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We report on the growth of epitaxial Fe/MgO/Ge(001) heterostructures by molecular beam epitaxy.

The lowest oxidation and highest sharpness of the MgO/Ge interface, corresponding to a transition

layer on the order of one Ge unit cell, is obtained for room temperature growth of the MgO layer

followed by annealing in a vacuum at 500 �C. In these conditions, the MgO layer grows epitaxially

on Ge(001) with the [110] direction parallel to the [100] direction of Ge, at variance with the

cube-on-cube growth on Si(001) and GaAs(001). However, in some cases, the cube-on-cube growth

mode of MgO on Ge competes with the mode involving a 45� rotation, as revealed by transmission

electron microscopy and photoelectron diffraction data on MgO films grown at 300 �C without

postannealing, and on p-doped Ge substrates. For the Fe overlayer, in all the cases reported, room

temperature growth followed by annealing up to 200 �C gives rise to a sharp interface and the

well-known 45� rotation of the Fe lattice with respect to the MgO lattice. VC 2011 American
Institute of Physics. [doi:10.1063/1.3554834]

I. INTRODUCTION

The epitaxial growth of oxides on semiconductors is a

hot topic within the development of technological solutions

aimed at adding new functionalities to conventional electron-

ics or improving device performances. The case of high-k

oxides on Si has been widely investigated in connection with

the scaling down of complementary metal-oxide-semicon-

ductor (CMOS) technology,1 looking for suitable growth

protocols to obtain sharp interfaces without oxidation, inter-

diffusion, and substrate amorphization. Currently there is

renewed interest in Ge. As a result of its high electronic and

hole mobilities, this material represents a promising candi-

date for the next generation of high performance comple-

mentary metal-oxide-semiconductor field-effect transistors

(CMOSFETs). In this context, tunneling contacts through an

insulating barrier hold potential for fixing the problem of

high resistivity at the source and drain contacts for n-channel

Ge MOSFET, due to the Fermi level pinning at the valence

band maximum. Indeed, tunneling barriers (such as Al2O3

and MgO) between Ge and the metal contacts have been suc-

cessfully used for this purpose.2 In particular, MgO is partic-

ularly efficient for reducing the Schottky barrier and the

concentration of interfacial defects, due to the good lattice

matching between MgO and Ge, which allows for epitaxial

growth.

Furthermore, MgO/Ge(001) epitaxial structures hold

potential for the development of spintronics with Ge. In fact,

the injection of a spin polarized current from a ferromagnetic

electrode to a nonmagnetic semiconductor, or vice versa,

requires the presence of an interfacial spin dependent resist-

ance to overcome the problem of the resistance mismatch.3

MgO tunneling barriers have been successfully employed to

this scope, with performances remarkably better than those

obtained by amorphous barriers (Al2O3).4 GaAs was initially

employed for applications exploiting spin optical pumping,

and the epitaxial growth of MgO on GaAs has already been

demonstrated.5 Silicon has been also used, as a result of its

primary role in electronics and long spin diffusion length,

but its relevant chemical reactivity makes the realization of

epitaxial structures quite difficult.6 Germanium, instead,

only very recently has deserved some attention.7 Its high mo-

bility, the opportunity of spin manipulation in Ge-based het-

erostructures,8 and the possibility of spin optical pumping

make Ge a good candidate for the development of semicon-

ductor spintronics.

In this paper we present an experimental investigation

of epitaxial growth of Fe/MgO/Ge(001) heterostructures,

aiming to clarify how the different growth conditions influ-

ence the chemical and structural sharpness of the interfaces

as well as the film crystallinity and the epitaxial relation-

ship. In particular, the optimal growth conditions for

achieving high-quality heterostructures suitable for the

realization of tunneling contacts between Fe and Ge, with a

transition region on the order of a single Ge unit cell at the

MgO/Ge interface, in the case of n-doped Ge substrates

consist of (a) room temperature (RT) growth of MgO

followed by post annealing at 500 �C and (b) RT growth of

Fe followed by annealing at 200 �C. This recipe gives rise

to the Fe[100]//MgO[110]//Ge[100] epitaxial relationship

reported also by other authors,9,10 but interestingly enough

we found that this is not uniquely determined by minimiza-

tion of elastic energy in the MgO layer, as a mixture of

grains presenting also the Fe[110]//MgO[100]//Ge[100] ori-

entation is found in films grown with different recipes or on

p-doped substrates.a)Electronic mail: daniela.petti@mail.polimi.it.
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II. EXPERIMENTAL

