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A newly developed ab initio-based approach was applied
for understanding adsorption-desorption behavior during
molecular beam epitaxial growth of GaAs. The ab initio-
based approach incorporates free energy of vapor phase;
therefore we can calculate how adsorption and desorption
depend on growth temperature and beam equivalent pres-
sure (BEP). Versatility of the theoretical approach was
confirmed by the calculation of Ga adsorption-desorption
transition temperatures and transition BEPs on Ga-rich
GaAs(001)—(4 % 2) 2 surface. Furthermore, in order to
check the feasibility of the theoretical approach for predic-
tion of adsorption-desorption behavior of As; molecules,
the conditions where GaAs{(001)-c(4X4) reconstructed
structure is stable were investigated by the calculations of
stability of As-dimers on the top surface under the various
temperatures and BEPs. We also applied the theoretical
approach to Ga diffusion length while staying on the GaAs
(001)-(2%x4)B2 and -(2 X% 4)B1 surfaces and As pressure
dependence of GaAs growth rate.
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GaAs ¥ 1A &+ 5 M-V iRIL &Y LE A% H
WIE TS AL SET N A TIRERA R RE TS,
HAHT L D EMRER T 1 A L LTER-EH
AT T\ 5. Fo& 2 ¥, (In, Ga)As/GaAs
13um BV —F — XA 4 — FIREE Y AT &
CHVOh, REEOBEBRIEEZEX L TW
5. 1z, (Al,Ga)As/GaAs BRTBHE L F
v R ZE, ToOERENE, EBHEBEBEIHLLUK
BANC BT D IEMESTEN A E L TEREESY
RIRFT VT FIOZFEFERFELTERAI AT
5. IhbM-VE{LEWYEET A ATIL,
~7 v REOZBKECRE OB —MH ORI
PELRIFTOT, SEEREREN TH D5 T
= &’ & % > — (Molecular Beam Epitaxy; MBE) 7¢
EOSHBEEE X b 7314 AMER TR T
5. TZTMBE# LI, BEEZ(~10"8torr)
TCHRFRD 5\ x5 FROEE A InE L fcFiik
EHICRE L, =xF v LEERYERIE
HFHETHS. KMIIZE > &, MBEE, O
BF (5F) oORER~NOEE, QFRE DD\
EED, @ EmIhEk, @ ST ~DH b AL
(B BB, @Ko, © KAXE
SR ORI & OAREE CHEELYERE I
HHETHD.

FEETIE, ko MBE BREBEY R A7 —
A CHMCERL, RTRBV AL TR ~7 »
R FT 51 b0Eea B2 L BRIE L
T, ¥7, RbLERP B THSD GaAas B L
T, TOREBBEOBHRBNE LORKBMIR > 2
2= g vfrbhTuw5b. FEGE) LY
i3, RBRRERECHFEET LIS V7 ) v IR E
FOBRFTOBEEYERE L=V 2 brevhyy
5 4 v 7% 5 #4 w (Electron Counting Monte
Carlo; ECMC) > 3 2 U — ¥ 5 Y %fT\, &S
BOETICEE S GaAs(001)-(2%4)B2 8 L O -c(4
X4 EFHOBEELXYHLIC LTS, i,
BAELNL, FFREFENBEBEECLY, &
REEECILGat e L 74 —7 » 7 2 v FEF
ELTEE AsRGBHOBERLYFERTHL
T, Ga:As=1:1HBEEBELLbLRITHE
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NETTHZEX B W LTW5. Kratzer 59
3, B REEENBEEE DI D GaAs &k
= VR F oy VBB BT BB & T
L, B 5L &Rk, BIERORIERMAE S L
TEx4)p FERBEVER IS = L2
LT\5. HESHL, GaZLE k GaAs(001)-(4
X 2) B2 KHEHIC KT 5 As R FOIEEE » 5 — R
BEENBEGTEY AV CTFER L, BEFOIE
BEHHRORFHEXBHAL 5. i, HFEE
B) »eMix, KBERxY AV CEBFENE v
7 # /L v (kinetic Monte Carlo; kMC) > 3 o U —
v q V&IV, GaAs(001)-(2x4)B2FKMED A KB
TOBARAT w 7OARAT » 77 v —BEXFEFV
NATHLMNMZ LTV 5.

