
Selective Epitaxial Growth of InP in STI Trenches on Off-axis   
Si (001) Substrates 
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Introduction 

#
>:'<# 63):G:7-# ;<%&&.G# 6%7.5:%G2(# 2,;<# %2# CCCK_# ;36F3,&=# 2.6:;3&=,;7352(# %5.#

;3&2:=.5.=#%2# 7<.#;%&=:=%7.2#H35#H,57<.5#)3327:&'#A/9W#=.O:;.#F.5H356%&;."#>3T.O.5(#
7<.#F335#7<.56%G#%&=#6.;<%&:;%G#F53F.57:.2#%&=#<:'<#;327#3H#CCCK_#6%7.5:%G2#F5.O.&7#7<.#
,2.#3H#CCCK_#2,)275%7.2"#DF:7%B:%G#'53T7<#F53O:=.2#%#F536:2:&'#23G,7:3&#H35#,2:&'#&3&KW:#
;<%&&.G#6%7.5:%G2#T<:G.#6%:&7%:&:&'# %# 5.G%7:O.G-# G3T#;327# XN(# \Y"#$:7<# .F:7%B:%G# '53T7<#
CCCK_#6%7.5:%G2#;%&#).#:&7.'5%7.=#3&#W:#2,)275%7.2#73#.B7.&=#7<.#W:#F53;.22:&'#7.;<&3G3'-#
:&73# CCCK_#)%2.=#=.O:;.#F53;.22:&'"#W.G.;7:O.# .F:7%B:%G# '53T7<# XWD!Y# :&# 2<%GG3T# 75.&;<#
:23G%7:3&# XWPCY# 275,;7,5.2# 3&# W:# XMMNY# F53O:=.2# 7<.# O.52%7:G:7-# 3H# :&7.'5%7:&'# =:HH.5.&7#
6%7.5:%G2#3&#3&.#W:#2,)275%7.(#2,;<#%2#!.#H35#F/9W#=.O:;.2#%&=#CCCK_#H35#&/9W#=.O:;.2(#
2:&;.#!.#<%2#<:'<#<3G.#63):G:7-#%&=#8:&;)G.&=.#CCCK_#;36F3,&=#2.6:;3&=,;735#6%7.5:%G2#
'.&.5%GG-#<%O.#<:'<#.G.;753&#63):G:7:.2"#P<.# ;36):&%7:3&#3H#!.#%&=# CCCK_#6%7.5:%G2#3&#
3&.# W:# 2,)275%7.# :2# .22.&7:%G# 73# 6%@.# <:'<# F.5H356%&;.# A/9W# =.O:;.2"# ]&37<.5#
%=O%&7%'.#3H#WD!#:&#2,)6:;53&#WPC# 75.&;<.2# :2# 7<.#.B7.&=.=#=.H.;7#&.;@:&'#.HH.;7# XNY(#
T<:;<#6%@.2#:7#H.%2:)G.#73#3)7%:&#.B7.&=.=#=.H.;7#H5..#6%7.5:%G2#:&#=.O:;.#5.':3&2#=.2F:7.#
7<.# G%5'.# G%77:;.# 6:26%7;<# ).7T..&# 7<.# .F:7%B:%G# G%-.52# %&=# 7<.# W:# 2,)275%7.2"# P<.#
.B7.&=.=# =.H.;7# &.;@:&'# .HH.;7# :2# %# ).&.H:7# H536# 7<.# 2;%G:&'# 3H# A/9W# =.O:;.2# T<:;<#
@..F2#2<5:&@:&'#7<.#WPC#=:6.&2:3&2#%&=#&3#.B75%#.HH357#:2#5.R,:5.=#73#3)7%:&#7<.#&.;@:&'#
.HH.;7"##
S5.O:3,2#5.F3572#<%O.#=.63&275%7.=#7<%7#7<.#&.;@:&'#.HH.;7#:2#G:6:7.=#73#75.&;<.2#T:7<#

%2F.;7# 5%7:3# '5.%7.5# 7<%&# \# XN(# \Y"# F/9W# =.O:;.# F.5H356%&;.# )3327# 3&# !.# 2.G.;7:O.G-#
'53T&#:&#WPC#75.&;<.2#<%2#)..&#=.63&275%7.=#5.;.&7G-#XLY"#P%&'(#et. al. X[Y#%&=#1:(#et. al. 
XJY(# 5.F357.=# C&S# WD!# 3&# .B%;7# W:# XMMNY"# >3T.O.5(# H35# 8:&;)G.&=.# CCCK_# ;36F3,&=#
2.6:;3&=,;735# .F:7%B:%G# G%-.52# '53T&# 3&# W:# XMMNY# 35# !.# XMMNY# 2,)275%7.2(# 7<.# 5.=,;.=#
2-66.75-# 3H# CCCK_# ;36F3,&=2# :&=,;.2# %&7:F<%2.# )3,&=%5:.2# X]S42Y"# P<.2.# ]S42# %5.#
.:7<.5#:&#`NNNa#35#:&#`NNMa#FG%&.2"#P<.#]S42#:&#`NNMa#;%&&37#).#75%FF.=#)-#7<.#WPC#2:=.#
T%GG2#%&=#7<,2#F.&.75%7.#73#7<.#2,5H%;."#+.2F:7.#7<%7#]S42#T.5.#H3,&=#73#%&&:<:G%7.#:&#%#
H.T# 6:;536.7.5# 7<:;@# C&S# G%-.5# 3&# W:# XMMNY# XUY(# :7# :2# &37# ;G.%5# T<.7<.5# 7<.-# ;%&# ).#

