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Fabrication of epitaxial heterostructures with Heusler alloy
thin film and MgO tunnel barrier on Ge(001) substrates
and their spin-dependent tunneling characteristics
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Spintronic devices that manipulate the spin degree of freedom of the conduction electrons are emerg-
ing as promising future electron devices featuring nonvolatility, reconfigurable logic functions, and
ultralow power consumption. Heterostructures consisting of a ferromagnetic electrode and a semicon-
ductor channel are currently of particular interest because the semiconductor channel is a fundamental
component of the versatile semiconductor devices. Half-metallic ferromagnet features an energy gap
for one spin direction at the Fermi level (Ef) and exhibits 100% spin polarization at EF, thus it is one
of the key materials for spintronic devices. Co-based Heusler alloys Co,YZ (Y is usually a transition
metal and Z is a main group element) are amongst the most extensively studied potentially half-metallic
ferromagnetic materials. This is because half-metallicity is theoretically predicted for several of these
alloys and because they have high Curie temperatures, which are well above room temperature. A
semiconductor Ge channel is highly promising for future-generation MOS devices because of the high
mobility of electrons and holes in Ge. Therefore, the combination of a Co-based Heusler alloys Co,YZ
with a semiconductor Ge channel is promising for semiconductor spintronic devices. The main pur-
pose of this study was to fabricate fully epitaxial heterostructures with a Heusler alloy thin film and a
MgO barrier on Ge(001) substrates and clarify their spin-dependent transport properties.

We fabricated two types of heterostructures on semiconductor Ge substrates. First, we prepared epi-
taxial Heusler alloy/MgO heterostructures on Ge(001) substrates, which are promising as a key device
structure for future spin-MOSFET. Second, we fabricated magnetic tunneling junctions (MTJs) on
semiconductor Ge via an MgO interlayer, which is encouraging for monolithic integration of MTJs
and Ge FETs or spin injection from MTJs into Ge for constructing future-generation nonvolatile logic
circuits. One Co-based Heusler alloys in particular, Co,MnSi (CMS), attracted much interest because
of (1) its theoretically predicted half-metallic nature and its high Curie temperature of 985 K, (2) high
TMR ratios of 236% at room temperature (RT) and 1135% at 4.2 K demonstrated for CMS-MT]Js,
indicating the high spin polarization of CMS films. We prepared epitaxial Heusler alloy CMS films on
Ge(001) substrates via an ultrathin MgO(001) interlayer. This approach is advantageous for thoroughly
utilizing the high spin polarizations of potentially half-metallic Heusler alloy thin films in terms of (1)
enhanced tunneling spin polarization due to coherent tunneling through a single-crystalline MgO(001)
tunnel barrier, (2) the effectiveness of MgO tunnel barrier insertion to avoid the conductivity-mismatch
problem between a Heusler alloy and a semiconductor channel, and (3) the MgO insertion between a
Heusler alloy thin film and a semiconductor provides a barrier against possible interdiffusion between
a Heusler alloy thin film and a semiconductor during annealing at about 500 °C.

We focused on the following points in this dissertation: (1) to fabricate fully epitaxial Heusler al-
loy CMS and CoFe thin films on Ge(001) substrates via an ultrathin MgO interlayer and investigate
their structural properties, (2) to investigate the spin transport properties of CoFe/MgO/n-Ge tunnel
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junctions using three-terminal geometry by measuring Hanle effect, (3) to fabricate MTJs on Ge(001)
substrates via a MgO interlayer with a Heusler alloy CMS electrode and a CoFe electrode and inves-
tigate their spin-dependent TMR characteristics, (4) to experimentally clarify the structural, electronic
and magnetic properties of nonstoichiometric CMS thin films.

This dissertation consists of seven chapters; the main content of each chapter is as follows:

Chapter 1 introduces the background, purpose, and approach of this study.

Chapter 2 demonstrates epitaxial growth of Heusler alloy CMS/MgO heterostructures on Ge(001)
substrates with atomically flat interfaces. Sufficiently high u; values close to the Slater-Pauling y;
value were obtained for CMS films grown on Ge(001) substrates via an ultrathin MgO(001) interlayer.
These results confirm the promise of fully epitaxial Heusler alloy CMS/MgO/Ge(001) heterostructures
for efficient spin injection into a semiconductor channel of Ge featuring high mobility.

Chapter 3 describes transport properties of spin-polarized carriers in CoFe/MgO/Ge(001) tunnel junc-
tions by a three-terminal geometry. The spin resistance-area products obtained from the Hanle signals
and inverted Hanle signals through a three-terminal geometry at 293 K showed strong dependence
on the tunnel junction resistance along with exponential dependence on the MgQO barrier thickness.
This result is quite different from the behavior predicted by a model for spin transport in a ferro-
magnet/insulator/semiconductor single junction in the diffusive transport regime and suggests that the
observed three-terminal Hanle signals are not caused by the spin accumulation in a semiconductor
channel.

