en ergy of a 

bulk of CoFeB, H s represents a saturation magnetic field, and 

µ0 represents magnetic permeability in vacuum.  Since  the 

perpendicular magnetic anisotropy energy K b of the bulk of CoFeB 

is substantially 0, K eff  is approximately proportional to an 

inverse number of a film thickness t CoFeB (NPL 1). 

 [0016] 

 By (Math. 1), it is possible to estimate the inter facial 

perpendicular magnetic anisotropy energy K int  at the CoFeB/MgO 

interface, and resultantly, in a case of being not irradiated 

with the hydrogen plasma, K int  = 1.0 (mJ/m 2), but in a case of 

being irradiated with the hydrogen plasma, K int  = 0.75 (mJ/m 2).  

This means that the perpendicular magnetic anisotro py at the 

CoFeB/MgO interface is reduced due to the irradiati on with the 

hydrogen plasma.  As a mechanism thereof, it is ass umed that 

hydrogen ions reach the interface between MgO and C oFeB, 

thereby, MgO deteriorates, a hybridized orbital of Fe and O 

is modulated, and as a result, the perpendicular ma gnetic 

anisotropy is lowered.  Since the hydrogen plasma l owers the 

magnetic anisotropy at the CoFeB/MgO interface in t his manner, 

there is a need to reduce the hydrogen plasma. 

 [0017] 

 Fig. 3B illustrates a magnetization measurement re sult 

of the CoFeB perpendicular magnetization film in a case where 

a layer-stacked film illustrated in Fig. 3A is irra diated with 
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plasma obtained by mixing hydrogen and nitrogen.  T he 

layer-stacked film which is used in the measurement , has a 

structure in which a Ta layer 302, a CoFeB layer 30 3, a MgO 

layer 304, and a Ta layer are stacked in sequence o n a silicon 

substrate 301.  A film thickness of the CoFeB layer  303 is 1.2 

nm, the film thickness of the MgO layer 304 is 2 nm , and the 

film thicknesses of the Ta layers 302 and 305 are 5  nm.  The 

measurement is performed by three kinds of flow rat ios, and 

the flow ratios are respectively, (1) hydrogen flow  ratio of 

50% (hydrogen 100 sccm, nitrogen 100 sccm), (2) hyd rogen flow 

ratio of 75% (hydrogen 150 sccm, nitrogen 50 sccm),  and (3) 

hydrogen flow ratio of 100% (hydrogen 200 sccm, nit rogen 0 sccm).  

Measurement conditions other than the flow ratio ar e the same.  

In the magnetization measurement, the measurement i s performed 

by (a) applying an external magnetic field H out  into a 

perpendicular direction with respect to a film surf ace 

direction, and (b) applying the external magnetic f ield H out  

into a horizontal direction with respect to the fil m surface 

direction. 

 [0018] 

 In Fig. 3B, (1a), (2a), and (3a) illustrate the re sults 

in a case where the external magnetic field is appl ied into 

the perpendicular direction with respect to the fil m surface 

direction at each flow ratio, and (1b), (2b), and ( 3b) 

illustrate the results in a case where the external  magnetic 
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field is applied into the horizontal direction with  respect 

to the film surface direction at each flow ratio.  In a case 

where the hydrogen flow ratio is 50%, the magnetiza tion of the 

perpendicular direction, coercive force is to be Hc  = 0.5 mT 

(1a), and magnetic properties is hardly changed in comparison 

with a case of no plasma irradiation.  On the contr ary, in a 

case where the hydrogen flow ratio is 100%, the coe rcive force 

of CoFeB is to be Hc = 0.25 mT (3a), and the magnetic properties 

is reduced up to approximately a half thereof.  Par ticularly, 

in a case where the hydrogen flow ratio is 75%, deg radation 

of the perpendicular magnetic anisotropy is most no ticeable, 

the coercive force thereof is 0, and an easy axis d irection 

of the magnetization is changed to an in-plane dire ction from 

the perpendicular direction (2a, 2b). 