ECS Transactions, 27 (1) 959-964 (2010)
10.1149/1.3360736 ©  The Electrochemical Society

959
Downloaded 24 Mar 2010 to 146.103.254.11. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



.HH.;7:O.G-#2,FF5.22.=# :&#2<%GG3T#75.&;<.2(#.2F.;:%GG-#T:7<:&#%# 7<:;@&.22#3H#LMM#&6"#P3#
%O3:=#]S42(#3HH;,7#W:#XMMNY#2,)275%7.2#<%O.#)..&#T:=.G-#,2.=#:&#F5.O:3,2#27,=:.2#XI(#ZY"#
C&# 7<:2#T35@(#WD!#3H# C&S# :&#WPC# 75.&;<.2#3&#W:# XMMNY# 2,)275%7.2#T:7<#UV# 3HH;,7# 73T%5=#
XNNNY# T%2# 27,=:.=# :&# 7.562# 3H# 7<.# 2,5H%;.# 75.%76.&7(# &,;G.%7:3&# %&=# 3F7:6:8%7:3&# 3H#
.B7.&=.=#=.H.;7#H5..#C&S#6%7.5:%G2"##

 
Experiment 

 
P<.#F53;.22#HG3T#H35#C&S#'53T7<#:&#WPC#75.&;<.2#:2#2<3T&#:&#b:'"#N%"#\MM#66#W:#XMMNY#

2,)275%7.2#T:7<#UV#3HH;,7#73T%5=#XNNNY#T.5.#,2.="#P5.&;<.2#3H#T:=7<#H536#M"N# 6#,F#73#
NMM# 6#T.5.#6%=.#T:7<#W:9\#WPC#F%77.5&:&'#%&=#%)3,7#[Mc#3H#7<.#737%G#W:#T%H.5#2,5H%;.#

T%2#.BF32.=#H35#!.#%&=#CCCK_#=.F32:7:3&"#P<.#75.&;<.2#T.5.#%G:'&.=#:&#7<.#dNNMe#%&=#dN
f

NMe#=:5.;7:3&2"#P<.#7<:;@&.22#3H#7<.#WPCKW:9\#:2#LMM#&6"#]H7.5#%#27%&=%5=#T.7#;G.%&(#>b#
=:F#%&=# :&K2:7,#>\#)%@.#%7#ZJM#gA# 73# 5.63O.# 7<.#&%7:O.#3B:=.(# 7<.#W:#T%2# 5.;.22.=# 73#%#
=.F7<#3H#hLMM#&6#)-# :&K2:7,#>AG#O%F35#F<%2.#.7;<:&'#%7#ZJM#gA#%&=#NM#P355(#,2:&'#%&#
]W/KDF2:G3&P/# \MMM# 5.%;735"# P<:2# T%2# H3GG3T.=# )-# [MKIJ# &6# !.# =.F32:7:3&# 3&# 7<.#
5.;.22.=# W:# 2,5H%;.# %7# %&# %7632F<.5:;# F5.22,5."# !.>[# XNc# :&#>\Y#T%2# ,2.=# %2# 7<.#!.#
F5.;,5235#T:7<#>\#;%55:.5#'%2"##
#
#
#
#
#
#
#
#
#
#
#
#
#
#
]H7.5#!.#=.F32:7:3&(#7<.#W:#2,)275%7.2#T.5.#;G.%O.=#:&73#\K:&;<#F:.;.2#%&=#G3%=.=#:&73#