Chapter 4 presents the structural properties and the TMR characteristics of fully epitaxial MTJs with
CoFe electrodes and a MgO barrier on Ge(001) substrates via a MgO interlayer. Microfabricated
epitaxial CoFe-MT]Js with a 10-nm-thick MgO interlayer demonstrated a high TMR ratio of 218% at
293 K (330% at 4.2 K), which is encouraging for monolithic integration of MTJs and Ge FETs for
constructing future-generation nonvolatile logic circuits featuring ultralow-power consumption. Even
when the MgO interlayer thickness was decreased to 1.0 nm, the MT]Js retained a relatively high TMR
ratio of 110% at 293 K (170% at 4.2 K), suggesting the promise of heterostructures consisting of CoFe
MTJ/MgO interlayer/Ge(001) as a key device structure for efficient spin injection into a Ge channel
from an MT]J.

Chapter 5 describes the structural properties and the TMR characteristics of fully epitaxial MTJs with
a half-metallic CMS electrode in combination with a CoFe electrode and a MgO barrier on Ge(001)
substrates via a MgO interlayer. Fabricated MTJs showed clear exchange-biased tunnel magnetoresis-
tance (TMR) characteristics with a relatively high TMR ratio of 383% at 293 K. This ratio is much
higher than the 218% at 293 K obtained for CoFe MT]Js identically prepared on Ge(001) substrates via
10-nm-thick MgO interlayer. The enhanced TMR ratio at 293 K indicates that the CMS layer featur-
ing a higher spin polarization than that of CoFe works as a spin source in a heterostucture. This result
suggests the promise of the monolithic integration of CMS/MgO-based MTJs and Ge MOSFETs for
future-generation nonvolatile logic circuits.

Chapter 6 discusses the possible defects induced in nonstoichiometric Co;MnZ (Z = Si, Ge) films. Our
findings suggest that we can control the defects, in particular, detrimental Coy, antisites in nonstoi-
chiometric Co,MnZ by preparing Co,MnZ films with a Mn-rich composition.

Chapter 7 summarizes this study.
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Fabrication of epitaxial heterostructures with Heusler alloy
thin film and MgO tunnel barrier on Ge(001) substrates
and their spin-dependent tunneling characteristics
(Ge(QOD)EMR E~DFA AT —EEHEFEEMgO b Y AN T EHNT
IS F T X NATOEEOREL A VKFE b ¥ R VEEOBE)

AL, KA XS5 —E4 Co,MnSi L MgO b RN PRAVEIYZF Y AT
HiED Ge(001) BFEZEK EADBHEL, FNDDAE /KTF F  2IVSHICBTAERRE E
LBEEDTHS.

E, BFORFDAEVOHHERERTACLICLD, AV Y PRSI AFNNA A LBITN S,
TEFN, BERAGATEREE, BRHERENEORMEHER D, HLVWEBEZDEFTFNA AZEIHL
KD ETHIARDEBEINT VS, I, MEMEEL SBEXNICLBEAF ¥ RIVICAE VY EEA
L, §i4, R U & 5 & T 3ENERICITONTVA. /\—T7 A R )UBEHEEIZ—~A DAY R
R LTT 2 I LNMEBWTZANF—F v v TG, CORD, Tz VI LRLVTDORYE
VIR 100% £75%. A M P AR AV RBLI-BETFERAVAC LE2EARLLTED,
IN—T AR VBRI A Y Y O AT A ADEREERME L L TR LAYV EO—D
T$H5. CoBRAAT—EE, TOEZLHAN—T A ZNEEERTC LHIERNICIERINTS
D, D, BRID L THDICHVEREGEBEEEET S Lh 56, BF, BLBERICMENEEIT
WBEN—TAZNVMETEHS. Co BHRART—ERD—DTHS Co,MnSi (CMS) iZHFRATIC/N—
TAZNVRFEDBRENTED, £, F2V—BEL 985K LEHL W& TRICHEVHMHNTH 5.

—H, $EIE Ge F+ 2V, EF L F—IVOBBENE D, XALD MOS 7351 ADF v
IIVHMEE UTHBEICEETHS. D7D, CoBRA AT—AREL Ge F ¥ X NVDOHEAEDEI
WHEAV Y FOAZIAFNRALRAICE > THELETHS.

ARRDOBHNZ, FA RXT—BE CMS #EiEE MgO SV 755 L RF T v )NTOBiE
% Ge(001) AR LICHFET B L HIC, FDAY U KE N 2RIV EBASHCT BT L THD. &
BAZETid Ge(001) EAR LD CMS BEO LY 23 v VRBICDWT, 1 MgO FABEN L
THRET 37 Tu—F BV CORER, (1) BES MgO00) Hoae—L Yy b hrxu vy
EEDEHNE P RNV AE VEBBOEANRBLNGC L, Q) RAAT—B& LY EE Ge F v
FNVOBDOAERBERCEEOEILIZACVEAMBOBTEBATEZ S L, Y EoEHIC X
D, RARST—EBEDN—T7 AR VEICHERTEH VAL VERE+DICERTA LT, EEKCE
BiAETHS.

