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(57) ABSTRACT 

A spintronic device and a method for making said spintronic 
device. The spintronic device includes an epitaxial crystalline 
ferromagnetic oxide formed directly on the semiconductor 
material thereby allowing spin-polarized current to be effi 
ciently injected from the ferromagnetic oxide into the semi 
conductor material. A host crystal lattice includes multiple 
sets of stacked oxide layers of material A and B of a perovs 
kite structure with a formula of ABO. After an oxide layer of 
B is grown, magnetic ions are introduced to intermix with the 
B material, which may replace some of the ions of the B 
material. The process of growing additional stacked oxide 
layers of material A and B and introducing further magnetic 
ions after the deposition of the oxide layer of B continues until 
enough magnetic ions are sufficiently close to one another 
that they align in the same direction thereby forming a ferro 
magnetic oxide on the semiconductor material. 
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1. 

EFFICIENTLY INUECTING 
SPIN-POLARIZED CURRENT INTO 

SEMCONDUCTORS BY INTERFACNG 
CRYSTALLINE FERROMAGNETIC OXDES 
DIRECTLY ON THE SEMCONDUCTOR 

MATERAL 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is related to the following commonly 
owned co-pending U.S. Patent Application: 

Provisional Application Ser. No. 61/484,080, “Efficiently 
Injecting Spin-Polarized Current into Semiconductors by 
Interfacing Crystalline Ferromagnetic Oxides Directly on 
Silicon.” filed May 9, 2011, and claims the benefit of its 
earlier filing date under 35 U.S.C. S119(e). 

GOVERNMENT INTERESTS 

This invention was made with government Support under 
N00014-09-1-0908 awarded by the Office of Naval Research. 
The U.S. Government has certain rights in the invention. 

TECHNICAL FIELD 

The present invention relates generally to spintronic 
devices, and more particularly to efficiently injecting spin 
polarized current into semiconductors without significant 
losses by interfacing crystalline ferromagnetic oxides 
directly on the semiconductor material. 

BACKGROUND 

Spintronic devices are electronic circuits that could use 
both the charge and spin of charge carriers, most typically 
electrons, to transmit, store and process information. There 
are many applications for spintronic devices. Some examples 
of spintronic devices are the family of devices which exploit 
giant magnetoresistance (GMR). Spintronic devices may be 
used, for example, in magnetic field sensors, magnetic memo 
ries, spin-based transistors, semiconductor quantum interfer 
ence devices based on electron spin, classical and quantum 
computers, heads for reading data from magnetic storage 
media or the like. 
An impediment to the availability of commercially useful 

spintronic devices is that it has so far not been practical to 
generate strongly spin-polarized currents in semiconductor 
materials (often referred to as “spin injection'). Spin-polar 
ized currents of electrons can be generated in ferromagnetic 
materials because the magnetic field of the material (aug 
mented by many-body effects) interacts with the spins of 
electrons. Thus, the spin-up and spin-down states of electrons 
in a ferromagnetic material have different energy levels. The 
majority of electrons are in states Such that their spins are 
aligned with the local magnetic field of the material. In Such 
materials, electrons occupy the majority and minority spin 
states asymmetrically. 

It is possible, in principle, to take advantage of this asym 
metry to create a spin-polarized current in a non-ferromag 
netic material (e.g., semiconductor) by creating a spin-polar 
ized electronic current in a ferromagnetic material and 
causing the current to flow from the ferromagnetic material 
into an adjacent non-ferromagnetic material by way of an 
interface. For example, if a layer of ferromagnetic metal is 
bonded to a piece of silicon, the electrons can be made to flow 
from the magnet into silicon by applying a Voltage. Unfortu 
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2 
nately, the electrons lose their polarization as they cross the 
interface between the two materials thanks to an “impedance 
mismatch' between the metal and the semiconductor. As a 
result, the efficiency of spin injection from ferromagnetic 
metals into semiconductors has been very low. 

This problem has been circumvented in semiconductor 
materials, such as gallium arsenide, by allowing the spin 
polarized electrons to “tunnel across the interface, thus 
avoiding the impedance mismatch. However, Such a process 
requires a very thin and abrupt interface between the metal 
and the semiconductor, which cannot currently be achieved 
when growing layers of ferromagnetic metal on semiconduc 
tor material. Such as silicon. 