 [0019] 

 In order to check up the dependency on the hydroge n flow 

ratio of the perpendicular magnetic anisotropy in d etail, the 

dependency on the hydrogen flow ratio of the perpen dicular 

magnetic anisotropy energy of CoFeB is calculated.  The result 

thereof is illustrated in Fig. 4.  The layer-stacke d film which 

is used in a test, and the measurement conditions a re the same 

as those described in Fig. 3.  From the present res ult, in a 

case where the hydrogen flow ratio is 50% or less, the 

perpendicular magnetic anisotropy energy (which is indicated 

by a black circle) is gradually reduced along with an increase 
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of the hydrogen flow ratio, but on the contrary, th e 

perpendicular magnetic anisotropy energy is sharply  reduced 

in a region in which the hydrogen flow ratio is 60%  or more 

and 75% or less.  In a case where the hydrogen flow  ratio is 

75% or more, the perpendicular magnetic anisotropy energy is 

increased again, and in a case of the plasma irradi ation of 

hydrogen alone, the energy becomes approximately a half thereof 

in comparison with an initial state.  In other word s, it is 

found out that the etching with a hydrogen content which is 

close to a NH 3 composition most degrades the magnetic properties 

of the perpendicular magnetization. 

 [0020] 

 Fig. 4 illustrates a radical hydrogen density (whi ch is 

indicated by a square) at each measured hydrogen fl ow ratio.  

From this, the dependency on the hydrogen flow rati o of the 

perpendicular magnetic anisotropy energy is read by  being 

related to an amount of the hydrogen ions or the ra dical 

hydrogen in the mixed gas plasma.  If the dependenc y on the 

hydrogen flow ratio of the radical hydrogen density  is measured, 

the result that the radical hydrogen density is hig hest is 

obtained at a point of the flow ratio of 75% which is close 

to the NH 3 composition. 

 [0021] 

 Qualitatively, it is understood as follows.  First , in 

a case where the hydrogen flow ratio is low, since the hydrogen 
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ions or species of radicals are small, the influenc e of hydrogen 

on the perpendicular magnetization is small.  On th e other hand, 

if the hydrogen flow ratio is in a certain region, a divergence 

of hydrogen in the mixed gas plasma is promoted, an d as a result, 

an absolute amount of the hydrogen ions and the rad ical hydrogen 

is increased.  In the present test, since presence of nitrogen 

is indispensable in order to promote the divergence  of hydrogen, 

and the amount of nitrogen is relatively reduced in  a case where 

the hydrogen flow ratio is excessively large, for e xample, 

under a condition that the hydrogen flow ratio is 1 00%, the 

influence of hydrogen on the perpendicular magnetiz ation is 

not so large.  As a result, it is concluded that th e properties 

of the perpendicular magnetization is most degraded  at a point 

of the hydrogen flow ratio of 75%, and there is a n eed to make 

the hydrogen flow ratio small in order to secure th e magnetic 

properties. 

 [0022] 

 On the other hand, in etching processing of the ma gnetic 

film under the mixed gas by using hydrogen and nitr ogen, there 

is a problem that a mask selectivity in the etching  is lowered 

due to the reduction of the hydrogen flow ratio.  F ig. 5 

illustrates the dependency on the hydrogen flow rat io of the 

mask selectivity in a case where the CoFeB perpendi cular 

magnetization film is processed by using plasma obt ained by 

mixing hydrogen and nitrogen.  Ta is used as a mask , and the 
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mask selectivity is defined as an etching rate of C oFeB/an 

etching rate of Ta.  In a case where the hydrogen f low ratio 

is small, the selectivity is gradually increased al ong with 

the increase of the hydrogen flow ratio, and it is possible 

to obtain a maximum mask selectivity at a point of 75%.  If 

the flow ratio is further increased, the etching ra te of CoFeB 

is excessively reduced, and it is not possible to e tch CoFeB 

in a case of hydrogen of 100%.  From this result, i t is possible 

to say that the hydrogen flow ratio in the vicinity  of 75% is 

the most suitable value in order to process an MTJ element, 

from the viewpoint of the mask selectivity. 