%# P<36%2# WT%&# 6.7%G35'%&:;# ;<.6:;%G# O%F35# =.F32:7:3&# X/9A_+Y# 5.%;735"# P<.# C&S#
'53T7<# F53;.=,5.# :2# 2<3T&# :&# b:'"# N)"# 4.H35.# '53T7<(# %# F5.K.F:# )%@.# %7# UZM# gA# T%2#
;%55:.=#3,7# 73#5.63O.#7<.#&%7:O.#!.#3B:=.#%&=#;%5)3&#;3&7%6:&%7:3&#%7#[JM#P355"#W:&;.#
!.# &%7:O.# 3B:=.# =.235)2# %7# %)3,7# [LM# gA# XiY(# 7<.# ,2.# 3H# 7<:&# !.# G%-.52# %O3:=2# <:'<#
7<.56%G#),='.7#37<.5T:2.#73#).#,2.=#73#5.63O.#7<.#&%7:O.#3B:=.#3&#W:#2,5H%;."#]#'53,FK_#
.G.6.&7#F5.;,5235(#.:7<.5#7.57:%5-),7-G%52:&.#XP4]Y#35#7.57:%5-),7-GF<32F<:&.#XP4SY#T%2#
:&753=,;.=# :&# 7<.# >\# %6):.&7# =,5:&'# 7<.# )%@."# $:7<# 7<:2# )%@.(# !.# T%2# ;3&H:56.=#
;36FG.7.G-# 275%:&# 5.G%B.=# )-#jK5%-# =:HH5%;7:3&# %&=# 7<:2# 5.G%B.=#!.# G%-.5#6:7:'%7.=# 7<.#
G%77:;.# 6:26%7;<# ).7T..&# 7<.# C&S# G%-.5# %&=# 7<.# W:# 2,)275%7."# ]H7.5# 7<.# )%@.(# 7<.#
7.6F.5%7,5.#T%2#5%6F.=#=3T&#73#[\M#gA#73#'53T#%#C&S#2..=#G%-.5"#P<.#),G@# G%-.5#T%2#
'53T&#%7#%#<:'<.5#7.6F.5%7,5."#P5:6.7<-G:&=,6#XP/CY#%&=#75:6.7<-G'%GG:,6#XP/!Y#T.5.#
,2.=#%2# 7<.#'53,FKCCC# .G.6.&7#F5.;,52352"#P<.# 2,5H%;.#635F<3G3':.2#T.5.#;<%5%;7.5:8.=#
T:7<#%#2;%&&:&'#.G.;753&#6:;532;3F.#XWD/Y#%&=#%&#%736:;#H35;.#6:;532;3F.#X]b/Y"#P<.#
;5-27%GG:&.#=.H.;72#T.5.#;<%5%;7.5:8.=#T:7<#75%&26:22:3&#.G.;753&#6:;532;3F-#XPD/Y"#
#

Results and discussion 

b:'"#N"##DF:7%B:%G#'53T7<#HG3T#H35#C&S#),HH.5#G%-.5#:&#3HH;,7#W:#XMMNY#WPC#75.&;<.2#%&=#7<.#
2,)2.R,.&7#C&B!%NKB]2#R,%&7,6#T.GG#Xk$Y#;<%&&.G"#

X)Y#
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#
!.#2,5H%;.#635F<3G3'-#;<%&'.#=,5:&'#>\#)%@.#
#
]2#2<3T&# :&#b:'"#N(#[MhIJ#&6#!.#.F:7%B:%G# G%-.52#T.5.#,2.=# 73# 5.=,;.# 7<.# 7<.56%G#

),='.7#=,5:&'#F5.K.F:#)%@.#%&=#73#5.=,;.#7<.#G%77:;.#6:26%7;<#).7T..&#7<.#C&S#G%-.52#%&=#
7<.# 2,)275%7.2"# >3T.O.5(# 7<.# !.# G%-.5# 2,5H%;.# :2# &37# %2# 26337<# %2# W:# 2,)275%7.# =,.# 73#
W75%&2@:KE5%27%&3O#'53T7<#63=.#3H#!.#3&#W:"# C&#%==:7:3&(#%G7<3,'<# 7<.#F5.K.F:#)%@.#%7#
UZM#gA#:2#2,HH:;:.&7#73#5.63O.#7<.#!.#&%7:O.#3B:=.(#7<.#!.#2,5H%;.#53,'<&.22#6%-#;<%&'.#
%7# 7<:2# 7.6F.5%7,5."#b:',5.#\#2<3T2#7<.#]b/#:6%'.2#3H#%#IJ#&6#!.#G%-.5#'53T&#3&#%&#
3HH;,7#W:#XMMNY#2,)275%7."##P<.#%2K'53T&#!.#2,5H%;.#53,'<&.22#:2#%)3,7#M"J#&6#%&=#7<.5.#
:2#&3#;<%&'.#:&#0/W#53,'<&.22#%H7.5#%#)%@.#%7#UZM#gA#H35#[#6:&"#>3T.O.5(#7<.#H.%7,5.#3H#
2,5H%;.#%736:;#27.F2#%5.#;G.%5#%H7.5# 7<.#)%@.# Xb:'"#\)Y"#P<.2.#%736:;#27.F2# H%;:G:7%7.# 7<.#
&,;G.%7:3&#3H#C&S#%&=#%O3:=#%&7:F<%2.#=36%:&2"##
#
#
#
#
#
#
#
#
#
#
#
#
#

#
C&S#2..=#G%-.5#'53T7<#:&#WPC#75.&;<.2##
#
P<.#Zc#G%77:;.#6:26%7;<#).7T..&#C&S#%&=#W:#XMMNY#2,)275%7.2#;%,2.2#:2G%&=:&'#%7#7<.#

