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Lessons from Au-adsorbed Si Surfaces
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Silicon crystal surfaces with adsorption of (sub-) monolayer Au have been one of the most popular targets of research,
because of the variety of beautiful ordered structures. The atomic arrangements, electronic band structures, phase
transitions, Schottky-barrier property, surface electronic transport, electromigration, surface alloy phases, physics of
one-dimensional metals, have been intensively studied by using Au/Si surface systems. Here, I introduce some results

mainly from my group, showing some general physics obtained by this particular system.
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Fig. 1. A phase diagram of Au/Si (111) surface system,

observed by RHEED.”™

5 ) 119

2 () T DW AEAIHELTEY, /3x/3 DM
— K24 VIRBIZR 5 TW5D%Y, Fig. 1 HOKWEHIT
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g se [REMPBE] 720, HHICE>TEHELLDY
[ LML 32 &) w28 Rk w ik
(order-disorder phase transition) % &2 """, ZhIZD
WTRKRDOEZ ¥ 3 ¥ TR 5. TRThOKMRE
& STM (GEAE b ¥ A Vi $E, Scanning Tunneling Mi-
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AR L C 8 DS HARIRE IS 2 5 (FRHR) . 20k
BEWHT 5 Lo RMBREA NS 5 (KPR
b)) L) WHEHIEEIEZ %,
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RLTW5,

—F s-/3 % /3-Au W OB AT Fig. 3 (b) 1SR T
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Fig.2. RHEED patterns of the re-
spective phases on Si(111). (a) Clean
T7X7 (®a= OML), (b) 5X%X2-Au
(@ 0= 0.5ML), (c) a-/3 X,/3-Au
(@ ,=0.76 ML), (d) B-/3 x,/3-Au
(@a= 1.0ML), (¢) s(sharp)-y/3 X
J3-Au (@ 4= 0.76-1.0ML), (f)
6 X 6-Au(® A, = 1.0 ML). All patterns,
except for (e), were taken at room

temperature. (e) was taken around 800
K.
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Phase transitions measured by electron diffraction. (a) Si(111)-7 X7 clean surface, and (b) Si(lll)—s—\/ST X ﬁ -Au

surface, observed by RHEED spot intensity." (c)-(f) Line profiles of (1/3, 1/3)-th spot at different temperature,
measured, measured by SPA-LEED. 10) (g) The order parameter, (h) susceptibility, and (i) correlation length at the

order-disorder phase transition of Si(11 1)-s-\/3T X /?T -Au surface.'”
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Table 1. The critical exponents of the order-disorder phase transition of
Si(11 1)—s—/§x/§—Au surface structure,'” with comparison
between experimental values and some theoretical models.

Critical Exponents

Theoretical Models

Exp. Ising  3-state Potts 4-state Potts  1-st order
B 0.113£0.005 0.125 0.111 0.0833 0
Y 0.87£0.07 1 0.833 0.666 0.5
T 1.35£0.12 1.75 1.44 1.17 1

RSN HHMARTIREEZ RS, v T EEKRT
bo CTO3ODREEE, /3 x,/3 HALNLORLE A HAL
o 1/3 & 2/3 220317z 3 DO &% 4 B E ISR I3
o ZNSRA%E DTN, /3 x/3 ORMOTI7E
CEoTHWIEER S Lk, /3 x/3 KIS
TS L&, BECETRIANT ¥ ¥ 2% 50
2, MEBRIEO S CEHICB W C BB T
J3 X /3 MAAVE X TR B A5, 2 3 D DORE O B
DT VT AR E S IRENEB LTV LD TH b,