 [0023] 

 If the findings are integrated, in a case where Co FeB 

of the perpendicular magnetization is considered as  a material 

which is to be etched, it is found out that there i s a trade-off 

relationship between making of a low damage and sec uring of 

an etching shape, in the etching of which the hydro gen flow 

ratio is in the vicinity of 75%.  On the other hand , in the 

region in which the hydrogen flow ratio is 50% or l ess, the 

dependency on the hydrogen flow ratio of the magnet ic 

properties and the mask selectivity, along with the  magnetic 

properties and the mask selectivity, are small.  Th erefore, 

in the region in which the hydrogen flow ratio is 5 0% or less, 

it is possible to achieve both making of the low da mage and 

securing of the etching shape.  Accordingly, as a p rocessing 
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method of the MTJ element in a perpendicular magnet ization MRAM, 

proposed is a processing method in which the mixed gas of 

hydrogen and nitrogen is used, and the hydrogen flo w ratio 

thereof is 50% or less. 

 [0024] 

 It is useful to add a third gas in addition to the  mixed 

gas of hydrogen and nitrogen.  In a case where CO i s used as 

a third additional gas, in comparison with a case w here CO is 

not added, resultantly, the coercive force is incre ased as 60%.  

As a result, it is assumed that there is an effect of reducing 

the hydrogen ions or the radical hydrogen which is included 

in an etching gas, by scavenging due to oxygen in t he additional 

gas.  On the other hand, the mask selectivity is in creased as 

approximately 20%, by adding CO.  Thereby, the furt her low 

damage processing, and the improvement of the mask selectivity 

are expected, due to the addition of CO.  As a gas having the 

same effect, CO 2 or a gas including O is considered.  It is 

possible to use a gas which is diluted with a rare gas as a 

third additional gas.  For example, in a case where  the mixed 

gas of hydrogen and nitrogen is diluted with He, it  is possible 

to prevent the influence of the hydrogen plasma whi ch is 

included in the etching gas.  In this case, the mas k selectivity 

is slightly lowered if He is added, but a lowering rate thereof 

is less than 10%, and there is substantially no dif ference 

regarding the shape after the etching.  Thereby, in  the etching 
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that uses the mixed gas of hydrogen and nitrogen in  which the 

hydrogen flow ratio is 50% or less, it is possible to make the 

further low damage, by adding the third gas.  It is  possible 

to use Ne, Ar, Kr, Xe, or the like, in addition to He. 

 [0025] 

 Fig. 6 illustrates an outline diagram of a plasma etching 

apparatus that performs the processing of the perpe ndicular 

magnetization film by using the gas.  The present a pparatus 

includes an antenna 6 for plasma generation, and a first radio 

frequency power source 1 and a first radio frequenc y matching 

device 2 for applying a radio frequency voltage the reto.  

Hydrogen is introduced into a reactor 10 through a first flow 

path 11, and nitrogen is introduced into the reacto r 10 through 

a second flow path 12, and a radio frequency altern ating 

electromagnetic field which is generated in the ant enna 6 is 

acted on the mixed gas of hydrogen and nitrogen whi ch are 

introduced, thereby, plasma 13 which is inductively  coupled 

from reactant particles is generated.  The apparatu s includes 

a substrate voltage generator 4 and a second radio frequency 

matching device 3 for causing the processing with t he generated 

plasma 13 to be performed.  The apparatus includes an end point 

determination device 5 that is capable of monitorin g a 

fluctuation of plasma which is generated at the tim e of 

processing a substrate 9, and has a mechanism that feeds back 

a signal which is obtained from the end point deter mination 
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device 5 to a first mass flow controller 7 and a se cond mass 

flow controller 8.  The first mass flow controller 7 is capable 

of adjusting the flow rate of hydrogen, and the sec ond mass 

flow controller 8 is capable of adjusting the flow rate of 

nitrogen, in accordance with the signal of the end point 

determination device 5. 

 [0026] 

 Meanwhile, the MTJ element is configured by the 

layer-stacked film at a level of several atomic lay ers, and 

ideally, the MTJ element ought to be etched by usin g a reactive 

gas corresponding to each configuration film.  Howe ver, in a 

case where the reactive gases which are different f rom each 

other are used in general, there is a need to cut a  plasma 

electric discharge for the etching every time, and there is 

a concern that treatment time of a wafer is greatly  elongated.  

On the contrary, in the plasma etching which uses t he mixed 

gas of hydrogen and nitrogen, even if the hydrogen flow ratio 

is changed, there is substantially no influence on the plasma 

electric discharge.  Therefore, it is possible to s elect a 

desired hydrogen flow ratio while maintaining the p lasma 

electric discharge. 