).':&&:&'#3H#'53T7<"#P<.#=:5.;7#'53T7<#3H# C&S#3&#W:# XMMNY#2,)275%7.#<%2#)..&# H3,&=# 73#
;%,2.# <:'<# =.&2:7-# 3H# 27%@:&'# H%,G72# %&=# F335# ;5-27%GG:&.# R,%G:7-# XJY"# A3&2.R,.&7G-(# %#
!%]2#2..=#G%-.5#'53T&#%7#[MM#gA#T:7<#%#2,)2.R,.&7#%&&.%G#%7#UMM#gA#<%2#)..&#,2.=#73#
:6F53O.# 7<.# C&S# ;5-27%GG:&.# R,%G:7-# XJY"# >3T.O.5(# :&# 3,5# .BF.5:6.&72(# F335# '53T7<#
2.G.;7:O:7-# 3H# !%]2#T%2# 3)2.5O.=# %7# G3T# 7.6F.5%7,5.2"# P<.5.H35.(# T.# ;<32.# 7<.# 275%:&#
5.G%B.=#!.#.F:7%B:%G#),HH.5#G%-.5#:&27.%=#3H#7<.#!%]2#2..=#G%-.5"#$:7<#%#275%:&#5.G%B.=#!.#
G%-.5(# 7<.# G%77:;.# 6:26%7;<# 5.=,;.2# 73# L"Ic# T<:;<# :2# 2:6:G%5# ).7T..&# !.# %&=# W:"#
];;35=:&'G-(#:2G%&=:&'#;%&#).#6:7:'%7.=#)-#3F7:6:8:&'#7<.#2..=#G%-.5#'53T7<#;3&=:7:3&2"#
>3T.O.5(# =:HH.5.&7# H536# !.# .F:7%B:%G# '53T7<# 3&# W:# XMMNY# 2,)275%7.2(# C&S# )3&=2# %5.#
F%57:%GG-#:3&:;"#P<.#&,;G.%7:3&#3H#C&S#3&#!.#2,5H%;.#5.R,:5.2#%#H,GG#63&3G%-.5#;3O.5%'.#3H#
S"#CH#7<.#!.#2,5H%;.#:2#&37#;36FG.7.G-#;3O.5.=#)-#S(#7<.&#C&#=53FG.72#6%-#H356#%&=#G.%=#73#
F3G-;5-27%GG:&.# C&S"# ]7# %# G3T# 7.6F.5%7,5.(# S# =.235F7:3&# 5%7.# :2# G:6:7.=# %7# %# <:'<# P4S#
F%57:%G# F5.22,5."# C&# %==:7:3&(# 7<.# '53T7<# 7.6F.5%7,5.#6,27# ).# <:'<.5# 7<%&# 7<.# ;5%;@:&'#
7.6F.5%7,5.#3H#P4S(#T<:;<#:2#%)3,7#[MM#gA#XNMY"#b:',5.#L#2<3T2#7<.#WD/#:6%'.2#3H#C&S#
2..=#G%-.5#'53T&#%7#[JM#gA(#[\M#gA(#%&=#LiM#gA(#5.2F.;7:O.G-"##]GG#7<.#2..=#G%-.52#T.5.#
'53T&#%7#[JM#P355(#T:7<#%#P4S#F%57:%G#F5.22,5.#3H#M"iI#P355#%&=#_lCCC#5%7:3#3H#LNL"#C&#b:'"#
L%(# 7<.# :2G%&=2# 3H# %# H.T# <,&=5.=# &%&36.7.52# H356.=# %2# %# 5.2,G7# 3H# C&# 6:'5%7:3&"# C&#
;3&75%27(#)-#G3T.5:&'#7<.#'53T7<#7.6F.5%7,5.#Xb:'"#L)Y(#T.#3)7%:&.=#5.=,;.=#:2G%&=#2:8.#
%&=#7<.#2,5H%;.#53,'<&.22#=.;5.%2.2"#>3T.O.5(#H,57<.5#G3T.5:&'#7<.#'53T7<#7.6F.5%7,5.#

JMM#&6#

X%Y# X)Y

JMM#&6

b:'"#\"#]b/#:6%'.2#3H#%#IJ#&6#!.# G%-.5#3&#%#UV#3HH;,7#W:# XMMNY#2,)275%7.#).H35.#>\#
)%@.#X%Y#%&=#%H7.5#>\#)%@.#%7#UZM#gA#H35#[#6:&#%7#[JM#P355#X)Y"#P<.#0/W#:2#M"JN#&6#X%Y#
%&=#M"[i#&6#X)Y(#5.2F.;7:O.G-"#P<.#%736:;#27.F2#).;36.#635.#O:2:)G.#%H7.5#7<.#>\#)%@."#
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)-#LM#gA(#T.# H3,&=# 7<.# :2G%&=#2:8.2# :&;5.%2.=#%'%:&#%2#%# 5.2,G7#3H# C&#=53FG.7# H356%7:3&#
Xb:'"# L;Y"# ]7# LiM# gA(# 7<.# P4S# F5.;,5235# :2# &37# ;36FG.7.G-# ;5%;@.=# T<:G.# P/C# :2#
=.;36F32.=(#5.2,G7:&'#:&#%#5.=,;.=#.R,:O%G.&7#_lCCC#5%7:3"#C&#%==:7:3&(#7<.#5.%;7:3&#3H#C&#
T:7<#S#5.R,:5.2#.&3,'<#7<.56%G#),='.7#73#3O.5;36.#7<.#5.%;7:3&#%;7:O%7:3&#.&.5'-#)%55:.5"#
]7#LiM#gA#35# G3T.5# 7.6F.5%7,5.2(# 7<.# 5.%;7:3&# 5%7.#3H# C&S# :2# G:6:7.=#T<:G.# 7<.#;%7%G-7:;#
5.%;7:3&# =36:&%7.2# 3&# 7<.# C&# =53FG.7# 2,5H%;.# XNNY"# A3&2.R,.&7G-(# :2G%&=2# %5.# H356.=#
%53,&=#7<.#C&#=53FG.7#T<.5.#P4S#:2#;%7%G-7:;%GG-#=.;36F32.=#73#F53O:=.#S#5.%;7%&7"#]2#%#
5.2,G7(#C&S#&%&3T:5.2#T.5.#3)7%:&.=#:&#b:'"#L;"#C&#2,;<#%#7.6F.5%7,5.#5.':6.(#&3#;36FG.7.#
G%-.5#:2#3)7%:&.="##
#
#
#
#
#
#

