T =0 LER EOWE - RIBE
U ¥ R —EMEE DR & Bl

3

2015 4E B

BREEBRFRFEE TP R

HE B



AY

= W oxXx B 5

BEES | @ o om 5 | K o4 W R

i CEHE
TN~ =7 LR EORE - SIRE Y > R —{EMEE OERL & B

(NEDHEEF)

Fr~=wmh (Ge) IFET, mA—AHzVar S) kv bHEOVBEFEZE L, KiEE
FRA - B RB RN E T A% (MOSFET) OF ¥ ke L TERZEDTWS. L
L, @EtHEAE n 2 Ge-MOSFET OSEBUIMT, BT « Mkt — I v 78 OVERISFRE & 72> T
W5, Ge Hlz&EERA 75 LIcnh, @ROFEICBHR2 < E AT L TRV 3 v h—fi
B2 (0.5~0.6eV) DRSS, EDT=, IKIEPL « kA — I v 7 e 1525 72 OIZHARI i
JE D> R OTEMA L LT NS AL T D, ZETIE, A A 1EANEE W TR
AT CE 72, LvL, Ge I n BIARMIY ZEA LT-5A0S, TR EEER S, S
BOMBIHIS NG, ZD72, WUVMESEZFHT L Z LIIRNETH S, £ 2T, AR I EHIE
DNIEHEIC ATREC, IREBEMIEEDOVIEINN § - RB—E U ZHEE V. SBI1Z, §- R—E U 7HEC
FNTAMI AN ) DOHIK T I 5 kP ORI 2 5 <HRFHEOBIC R fHATS. H—
Ry (C) v Vay Qi) 2Vy P) ©§-F—=7RBIHEATSHZ LT, BV EMKICKE S
IR CORE ORI A2 L 2R UT-. FORER, EIEEE - iSOG L L A is 4y
ik A0yl

AT 6 FE T SN D, 13T, BAT, ZHE CTONITHIZECRIT HED A2, AT
FOBFUDWTHHT 5. B2 TIL, AMFZETHW-Z 6 - R—E U ZIEIOVWTGHRIAL, 6 F—
LRI DR E R ORAEIRHTIZ OV TR %, 53T TIE, AW TR RN EREEE,
HEFRIOWTHIAZATY) . 47T, §-F—7SNZPICCEHHELIZREE P DR 6 -
=7 &zl i L, Clzdl v P OfHrdes LBl sinsd 2 & z2mrd. Clzksd P OfFhr
DI LY, CEADRNE DL _TE—7 BEIT 10 fHFERE 20, ROy %
FKIRITRITE 3 O—272 o7z WIT, CDBAL §- =B 7 ZATUWGIRINREE M OE B il
ToiBHI R D BEEEDF M 7R . P O R—t" 2 ZHEEE)N 1 X 104 e 2 LA EOREHZ I\ TA
— X v 7 REREII ST BACIADEORRE A LI-5E121E, 5 nm OEHIRBWTHA—
Ly TSI FORER, EIREIEMEP 2 am ICPATIAD NS Z L BT HS
2B TIY, S AV P ORI C OV CEERT 5. SiiEGe B TEEDEL, PO
FEREE SR E VN, S DR Z B SH7-HAC, 3.3 A(~2 @) Clkbalke 7 a7 7 A 5SS
5. WIZ, BRI DRITEOZ LD, St ARSI TR, SiBICEASNTERDOFE
D3P DARHTOINC S L CWA Z E B OMNCT S, 51T, Si & Ge DR FEFITENC LY
M\ SN DERNLOTHE R IR - L 2B R AR 3. SIIRE 3.3 A(~2 R )TIE, £
£ HEW SiEORELE LR TRIBEOZEAD 2 @SB RO ENRETH D Z L &/~ 3.3
AD S BEFAUZEREITIE, C X058 MEHTHIHIR MG B, BUEZRREE AR AN SEEL LT
Si FRAGEHI T U CEN-EHAES, ZORERIEOFHnZTTV Y, SIFARECIX o oUsiE
KA CTH D Z L2t 6 FE, AmLDEL O T, AFRBONTORENZP D §- F—
B e Si, C OIFRHHIHIEIEDS, Ge B b~ - S P R —IGEo/ERIC AR F
ETHDHZ & EBRS.




SUMMARY OF Ph.D. DISSERTATION

School Student Identification Number SURNAME, First name
Fundamental Science and Yamada Michihiro
Technology

Title

Fabrication and characterization of ultra-thin, high concentration phosphorous donor layers on
Ge substrates

Abstract

Germanium (Ge) has gained much attention as one of the next generation metal oxide semiconductor
field transistor (MOSFET) materials thanks to its high electron and hole mobilities. However, for realization
of high-performance n-channel Ge MOSFETS, formation of ultra-shallow junction Ohmic contacts with low
enough resistivity turmns out to be the major challenge. Without ultra-shallow, highly activated, high
concentration donor doping to Ge wafers, high Schottky barriers (0.5-0.6 eV) to electrons are formed
irrespective of metal species deposited on Ge. Activation of ion-implanted donors in Ge requires annealing
at high temperature leading to significant broadening of the donor distribution. In this study, d-doping
requiring no annealing for activation is employed to realize the ultra-shallow, highly activated, high
concentration donor doping to Ge. In particular, co-doping with carbon or silicon (Si) is shown to be very
effective in suppression of the segregation of phosphorous donors towards surface during the molecular beam
epitaxy (MBE) of Ge. Using this method, ultra-shallow, low resistivity Ohmic contacts to Ge has been
formed.

Chapter 1 describes a brief history of MOSFET advancement via scaling and the current challenges for
further improvements. Chapter 2 describes the essence of the 3-doping technique and the mechanism of the
doping segregation associated with MBE. Chapter 3 introduces a variety of experimental methods
employed in this study for the growth and characterization. Chapter 4 shows the effect of carbon co-doping
on the segregation of the phosphorus donors during MBE. Carbon is shown to suppress the segregation of
the 6-doped phosphorous compared with samples without carbon.  As a result, activated phosphorus donors
are confined within a few nm to realize ultra-shallow junctions. The electrical characteristics for such
d-doped samples exhibit excellent Ohmic behaviors especially when the sheet density of phosphorous donors
exceeds 1x10™ cm? and the capping layer is as thin as 5 nm. In chapter 5, insertion of ultra-thin Si layers for
suppression of segregation of phosphorus is discussed. For the thickness of the Si layer ranging from 1.6 to
50 A, the sample with the 3.3 A thick Si layer gives the most abrupt phosphorus profile. The crystalline
quality of the capping layers is confirmed by transmission electron microscopy. The current-voltage
characteristics of the contacts and the temperature dependence of reverse bias current are investigated.
Chapter 6 provides conclusions of this thesis.
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