 [0027] 

 With reference to Fig. 7, a flow rate adjustment s equence 

of hydrogen and nitrogen in a case where the MTJ el ement is 

etched will be described.  Fig. 8 illustrates a bir d’s-eye view 
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of 1 bit of the MTJ element in the MRAM.  A selecti on transistor 

801 is formed in a silicon substrate 800, and an MT J element 

804 is formed between a drain electrode 802 and a b it line 803 

of the selection transistor 801.  The MTJ element 8 04 includes 

a layer-stacked film structure in which an MgO barr ier layer 

is interposed between magnetic layers (CoFeB layers ).  Since 

the magnetic layer is the perpendicular magnetizati on film, 

the thickness of the magnetic layer is 2 nm or less .  One of 

the magnetic layers is a reference layer (fixed lay er), and 

the other is a recording layer.  A relationship bet ween a 

magnetization direction of the recording layer and a 

magnetization direction of the reference layer is 

parallel/anti-parallel, thereby, it is possible to record the 

signal of 1/0.  In the manufacturing for the MTJ el ement 804, 

after a multilayer film of a magnetic film (CoFeB l ayer)-an 

oxidation film (MgO layer)-a magnetic film (CoFeB l ayer) is 

generated, for example, a Ta cap layer is accumulat ed.  The 

Ta film is patterned by photoresist, thereby, a mas k layer is 

formed.  An etching treatment described hereinafter  is 

performed by using the patterned Ta film as a mask layer. 

 [0028] 

 In the present sequence, in the plasma etching app aratus 

described in Fig. 6, in a case where the MgO barrie r layer on 

which CoFeB is layer-stacked is detected by using t he end point 

determination device 5, the hydrogen flow rate is d ropped to 
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reduce the hydrogen flow ratio.  By such a sequence , it is 

possible to perform the etching with a gas ratio in  which high 

selective properties are obtained without limiting the 

hydrogen flow rate in the CoFeB layer which is stac ked above 

the MgO barrier layer.  Along with the detection of  the MgO 

barrier layer, the hydrogen flow rate is limited in  the etching 

of the layer which is below the CoFeB-MgO interface , thereby, 

it is possible to reduce a hydrogen damage that is applied to 

the MgO barrier layer which is a key to the propert ies securing 

of the MTJ element. 

 [0029] 

 Here, the processing treatment sequence of the var iable 

hydrogen flow ratio corresponding to the simplest M TJ 

multilayer film configuration is introduced, but th ere is a 

need to change the hydrogen flow ratio in accordanc e with the 

configuration of the MTJ multilayer film, and it is  not limited 

to the sequence which is introduced this time. 

 [0030] 

 Hereupon, the invention which is made by the prese nt 

inventors is specifically described based on embodi ments, but 

the present invention is not limited to the embodim ents, and 

can be variously modified in a scope without depart ing from 

the gist thereof.  For example, the magnetic film c onfiguring 

the perpendicular magnetization film is not limited  to the 

CoFeB film, and may be any magnetic film so long as  being a 
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magnetic film including at least one of Co, Ni, and  Fe, and 

the barrier layer is not limited to the MgO film, a nd may be 

any oxidation film so long as being an oxidation fi lm including 

at least one of Mg, Zn, and Al. 

Example 1 

 [0031] 

 Hereinafter, the measurement of the dependency on the 

hydrogen flow ratio of the perpendicular magnetic a nisotropy 

energy of the CoFeB perpendicular magnetization fil m 

illustrated in Fig. 4 will be described.  A multila yer film 

for the magnetization measurement is a multilayer f ilm obtained 

by stacking Ta (5 nm)/CoFeB (1.2 nm)/MgO (2 nm)/Ta (5 nm) in 

sequence on a Si substrate (see Fig. 3A).  As a met hod for 

forming the multilayer film, all films were manufac tured by 

RF magnetron sputtering.  After the forming of the multilayer 

film, a magnetic field applying heat treatment was carried out 

at 300 °C in vacuum.  The applied magnetic field was 0.6 T in 

the film surface direction, and the heat treatment time was 

1 hour.  Thereafter, a plasma irradiation test was carried out 

with respect to the multilayer film, by using the I CP 

(inductively Coupled Plasma) etching apparatus repr esented in 

Fig. 6.  The used gases are a hydrogen gas and a ni trogen gas, 

and the hydrogen flow ratio is adjusted by adjustin g the flow 

rate of each gas.  In the present example, the hydr ogen flow 

ratio was changed in a scope of 0% to 100%, and a t otal flow 
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rate of hydrogen and nitrogen was fixed to 200 sccm .  As 