LasL7ehs s, Zhb O CiZREmC I
15 GaRFE IO As, T FOIRE A MBET 5
ZEREBRVRBHANRTE O, KAB-EHR O RIS
COWTITEEs &R/ s S Tuisw. AR|T
i3, WA BROEF R L —RE R E
AT HEBRAENFEY AT, SUE-BEHERIEG
DB EID GaAs FE - B & F o 4 ARER T
LREBEOR 1T, BT, 2T, K
HoBH= 2L —%EE LT B+
EA VT GaAs(001)-(4 X 2) B2 EEITFBIT 5
Ga[R FORE-FHBHEERRE S L OHERE
Hi b -c(AX ) BEHED As 1 < — (Asy &7
F)ORBRE, EHxitE UERER & KT
52 L CFHROBGENYHERT L. £o%, FF
% GaAs(001)-(2X4)B2 3 T O -(2x4)p1 T
BT HRAE Ga DEHAFR T CORMILKEERE ¢
BOREBAsETRET S GaAs HEEE As FE
KEEORITCERT 5.

§2 FHEGEE
2-1 BE-HEHEBRER L OHER
71 DR e Tk

BT &GF)oR@m~ORE-HBERS L, 1R
FGF) Y oBBSMEOEHE = * L ¥ —F 7k
bbRHEFORF(FF)DILELRT v v
(Hges) &£ BB ORT (5 F) DALFERT v %
A (Ueia) F BT A2 & CHRRTHIENTE
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5. Tishbb, U D g £ DD STHITBRER
F@GF)EKHBP T X hRE L7250 CHiBEr &
Z D, W Py D Pootia £ DK ETHIERERF
(&F) EHEERE CLRELT 5 O TRENEBLLIC
th. 2T, [KMFORTF G5F) DIbERT v
Yoy b Py FETFHEHEFEOE 2 e AV TKRA
X hEHLIN B,

Bagas= ks T'In (ky T/ po. X g Qmmks T/H*)*?),

(1)

Basrgas= — ks TIn (g X Lirans X Lo X Loitr) , (2)
wans = (ks T/ pas,) (2mmks T/ 1), (3)
(i =81 Ik T/ (Gh?), (4)
Come=(1—exp (—av/kgT)) " (5)

ERG)-G)ixeh T h I, B, =805 BB
Kehsd. e, RPOER ks, 9, m, hIZFRE
hALy = VvEH, BFoEERBCHFEST L&
FEE, FF@GF)0ERE, 7V I7EHTH
%. BlEFOXRNBAETF o xBEF (45 F) O
CXoTHELRAAEWRA I\ IREEOEK T
BT, Ay TFOFEL2 E785, T, piidEh
FhBERIC NFOEHNTHS. 22T, B
HE— AV IXBREEEm B IOEEFE,
YHWTI=mp? THE 2 bR 5. AR TEER
FRrBIV A, D FORBE vOEL LT, JE
BROD>FREABECI Y ABEL O (G=
1.0621 A, v=446 cm~! 10) A {#ff L 7-.

—77, EREEDORF (5F)DIL¥ERT v v
IV Uoiia 2 F DORBBE= 3 L F — (Eg) % VT Uootia
=—E. L THE2BbRB. TZT, Eg 38—
FREZEENBBESE AT, ERFECETF (5
FONBRELTCCBRETORD = R L F— &,
RO=FNF B EL B ETRF G %
HERE» R A EZE2flcs | X8 L T ERF
(BF)OBEENET LIcBETORD = x A ¥ —
YEHL, EYHETLI L TROBRD. K
PR TR, Ee DBHIC T, RFEERL
(Local Density Approximation; LDA)IZ#-3 < JE
BBRIEER T v v v VER RV, e, BR
7 v v+ L OIEFHFTE Kleinman Bylander D45
BERI RS v v AL, 2 — XA SV A
WIS EBLTEET VY e DD » M A
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TR A= R —TRELFELYT 1P, GaAs
(001)-(4x2)B2 FEDOFTHE TIL, 6 BD GaAs, 1
B O#KUHKFEE, GaAs DISBEICHYTHHZE
BA B LT 5 AT 7BE (repeated slabmodel)
V. ok, AFFETHW A 7 7BRECE
T % GaAs B ORI, GaAs(001)-(2x4)p2%
HIZET % AsBE = F L ¥ — 2R3 5 GaAs &
BEoEE) b i+ IkBANBLNID X5k
ELk.