BRIEF SUMMARY 

In one embodiment of the present invention, a method for 
forming a ferromagnetic oxide material on a semiconductor 
comprises introducing magnetic ions into a host crystal lat 
tice, where the host crystal is in contact with a semiconductor 
material. The host crystal lattice is a perovskite oxide struc 
ture with a formula of ABO, where A comprises an alkaline 
earth metal or a group IIIA metal and where B comprises one 
of the metals from groups IVA, VIIIA and IIIB. The host 
crystal lattice comprises a first oxide layer of A and a first 
oxide layer of B, where the first oxide layer of B is grown after 
the first oxide layer of A. The magnetic ions are introduced 
after the first oxide layer of B is grown in the host crystal 
lattice. The method further comprises introducing further 
magnetic ions into the host crystallattice after adding each set 
of additional oxide layers of A and B in the host crystal lattice 
until a number of magnetic ions align in a same direction 
thereby forming a ferromagnetic oxide on the semiconductor 
material. 

In another embodiment of the present invention, a method 
for forming a ferromagnetic material on a semiconductor 
comprises growing a first layer of strontium oxide on a semi 
conductor material. The method additionally comprises 
growing a first layer of titanium dioxide on the first layer of 
strontium oxide. In addition, the method comprises introduc 
ing a first set of magnetic ions after the first layer of the 
titanium dioxide is grown on the first layer of strontium oxide 
to intermix with titanium ions in the first layer of titanium 
dioxide whereby one or more of the first set of magnetic ions 
replace one or more titanium ions in the first layer of the 
titanium dioxide. Furthermore, the method comprises grow 
ing a second layer of strontium oxide on the first layer of 
titanium dioxide following the introduction of the first set of 
magnetic ions. The method further comprises growing a sec 
ond layer of titanium dioxide on the second layer of strontium 
oxide. The method additionally comprises introducing a sec 
ond set of magnetic ions after the second layer of the titanium 
dioxide is grown on the second layer of strontium oxide to 
intermix with titanium ions in the first and second layers of 
titanium dioxide whereby one or more of the second set of 
magnetic ions replace one or more titanium ions in the first 
and second layers of the titanium dioxide. In addition, the 
method comprises continuing to grow additional layers of 
strontium oxide and titanium dioxide and continuing to intro 
duce magnetic ions after the additional layer of titanium 
dioxide is grown until a number of magnetic ions align in a 
same direction thereby forming a ferromagnetic oxide on the 
semiconductor material. 

In one embodiment of the present invention, a spintronic 
device comprises a semiconductor material and an epitaxial 
layer of crystalline ferromagnetic oxide in contact with the 
semiconductor material. 
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In another embodiment of the present invention, a spin 
tronic device comprises a semiconductor material. The spin 
tronic device further comprises a silicon dioxide layer in 
contact with the semiconductor material. In addition, the 
spintronic device comprises an epitaxial layer of crystalline 
ferromagnetic oxide in contact with the silicon dioxide layer, 
where the silicon dioxide layer is formed after the epitaxial 
layer of crystalline ferromagnetic oxide is formed. 
The foregoing has outlined rather generally the features 

and technical advantages of one or more embodiments of the 
present invention in order that the detailed description of the 
present invention that follows may be better understood. 
Additional features and advantages of the present invention 
will be described hereinafter which may form the subject of 
the claims of the present invention. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

A better understanding of the present invention can be 
obtained when the following detailed description is consid 
ered in conjunction with the following drawings, in which: 

FIG. 1 is a flowchart of a method for forming a ferromag 
netic oxide material on a semiconductor in accordance with 
an embodiment of the present invention; 

FIGS. 2A-2H depict cross-sectional views of a spintronic 
device during the process steps described in FIG. 1 in accor 
dance with an embodiment of the present invention; 

FIGS. 3A and 3B illustrate the planes of strontium oxide 
and titanium dioxide, respectively, that are formed in a host 
crystal lattice in accordance with an embodiment of the 
present invention; and 

FIG. 4 illustrates a host crystal lattice used as a host for 
forming an epitaxial crystalline ferromagnetic oxide on the 
semiconductor material in accordance with an embodiment 
of the present invention. 