irradiation conditions which are used in the plasma  irradiation, 

the conditions that source power is 1000 W, bias po wer is 50 

W, and Ta on an outermost surface of the multilayer  film is 

not etched are adopted.  As a reference sample, a m ultilayer 

film which was not irradiated with plasma was prepa red as a 

standard sample.  For the magnetization measurement  of the 

multilayer films, VSM (Vibrating Sample Magnetomete r: 

vibration sample type magnetometer) was used.  Rega rding a 

sample of which the hydrogen flow ratio of the plas ma 

irradiation was 50% or less, the clear perpendicula r magnetic 

anisotropy was observed as represented in Fig. 3B, but on the 

contrary, regarding a sample of which the hydrogen flow ratio 

was 75%, magnetization reversal in the perpendicula r direction 

was not observed.  Furthermore, regarding the sampl e of which 

the hydrogen flow ratio was 75%, since the magnetiz ation 

reversal in the in-plane direction was obtained, it  was assumed 

that an easy axis of the magnetization was changed to the 

in-plane direction.  In a case where the hydrogen f low ratio 

was further increased, resultantly, the easy axis d irection 

of the magnetization was returned to the perpendicu lar 

direction again, but a magnitude of the coercive fo rce was 

reduced up to approximately a half magnitude thereo f, in 

comparison with a sample of which the hydrogen flow  ratio was 

50%.  Regarding each sample, in a case where the pe rpendicular 
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magnetic anisotropy energy was estimated, it was fo und out that 

the value thereof was the smallest at the hydrogen flow ratio 

of 75%, as illustrated in Fig. 4.  From this, it be comes clear 

that it is possible to reduce the degradation of th e interfacial 

perpendicular magnetic anisotropy of CoFeB, in the region in 

which the hydrogen flow ratio is 50% or less. 

 [0032] 

 Moreover, as an example of the additional gas, the  effect 

in a case where CO was used was verified.  In the p resent example, 

two kinds of a case where the mixed gas was not inc luded 

(hydrogen: 100 sccm, nitrogen: 100 sccm) and a case  where the 

mixed gas was included (hydrogen: 50 sccm, nitrogen : 50 sccm, 

CO: 50 sccm) were prepared, and the CoFeB perpendic ular 

magnetization film of which the film thickness was 1.2 nm was 

irradiated with the mixed gas plasma thereof.  The 

configuration of the multilayer film, and the irrad iation 

conditions were as described above, and the magneti c properties 

were evaluated by using the VSM.  In a case where C O was not 

added, the coercive force was 0.5 (mT), but on the contrary, 

in a case where CO was added, the coercive force wa s increased 

up to approximately 0.8 (mT).  From this, it become s clear that 

the further low damage processing is possible by th e addition 

of the third additional gas. 

Reference Signs List 

 [0033] 
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 1: FIRST RADIO FREQUENCY POWER SOURCE 

 2: FIRST RADIO FREQUENCY MATCHING DEVICE 

 3: SECOND RADIO FREQUENCY MATCHING DEVICE 

 4: SUBSTRATE VOLTAGE GENERATOR 

 5: END POINT DETERMINATION DEVICE 

 6: ANTENNA FOR ICP GENERATION 

 7: FIRST MASS FLOW CONTROLLER 

 8: SECOND MASS FLOW CONTROLLER 

 9: SUBSTRATE 

 10: REACTOR 
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CLAIMS 

 

[Claim 1] 

 A method for manufacturing a magnetic tunnel junct ion 

element, comprising: 

 forming a multilayer film which has a first magnet ic film 

including at least one of Co, Ni, and Fe, and an ox idation film 

including at least one of Mg, Zn, and Al, of which a thickness 

of the first magnetic film is 2 nm or less, and of which the 

first magnetic film and the oxidation film have an interface 

in a film surface direction; 

 forming a mask layer that is patterned on the mult ilayer 

film; and 

 performing etching with respect to the multilayer film 

on which the mask layer is formed, by using a mixed  gas of a 

hydrogen gas and a nitrogen gas as a reaction gas, 

 wherein a flow ratio of a flow rate of the hydroge n gas 

to a flow rate of the mixed gas is 50% or less. 