#
#
#
#
]# 5%7<.5# &%553T# 7.6F.5%7,5.# T:&=3T# T%2# H3,&=# :&# b:'"# L# H35# 7<.# C&S# 2..=# G%-.5#

'53T7<"#P3#%O3:=#:2G%&=:&'#%&=#73#3)7%:&#%#26337<#2..=#G%-.5(#<:'<#P4S#F%57:%G#F5.22,5.#
%&=# G3T#'53T7<# 7.6F.5%7,5.# %)3O.# 7<.#P4S#;5%;@:&'# 7.6F.5%7,5.# %5.# 5.R,:5.="#]7# G3T#
7.6F.5%7,5.2(#C&#6:'5%7:3&#T%2#2,FF5.22.=#%&=#%#;3&7:&,3,2#C&S#2..=#G%-.5#T%2#3)7%:&.="#
P<:2# ;3&7:&,3,2# 2..=# G%-.5# .&2,5.2# %# 26337<# C&S# G%-.5# H35# 7<.# ),G@# G%-.5# '53T7<# %7#
.G.O%7.=#7.6F.5%7,5.2"##
]H7.5# 7<.# 2..=# G%-.5#'53T7<# %7# [\M# gA#%&=#[JM#P355(# 7<.# 2,)275%7.# 7.6F.5%7,5.#T%2#

5%6F.=# 73# %# 7.6F.5%7,5.# %)3O.# JJM# gA(# =,5:&'# T<:;<# &3# P/C# T%2# :&753=,;.=# :&# 7<.#
5.%;735# T<:G.# P4S# HG3T# T%2# @.F7# ;3&27%&7"# P<:2# 7.6F.5%7,5.# 5%6F# ':O.2# %==:7:3&%G#
7<.56%G#),='.7#73#%&&.%G#3,7#7<.#F3:&7#=.H.;72#:&#7<.#C&S#2..=#G%-.5"#C&#6:'5%7:3&#3&#7<.#
2..=#G%-.5#:&#7<.#%6):.&7#3H#P4S#%GG3T2#26337<.&:&'#3H#7<.#2..=#G%-.5#2,5H%;."#]H7.5#7<.#
7.6F.5%7,5.#27%):G:8%7:3&(#P/C#F%57:%G#F5.22,5.#T%2#5%6F.=#,F#73#3)7%:&#%#<:'<.5#'53T7<#
5%7.(#N 6l<"##
#

A5-27%GG:&.#R,%G:7-#:6F53O.6.&7#)-#P4]#
#
]2#=.2;5:).=#%)3O.(#C&S#&,;G.%7:3&#T%2#=3&.#%7#%#G3T#7.6F.5%7,5.#73#%O3:=#:2G%&=:&'"#

>3T.O.5(#7<.#&,;G.%7:3&#%G23#=.F.&=2#3&#7<.#27%57:&'#!.#2,5H%;.#;3&=:7:3&2(#2,;<#%2#7<.#
%736:;# 27.F# ;3&H:',5%7:3&2"# W7.F# 63O.6.&7# 3&# O:;:&%G# !.# XMMNY# 2,5H%;.# %7# <:'<#
7.6F.5%7,5.2# <%2# )..&# T.GG# ,&=.52733="# /;/%<3&# et. al"# 27,=:.=# O:;:&%G# !.# XMMNY#
2,5H%;.2# %&&.%G.=# :&# )37<#]2# %&=# S# %6):.&7# XN\(# NLY"# P<.-# 5.F357.=# 7<%7# %# <:'<#]2>L#
F%57:%G#F5.22,5.# G.=# 73#!.#=3,)G.#27.F2#T<:G.#2:&'G.#27.F2#T.5.#3)2.5O.=#%7#%# G3T#]2>L#
F%57:%G#F5.22,5.#XNLY"#C&#;3&75%27(#%&&.%G:&'#:&#S>L#%6):.&7#=:=#&37#5.2,G7#:&#=3,)G.#27.F2#
XN\Y"# C7# <%2# )..&# 5.F357.=# 7<%7# )%@:&'# :&# ]2# %6):.&7# 5.2,G7.=# :&# :6F53O.=# ;5-27%GG:&.#
R,%G:7-#H35#!%S#3&#W:#XMMNY#).;%,2.#]2#:2#635.#.%2:G-#%=235).=#3&#W:#2,5H%;.#;36F%5.=#
T:7<# S# XN[Y"# W:6:G%5# 6.;<%&:26# %FFG:.2# 73# !.# 2,5H%;.2"# P<.# %=235).=# ]2# 63&3G%-.5#
;<%&'.2#7<.#&3&F3G%5#!.#2,5H%;.#:&73#F3G%5#2,5H%;.#T<:;<#H%;:G:7%7.2# 7<.#2,)2.R,.&7#C&S#
&,;G.%7:3&"# C&# %==:7:3&(# 7<.# ]2# %7362# 3&# 7<.# !.# 2,5H%;.# :&753=,;.# 2,5H%;7%&7# .HH.;7# 73#
5.7%5=# 7<.#=:HH,2:3&#3H# C&#%=%7362"# C7# :2#@&3T&# 7<%7# 27%;@:&'# H%,G72# %&=#=:2G3;%7:3&2#%5.#
H356.=# %7# 7<.# )3,&=%5-# 3H# 7T3# :2G%&=2# T<.&# 7<.-#6.5'.# XN[Y"# P<.# ]2# 7.56:&%7.=# !.#