-2 EVTFTHNLBE

GaAs(001)-(2x4)82 3 L O°-(2% 4) B, FHIT
B Lic Ga 2 7R (Bl 32 & CoRER (R
TV FERFE) NI HEB T 2R iR h 1 T 4 » 7
EVFAABR-I L L= g VICE DEEFT L.
Ky alb—vg /T, B%EGald, Fig. 1
RTE-FREEEAREEGTRC I ORDLRI
ZEBED Ga BEALMBE D LA BEITHE LT
BT, LTFAY I 2 v—> 53 Y THWL
7oA AHBE Ga BB MR (P (x)), HLHHER
(Pyig(x—x")), BBERER (Pi(x)) DERKXERT.
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Fig. 1 Plan view of GaAs (001)-(2x4)B2 and -(2x 4)
B1 surface. The dark and bright discs represent Ga
and As, respectively, and their radii decrease accord-
ing to their depth. Adsorption sites for Ga also indi-
cated by the numbers. The activation energies for
hopping from site x to x and desorption energies
E4.'%15 are shown in the inserted tables.
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Pu(x) =exp (—Au(x) ks T)
+{1+exp (—Au(x)/ksT)}, (6)

Pys(x—>x") =Rexp (—AE(x—x") [ks T),

(7)

Pi(x) =Rexp {— (Eg(x) —Au(x)) [k T}.

(8)
T, Au(x)ix, EEDODHSLY 1 b x D Ga
DALFERT V¥ v b pgia(x) ER(DIC I D52
LI AHIMEFD Ga DALFERT ¥ ¥ 4 /L Ugagas D
ZAU(x) = pooia (X) = UGagas THBD. KV 1 a2
V=2 3 VT, loua(x) (= —Eg(x)) D%,
F—FEEENEEGTEO KR % I Fig. 1
R XS ICRE LTz, Fig. 11T, FRRIC L TH
FBLIHA b amb ' ~D GaBEIIC I 5ESE
{LRERE AE (x—x") OfE D PFETRT. Fio, X
(7), @)FDOETRAFEE R & L T Vvedensky 516

WX ORBINTIC R=2kT/h ATz

T, AR CHmCERAL U B R R
(P (x))DEXRGR(8)) O >WEMER & B
BirpRrL Tk, R@)Ti, SHEEHOILSFE
AT Ve N DEAU()CERTEIREDH S\
B ORE) N A EET HIcoBBRC AT 5
G HALRERE % By (x) —du(x) & LT 5.
iy, BE Ga 0 EMALRERE B () 2 5 =
FNF - BLHER (exp(—Ege (x) /kT)) IR
P B F IR RE C D B BERE R W AH Y 3 2 EABAH
(exp(Au(x) kT ) e ), EERHEBER
HRT 2 L2BRT S, Tabb, Rk
Ap(x) (= piggia (x) ~ UGa-gas) D> AT HIXE LB
DEECHBE R VB /o, W, Au(x)n
EOXHEES R 0T eBb ExEHLLT
Wi, ohb, R(6)-8)TRIN S YA RS
AR, ILBHER, BEERRL AT, 4k
T GaAs(001)-(2x4)B2 kB L OV -(2x4)B1 &
KT % Ga DREIMERHE R X OHEKEE T
DIBEEREA KD 5. Bk, (1) @ EO
EBOH A b ox HEAFAHEY, A - HEBERE
MEP()ICL D GawBRED D\ ITHEL S ¥
5. (2) GaDBEINE T 5 F TEREQ) XER DR
T. B) UTFoORXRTRENRS, Y1 F 20 BLEE
OB 1 b x, ~DOHENEY e IFER Kyp(x—

60 ( 60)

x) ¥ L O R 7 B BERE R Ko (x) & L TRIC
RILHERZWRET .