 

[Claim 2] 

 The method for manufacturing a magnetic tunnel jun ction 

element according to Claim 1, 

 wherein the first magnetic film is formed in an up per 

layer than the oxidation film, 

 the first magnetic film is etched, by setting a ra tio 
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of the flow rate of the hydrogen gas to the flow ra te of the 

mixed gas to be a first flow ratio, 

 the oxidation film is etched, by setting a ratio o f the 

flow rate of the hydrogen gas to the flow rate of t he mixed 

gas to be a second flow ratio, and 

 the second flow ratio is 50% or less, and the firs t flow 

ratio is a flow ratio of which a mask selectivity i s higher 

than the second flow ratio. 

 

[Claim 3] 

 The method for manufacturing a magnetic tunnel jun ction 

element according to Claim 2, 

 wherein the multilayer film includes a second magn etic 

film that is formed in a lower layer of the oxidati on film, 

and 

 the second magnetic film is etched, in accordance with 

the second flow ratio. 

 

[Claim 4] 

 The method for manufacturing a magnetic tunnel jun ction 

element according to Claim 1, 

 wherein etching is performed with respect to the 

multilayer film on which the mask layer is formed, by adding 

an additional gas to the mixed gas as a reaction ga s, and 

 a rare gas including at least one of He, Ne, Ar, K r, and 
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Xe, or a gas including at least one of CO, CO 2, and O is used 

as the additional gas. 

 

[Claim 5] 

 The method for manufacturing a magnetic tunnel jun ction 

element according to any one of Claims 1 to 4, 

 wherein the first magnetic film is a CoFeB film, a nd the 

oxidation film is a MgO film. 

 

[Claim 6] 

 The method for manufacturing a magnetic tunnel jun ction 

element according to any one of Claims 1 to 4, 

 wherein the mask layer is a Ta film. 

 

[Claim 7] 

 An inductively coupled plasma processing apparatus  that 

is capable of etching a substrate where a multilaye r film which 

has a magnetic film including at least one of Co, N i, and Fe, 

and an oxidation film including at least one of Mg,  Zn, and 

Al, of which a thickness of the magnetic film is 2 nm or less, 

and of which the magnetic film and the oxidation fi lm have an 

interface in a film surface direction is formed, th e apparatus 

comprising: 

 an antenna; 

 a reactor; 
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 a first flow path through which a hydrogen gas is 

introduced into the reactor; 

 a second flow path through which a nitrogen gas is  

introduced into the reactor; 

 a substrate voltage generator for processing the 

substrate with plasma that is generated by causing a radio 

frequency alternating electromagnetic field which i s 

generated in the antenna to act on a mixed gas of t he hydrogen 

gas which is introduced from the first flow path an d the 

nitrogen gas which is introduced from the second fl ow path, 

in the reactor; 

 an end point determination device that is capable of 

monitoring a fluctuation of plasma to be generated at the time 

of processing the substrate with the plasma; 

 a first mass flow controller that controls a flow rate 

of the hydrogen gas based on a signal from the end point 

determination device; and 

 a second mass flow controller that controls a flow  rate 

of the nitrogen gas based on a signal from the end point 

determination device, 

 wherein a ratio of a flow rate of the hydrogen gas  to 

a flow rate of the mixed gas is changed to a second  flow ratio 

from a first flow ratio, based on a signal from the  end point 

determination device, and the second flow ratio is 50% or less. 
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[Claim 8] 

 The inductively coupled plasma processing apparatu s 

according to Claim 7, 

 wherein the magnetic film is formed in an upper la yer 

than the oxidation film, and 

 the end point determination device generates the s ignal 

when etching of the magnetic film proceeds, and the  oxidation 

film is detected. 

 

[Claim 9] 

 The inductively coupled plasma processing apparatu s 

according to Claim 7, 

 wherein the first flow ratio is a flow ratio of wh ich 

a mask selectivity is higher than the second flow r atio. 