4. X @ & &

Au, AgRT VAV EREED Ii&EY B, 2 Fi¥
DWEF% Si(111) Kl EICHRBAESEL L, BREDOFKH
BT HAIC V20 x/21 &) Fl % b0 KB HE
WIESLN LI EBHMONTWS>Y, Fig.4 (a) (b)
W2WE, Au & Ag & ILWAE S 7234 @ RHEED /8% —
VEBIUSTMBEERL TV S, O0u=09ML ®
B-/3 % /3-Au i 1112 0.2-0.3 ML FLEED Ag % W35 &
WA TH, ©0.=05ML D 5x2-Au ZIf 2 0.6-0.7
ML BED Ag # WA SE-HETH, DDHVWIE IML
D AgWHE L S THKENS Si(111)-/3 x,/3-Ag ki
0.15ML ® Au 225 S TchmPiy—r L
TREMDOHHVE U /21 x /21 FIEHEEITHE S
Nb, ZOWMEIX, Table2 IZ/RT LI, Ag & Aud
REZT22D ST, HICWEREOERH 1.1-1.2 ML
FEEIZ R > TWwb, Fig. 4 (c)-(e) ZI%, MEESHLE
FHRETHESNZ 7 2V IMARENTW S A,
2?21 X /21-(Ag+Au) KiliZMIHEOKE %7 2L 3
M2 FFOEH N T2 RIENEEBIRBICR>TWE L
Hbh b, XHIZ7 2V IHEOEAS, S /21 x,/21 H
Wilad 720 3EOETFAEAELTVDE I EHWLNITR
o720 ULEOMWEIZ Au & Ag DRALLITES vy,

» HMOEEHEHTIE, WA OR & AliE T
MO HH—EMDE X IZEB TR VF—DFHIC L
o> THEENREALT S, L) [ba—2aF Y —Dik
Hl ZadormohTsy), ToX)ethsz [E1
) LR h b, 81T, ko 21 x,/21
KM E X ZOHMERETWEOT, Zhid [HEE

Table 2. Combinations between the structures of the initial
substrate (with the metal coverage O pns) and
adatoms (with the coverage © . to form

/21 x./21 superstructures.'”

Substrate (Gphase) Adatom (6aq)

J3 x/3-Ag (1.0 ML) Na (0.1-0.2 ML)
J3 x/3-Ag (1.0 ML) K (0.1-0.2 ML)
J3 % /3-Ag (1.0 ML) Cs (0.1-0.2 ML)
J3 x/3-Ag (1.0 ML) Ag (0.1-0.2 ML)
J3 % /3-Ag (1.0 ML) Au (0.1-0.2 ML)

B-/3 % /3-Au (~0.9 ML)
5%2-Au (0.4-0.5 ML)

Ag (0.2-0.3 ML)
Ag (~0.7 ML)

TAEW] EE2BHTEEVALEZTVEY, 20
J21 x 21 FHIRWF OB T VEREE O I 0 FEHK
FH LY ELLBORHBLISLEZ O 2 L b do
Twb?, THEFig.4 (e) IRLALIICKERT =
ViR, RERES X ) TRESEBN 2O TH S,

5. TLy hOxA4 L -3

HMZERND BRI > THRTFD [HILKINE] &
VOB AL NTEY, TV buvf s L—va
(electromigration) LIFIEFNTWVW2 Y, COHLRITL -
TP AR 0] o 8 KR DS RS 5 & v D T 7
HAAET DT, TORMBEL A A = X LA HF
FEENTE 72, £ <IZ, Si(111) KD Ag BT 1X kR
T electromigration 3% DI} LT, Au JHF- 1% B gl
WCRBETAIEPHMONTEY, migration O ERE) I 73
WIS L6 L BRPBEE LG H D 2 L bh
> T&7

Fig. 5 121%, Si(11D){EEHKEDS & O Au Wb Ko §
1278y FIRICHSE S 7z Ag D electromigration DRk T-%
8 = H. %2 SEM  (Scanning Electron Microscopy) T [€®
YWl BB L72 R TH DY, 7x 7GRN (Fig.5 (a)
() BLUSi(111)-a-/3 x,/3-Au i (Fig.5 (c)
(d) T, Ag/8y FOEBROIEIZ, DF ) EMICH
o THEMICEA > TWb, LAL, B-/3x/3-Au
il (Fig.5 (¢)) ETIE Ag /¥y FRIFEAEWENS 4
Vo WTENOBEH Ny FHEIRNTIEBE nm FREDLT
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Fig.4. (a) RHEED pattern and (b)

STM image of Si (111)-/21 x,/21 -

(€) Si(111)-V21 X 21+ (Au+

(Ag+ Au) surface superstructure.”) Fer-
mi surfaces of (c) Si(lll)-/gxﬁ-Ag
(0 =10 ML), (d) Si(111)-p-/3 X /3-

(2)

 / Ag Patch

On Si(111)-7 X7

X308

803343 3@,0kV

Si(111)-(5X 2+ @ -4/ 3)-Au

882856 380.