Kag(x—x;)

=Pm<xax,»)/{]z Paa(e=s) + Pu() },
©)

Kon() =Pde<x>/{;z>m<m,-> RS

(10)
ZZT, 50X Ga OBEHEBELRY A FTHDH, M
JEYV A xBTS T XTOBERIEY 1 b
DOWTITS . IeB, S FEEVRET L E T
BT ot kRN X v 5Exbhb.

= {;Rﬁﬁ(pﬁxj) +Pdc(x)}_1. (11)

4) BEYEDOY A Py, FooBEELELTB)D
BUEXBDIEL, Gan\kE Licy 1 b h S
Lic9 A4 b ¥ CORREEGLBEERE) L 3 X OB
# = % ¥ CORERHE GREAARRE) t KD 5.

§3 (4x2)B2 EMHDGa
B L c(4x4)BER/D
As BA < — DEEM

AR THCL2RE-BBRROIH D7
HmBTFEOGEM LR T 50D, GaAs
(001)-(4x2) B2 FHIZ KT % Ga DWW E -
EBRERSIOHEBE N/ c(4x4) &
KHD As £14 = —DOREWFITL, EBRER
EDOHKKERF XIT . ¥7, Fig. 27
GaAs(001)-(4x2)B2 XFH D <71 + (A~E
A4 P ECGaxBE, ThZThDORD=F L

Fig. 2 Top view of a GaAs(001)-(4x2)82 surface.
Adsorption sites are indicated by letters A-E.
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Ga on GaAs(001)-(4x2)B2

1150
1100 desorption
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&
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107 16° 10° 10 10
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Fig. 3 p—T dependence of adsorption-desorption transi-
tion curve of Ga on GaAs(001)-(4%2)82.

F-wHETH5Z LT, GadslROBECHFET
5914 PEYA MEHAL L. REED
G4 bD Gav HZERICHR A 15| XHEL TT
X, Bpt=x ¥ — (E,=33eV)REH L.

ORI, FHEFPDOGalbkERT vy
UGagas D3 EEW LD GafbBER T v & v L g (=
—E;=—-33¢eV)X D H/NE & GaDigErE
2D, M Ugagas> Hsotia TiE Ga BEMBELLIT TS
HIERFRBLTWS. F1, GailEirGaAs
(001)-(4x2)EHETIXEH Ga EFHE T TEH
GalR@HIER I N D Z &1, GalkiErH D Ga
il = % v F — HERIC~2.8eVI® L Ey =
~33eVIDNESHAELONR TS Z L2ERT
B &, Ueagss > Usoia TIE(4X2)RMEICK 41 Ga
WMENRZ D GalRIEVTER I D Z EBBEHIT
HEXIRS. Thbb, GaAs(001)-(4x2)f2FE
T T Uga-gas = Hsotia (= — 3.3 eV) (L Ga IRIF O
B-ZARFEOBERE X5 2 5. T DOFEH Ucags
=Uia (= —3.3eV)) it T Ex p-TRPIC S
v, +rT5LFig. 3075 7h8B5N%. Fig 3
2B B AEE Tl Ucages <HUsotia & 75 D Ga TG
DERFENPEI D, ER - B TUX Ucages > Hsolid &
D GalRIEHER I h B Z Ldvbhnd. 2ok
B, pga=1.0%10"5torr DFEH T TILRE T=
1025 K TGaligORFENRZ D1, HGaEN
T (—#f7c MBE lLEC 1t 5 Ga FEINT pe.=
1.5 % 10-% torr) T MBE {E Tit T=900K T
GaWRIGHBIEINLDEWHIERER LB —
B1+5. UEXb, AP BRFBHTTFE
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As, on GaAs(001)-c(4x4)
1000 T T
950 F desorption
— usolid>uAs2-gas
=3 900 | (c(4x4) - unstable)
g
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£
&
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o
=

107 10° 10
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Fig. 4 p—T dependence of adsorption-desorption transi-
tion curve of As; on GaAs (001)-c(4%x4).

NEBAEEREC BT S GaRFORE-BBER R
RAERLTWBZ Ebhb.

R, 5F(As)) ORE-BHBERR OFETFIERC
B EEELYRATS. R@Q-0G)iRT X5
i, SFKMAF CEEER) O BEES), Ik
BiafT > CWBDT, {L%¥RT v v LOERAMN
BEFOLhEtHELTHETHS. Lich-T,
SFoORE-HECE L T FEOFEE ¥R
THZENMETHS. 2Tk, HABIIT
>te, F—FREEENABBIEIC X 5 GaAs(001)-
c(AX4)IREED As £ 14 <= — DO = L ¥F —
HEORE (Ei=3.6eV/dimer) % F\ T As,
RE-ERS LB RT S LT 5. Fig. 413,
Mas,-gas = Hsolid (= —3.6eV/dimer) & 7% 8% p—T
Mbic7ey b LD THS. RrbH, GadD
BE LRk &iR-EET As, OREED, KR -5
JET Asy DREIMBRLL I D Z LS. 2O
BT TI1L, c@X4)ERED As X1 < — OB
THRAF-FHATWBHDT, Fig. 4xFEbIh
LRE-TRBEOBEARIL c(4x 1) KEHRBEEE
DEEICGM (BEEALFEIR) & PR EH (TR
MR OBABREY T T. ERICIL, page=
3X 10" "torr DT TIX T<733K Tc(4x4)
BENBEIR, T>813K T2x4)BHEEL T
BERTVBY, ZhbOBRILFig. 4 DER
ERVW—FERT. DEX b, KBHFED As,
FFORE-BBERAR~OFHCES T LD
WhHARI N,
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§4 (2x4)B2 I8 X O(2%x4)p1 FKEIZ

B % Ga fhEREEER BE ARt

AFiCi, FifiE COBRE-RBERSOR®D
b X bicHw D CRE-INB-FHBEB T 5858
PR OES . BAARICIE, GaAs(001)-(2X4)p2
KIo@x4)prRETE T, BE LI Gad
FRR () T 5 ¥ CoRmILRRERRE O ERIEE
WEEYET VT IR - FVAEAT 3y —7 -1 4
V- g VIR W T 5. 27, B FEOR
AR THC L BRIE U TRAMERR «
BIOBEAEE D oREKRFELEL, £
EER L OHEHE 21T 5. Fig. 5 PO KVEfRE
IFOKVERE TR TR §2-2 0FEX AV TG
B L7 Ga BARE COXREMMBERM R LOER
X o RDOLNIFERCI VAT S F COXRE
WERRYTHS. 0D, BE~80KLLITT
X Ga " HEART HIICKELr&EZ b, RE~
860 K LA b Cidfshic B v A ¥ 1 5 BT AR FE D
BB ENbMNS. Zhit, BREOBRREEMN
~860K THHZ L&RT. 22T, HHALPD
ERFERY RL LIREN~20K ¥#liz 5 &R
HENIBCBAL LTk, ZoOBREIAPHET
BEL OB EBRARE (~860K) & 33—
THZ E0D, KENFENREWERR « OFt

~860K
T T g
g1 e LA {10° 2
7] e 12N
&} Topguie { ¢
G107 L {10® 3
15 incorporation ] &
S . a4 .10 8.
'LE 10 4 bcdf:;grpﬁon 110 g
© E =
& S A 3 )
E 16 : 10"2?
r ¢ L : BN
10°t— s ' 1018
0.9 1 1.1 1.2 1.3 2,

1000/T [K1]

Fig. 5 Ga surface lifetime and diffusion coeflicient as a
function of reciprocal temperature. Bold line and
bold dotted line are calculated Ga surface lifetime 7
before desorption and that before incorporation ob-
tained by ion-beam technique?!, respectively. Solid
line and dotted line are calculated diffusion
coefficient D and experimental one?®.

62 (62)

10° ~860K
—_ PGa=1.4x10°6 torr (~1ML/sec) g
= L
= a2
o 107 -
=
E
o 10§
=]
2
3 T L (2x4)B2 ||
g 1 & Lpij0) (2x4)B2
&) O Lpig) (2x4)B1

-.- L[uo] (2X4)ﬁl

0.1 . - :
09 095 1 105 11 115 12
1000/T [K1]

Fig. 6 Ga diftusion length L as a function of reciprocal
temperature under the condition of pg,=1.4X 1076
torr (~1 ML/sec).

o L CHo @Al RO bbb, %
7z, Fig. 5OMEHR TR LI, K4 DFE
X W BONHEEBERE D DREEREEY RS &,
LaBella 52 O ERBIC X h 185 hic D-T 4k (M
WEB)ERBVLW—HERLTWEDT, KFED
DO HTHEEE IR T L& TE
%.

L ETOMICE b, AFELYRACCEIEL
Tt DOEEMEILER IRICDO T, RIT,
2x4)p2 B LVQRx4)M FHERICKT HHRKEE
TO Ga IKBEERE L O ZEBRIREERFEEEZ KD, W
EHICKT D LOEHFHEMTH. Fig. 60D
HPUfA, Brufids ERIThLh(2%x4)p2
EKHE T 51101, [110]1H5 @ D Ga JLEPEEE T
HH, AN, BALMES BERIT TR LTh(2x4)p1
EERF AH[110], [110] 5[ D Ga HLBEEHEE C
HhH. Kb (2xe)pe R cixl110]4 RO HA
BEEEE [110]FmOE R L b b R\C Epvbd
A. ZhZE, BEREmTIXOI0)FmCH - /RIE
A = =% e\ T Ga DPYBOBH TH DI
DTHL. E1, (2x4)B1FE D ik S EEEEH
exa)prorht hbELIBDE, (2%x4)p2
EH CIIILEIBES KRB LA = —FI EDOH* 1 b
“1” (Fig. 18R) CGa D HFHEMRI I b & <
s HDER L, (2x4)p1 RETEEEEILE
BRcEnic As £ 14 ~—Bovy A b “37 Tk
PEAEERNEL LB D THDH. ORI,
FERH» Qx4 BERNEmMC I YELRLTV5
BLRAIEABRE Tl Ga KBRS 1um BE L X
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VT &, T, BEOETICHECBIZE ORI
B Th D (2x4) 1 HEREEOFEKSHET
LD L X D IKBEERESE LSBTk
BRBELT\ 5.

§5 HAsHETFTO GaAs REHEE
As FEARAFME

Kk 5242 D FT - 2 GaAs MBE £ D K &t
= E B 4R [EPT (Reflection High Energy Electron
RHEED) 8w X », 1.75ML
(monolayer) D B As = B T\ 5 GaAs
(001)-c4xHREVPHHAT A IO FBAsET T
DEFZRTIE, As EDOHIN & I HREE» B
THZEPHALN ST E. L LA D,
ZDOFRRCOWTRIEG L BBENEBOLR T,
W RETCR B ERANT R VT, BE
D As FED GaAs REREEIC 5 2 5 B8 % B
L, O RR*®RHST5. BALIE, c(4x4)
FHED Ga B R O, HNEFDEITITAE O, =
0.0 0502518 INT % & As £ 1 = — DR~
R F — Eu D 3.6 eV /dimer 7> 5 1.7 €V /dimer
AL As 14~ —DOBRBENBER Dz L%
wELTCW5. FEE) L, CoRELYER
LTECMC v % . V—v 4 VT, REOLHE
TefEd cUx)EROBETLLBH S~ LT
WA, ZIT, Mk CTHERTREZ &,
1.75 ML O8] As iw B o c(4x4)FKH LD
GaAs E CIIEEDIC As £ 1 = — DOBiEENE
ZBHZ LT, Ga:As=1: 18R H->1-"KT
BENETTHEVIETHS. Tibb, &
As JEF (c(4 X 4)KMH) TD GaAs BE TR ES
D As £14 = —DRBEREI KA BET D EE
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Fig. 7 As, chemical potential as a function of As; beam
equivalent pressure at 7=790K.
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Fig. 8 As, (As-dimer) surface lifetime as a function of
As; beam equivalent pressure at 7=790 K.
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