DETAILED DESCRIPTION 

The present invention comprises a spintronic device and a 
method for making said spintronic device. The spintronic 
device includes an epitaxial crystalline ferromagnetic oxide 
formed directly on the semiconductor material (e.g., silicon). 
The ferromagnetic oxide is formed directly on the semicon 
ductor material by introducing magnetic ions in a host crystal 
lattice. The host crystal lattice may include multiple sets of 
stacked oxide layers of a perovskite structure with a formula 
of ABO, where A includes an alkaline earth metal or a group 
IIIA metal and B includes one of the metals from groups IVA, 
VIIIA and IIIB. After the oxide layer of B is grown in the host 
crystal lattice, magnetic ions are introduced to intermix with 
the B material. The magnetic ions may replace some of the 
ions of the B material. The process of growing additional 
stacked oxide layers of material A and B in the host crystal 
lattice and introducing further magnetic ions after the depo 
sition of the oxide layer of B continues until a sufficient 
number of magnetic ions are Sufficiently close to one another 
that they align in the same direction thereby forming a ferro 
magnetic oxide on the semiconductor material. As a result of 
forming an epitaxial layer of ferromagnetic oxide directly 
onto the semiconductor material, spin-polarized current may 
be efficiently injected from the ferromagnetic oxide into the 
semiconductor material. 
As stated in the Background section, an impediment to the 

availability of commercially useful spintronic devices is that 
it has so far not been practical to generate strongly spin 
polarized currents in semiconductor materials (often referred 
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4 
to as “spin injection'). When the spin-polarized currents flow 
from a ferromagnetic material into the semiconductor mate 
rial, the electrons lose their polarization as they cross the 
interface between the two materials thanks to an “impedance 
mismatch' between the metal and the semiconductor. As a 
result, the efficiency of spin injection from ferromagnetic 
metals into semiconductors has been very low. 
The principles of the present invention provide a process 

for depositing an epitaxial crystalline ferromagnetic oxide 
directly onto the semiconductor material. Such as silicon, 
without any interfacial reactions thereby allowing spin-polar 
ized current to be injected into the semiconductor material 
with a much higher efficiency as discussed below in connec 
tion with FIGS. 1, 2A-2H, 3A-3B and 4. FIG. 1 is a flowchart 
of a method for forming a ferromagnetic oxide material on a 
semiconductor that allows spin-polarized current to be 
injected into the semiconductor material with a much higher 
efficiency. FIGS. 2A-2H depict cross-sectional views of a 
spintronic device during the process steps described in FIG.1. 
FIGS. 3A and 3B illustrate the planes of strontium oxide and 
titanium dioxide, respectively, that are formed in a host crys 
tallattice. FIG. 4 illustrates a host crystal lattice used as a host 
for forming an epitaxial crystalline ferromagnetic oxide on 
the semiconductor material. 

Referring now to the Figures in detail, FIG. 1 is a flowchart 
of a method 100 for forming a ferromagnetic oxide material 
on a semiconductor in accordance with an embodiment of the 
present invention. FIG. 1 will be discussed in conjunction 
with FIGS. 2A-2H which depict cross-sectional views of a 
spintronic device during the process steps described in FIG. 1 
in accordance with an embodiment of the present invention. 
While FIG. 1 discusses a process of forming a ferromagnetic 
oxide material on a semiconductor using strontium oxide and 
titanium dioxide, the principles of the present invention apply 
to using a crystal lattice with a perovskite oxide structure with 
a formula of ABO, where A includes an alkaline earth metal 
or a group IIIA metal (e.g., strontium, barium, lanthanum and 
calcium) and B includes one of the metals from groups IVA, 
VIIIA and IIIB (e.g., titanium, aluminum, cobalt and 
hafnium). A person of ordinary skill in the art would be 
capable of applying the principles of the present invention to 
Such implementations. 