The sample growth and in situ characterization were per-

formed in an ultrahigh vacuum (UHV) system equipped with

a molecular beam epitaxy (MBE) apparatus and a chamber for

electron spectroscopies, as described in detail elsewhere.11

Standard n-type Ge(001) (n¼ 1015 cm�3 and n¼ 1020 cm�3)

and p-type (p¼ 1018cm�3) wafers were used as substrates. Af-

ter ultrasonic washing in isopropanol, the substrates were

inserted into the UHV system and annealed at 650 �C for 1 h,

with pressure below 2� 10�9 mbar, in order to remove the

native oxide. A further annealing at 730 �C for 20 min pro-

duced an ordered (2� 1) reconstructed Ge(001) surface, as

checked by reflection high-energy electron diffraction

(RHEED) and low-energy electron diffraction (LEED). X-ray

photoemission spectroscopy (XPS) revealed a negligible re-

sidual surface contamination (essentially O and C, below 3%

in the probing depth of XPS). MgO was deposited at room

temperature, at a rate of �0.6 Å/min, by evaporation of pieces

of stoichiometric MgO contained in a Ta crucible, heated by

electron bombardment. The Fe overlayer, as well as the gold

capping layer, was grown in situ by thermal evaporation of

high purity metals. The thickness was estimated by using a

quartz microbalance and then checked by XPS, especially for

the MgO layer, the thickness of which is crucial for determin-

ing the tunneling resistance of the structure. Photoelectrons

were excited with Al-Ka radiation (hm¼ 1486.67 eV) and ana-

lyzed by a 150 mm hemispherical analyzer (SPECS Phoibos

150). For the line shape analysis the pass energy was set to 10

eV, leading to a total resolution of 1 eV. The spectra have

been collected both at 0� and at 60� emission angles with

respect to the sample normal, the latter in order to increase the

sensitivity to the interfacial oxidation state. In situ structural

characterization of the MgO barrier was performed by X-ray

photoelectron diffraction (XPD) polar scans of the O1s core

level with Mg-Ka (hm ¼1253.67 eV) and analyzer angular ac-

ceptance of 61�. We chose O1s for two reasons: first, its high

kinetic energy (720 eV, corresponding to an escape depth of

18.78 Å)12 makes XPD sensitive to the whole thickness of

MgO in the forward scattering regime; second, this peak is not

superimposed on any Ge feature.

Scanning transmission electron microscopy and electron

energy loss spectroscopy (STEM-EELS) experiments were

carried out in a Nion UltraSTEM dedicated STEM operating

at 100 kV and equipped with an Enfina spectrometer and a

5th-order aberration corrector. Principal component analysis

(PCA) was used to remove random noise from the EEL spec-

tra.13 Specimens for STEM observations were prepared by

conventional mechanical thinning and Ar ion milling.

III. RESULTS AND DISCUSSION

A. Optimization of the growth conditions

The first step in the fabrication of epitaxial Fe/MgO/

Ge(001) heterostructures is the realization of a sharp inter-

face between MgO and Ge. In order to find the optimum

growth conditions we carried out a detailed investigation of

the influence of substrate preparation, deposition temperature

and post-annealing treatments on the interface quality.

For the substrate preparation, we investigated the effect

of a controlled oxidation of the Ge(001) surface leading to the

formation of exactly one monolayer of oxygen chemisorbed

in the p(1� 1)O fashion. This way, Ge could be protected

from further oxidation during MgO deposition in analogy

with what happens for other surfaces such as Fe(001)-

p(1� 1)O.13,14 As described in detail elsewhere,15 we found

that this particular oxidized surface does not work efficiently

as a passivating layer, while the clean p(2� 1)-Ge(001) sur-

face represents the best substrate on top of which growth

occurs with limited oxidation and amorphization of Ge.

For the MgO deposition on the clean p(2� 1)-Ge(001)

surface we explored two different routes for achieving the best

crystallinity of the MgO barrier compatible with interfacial

sharpness: (1) RT growth of MgO followed by recrystalliza-

tion via post-annealing and (2) growth of MgO at high temper-

ature. For both routes we used XPS to monitor the level of

oxidation of the Ge substrate and XPD for in situ quantitative

analysis of the MgO crystallinity. The line shape of Ge 2p3/2

peak gives direct access to the degree of oxidation of Ge by

virtue of the sizable chemical shift between the “metallic”

component Ge0 [binding energy (BE)¼ 1217.4 eV] and the

other contributions coming from the different oxidation states

Ge2þ (BE¼ 1219.2 eV) and Ge3þ (BE¼ 1220.2 eV).16 The

output of the optimization procedure of routes (1) and (2) can

be summarized in two recipes which give the best results

within each route: (R1) RT growth followed by annealing at

500 �C and (R2) growth at 300 �C without postannealing.