AR T EHIOBEENTVE. REOESIIUTO®EY TH5.

B ETRAMEDOEZLEM, o, KBTI B 7 SO—F2BERB L i, BEOHE
ZIRARTN S,

2 BT Ge(00D) BIR ENDREFLN)WTTHHRERERZET 5 K1 X F7—E& CMS/MgO
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NTOBEDOIE X3 v VREDEILIC DV TBXRT W, & Mg0O(001) RREBEN LT,
Ge(001) B4R Lic i & L7z CMS BREICH L T, Slater-Pauling AICEW, T K ERBEM LI H
Te b ORIFIRILDMEZ FZAE L 7. T ORI, fFRE Nz CMS VBN SRR E LTV 3
TEERLTVAS ThHDRERIE, TEXF T v )VEED CMS/MgO/Ge(001) N7 A48
1% Ge 7% INA\DOHBRNZ A VEABE L LTELTHE T LERLTVS,

58 3 BIX = TEIC K o THIEFHE L 72 CoFe/MgO/Ge(001) b R IVERICBIT 3 A ¥ VEIk
Lz U7 OMRREIC DOV TER TV S, ZWTFEICE - T 293 K ICBWTHIE X 1172 Hanle
EB5 8L U Hanle ESHHOROBENFRAC VIER L EEEROMIE, bRV ESOEIICE N
HFMEZRL, B, MgO N TRICH L THEEBEHEN G KERERTICEEZBELMc L. O
BRIEBEZOHBEEIREIC BT 3 MEEA/ b 23V FRLEEN BB H—EAICNT B X
EVXicBd 2B EF IV TRBRATERVERTH D, s8S A&/ b 208y T8k ES
KB BAE VERFHEICRT 35 LOETFVORBERERL TV,

85 4 Bl Ge(001) R _Lic MgO HREEAEN L THIMEL 7z, CoFe B & MgO /SU 72BN =T
Y23 % ) MTJ (CoFe MTJ)) D& L b XIVRERIET (TMR) 8 DWW TR TV 3. 10 nm
DOFEED MgO FRIBENMUTREELI: MTI I LT, 293 K i B\ T 218% D&V TMR thr %
FE L7z 2 DRI, EROBRHEBENTERRBEGBIEDOHD MTJ & Ge MOSFET DX ./ Y
Ty VEBOBMEHE LT, BLTH5. E5ic, MgO HEEBDOEARS A Y Vit AN T aER fEi
&5 1.0nm ETRBLUZBEICDOVWTE, MTI O TMR thé U THENEWETSH S 293K T
110% % FiE LTz, T ORRIZ, CoFe MTI/MgO HIfE/8/Ge(001) DT T#EEDS, LA M ZE#kEE
ZEHTBHMII 5 Ge Fry RNVADAEVEADEERTNA ABEL LTELETHBH L ZRL
W3,

BSERIFSA4ABONELRRBIYE, B 4E0D MTI i3 CoFe EffiE, BENICN—T AX
WM RET 5 R4 A5—B4 CMS BRICBEZHZ /- MT) D#EE L TMR FHEICDOWTHERT
W3, Ge(001) ER Hic MgO HREEEN L THEL 7z (LEAIA 5) CMS/#&i#E CoFe # A E/MgO
I P [CoFe MTJ ic LT, 293 K ICHBWT 383% D&\ TMR Lb&2 LI Uiz, T DfEIE LED
Ge(001) E#R -2 84fF L7z CoFe/MgO/CoFe MTJ  TMR b (293 K T 218%) ic LLB L TEREICHE
WMETH S, TORRIZ, CMS DN—7 X 7 )VEHICEKT 2 BOA Y VEERD, Ge(001) B L
BELTETERT Y Y IUMTI EBWT L TAICBRIENTWA T L BZEIEL TV 3.

5 6 FIFHLZ BRI CoyMnZ (Z = Si, Ge) DY A MEEHEKETIVOREL, COET
WVDEZEWD, Bhit ) Hi D DRMBEOEBRHRBLU LIHEFIVICE DV B — BRI
L BHEIFICDONWTBRNTVS.

L EREWNT B &, AR EE Ge B EAD MgO U T EZNLIN—T AZ)VERA X T—
&% Co,MnSi EEOIVY 2> v VRRE L, ThZHIC LTz Co,MnSi BEEFR W Ge BER ED
R b RIVESDBNIAC MRE S IV E R LD TH S, LULE, BERIN—7
ARNWERAARG—EEELEEAC Y Oy ANGAT % L TOERTMBERZEZRIICIHESMIC
Lt DTHYD, CAREFTFNARATEDERICFEE TS LIAKRTHS.

Lo TEEI, HEAREEL (T8 DEMEREINI BRI LD LEDS.
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