Referring now to FIG.1, in conjunction with FIGS. 2A-2H, 
in step 101, a first layer of strontium oxide (SrO) is grown on 
a semiconductor material. Such as silicon, as illustrated in 
FIG. 2A. Referring to FIG. 2A, a layer of strontium oxide 202 
is grown directly on silicon 201 to fabricate a spintronic 
device 200. In one embodiment, the strontium oxide is grown 
using molecular beam epitaxy. As will be discussed in further 
detail below, a crystal lattice of stacked strontium oxide and 
titanium dioxide (TiO) layers will be grown and used for 
forming an epitaxial crystalline ferromagnetic oxide. A 
depiction of a strontium oxide layer in Such a crystal lattice is 
provided in FIG. 3A. 

Referring to FIG. 3A, FIG. 3A illustrates a plane 301 of 
strontium oxide which consists of strontium (Sr) and oxygen 
(O) in accordance with an embodiment of the present inven 
tion. Plane 301 of strontium oxide represents the first and 
each Subsequent layer (discussed further herein) of strontium 
oxide that is grown in a crystal lattice (discussed further 
below in connection with FIG. 4). 

Returning to FIG. 1, in conjunction with FIGS. 2A-2H, in 
step 102, a first layer of titanium dioxide (TiO) is grown on 
the first layer of strontium oxide as illustrated in FIG. 2B. 
Referring to FIG.2B, a layer of titanium dioxide 203 is grown 
on the layer of strontium oxide 202. In one embodiment, the 
titanium dioxide is grown using molecular beam epitaxy. As 
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discussed above, a crystal lattice of stacked strontium oxide 
and titanium dioxide layers will be grown and used for form 
ing an epitaxial crystalline ferromagnetic oxide. A depiction 
of a titanium dioxide layer in Such a crystal lattice is provided 
in FIG. 3B. 

Referring to FIG. 3B, FIG. 3B illustrates a plane 302 of 
titanium dioxide which consists of titanium (Ti) and oxygen 
(O) in accordance with an embodiment of the present inven 
tion. Plane 302 of titanium represents the first and each sub 
sequent layer (discussed further herein) of titanium dioxide 
that is grown in a crystal lattice as illustrated in FIG. 4. 

Referring to FIG. 4, FIG. 4 illustrates a crystal lattice 400 
used as a host to form a crystalline ferromagnetic oxide in 
accordance with an embodiment of the present invention. 
Crystal lattice 400 depicts the first layers of strontium oxide 
and titanium dioxide Stacked on top of another. As shown in 
FIG. 4, plane 302 of titanium dioxide is stacked on top of 
plane 301 of strontium oxide. The stack of plane 302 on top of 
plane 301 may be referred to as a “set.” Further sets of stron 
tium oxide and titanium dioxide may be added to crystal 
lattice 400 as discussed further below. 

Returning to FIG. 1, in conjunction with FIGS. 2A-2H, in 
step 103, magnetic ions are introduced after the first layer of 
titanium dioxide (TiO) is grown so as to allow the magnetic 
ions to intermix with the titanium ions in the titanium dioxide 
as illustrated in FIG. 2C. Referring to FIG. 2C, metallic ions 
204 are introduced to be intermixed with the titanium ions in 
the titanium dioxide 203. In the process of intermixing, some 
of these magnetic ions may replace some of the titanium ions 
in the titanium dioxide. For instance, referring to FIG. 3B. 
some of the titanium ions (Ti) would be replaced with the 
metallic ions. In one embodiment, metallic ions are cobalt. In 
another embodiment, the metallic ions may include any one 
of the following: chromium, iron, nickel, manganese, cobalt, 
gadolinium and europium. In one embodiment, any metal 
may be used to be introduced in step 103 that is comparable in 
size to the titanium atoms. 
The steps of 101-103 are repeated in the manner described 

below. In step 104, a second layer of strontium oxide is grown 
on the first layer of titanium dioxide following the introduc 
tion of the magnetic ions in step 103 as illustrated in FIG. 2D. 

Referring to FIG. 2D, a layer of strontium oxide 205 is 
grown directly on the layer of titanium dioxide 203. 

In step 105, a second layer of titanium dioxide is grown on 
the second layer of strontium oxide as illustrated in FIG. 2E. 
Referring to FIG.2E, a layer of titanium dioxide 206 is grown 
directly on the layer of strontium oxide 205. 
As discussed above, each layer of strontium oxide may be 

represented by plane 301 in FIG. 3A and each layer of tita 
nium dioxide may be presented by plane 302 in FIG.3B. Each 
of these planes are stacked on top of another as shown in FIG. 
4 in crystal lattice 400 where crystal lattice 400, after step 
105, would now include plane 302 stacked on top of plane 301 
which is stacked on top of another plane 302 which is stacked 
on top of another plane 301. 

