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1. Introduction 

Spintronic devices that manipulate the spin degree of 

freedom of the electron are being extensively studied, 

which could lead to novel functionalities such as nonvola-

tility and reconfigurability.
1,2

 In particular, injection of 

spin-polarized electrons into semiconductor channels and 

manipulation of the injected spins have been intensively 

studied recently.
3
 The use of spin sources with the magne-

tization-reversal capability by a spin-polarized current is a 

promising method for providing reconfigurable logic func-

tions in semiconductor-based spintronic devices. The use of 

a magnetic tunnel junction with this capability as a source 

or drain electrode for spin-based field-effect transistors 

(spin FETs) is highly required. Furthermore, the monolithic 

integration of MTJs and MOSFETs would lead to nonvola-

tile logic gates featuring ultralow-power logic circuits.
4
 On 

the other hand, a semiconductor Ge channel is highly fa-

vorable for future-generation metal-oxide-semiconductor 

(MOS) devices because of the high mobility of electrons 

and holes in Ge.
5 
Recently, ferromagnetic thin films of Fe,

6
 

CoFe
7
 and Heusler alloy Co2MnSi

8
 were prepared epitax-

ially on Ge(001) single-crystal substrates via a MgO inter-

layer. In these works, crystallographic relationship of 

MgO(001)[110]||Ge(001)[100] for a MgO thin layer grown 

on a Ge(001) substrate was confirmed. This relationship is 

as expected from the relatively small lattice mismatch 

(5.2%) between MgO(001) and Ge(001) on a 45º in-plane 

rotation and in contrast to the cube-on-cube epitaxial 

growth of MgO on GaAs(001)
9
 and MgO on Si(001)

10
 with 

a 4:3 coincident site lattice. Given these background, the 

purpose of the present study was to fabricate fully epitaxial 

MTJs on Ge(001) single-crystal substrates via a MgO in-

terlayer. This is because the monolithic integration of MTJs 

with Ge FETs would lead to future-generation nonvolatile 

logic gates. Furthermore, a MgO interlayer with an appro-

priate tunnel resistance in a MTJ/MgO interlayer/Ge(001) 

heterostructure will be served as a tunnel barrier for spin 

injection
11

 from an MTJ in a Ge channel. We will show a 

relatively high tunnel magnetoresistance (TMR) ratio of up 

to 212% at 293 K for prepared fully epitaxial Co50Fe50 

(CoFe)/MgO/CoFe MTJs on a Ge(001) substrate via a 

10-nm-thick MgO interlayer.  

 

2. Experimental 

The fabricated layer structure was as follows: (from the 

substrate side) MgO interlayer (5 or 10 nm)/ CoFe lower 

electrode (50 nm)/MgO barrier (1.4–3.2 nm)/CoFe upper 

electrode (3 nm)/Ru (0.8 nm)/CoFe (2 nm)/IrMn 

(10nm)/Ru cap (5 nm) on a Ge(001) single crystal substrate. 

Each layer was successively deposited in an ultra-

high-vacuum (UHV) chamber (base pressure of ~6  10
-8

 

Pa) through the combined used of magnetron sputtering for 

CoFe and electron beam evaporation for MgO. Before the 

Ge(001) substrates was installed in the UHV chamber, it 

was oxidized at 500 ºC for 1 hour and then cleaned by HF 

solution. The Ge substrate was then annealed at 650 ºC for 

1 hour in the UHV chamber. The MgO interlayer was de-

posited at a substrate temperature of 125 ºC.
8
 The layer 

structure was annealed in situ at 400 °C just after deposi-

tion of the CoFe lower electrode and also at 400 °C just 

after deposition of the CoFe upper electrode.  

We fabricated MTJs with the layer structure described 

above using photolithography and Ar ion milling. The fa-

bricated junction size was 10  10 μm. We investigated the 

structural properties of the heterostructures through reflec-

tion high-energy electron diffraction (RHEED) observa-

tions. We measured TMR characteristics of the fabricated 

MTJs using a dc four-probe method. 