-- Au (O = 1.0ML), and (e) Si(111)-
00 V21 X/21 (Ag+ Au) (O agsae= 1.15
. . 14)
kx [ 10] ( A‘l) ML), respectively.

On
Si(111)- B -y 3-Au

h Current

Bk V Xx3ee '

‘ieesm

Fig. 5. In-situ UHV-SEM images showing Ag film patches (a)(c)(e) before and (b)(d)(f) after electromigration, (a)(b)
on the clean 7 X 7 surface (0 s, =0 ML) with 0.42 A for 10 min, (c)(d) on the a-/g X /§ -Au surface with minor
5 X 2-Au domains (® »,=0.71 ML) with 0.35 A for 5 min, and (e)(f) on the B—/?T x /3 -Au surface (04=1.0
ML) with 0.35 A for 15.5 min. All observation were done at 813 K. Arrowheads in the respective images are

characteristic defects used for markers.'?

TRAKY FEED BXBHEEEZRL, KRICET
21 x 21 BiEE AT, chiiiots ¥ a ok

DN 3 RITCEBREN, 75y FHOBERN O BH
LIRAICHZTOW L TP I N2 7TX T FHEHIHEM

Oty 8y FHEBUT /3 x/3-Ag(0 ,=1ML) HiEIC
BoT3RIEBVTNTHZS LFBOWAD»ILTE 5,
Au G RIMOYA, Au & Ag OWH RO EFNB X Z
I-LIML B2 % & 3RICEBDVFHRMA LTV TH Ny
FOMROILAAI T 5, TOHKIX, BHETEY ¥ —

7= Au-Ag EliGEMD 21 x /21 Thb, 20k
W21 RGO 4R O electromigration & K ik & %
BABRBPOMEITT S DT, electromigration 3 5 W5 JH T
DOEREM S RMEILEDLL BT LI LIRS,
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6. XKEAERICE

FmikE L REBREEOMBREZREMELTEX L
A, LX) ICEE KRB ESBIN S Au/Si
(111)%1E, ZOHRd X Vikk e -7, Fig.6 (a) I3,
ZhEN ORI BHEEOBLXIZE L2 MEOEE LTl
ELRHBRTH B, ZhiZ [R4 7040170
=78 LwyBEEERT [Z0¥] TRmBURICE
SIREEEZWETE 2 FEE A Tirbh/zY, Kk
BT, EHEOMDIRERGFEEDEL RRZ L
oMb 5x2-Au ZHIFERMTD - & VBRI
Ez/RL, L2d 120 K BEDUT TRMITEEE MK T
T 5. CTOXIMIE, PFEANLRGEFIREEZRTO
T, COMPIIHATE Do MDKMNIZEIE N 7% ZKHE
FREZFFODT, BEANITHNEEELZ RS, L
L, WX o TIREES— RN KT 2 X MdD H 5
A, AR TR TR TBEERD I H . Zhid
Fx Y TIRIEICL .

F5IZ, O 0=1.0ML @ 3 DO % BT 2 L Pk
Vo O 7x 7 HA I Au | ML 2200305 L7750
D “as-depo” DIFHITI, THHEEED ISO0K LT T
AT HH, D “as-depo’ DFEIM % — ) 800 K 2
BECME L CRRBICRET 2 L THON S B3 x,/3-Au

5 ) 123

L 6X6-Au KL 200K LFTIEEN L DIEZHI1TH
WIEEE AR T £72, 6X6-Au & B-/3 x/3-Au FH
FIFEALHLEBTREZHFOICL 22D ST, §iH
A2 HRERVREEZRLTWA, Zhidtrva vy
2 THX7- DW #iIREE L DW 5 ZIREEDZITHER
LT, FYUTREDEGOKRLLZODTHE",
Fig.6 (b) (c) ZiF, SO DD EHOKIRHERTHOE
SUAREIE o % MIBTEDS X 055 R F O Bl g

B R AF 0°Cexp< —%) §9JR7E o<In T (3)

274974 7 LIERRERLTVS, ZhEhOE
i THHEAL T 2 V¥ — AE L RAEDEF VAR 598
(X 3L 38 3R T AEexs=0.45meV, AEz-s=1.1meV), M
FHOHGE HICFEBRT— %) FLBFHPTE L7720,
JRAE L BRI 2 IREL DD LI TEI ST
Wb EWnwz b,