After growing each titanium dioxide layer, magnetic ions 
are introduced to have the magnetic ions intermix with the 
titanium ions in the titanium dioxide, including the titanium 
ions in previously grown layers of titanium dioxide. 

In step 106, additional magnetic ions are introduced after 
the second layer of titanium dioxide 206 is grown so as to 
allow the magnetic ions to intermix with the titanium ions in 
the first and second layers of titanium dioxide 203, 206 as 
illustrated in FIG.2F. Referring to FIG. 2F, additional metal 
lic ions 207 are introduced to be intermixed with the titanium 
ions in the layers of titanium dioxide 203,206. In the process 
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6 
of intermixing, some of these magnetic ions may replace 
some of the titanium ions in the titanium dioxide 203, 206. 

In step 107, steps 104-106 are repeated where additional 
layers of strontium oxide (represented by plane 301 of FIG. 
3A) and titanium dioxide (represented by plane 302 of FIG. 
3B) are grown in a stack manner as discussed above in host 
crystal lattice 400 (FIG. 4) and where magnetic ions are 
continued to be introduced after the additional layer of tita 
nium dioxide is grown until a Sufficient number of magnetic 
ions are Sufficiently close to one another that they align in the 
same direction thereby forming an epitaxial crystalline ferro 
magnetic oxide on the semiconductor material (e.g., silicon 
201) as illustrated in FIG. 2G. Referring to 

FIG. 2G, an epitaxial layer of ferromagnetic oxide 208 is 
formed on silicon 201 after a sufficient number of magnetic 
ions are Sufficiently close to one another that they align in the 
same direction. 
As a result of forming an epitaxial layer of ferromagnetic 

oxide 208 directly onto the semiconductor material (e.g., 
silicon 201), spin-polarized current may be efficiently 
injected from ferromagnetic oxide 208 into the semiconduc 
tor material (e.g., silicon 201). 

In one embodiment, magnetic ions are cobalt. The concen 
tration of intermixing cobalt (Co) with titanium dioxide is 
represented by Ti-CoO, where the cobalt ions align in the 
same direction when X is between 0.1 and 0.5. 

In one embodiment, process 100 occurs with a temperature 
between room temperature and 800° C. 

In one embodiment, the first layers of strontium oxide 202 
and titanium dioxide 203 are deposited using molecular beam 
epitaxy. The additional layers of strontium oxide and titanium 
dioxide may be deposited using other techniques, such as 
pulsed laser deposition. 

In the case of spintronic device 200 having a tunneling 
structure, process 100 proceeds with performing a post-depo 
sition anneal step with oxygen in step 108 to form a silicon 
dioxide layer on the semiconductor material (e.g., silicon 
201) as illustrated in FIG.2H. Referring to FIG.2H, a silicon 
dioxide (SiO) layer 209 is formed on top of silicon 201 after 
the epitaxial layer of ferromagnetic oxide 208 has been 
formed. The thickness of the silicon dioxide layer can be 
controlled by temperature and pressure. 

In some implementations, method 100 may include other 
and/or additional steps that, for clarity, are not depicted. Fur 
ther, in some implementations, method 100 may be executed 
in a different order presented and that the order presented in 
the discussion of FIG. 1 is illustrative. Additionally, in some 
implementations, certain steps in method 100 may be 
executed in a Substantially simultaneous manner or may be 
omitted. 

Although the method and spintronic device are described 
in connection with several embodiments, it is not intended to 
be limited to the specific forms set forth herein, but on the 
contrary, it is intended to cover Such alternatives, modifica 
tions and equivalents, as can be reasonably included within 
the spirit and scope of the invention as defined by the 
appended claims. 
The invention claimed is: 
1. A method for forming a ferromagnetic oxide material on 

a semiconductor, the method comprising: 
introducing magnetic ions into a host crystal lattice, 

wherein said host crystal is in contact with a semicon 
ductor material, wherein said host crystal lattice is a 
perovskite oxide structure with a formula of ABO, 
wherein said A comprises one of an alkaline earth metal 
and a group IIIA metal, wherein said B comprises one of 
the metals from groups IVA, VIIIA and IIIB, wherein 
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said host crystal lattice comprises a first oxide layer of A 
and a first oxide layer of B, wherein said first oxide layer 
of B is grown after said first oxide layer of A, wherein 
said magnetic ions are introduced after said first oxide 
layer of B is grown in said host crystal lattice; and 

introducing further magnetic ions into said host crystal 
lattice after adding each set of additional oxide layers of 
A and B in said host crystal lattice until a number of 
magnetic ions align in a same direction thereby forming 
a ferromagnetic oxide on said semiconductor material. 

2. The method as recited in claim 1, wherein said A com 
prises one of the following: strontium, barium, lanthanum and 
calcium. 

3. The method as recited in claim 1, wherein said B com 
prises one of the following: titanium, aluminum, cobalt and 
hafnium. 

4. The method as recited in claim 1, wherein said magnetic 
ions comprise cobalt. 

5. The method as recited in claim 4, wherein said B com 
prises titanium, wherein said cobalt ions intermix with tita 
nium dioxide after said introduction of said cobalt ions. 

6. The method as recited in claim 5, wherein a concentra 
tion of said cobaltions intermixing with said titanium dioxide 
is represented by Ti-CoO, wherein said cobalt ions align 
in said same direction when X is greater than 0.1. 

7. The method as recited in claim 1, wherein said magnetic 
ions comprise one of the following: chromium, iron, nickel, 
manganese, cobalt, gadolinium and europium. 

8. The method as recited in claim 1, wherein said A com 
prises strontium, wherein said B comprises titanium, wherein 
a first layer of strontium oxide and a first layer of titanium 
dioxide are grown using molecular beam epitaxy. 

9. The method as recited in claim 1 further comprising: 
post-deposition annealing with oxygen after said magnetic 

ions align in said same direction thereby forming a sili 
con dioxide layer on said semiconductor material. 

10. A method for forming a ferromagnetic oxide material 
on a semiconductor, the method comprising: 

growing a first layer of strontium oxide on a semiconductor 
material; 

growing a first layer of titanium dioxide on said first layer 
of strontium oxide; 
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8 
introducing a first set of magnetic ions after said first layer 

of said titanium dioxide is grown on said first layer of 
strontium oxide to intermix with titanium ions in said 
first layer of titanium dioxide whereby one or more of 
said first set of magnetic ions replace one or more tita 
nium ions in said first layer of said titanium dioxide: 

growing a second layer of strontium oxide on said first 
layer of titanium dioxide following said introduction of 
said first set of magnetic ions; 

growing a second layer of titanium dioxide on said second 
layer of strontium oxide: 

introducing a second set of magnetic ions after said second 
layer of said titanium dioxide is grown on said second 
layer of strontium oxide to intermix with titanium ions in 
said first and second layers of titanium dioxide whereby 
one or more of said second set of magnetic ions replace 
one or more titanium ions in said first and second layers 
of said titanium dioxide; and 

continuing to grow additional layers of strontium oxide 
and titanium dioxide and continuing to introduce mag 
netic ions after said additional layer of titanium dioxide 
is grown until a number of magnetic ions align in a same 
direction thereby forming a ferromagnetic metal on said 
semiconductor material. 

11. The method as recited in claim 10, wherein said mag 
netic ions comprise cobalt. 

12. The method as recited in claim 11, wherein said cobalt 
ions intermix with said titanium dioxide. 

13. The method as recited in claim 12, wherein a concen 
tration of said cobalt ions intermixing with said titanium 
dioxide is represented by Ti-CoO, wherein said cobalt 
ions align in said same direction when X is greater than 0.1. 

14. The method as recited in claim 10, wherein said mag 
netic ions comprise one of the following: chromium, iron, 
nickel, manganese, cobalt, gadolinium and europium. 

15. The method as recited in claim 10, wherein said first 
layer of strontium oxide and said first layer of titanium diox 
ide are grown using molecular beam epitaxy. 

16. The method as recited in claim 10 further comprising: 
post-deposition annealing with oxygen after said magnetic 

ions align in said same direction thereby forming a sili 
con dioxide layer on said semiconductor material. 
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