b:'"# L"# WD/# :6%'.2# 3H# C&S# '53T&# 3&# IJ# &6# 275%:&# 5.G%B.=# !.# .F:7%B:%G# G%-.5# %7#
[JM#gA#X%Y#%&=#[\M#gA#X)Y(#%&=#LiM#gA#X;Y(#5.2F.;7:O.G-"#

N# 6# N# 6

X%Y# X)Y

N# 6

X;Y
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2,5H%;.# 5.=,;.2# 7<.# C&S# :2G%&=# =.&2:7-# %&=# %;;35=:&'G-# 7<.# 27%;@:&'# H%,G7# =.&2:7-"#
]G7<3,'<# 3,5#!.# .F:G%-.5# =3.2# &37# 5.F53=,;.# .B%;7G-# 7<.# 27.F2# 3&# 7<.# 3HH;,7# W:# XMMNY#
2,)275%7.2#=,.#73#7<.#!.#2,5H%;.#53,'<&.22#X0/W#M"J#&6Y(#%736:;#27.F2#27:GG#.B:27#3&#7<.#
!.# G%-.5# 2,5H%;.# %2# 2<3T&# :&# b:'"# N)"# P<.5.H35.(# :7# :2# .22.&7:%G# 73# ;<332.# 7<.# ;355.;7#
)%@:&'#;3&=:7:3&2"##
P<.#:6F%;7#3H#'53,FK_#.G.6.&7#F5.;,52352#%2#,2.=#=,5:&'#7<.#F5.K.F:#75.%76.&7#3H#7<.#

!.#2,5H%;.#3&# 7<.# C&S#2,5H%;.#635F<3G3'-# :2# 2<3T&# :&#b:'"#["#]#;G.%5# :&HG,.&;.#3H# 7<.#
)%@:&'# %6):.&7# 3&# C&S# 2,5H%;.# 635F<3G3'-# T%2# 5.O.%G.="# 4%@:&'# 7<.# !.# .F:G%-.5# %7#
UZM# gA# :&# P4S# Xb:'"# [%Y# G.%=# 73# :55.',G%5# C&S# 2,5H%;.# 635F<3G3'-"# P<:2# =:27357.=#
3O.5'53T7<# T%2# ;%,2.=# )-# 7<.# 27%;@:&'# H%,G72# 35# 6:;537T:&2# :&# 7<.# C&S# G%-.5# T<:;<#
F5.O.&7# 7<.#'53T7<#:&#7<.#O.57:;%G#=:5.;7:3&"#4-#)%@:&'#7<.#!.#2,5H%;.#:&#P4]#%6):.&7(#
7<.# O.57:;%G# '53T7<# 3H# C&S# T%2# 2,;;.22H,GG-# 3)7%:&.=# Xb:'"# [)Y"# P<:2# O.57:;%G# '53T7<#
:&=:;%7.2# :6F53O.=# ;5-27%GG:&.# R,%G:7-# %&=# 5.=,;.=# 27%;@:&'# H%,G7# =.&2:7-"# P<:2#
:6F53O.6.&7# :&# C&S# 2,5H%;.# 635F<3G3'-# :2# %775:),7.=# 73# 7<.# ]2^!.# 2,5H%;.# .G.;753&:;#
F53F.57:.2"#P<.#F3G%5#]2^!.#27%57:&'#2,5H%;.#G3T.52#7<.#:&7.5H%;.#.&.5'-#).7T..&#7<.#C&S#
G%-.5#%&=#!.#2,5H%;."#>3T.O.5(#7<.5.#%5.#27:GG#236.#75.&;<.2#T<.5.#=:27357.=#3O.5'53T7<#
T%2#3)2.5O.=(#2,''.27:&'#7<%7#236.#27%;@:&'#H%,G72#27:GG#.B:27#:&#7<:2#C&S#G%-.5"#P3#H,57<.5#
:6F53O.#7<.#C&S#G%-.5#R,%G:7-(#%#J#&6#!%]2#G%-.5#T%2#'53T&#%7#[\M#gA#%H7.5#7<.#)%@.#:&#
P4]# %6):.&7"# P<.# 7<:&# !%]2# G%-.5# 27%):G:8.2# 7<.# ]2# 7.56:&%7.=# 2,5H%;.# H35# 7<.#
2,)2.R,.&7# C&S# '53T7<"#A3&2.R,.&7G-(# %GG# 7<.# 75.&;<.2# 2<3T# ;3&2:27.&7# O.57:;%G# '53T7<#
Xb:'"#[;Y"#
#
#
#
#
#
#