7. B 1 RTeEOWE

1 RICEIRIE, ROCE MBI Z ) AN 7R B 23 A
LNTEY, MWHEOD Fermi WA & 1358 7% 5 WK -Luttinger
(TL) AR E V) RERNCERIRBAIFER S L 2 A8
FRENTWD, T2, Ny NI CIRBEENRK L7
O (van Hove ¥4 5i), Lindhard IBBIELD 7 = v I 9%

200F T T T T
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(color online). (a) Temperature dependence of surface conductivity of the respective Si

(111)-Au surface superstructures.*'™'® (b)(c) Data fitting with the strong and weak

localization theories.'”
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o2 fHEOWBTRET 572D ICREEENFR S N,
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LA R 2L WESN TS, LaL, Hih
KM EOR T E 72 TL ARSI N0 %
Vo SH AR AR R M A LR A, A 9 BE P
#%, KMz EEBEOWERTIIEHTERVHTIZE -
T TL WAAIRBIZ % S 2w EH%Z v,

Si(111)-5%2-Au ZKIfilZ, Fig.7 (¢) \ZART L 91,
Au 5T 23 E O RS Sl NS SHRISIER A~ 9 4 THE
T, STIMEHFICH SN BEOBEIFRVEERN
TR CPERWZETIRE L %5, 1ML O In 5T
Wexs LCIER SN D Si(111)-4 % 1-In Z1fi (Fig. 7 (d))
A5, MO TH 1 KSR 2B TRE?, B, Th
RN T 5284 TV ZAEBABI S h - KRRk L LT
MHNTWSE?, Fig.7 (a) (b) 1TRT LT, MR
HTdh 5 Si(557) % Si(553) WIZHTE) LAY —D Au
ZWES L EICOFAMKOR T4 TREEPBK S
h, B1RCERHZETREBICL Y, 22Tk
4 1-In I & Mk, 734 TV ZEBIBHM ShTw5 >,
Fig. 7D STMRICHA SN S X 9512, ZhZFhD R b

Si(557)-Au(0.20 ML)

WM, 8 A e
) N | [ | 'f:.'.

(R e s = sl ol
e el s

c@ e e

:;ié -
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S35,
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it

(2012)

FA 7 EICAERBTRRBS L TW5S, DKM
&, Si(557)-Au R Si(111)-Au TlIHMim & LTHIgEs
N, Si(553)-Au TREEE LTRZ %, Si(111)-In 2K
TR E A LBV, D DRKGIZRBDIER S
P2 LT AR S, HRMEEAEE
R E BB FCRERME RoTw b Ellbh
2%, $HTHRRBD, ZORMEEDEN P BRGNS
PRICER R EEE KITT,

INSHORBOBELXIEIL (B L OESUREE) OWLE
ARAEYE %2 W5 L 72 %5 925 Fig. 8 T %o Fig.8 (b) (c)
ART EHIT, Si(553)-AuB L USi(111)-In K% %
M2 SWHT 5 &, BRI Z R > TV 525,
120-150 K FREE DL P IS HI$ % & S WIHBiAs BA- LC
WB20 F X, B2 TV RERBICE D
TERMBEEIER TH 5.

LA L, BEBREWT LIZ, Fig.8 (a) 12R7 Si(557)-
Au OFAEITIE, WL b %o TEAIMMPIATHRIZ
ATHLEVI B R MERAEEZRL TS, Ch
&, DO 3 TITHABRARN R IRERAEZ R LT 5
ZLilhb, LL, ZoXmMBMOZOOKmERL
IIOCHRRTIRE-EDE LT o VI HEFOHE 1 R
KHEEW LB FRETHY, LIrdRRUT TS L
2B ER I L, BTRENSE N 2 IRED S iRk

(color online). Massive arrays of metal atomic chains on silicon crystal surfaces, formed by depositing one (or less
than one) monolayer of metals. (a)(b) Au atomic chains on vicinal Si surfaces,”and (¢) flat Si(111)-5 X 2-Au. (d)
Indium atomic chains on a flat Si(111) surface (Si(111)-4 X 1-In surface superstructure).>* 7 The upper figures are
plan view and the middle figures are sectional view of atomic structure models. The bottoms are STM images.
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WWEELTW?, &, BEIZENZ IR Lz
AR Z RS RVvoP?  FiX, Fig.7 D STM &I
oz BRI E > T, ERNRIETH SIS hT
LE97:DTh b, Table3 I21F, HXMMIBWT, M
RIGZ & > THFHAD GBI ENTHL oo &AL 7
AV POFHHEREEEZRLT WD, Si(557)-Au HK
DO bhrb, T, EJ 4T 70—732Cll
& L 72 i8I PAT I OREE 0, DAY Si(557) -
Au R AR SN2, M), FRMMON Y Fois
X7 v I WA B REETobEEIC & o THlE &
NTWBDTHY ZoEH% H v T Boltzmann 523
POBILEZFA LR D Table 3IT/R LTV 5,
Si(557)-Au £ TD o, DIEFFHHETHfRFSINLMHEY
LTI EANSWZ b5, Y EoEEE, REET
MAET B BURGASEF-$H O intrinsic R84 2 B3
DPTFICHhoTVDHEEZNIZHRTE S, 2F Y,

500 - 5 ®
~ (a) Si(557)-Au 2
< 400 -4 2
X e o
8 300- -3 S
[ = Q
m =
% 200 L2 9o
B e
[ -]
@ 100 -1 8

04— T T T 1T rrr 7T T -0 E’:
150 200 250 300 =
Temperature (K)
800 800
(b) Si(553)-Au
2
_ 600 -600 3
< 9
-]
8 4001 -400 &
2 5
w
& 200 200 &
=
o
0+ 0
50 100 150 200 250 300
Temperature (K)
10000 v T
(c) Si(111)-In

1000} -------- A YOS S S— SR
o
=, : ' i :

B
g
x
10f--
1 H HER M H : 0
80 100 120 140 160 180

Temperature (K)

Fig. 8. Temperature dependences of the resistance (and
sheet conductivity) of the respective surfaces shown
in Fig 7 29,30)

& w) 125

1 RIEERRTIE, BHICERMACH>TF XY 7015
BRI 20T, &RHE W 2 M RKEBHFET 5
L, BEPFELLIBTFONG, ZThid, o, DFEBED
K ERo TN T2, KWASF ¥ ) 7 OIEEE I
FH5DOR0E, FYUTRENZEY)BRZ SD0EN:
L ANVF—=DRLETH L, DL, BOSEMIHK
OCBLDICHIE L ANV F =B RETH S, Lo,
ZFNMMEEICBOWTHRNLRERE 2D, HBiSh)|
THARZERN LB TIRETDH > T D MR 2
KGN Z FEOBLRIBEIR 2, DX ITEZ NI,
Si(557)-Au K DARE BE A5 iR 10 70 IR EEARTEE % F¢
L, D, o, DEBRMEP 7 2V IEH SHFES B
WCHARTHD TRV L SR TE %, Si(553)-Au £
& Si(111)-In ZMATIERFEE AR WIKR V0T, b
BTGB O N BT REBOZETHIS U2 45#s
ZEICBN 2505, ZoOHENIE, Si(111)-In &
SIS K A% A L CEBRIZEDOELZ e L%
BRIZ X > TEAMT S,

CDOEHZ, FTHA XD pREEA» SRR T-3ICH
{2 YoE BT C, AkofmEtz L CTLE S
CEBHL NI R 5T,

FERU72E 912, 1 kTSmO e U CIER I mn
WYy 7 2B TLHWEKRTH 525, Th#E Si(557)-

Table 3. The experimental values at RT and calculated

values of the sheet conductivity along the metallic
chains (0/), those in the perpendicular direction
(0 1), and their ratios (0,/p 1), for the respective
surfaces shown in Fig. 7. The conductivities were
calculated from the Fermi surface and band
dispersion by using the Boltzmann equation. The
inter-chain interaction estimated by the shape of
Fermi surfaces, the average lengths of chain
segments divided by the point defects on the chains
estimated from STM images, and the temperature
dependence of the electrical conductivity of the
respective surfaces, are also summarized.” "

Si(557)-Au Si(553)-Au  Si(111)-In
Cal. Exp. Cal. Exp. Cal
200 82 600 710 240
026 30 64 13 13
7710 27 9% 54 19

Exp.

o, (uS/L]) 10
o1 (uS/]) 35
0//01 2.9

Inter-Chain
Interaction

Weak Intermediate Strong

Average
Length of
Metallic-Chain
Segment (nm)

~10 ~100

Metal-
Insulator
Transtion

Metal-
Insulator
Transtion

Temperature-
Dependence of
Conductivity

Insulator
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