 

3. Results and discussion 

First, we describe the structural properties of 

CoFe/MgO/CoFe MTJs grown on Ge(001) substrates via a 

10-nm-thick MgO interlayer. RHEED patterns, along two 

different azimuths [100]Ge and [110]Ge, were obtained in 

situ for each successive layer in the heterostructure, having 

10-nm-thick MgO interlayer in Fig. 1. Here both the CoFe 

lower and upper electrodes were deposited at RT and suc-

cessively annealed at 400 ºC just after deposition of the 

respective layers. Streak patterns dependent on the electron 

injection direction, parallel to [100]Ge and [110]Ge, were 

obtained for all the layers in the heterostrucure consisting 

of MgO interlayer/CoFe lower electrode/MgO barrier/CoFe 

upper electrode. Furthermore, the spacing of the observed 

streak patterns of all these layers agreed well with that of 

the Ge(001) substrate for both electron beam injection di-

rections, parallel to [100]Ge and [110]Ge, indicating that the 

all these layers were grown epitaxially on a Ge(001) sub-

strate with a crystallographic relationship of 

CoFe(001)[100]||MgO(001)[110]||Ge(001)[100], including 

the MgO interlayer, the MgO barrier, the lower CoFe and 

upper CoFe electrodes. 

The crystallographic relationship of MgO interlay-

er(001)[110]||Ge(001)[100] is consistent with previous 
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works on MgO/Ge(001) heterostructures.
6-8

 And the crys-

tallographic relationship of CoFe lower elec-

trode(001)[100]||MgO interlayer(001)[110] on 

Ge(001)[100] is consistent with previous work and is as 

expected from the relatively small lattice mismatch (4.3%) 

between CoFe(001) and MgO(001) on a 45º in-plane rota-

tion. 

Figure 2(a) shows typical a magnetoresistance curve at 

293 K for a fabricated fully epitaxial CoFe/MgO/CoFe 

MTJ (CoFe MTJ) with a MgO interlayer thickness (tinterlayer) 

of 10 nm. The bias voltage was 5 mV. The MTJ showed 

clear exchange-biased TMR characteristics with a relatively 

high TMR ratio of 212% at 293 K. This value is compara-

ble and slightly lower than the TMR ratio of 260% at 293 K 

obtained for fully epitaxial and identically fabricated CoFe 

MTJs on MgO-buffered MgO(001) substrates. Figure 2 (b) 

shows TMR ratios at 293 K for CoFe MTJs on MgO inter-

layer/Ge(001) substrates as a function of tinterlayer. TMR ra-

tios of up to 180% at 293 K were obtained for CoFe MTJs 

with tinterlayer = 5 nm. The slight increase in the TMR ratios 

with increasing the MgO interlayer thickness may be due to 

a possible improvement of the structural quality of 

CoFe/MgO/CoFe MTJ trilayers grown on the MgO inter-

layer. On the other hand, the observed weak dependence of 

the TMR ratio on tinterlayer suggests that there is room for 

further decreasing the MgO interlayer thickness. These 

results suggest the promise of the monolithic integration of 

epitaxial CoFe MTJs and Ge MOSFETs for fu-

ture-generation nonvolatile logic circuits. It also suggests 

the promise of the heterostructure consisting of CoFe 

MTJ/MgO interlayer/Ge(001) substrate as a key device 

structure for efficient spin injection into a Ge channel from 

a MTJ.  

 

4. Conclusion 

Fully epitaxial magnetic tunnel junctions (MTJs) with 

Co50Fe50 (CoFe) electrodes and a MgO barrier were pre-

pared on Ge(001) single crystal substrates via a MgO inter-

layer. Reflection high-energy electron diffraction patterns 

observed in situ for each layer during preparation clearly 

indicated that all layers grew epitaxially. The microfabri-

cated epitaxial CoFe/MgO/CoFe MTJs (CoFe MTJs) with a 

10-nm-thick (5-nm-thick) MgO interlayer demonstrated a 

relatively high tunnel magnetoresistance ratio of 212% 

(180%) at 293 K. These results suggest the promise of the 

monolithic integration of epitaxial CoFe MTJs and Ge 

MOSFETs for future-generation nonvolatile logic circuits 

and of CoFe MTJ/MgO interlayer/Ge(001) heterostructures 

as a key device structure for efficient spin injection into a 

Ge channel from a MTJ. 
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FIG. 1. RHEED patterns along two different azimuths [100]Ge 
and [110]Ge, corresponding to [100]CoFe and [110]CoFe, respec-
tively, obtained in situ for each successive layer in the hetero-
structure consisting of (from the lower side) Ge(001) sub-
strate/MgO interlayer (10 nm)/CoFe lower electrode/MgO 
barrier/CoFe upper electrode, where both the CoFe lower and 
upper electrodes were deposited at RT and successively an-
nealed at 400 ºC just after deposition of the respective layers. 

 
FIG. 2. Typical magnetoresistance curves at 293 K for a fabri-

cated fully epitaxial CoFe/MgO/CoFe MTJ with a MgO inter-

layer thickness of 10 nm. (b) TMR ratios at 293 K for CoFe 

MTJs on MgO interlayer/Ge(001) substrates as a function of 

MgO interlayer thickness. 
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