#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#

#
W:&;.# 7<.# 27%;@:&'# H%,G72# H356.=# )-# 7<.# =:223;:%7:3&# 3H# =:2G3;%7:3&2# ;%&# &37# ).#

%O3:=.=# =,.# 73# 7<.# G%5'.# G%77:;.#6:26%7;<# %7# 7<.# C&Sl!.# :&7.5H%;.(# 7<.# %2F.;7# 5%7:3# 3H# %#
75.&;<#=.7.56:&.2#7<.#R,%G:7-#3H#7<.#C&S#6%7.5:%G#3&#73F#3H#7<.#75.&;<(#%2#2<3T&#:&#b:'"#J"#
P<.#%2F.;7#5%7:32# :&#b:'"#J%(#)(#%&=#;#%5.#L(#\(#%&=#N"J(#5.2F.;7:O.G-"#C7# :2#;G.%5G-#2<3T&#

b:'"#["#P:G7.=KO:.T#WD/#:6%'.2#3H#C&S#:&#NNM#&6#T:=.#75.&;<.2#%G3&'#dNNMe"#P<.#C&S#T%2#
'53T&#%7#UNM#gA(#IU#P355#T:7<#=:HH.5.&7#F5.K.F:#75.%76.&7#;3&=:7:3&2(#X%Y#!.#.F:G%-.5#)%@.=#
:&#P4S(#X)Y#!.#.F:G%-.5#)%@.=#:&#P4](#%&=#X;Y#!.#.F:G%-.5#)%@.=#:&#P4]#T:7<#2,)2.R,.&7#
hJ#&6#!%]2#%7#[\M#gA"#

b:'"#J"#A5322K2.;7:3&#PD/#:6%'.2#3H#C&S#:&#dNNMe#35:.&7.=#WPC#75.&;<.2#'53T&#%7#UNM#VA(#IU#
P355"#P<.#75.&;<#T:=7<2#H536#H536#X%Y#73#X;Y#%5.(#NNM#&6(#NJM#&6(#%&=#\MM#&6(#5.2F.;7:O.G-"#
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7<%7#%&#%2F.;7#5%7:3#'5.%7.5#7<%&#\#:2#5.R,:5.=#73#3)7%:&#.B7.&=.=#=.H.;7#H5..#C&S#6%7.5:%G2#
:&#7<.#=.O:;.#5.':3&"##
#

Conclusions 
 

$.#3)7%:&.=#<:'<#;5-27%GG:&.#R,%G:7-#C&S#G%-.52#2.G.;7:O.G-#'53T&#:&#WPC#75.&;<.2#3&#
W:# XMMNY# 2,)275%7.2#T:7<#UV#3HH;,7# 73T%5=# XNNNY"#P<.# C&S# G%-.52#T.5.#;3&H:56.=# H5..#3H#
.B7.&=.=#=.H.;72#3&#73F#3H#7<.#75.&;<.2#T:7<#%2F.;7#5%7:3#'5.%7.5#7<%&#\"#P<:2#F53O:=.2#7<.#
27%57:&'#7.6FG%7.2#H35#H%)5:;%7:&'#<:'<#.G.;753&#63):G:7-#;<%&&.G#=.O:;.2#3&#W:#2,)275%7.2"#
P<.#275%:&#5.G%B.=#!.#),HH.5#G%-.5#5.=,;.2#7<.#7<.56%G#),='.7#=,5:&'#7<.#F5.K.F:#)%@.#%&=#
6:7:'%7.2#7<.#G%77:;.#6:26%7;<#).7T..&#C&S#%&=#7<.#,&=.5&.%7<#W:#2,)275%7.2"#]H7.5#)%@:&'#
%7#UZM#gA(#!.#2,5H%;.#53,'<&.22#=:=#&37#;<%&'.#T<:G.#7<.#%736:;#27.F2#).;36.#;G.%5"#P<.#
&,;G.%7:3&#3H#C&S#3&#7<.#!.#),HH.5#G%-.5#2,5H%;.#2<3T.=#2753&'#7.6F.5%7,5.#=.F.&=.&;."#
*,;G.%7:3&# %7# %# 7.6F.5%7,5.# 5:'<7# %)3O.# 7<.#P4S#=.;36F32:7:3&# .&2,5.=#S# ;3O.5.=#!.#
2,5H%;.#%&=#5.7%5=#C&S#2,5H%;.#=:HH,2:3&#23#7<%7#:2G%&=:&'#T%2#2,FF5.22.="#]2#7.56:&%7.=#
!.#2,5H%;.#5.2,G7.=#:&#%#).77.5#C&S#2,5H%;.#635F<3G3'-"#
##

