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By employing epitaxial NiFe(111) films as ferromagnetic bottom electrodes, magnetic tunnel
junctions with layer sequence of 8ill)/epitaxial Ag/epitaxial Cu/epitaxial NiFe/Al-oxide/CoFe/
IrMn/NiFe/Ta were prepared. High tunneling magnetoresistdmt4R) ratios were obtained and

the bias dependence of TMR was remarkably reduced. The reason for the small bias dependence of
TMR was explained by inelastic electron tunneling spectroscopy. It was clearly elucidated that a
well-defined sharp interface formed between the tunnel barrier and the ferromagnetic electrode that
is nearly free of crystalline defects. This magnetic tunnel junction has a large capability in
engineering aspects if we can reduce the barrier thickness further by decreasing the interface
roughness. ©2003 American Institute of Physic§DOI: 10.1063/1.1587271

The high-quality magnetic tunnel junctioiMTJ) with  Jow 1x 1076 Pa without breaking vacuum. The insulating
single-crystalline or epitaxial ferromagnetieM) electrodes  barrier was formed by depositing Al, using ICP-assisted rf
has been successfully madend the authors were also able magnetron sputtering at the rate of about 0.07 nm/s and oxi-
to fabricate MTJs using Al-O insulating layers prepared ondizing by ICP oxidation under 1 Pa of Arf® 1:3 gas mix-
an epitaxial NigFeyo (NiFe) bottom electrodé.It showed a  ture. The buffer layers of Ag, Cu, and NiFe were sequentially
tunneling magnetoresistan€EMR) ratio of 50.7% after an-  deposited at RT with rates of about 0.06, 0.06, and 0.03
nealing at 250 °C. This value was about two times larger thamm/s, respectively, and the corresponding Ar pressure at
that of the MTJ with a polycrystalline NiFe bottom electrode geposition was 0.15, 0.12, and 0.15 Pa, respectively.

(ratio of 27%. The applied bias voltage dependence of the  Crystallographic structures and surface morphology of
TMR ratio was also so small that thé,, value was about  the films were investigated using x-ray diffractiéXRD)

750 mV. However, the question of the possibility of the en-and atomic force microscopyAFM). Nine junction areas
hanced interfacial structure and the asymmetric nature of thgere patterned using a microfabrication method including
bias dependence remained and it will be studied in this workghotolithography, and the area patterned was in the range of
As in a previous work of ourswe focused on the engineer- 33 through 10 100 wm?. All the samples were annealed
ing aspects of MTJs with epitaxial FM electrodes and thust 250 °C for 1 h under vacuum and external magnetic field.
fabricated MTJs using an Al-O insulating layer that wasThe interface between the FM electrode and the insulating
prepared on epitaxially grown NiFe bottom electrodes.  |ayer was investigated by inelastic electron tunneling spec-

Si (111) substrates were first cleaned in$0;:H,0,  roscopy(IETS).
=4:1 solution for 20 min to remove organic impurities, then The epitaxial degree of FM bottom electrodes in all the
rinsed in deionized water. Subsequently, they were etched i§‘amp|es was checked by XRD. Ti#e-26 scans of the fol-
NH,4F solution for 10 min to remove the native oxide layer lowing layer structure—$111/Ag (3 nm)/Cu (100 nm/
and to obtain hydrogen-terminated flat surfaces. The e4pita>NiFe (50 nm—shows only thg111} peaks of NiFe and Cu,
ial NiFe (111 film was grown successfully by Gorgt al."  jngicating 111-orientatioiFig. 1(a)]. The rocking curve of
on the Si(111) substrate/Ag111) 100 nm/Cu(11]) 50-nm  he NiFe peak had a full width at half-maximum of 0.77°,

multilayer by sputtering at RT. We used this film structure ASnferring a very small dispersiofFig. 1(b)]. The #-scan of
a buffer layer to grow the epitaxial NiFe bottom electrode{llj} planes of NiFe revealed three peaks at the saime
and fabricated MTJs with the following stacking sequence;

) S g positions with those of Si, verifying epitaxial growflrig.
Si (11))/epitaxial Ag 3 nm/epitaxial CUS0 and 100 Nl 1(¢)]. The other three peaks were also observed at angles of
epitaxial  NggFe,g 50 nm/Al-O 1.6 nm/CgFes

_ 180° translated from the former three peaks, ascribing to the
4 nm/Irp,Mn,g 20 nm/NigFe,g 20 nm/Ta 5 nm. We prepared

; existence of twin epitaxy.
two types of samples—Sample(ith dc,=100 nm) and B Figure 2a) shows TMR curves that were measured for
(with d¢c,=50 nm)—and compared them. All the layers in

samples A and B at RT. Measurement was performed by dc

the junction were prepared using inductively coupled plasma,, ;- hrobe method at a bias voltage of 1 mV. The TMR ratios
(ICP)-assisted magnetron sputtering with base pressure b&;are obtained 45.5% and 50.7% for Samples A and B, re-

spectively. Sample B exhibited a similar but slightly larger
3Electronic mail: yujihyung@hotmail.com value of TMR than that of sample A. The resistance—area
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© FIG. 3. (a) IETS of P and AP magnetization stat@gppe) and subtraction

IETS of sample Albottom) measured at 10 Kb) Expanded spectra ¢8).
100 nm 100 om
FIG. 1. (a) The 6-26 scans of the layer, Gi11)/Ag(3 nm)/Cu (100 nm/ ShOW(;] mb Fig. 1d). Tze SurfacefrOUtheT%a ,IAvaas dgter-

NiFe (50 nm. (b) The rocking curve of the NiFe peakc) The ¢-scan of m_me about ]_-'3 and 0.9 nm o_r samples(laft) and B

{111 planes of NiFe, Cu, and Sid) AFM images of NiFe FM bottom  (right), respectively. Although the interface between the FM
electrodes of samples @eft side and B (right side. bottom electrode and the insulating layer is rather rough in
both samples, it did not exert any significant effect to the bias

. dependence itself, except th&t,,; and TMR ratios de-
2 alf
product was 3.% 10> and 5.5¢10° ) un", respectively, for creased with a reduction in insulating layer thicknéss.

all the jupction areas in both ;ample types. Barrier height The difference in the normalized TMRL curves be-
and barrier W'dthd were obtained by fltt_mg the’ Cu"e'(‘_t) tween samples A and B did not exist in spite of different
Versus dc bias yoltagevo curves _to Brinkman's r_elatlon_, TMR ratios. As a result, the interface roughness did not seem
which can explain _the tunneling with an asymmetric barrler'to have an intrinsic effect on the bias dependence. It is likely
They were deterr_mned_about 3'_0 éhearly symmetriand that the TMR ratios were affected by dipole coupling. In
0.94 nm, r_espectwely, Irrespective O.f sa_mpllg types. ._,, depositing NiFe bottom electrodes with a higher rate, it was
The b|a§ dependence Of TMR is significant eSpeC!a”yobserved thaW/ 4 in the positive bias became smaller, al-
from an engineering standpoint and has attracted much Inte{ﬁough it was still larger than those of conventional MTJs,

est_both in experiment and thedty. The normalized and there was a slight decreaseVfy; in the negative bias.

TMR-V curves measured for samples A and B at RT are .
described in Fig. @). The curves were obtained frof-V As the effect of the Cu buffer layer thickness was found not

curves measured for antiparallédP) and parallekP) align- so significant on the performance of TMR and the bias de-
parailé P 9 pendence, only sample A was continued for further analysis,
ment states of the magnetization of top and bottom elecy

trodes. The curves for samples A and B are almost identicalézrenp;regpin mind that sample B would behave similarly to

The positive bias is defined as the direction of electron tun- The upper figure of Fig. @ shows the IET spectra of
neling from top to bottom electrode. Thg,,;, the bias volt- sample A measured at 10 K for (Blark ling and AP (light
ages at which the TMR ratio is reduced to half near the zer?me) states. The peaks by excitation of magnon and Al—O
b!as, were measured about750 apd —700 mv, much honon were observed arournd?0 and+120 mV, similar to
h!gher valqes than thqse O.f convennongl MT.Js. Previously, %revious studies of conventional MTJ3. The subtraction
high Vi in MTJs with single-crystalline electrodes was spectrum defined by the difference between the spectra of

'(I)'klz/ltﬁrﬁi 2(())\?/86(\)/?;’ tr:]e;ﬁees)ftig; I?(;ngizngoe\:/rz iinlgi th%oth magnetization states was obtained in order to eliminate
an. >€ good prope 9- 4he contribution from spin-independent excitatighe bot-
were observed at all the junctions, which means that the¥ ) .
om figure of Fig. 3a)].

exhibited high reproducibility.

. X Our result reveals remarkable features. First, the inten-
The AFM images of NiFe FM bottom electrodes are '

sity of spectra near the zero bias is small. The peak observed
at small bias of several millivolts is induced by inelastic

5 Ty 10 o) tunneling due to impurities at the interface and in the tunnel
40 12 os barrier, and clearly separated with the peak of magnon exci-
S B 06 tation in case of conventional MT3©n the other hand, the
§ 2 < ol 7 intensity of the peak near the zero bias is smaller compared
TS g 0 :gzngl with magnon excitation peak in our epitaxial MTJBig.
0 z ’ 3(b)], signifying that the density of impurities is small, and
B R T e T thus, we could say that a clear interface structure was ob-
Applied field (Oc) Bis voltage (m¥) tained for epitaxial MTJs in this study, compared with con-
FIG. 2. (3 TMR—applied magnetic field curves anth) normalized  VeNtional MTJs. Second, the spectrum of P state reveals re-
TMR—dc bias voltage curves measured at RT for samples A and B. markably small intensity, suggesting that inelastic excitation
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- — @] = (b), the number of trap sites through which spin-independent tun-
z K e AP 1z L neling occurs in the insulating layer and could affect the
z \\//J/ o . interfacial DOS, resulting in a small bias dependence of
& & e TMR in this epitaxial work in spite of large interface rough-
3 / 5 ness.
= / s f“‘/ In summary, the MTJs were fabricated by sputter depo-
600 400 200 0 200 400 600 -0 50 0 50 100 sition at RT using an epitaxial NiFe as the bottom FM elec-
Bias voltage (mV) Bias voltage (mV) trode. High TMR ratios were obtained and the bias depen-
FIG. 4. (8 Dynamic conductance of P and AP magnetization states ofd€nce of TMR was remarkably reduced. It was clearly
sample A measured at 10 Kb) Expanded spectra ¢8). elucidated that it was induced by the formation of a well-

defined sharp interface between the tunnel barrier and the
. o . . .. FM electrode that is nearly free of crystalline defects. This
due to spin scattering is small. Finally, the spectral |nten3|tyMTJ has a large capability in engineering aspects if we can

OT positive bias is larger than the_lt_qf negative b|a_s and Feduce the barrier thickness further by decreasing the inter-
hillock appears around 60 mV, exhibiting asymmetry in the face roughness

bias voltage. The electronic structure and the spin-dependent

density of state¢DOS) of the FM electrodes must be respon- This study was supported by IT-program of Research
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should also be considered to explain the bias dependence eéarch from the Ministry of Education, Culture, Sports, Sci-

TMR.1° ence and Technology of Japan, CREST of J3dpan Sci-
Dynamic conductance measured simultaneously withence and Technology and the Mitsubishi Foundation. In

IETS is shown in Fig. 4. It reveals an obvious asymmetryaddition, one of the authof§.H.Y) gratefully acknowledges

and the curve for P state has local minima at abelil®0 and  partial support from the BK21 Project of the Ministry of
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