Higher deposition temperatures and postannealing tempera-

tures produced MgO barriers with lower crystallinity and

higher oxidation of the Ge substrate.

In Fig. 1 we report the Ge 2p3/2 spectra taken at a 60�

collection angle from 5 ML of MgO on Ge, grown according

to recipes R1 and R2. It clearly appears that the shoulder at

high binding energy, representative of Ge2þ and Ge3þ oxida-

tion states (see the two minor peaks at 1219 and 1220 eV in

the fitting of Fig. 1), is more evident in samples grown at

300 �C, thus indicating a higher substrate oxidation in the

case of recipe R2. This can be ascribed to the different reac-

tivity of Ge exposed to an oxygen flux (in this case O� from

MgO) at different temperatures; the formation of germanium

oxide is indeed favored at 300 �C over room temperature

conditions.17 On the basis of this fact, it is reasonable that

Ge oxidation is lower in the case of postgrowth annealing

because in this condition the MgO crystal is fully formed

and there will be competition between the dissociation of

MgO and the formation of GeOx. On the contrary, in the

case of a high-temperature deposition, the presence of an

O� flux from MgO makes the Ge oxidation a process without

an activation barrier, because it is not necessary to furnish

further energy to the system, as the adatoms have already

partially dissociated in Mgþ and O�.

In Table I we report the relative weight (Geox/Ge0) of oxi-

dized interfacial Ge atoms (the sum of Ge2þ and Ge3þ compo-

nents) with respect to the intensity of the main line from

nonoxidized atoms. In all cases the Geox/Ge0 ratio is larger at

the 60� collection angle, thus indicating an interfacial oxidation

of Ge, while the lowest value (0.14 at 60� collection angle) is

obtained on the sample grown at RT and then annealed at
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500 �C (R1). The deposition at 300 �C (R2) produces a higher

Ge oxidation (Geox/Ge0¼ 0.28 at 60� collection angle), which

further increases up to 0.51 when a postannealing at 500 �C is

performed. These results clearly indicate that recrystallization

after RT growth gives the best results in terms of substrate oxi-

dation, corresponding to a thickness of an interfacial GeOx

layer on the order of one monolayer.

At the same time, the investigation of the MgO structure

via XPD indicates that recipe R1 gives better crystallinity with

respect to R2. In Fig. 2 we report XPD polar curves from a ref-

erence MgO single crystal (s.c.) sample with azimuth along

the [100] (filled dots) and [110] (empty dots) directions. XPD

scans from MgO/Ge samples prepared with recipes R1 (trian-

gles) and R2 (squares), both having a MgO thickness of 5 ML,

are also shown, with azimuth along the [100] of Ge. First of

all, note that the XPD curve from the sample prepared accord-

ing to recipe R1 bears more similarity to the one from the

MgO s.c. along the [110] azimuth, as indicated by the presence

of peak A at 51� (present in the s.c. [110] scan) and the ab-

sence of peak B at 16� (evident in the s.c. [100] scan). Also,

minor peaks (C,D,E) emerging from the background at about

19�, 25�, and 33� respectively, can be related to those at 21�,
27�, and 35� in the curve from the MgO s.c. along the [110]

azimuth, with a shift toward low angles indicating that MgO

grows compressed in plane. We conclude that MgO grows on

Ge with the orientation MgO[110]//[Ge[100], at least in the

case of samples prepared with recipe R1. On the other hand,

the XPD scan on the MgO/Ge sample prepared with recipe R2

presents a line shape not well defined, bearing some similar-

ities to the curve taken on MgO s.c. along the [100] direction

(see for instance the absence of a well-defined peak A and the

presence of feature F at 47� which is typical of a scan along

the [100] direction of the MgO s.c.). From XPD data we can

then conclude that, while recipe R1 gives rise to a well-defined

crystalline structure,18 R2 seems to produce a less ordered

MgO film which could be a mixture of domains having the

[100] direction parallel to the [100] and [110] direction of Ge.

Concerning Fe growth, we found that RT growth19 fol-

lowed by annealing at 200 �C gives the best results in terms

of crystallinity and sharpness of interfaces, while the stand-

ard procedure of postannealing up to 600 �C used for Fe/

MgO/Fe tunneling junctions produces a sizable interdiffu-

sion between MgO and the upper layer.20 In the as-deposited

sample, Fe is expected to be continuous19 but no LEED

pattern is present, indicating a limited long range ordering.

This can be largely improved by annealing the sample, as

FIG. 1. (Color online) Comparison between the interfacial oxidation of Ge

after MgO growth in two different conditions: R1: RT growth followed by

annealing at 500 �C (top) and R2: growth at 300 �C without postannealing

(bottom). Ge2p spectra taken at 60 � collection angle are shown, indicating a

much higher oxidation when recipe R1 is employed.

TABLE I. Quantification of the relative weight of the components from oxi-

dized interfacial Ge atoms, with respect to the main line from nonoxidized

atoms, in Ge2p3/2 XPS spectra taken at 0� and 60� collection angle.

Recipe Geox/Ge0 at 0� Geox/Ge0 at 60�

R1 (RT growthþ annealing at 500 �C) 0.07 0.14

R2 (growth at 300 �C) 0.12 0.28

R2þ annealing at 500 �C 0.09 0.51

FIG. 2. (Color online) X-ray photoelectron diffraction (XPD) polar curves

of O1s photoelectrons from a reference MgO single crystal (s.c.) with azi-

muth along the [100] (filled dots) and [110] (empty dots) directions, as well

as XPD scans along the [100] of Ge, from MgO/Ge samples prepared with

recipes R1 (triangles) and R2 (squares). The MgO thickness was 5 ML.
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demonstrated by the appearance of a LEED pattern (data not

shown) emerging from the background.

The high quality of MgO films epitaxially grown on

Ge(001) following recipe R1 and of the entire Fe/MgO/Ge

heterostructure can be appreciated in Fig. 3, where high re-

solution STEM images are reported from a slice with surfa-

ces parallel to (�110) planes of Ge. The MgO film is

continuous over large distances [Fig. 3(a)] and a high level

of epitaxy is observed both on the MgO and Fe layers [Fig.

3(b)]. Furthermore, the transition zone at the MgO/Ge

interface has a thickness on the order of one Ge unit cell

(5.66 Å), as confirmed by chemical profiles taken with

EELS [Fig. 3(c)] along a line perpendicular to the interface.

The Ge and Mg signals change from 75% to 25% of their

maximum value within a single unit cell. This finding rep-

resents a significant improvement with respect to the best

data reported in literature for MgO films grown at 250 �C
on Ge,9 where the transition region extends over more than

two Ge unit cells. The higher sharpness observed by STEM

in our samples grown at RT and then annealed at 500 �C
(according to recipe R1), with respect to the samples

reported in literature (grown directly at high temperature),

is fully coherent with our XPS study on the oxidation pre-

sented above.

B. Epitaxial relationships

From inspection of the high-resolution STEM image

shown in Fig. 3(b), the epitaxial relationship in the Fe/MgO/

Ge structure clearly appears. Because the slice was cut with

planes perpendicular to the (�110) planes of Ge, the typical

hexagonal structure appears, where each vertex is occupied by

a couple of columns corresponding to the two atoms of the ba-

sis of the Ge lattice, which can be considered as a fcc with a

basis. On top of Ge the cubic structure of MgO is visible, with

the spacing between Mg-O columns corresponding to half of

the diagonal of the cubic unit cell of Ge. This fact indicates

that the [100] direction of MgO is parallel to the [110] direc-

tion of Ge, i.e., that in these conditions MgO grows on Ge

with a rotation of 45�. The Fe overlayer displays a square lat-

tice which is coherent with a rotation of 45� with respect to

that of the MgO layer, as is usual for epitaxial growth of Fe

on MgO,21 thus indicating that the [100] direction of Fe is par-

allel to the [100] direction of Ge. Note that misfit dislocations

are localized at the MgO/Ge and Fe/MgO interfaces. Some

buckling of the MgO layers away from the interface plane is

observed, most likely to accommodate steps on the Ge

surface.

Further confirmation of the epitaxial relationship

derived from STEM images comes from the RHEED data

reported in Fig. 4. Figures 4(a) and 4(b) show the diffrac-

tion patterns from the clean Ge(001) surface, with the inci-

dent beam along [100] and [110] respectively. In the latter,

we note the presence of the half order streaks, indicating a

(2� 1) reconstruction of the surface. Figures 4(c) and 4(d)

4(e) and 4(f) correspond to the MgO (Fe) layer measured

along the azimuths [100] and [110] of the substrate, respec-

tively. In Figs. 4(g) and 4(h) the primitive cells of the direct

surface two-dimensional lattices of Ge(001), MgO(001),

and Fe(001) are sketched. The direct lattices are oriented as

indicated by HRTEM, that is Fe[100]//MgO[110]//Ge//

[100] With the incident beam along the [100] of Ge, the

spacings between adjacent streaks (or points) in RHEED

patterns are 4p=aGe, 2
ffiffiffi
2
p

p=aMgO, and 2p=aFe in Ge, MgO,

and Fe respectively (thick arrows in Fig. 4, blue online).

Assuming a relaxed surface, and employing bulk lattice

parameters (aFe¼ 2.87 Å, aMgO¼ 4.21 Å and aGe¼ 5.66 Å),

we get values for the ratios 2
ffiffiffi
2
p

p=aMgO

� �
= 4p=aGeð Þ

and 2
ffiffiffi
2
p

p=aMgO

� �
= 2p=aFeð Þ equal to 0.95 and 0.96, to be

FIG. 3. (Color online) High-resolution STEM images of the full Fe/MgO/

Ge heterostructure grown on n-doped Ge. (a) Cross section of a large area;

the line marks where the EELS linescan was acquired. (b) Zoom across the

MgO barrier; the Ge and the Mg-O columns are highlighted in red (filled

dots) and in green (empty dots), respectively. (c) Elemental profile along the

interface, as measured by EELS, indicating that interdiffusion is, at most,

limited to a single Ge unit cell.
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compared with the experimental values 0.94 6 0.04 and

0.97 6 0.04. Analogously, we get 4p=aMgO

� �
= 2

ffiffiffi
2
p

p=aGe

� �

¼ 1.90 and 4p=aMgO

� �
= 2

ffiffiffi
2
p

p=aFe

� �
¼ 0.96 along the [110]

direction of the Ge substrate (thin arrows in Fig. 4, red online)

to be compared with the experimental values 1.90 6 0.08 and

0.97 6 0.1. The very good agreement between RHEED data

and calculations confirms that MgO definitely grows on Ge

with an in-plane lattice rotation of 45�, and that the Fe lattice

is aligned, cube on cube, to the Ge lattice.

While the Fe-MgO epitaxial relationship is well known,

for the MgO/Ge interface the situation is much less well

understood. In fact, two epitaxial relationships are predicted

within the lattice matching epitaxy (LME) and domain

matching epitaxy (DME) approaches,22 MgO[100]//Ge[110]

and MgO[100]//Ge[100] respectively. According to LME,

growth takes place by one-to-one matching of the lattice

constants for lattice mismatch less than the critical value of

7–8%, so that MgO prefers to rotate its lattice by 45� in order

to get a lattice mismatch with Ge of 5.2%, compared to the

25.6% misfit for the cube-on-cube growth. On the other

hand, DME theory predicts that, for systems with relatively

large lattice mismatch on the single unit cell, epitaxy can

occur by matching integral multiples of lattice cells. For

MgO growth on Ge the MgO[100]//Ge[100] relationship

would indeed produce a misfit of �0.7% if a 4:3 lattice ratio

is assumed. The latter situation has been experimentally

found in the case of MgO in Si(001) and GaAs(001), corre-

sponding to lattice misfits of 3.4% and �0.7%.5,6 The fact

that two systems like MgO/Ge and MgO/GaAs, absolutely

identical from the point of view of lattice mismatch, present

a completely different epitaxial relationship clearly indicates

that a major role is played by interfacial energy connected to

chemical interactions. The more evident difference between

GaAs(001) and Ge(001) surfaces is that the first is polar,

while the second is neutral; thus a major impact of the sur-

face electrostatics on the epitaxial relationship is expected as

well. To check this point we performed a STEM analysis on

MgO/Ge(001) interfaces grown following the same recipe

(R1) onto substrates doped differently: nþ (1020 cm�3) and

p (1018 cm�3). Interestingly, data on samples grown onto nþ
substrates show the same epitaxial relationship depicted

above, i.e., MgO[100]//Ge[110] along all the cross sections

examined, while in case of samples grown onto p-doped Ge

the coexistence of domains with MgO[110]//Ge[100] and

MgO[100]//Ge[100] alignment is found. High angle ADF

images reveal the occasional presence of Fe grains with a

different orientation, [110], as shown in Fig. 5. The corre-

sponding fast Fourier transform (FFT) clearly shows differ-

ent zone axes of the Fe grains, [110] on the left and [100] on

the right. Notice the change in orientation of the MgO grains

as well, undergoing a 45� rotation along the z-axis which

ultimately modifies the Fe layer. Only a few of these misor-

iented grains have been found, though, and their size remains

small (�10 nm). These changes might be due to the nuclea-

tion of MgO grains with a different orientation. Note that the

moderate p-doping (1018 cm�3) and the use of Ga as dopant,

which has a ionic radius very similar to that of Ge, allows us

FIG. 4. (Color online) RHEED patterns of Ge (a), (b), MgO (c), (d) and Fe

(e), (f) layers taken along the [100] (left columns) and [110] (right column)

directions of Ge substrate. The epitaxial relationship between Ge, MgO, and

Fe is shown in (g), while the direct and reciprocal lattices are sketched in (h).

FIG. 5. High-resolution STEM images of the full Fe/MgO/Ge heterostruc-

ture grown on p-doped Ge showing, the boundary between two grains dis-

playing different orientations of the Fe and MgO overlayers. The insets

show the FFT of the corresponding Fe grains (Refs. 1–10), and [100] zone

axis, respectively, marked with arrows.
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to exclude surface strain effects like those found in boron-

doped silicon-germanium alloys.23

These facts, in conjunction with the not perfectly

defined crystallographic orientation seen from XPD on sam-

ples grown with recipe R2, clearly indicates that in case of

MgO growth on Ge the epitaxial relationship is not strongly

and uniquely driven by minimization of elastic energy, so

that other aspects such as growth conditions and also sub-

strate doping can influence the crystallographic orientation

of the MgO film. A deeper understanding of these phenom-

ena is definitely beyond the scope of this work and would

require ab initio calculations of the interface free energy for

the different epitaxial relationships.

C. Tunneling junctions

The continuity of the MgO barrier over long distances

observed by TEM is a good starting point for fabricating tun-

nel devices and checking if the transport is dominated by

tunneling. To this aim, tunneling junctions have been fabri-

cated via optical lithography, with areas ranging from 30 to

900 lm2, in which the bottom and top electrodes coincide

with the Ge substrate and Fe overlayer, respectively. The

conductance curves, like the one reported in the inset of

Fig. 6 and measured at RT, present the typical parabolic

shape of tunneling junctions, clearly indicating that tunneling

is the dominant mechanism. The relevant parameter, i.e., the

resistance per area product (RA), has been evaluated on

junctions with different size but with the same MgO thick-

ness (2.5 nm) at a bias voltage of 0.2 V, as reported in Fig. 6.

For devices fabricated on a slightly n-doped substrate (1015

cm�3) we found an almost constant RA product, on the order

of 5� 10�5 Xm2, on the size of and similar to the values

reported in literature for the same system.24

IV. CONCLUSIONS

In summary, in this paper we demonstrate the epitaxial

growth of high quality Fe/MgO/Ge(001) heterostructures

suitable for the realization of tunnel contacts between a fer-

romagnet and Ge. We find that the best way to achieve good

crystallinity of the MgO barrier and sharp interfaces is by

growing MgO at RT on a Ge-p(2� 1) surface and then

performing a postannealing at 500 �C. Analogously, the Fe

overlayer is grown at RT and then annealed up to 200 �C, as

higher annealing temperatures produce strong interdiffusion.

The epitaxial relationship between the different layers is

Fe[100]//MgO[110]//Ge[100] with a 45� rotation of the MgO

lattice with respect to Ge for RT growth and subsequent

recrystallization at 500 �C on n-doped Ge. Interestingly,

a mixture of Fe[100]//MgO[110]//Ge[100] and Fe[110]//

MgO[100]//Ge[100] grains is observed for different growth

conditions or p-doped substrates. These results indicate that

in the case of MgO/Ge(001) the epitaxy is not simply driven

by the minimization of the elastic energy in the MgO barrier,

but that interfacial free energy plays a major role. The high

quality of the heterostructures synthesized is confirmed by

transport measurements on tunneling junctions, displaying

the typical parabolic conductance and RA values on the order

of 5� 10�5 Xm2 for an MgO barrier 2.5 nm thick on slightly

n-doped Ge.
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