Acknowledgement 
 

P<:2#T35@#:2#H,&=.=#)-#C/DA#!.#%&=#CCCK_#F53'5%6#%&=#D,53F.%&#F53m.;7#+,%G13':;"#
P<.# F5.2.&7# %,7<352#T3,G=# G:@.# 73# %;@&3TG.='.# C/DA#;35.# F%57&.52# %&=# 7<.#D,53F.%&#
;366:22:3&#H35#H:&%&;:%G#2,FF357"#
#

References 
##

N"# P"#]"#1%&'=3(#A"#$"#1.:78(#/"#P"#A,55:.(#D"#]"#b:78'.5%G=(#]"#13;<7.H.G=#%&=#+"#]"#]&73&:%=:2(#
Appl. Phys. Lett.(#76(#LIMM#X\MMMY"#

\"# ?"# W"# S%5@(# ?"#4%:(#/"#A,57:&(#4"#]=.@35.(#/"#A%553GG# %&=#]"#13;<7.H.G=(#Appl. Phys. Lett.(#90(#
MJ\NNL#X\MMIY"#

L"# ?"#/:7%5=(#A"#W<.%(#4"#+.#?%.'.5(#]"#S5:27.5%(#!"#$%&'(#/"#>3,22%(#!"#D&.6%&(#!"#>.GG:&'2(#$"#D"#
$%&'(#?"#A"#1:&(#b"#D"#1.-2(#0"#133(#!"#$:&=.5:;@2(#D"#_5%&;@.&(#]"#W7.26%&2(#E"#+./.-.5(#/"#
A%-6%B(#/"#S%&7:2%&3(#/"#/.,5:2#%&=#/"#/"#>.-&2(#C6F%;7#3H#D9P#2;%G:&'#=3T&#73#M"ZJ#&6#3&#
IM#&6#!.KFbDP2# 7.;<&3G3'-#T:7<#WPC(# :&#2009 Symposium on VLSI Technology(#F"#Z\(#E-7373(#
?%F%&#X\MMiY"#

["# !"#S"#P%&'(#D"#S.:&.5(#>"#>"#$.<6%&&(#]"#1,)&3T(#!"#nT:&'.(#]"#W;<G%;<.78@:#%&=#?"#>.5'.7<(#J. 
Appl. Phys.(#72(#[LUU#XNii\Y"#

J"# ?"# n"# 1:(# ?"# 4%:(# ?"#/"#>-=5:;@(# ?"# !"# b:35.&8%(# A"#/%m35(#/"# A%553GG(# n"# W<.GG.&)%5'.5# %&=#]"#
13;<7.H.G=(#ECS Trans.(#18(#ZZI#X\MMZY"#

U"# !"#S"#P%&'(#]"#1,)&3T(#>"#>"#$.<6%&&(#!"#nT:&'.#%&=#]"#W;<G%;<.78@:(#J. J. Appl. Phys.(#31(#
1NN\U#XNii\Y"#

I"# P"#D"#A5,6)%@.5(#/"#?"#>%H:;<(#!"#o"#03):&23&(#E"#/"#?3&.2(#/"#/"#]Gm%22:6(#]"#+%O:2#%&=#?"#S"#
135.&83(#Appl. Phys. Lett.(#59(#NMiM#XNiiNY"#

Z"# W"#/"#P:&'#%&=#D"#]"#b:78'.5%G=(#J. Appl. Phys.(#87(#\UNZ#X\MMMY"#
i"# E"#S5%)<%@%5%&(#b"#/%.=%(#o"#$%7%&%).#%&=#P"#9':&3(#Thin Solid Films(#369(#\Zi#X\MMMY"#
NM"# !"#4"# W75:&'H.GG3T(#Organometallic vapor phase epitaxy: theory and practice(#];%=.6:;# S5.22(#

13&=3&#XNiZiY"#
NN"# 1"#!%3(#0"#1"#$33(#4"#1"#1:%&'(#/"#S38,.G3(#W"#S5:@<3=@3(#/"# ?%;@23&(#+"#1"#>,HH%@.5(#/"#W"#

!3352@-(#W"#E3=%6)%@%#%&=#0"#b"#>:;@2(#Nano Lett.(#9(#LLIi#X\MMiY"#
N\"# $"#D"#/;/%<3&(#]"#D"#E:))G.5#%&=#?"#/"#9G23&(#Surf. Sci.(#571(#N[U#X\MM[Y"#
NL"# $"#D"#/;/%<3&#%&=#?"#/"#9G23&(#Phys. Rev. B(#60(#\[ZM#XNiiiY"#
N["# o"#E3<%6%(#o"#E%=37%#%&=#o"#9<6%;<:(#J. J. Appl. Phys.(#29(#1\\i#XNiiMY"#
#
#

ECS Transactions, 27 (1) 959-964 (2010)

964
Downloaded 24 Mar 2010 to 146.103.254.11. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp


