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We investigate AlGaAs/GaAs superlattices as well as InGaAs/GaAs quantum wells
(QWs) and epitaxial guantum dots (QDs) where during the molecular beam epitaxy of
InGaAs QDs the aluminium flux cell was opened briefly to incorporate fractional
monolayers of ‘Alinte the InGaAs. We show that X-ray mapping with a large
collectioniangle’is capable to detect 0.3-0.4 fractional Al monolayers with a resolution
of just under/Inm.

1. Introduction

(QHUGLVSHUVDYW SHFWURVFRS\ (';6 LQ D VFDQQLQJ WU
PLFURVFRSH 67(0 DOORZV WKH GLUHFW FKHPLFDO GHWI
EHU\OOLXP RU OLWKLXP GHSHQGLQJ RQ GHWHFWRU HQ\
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UHVROXWLRQ E\ ORFDO VSHFWURVFRS\ DQG FRPSRVL
UHVROXWLRQ ODQ\ VWXGLHV KDYH EHHQ FRQGXFWHG RY
DFFXUDF\ RU VSDWLDO UHVROXWLRQ
AXDQWLILFDWLRQ LQ 6 7(0 GHSHQGV RQ WXHFENWQRBOHGJ!
RI WKH FKHPLFDO HOHPHQWY DV D IXOHRWEWRQ VRK DMK DW
DOUHDG\ PRGHOOHG E\ %HWKH LQ > @ O®E WRHUHFW
-UD\V LQ WKH VSHFLPHQ > @ )D @& WXMHXD @IDN0 NBIHEWF HQ F
> @ ZEBWLVRUUHFWLRQ LV VWLOO WKH EDVLLV RI DOO FRPP
ZKLOH QRRQAHO/WHQW LWHUDWLY H IDE SWRRID.P KMAK R & FK @ L
WKLFNQHVVNGHSFHREIHQW @ KDYH DOV/IR UHFHQWO\ EHHQ
DWRPLF ODWWLBE\ SSROBYHKDMQ EHHQ UHSRUWHG DIWHU \
PXOWESDHGHWHFWRUV LQ WUDQVPLWWLRQ HOHFWURQ PL
RI YHU\ WBHQLAROQF WHWVWO VIWUKFMX WKW ROXWLRQ FRXC
YHULILHG 7KH FRUUHVSRQGLQJ PDSV ZHUH RIWHQ WRR G
JRU VHPLFRQGXFWRU QDQRVWUXPEWXUHY HPEHGGHG ZLW
VSHFLPHQV DGGLWLRQDO JHRPHWULFDO FRUUHFWLRQ\
LQWHQVLW\@DWLRV >

7KH 8QLYHUVLW\ RI 6KHIILHOGWKDV UHFHQW)O\ DFTXLUHC
FROG ILHOG HPLVVLRQ 67 (0 ZLWYXWIRXHE GH IZIMD G&R Z OGHV/W H

WKDW AUBOBR,OOHFWLRQ DQJOHV RI DQG VUDG Y
LPSURYHV WKH-UODWDSWILBY RYHU WK-HLIUEGRZABXV LXOW L
GHWHFWRUV ZLWK VUDG, -(2/ ) DW N9 DQG ub

N9 E\ DQ RUGHU RI»WPDIQLWXGH HQDEOLQJ WKH GHW|
DWRPLF RFFXSDQF\ RI VHPLFRQGXFWLQJ WKLQ ILOPV F
$QDO\WVLQJ W-KIHD\GRDISWDDFTXLUHG ZLWK WKH -(2/ $QDO\V]
ZH KLJKOLJKW WKH LPSURYHG S-HUDIRPPORIFPJI IR Q Gl SR WL
EXW DOVR SUREOHPV UHODWHG WR VSXUNRPRARWRIDKFNJIUR XC

([SHULPHQWD O

(SLWD[LDO WKLQ ILOP JURZWK
The motivation for this work is based on earlier results by other groups who showed
that the optical emission of epitaxial InGaAs QDs sandwiched between GaAs barriers
can be tuned by.replacing the GaAs below the QDs by either AlAs [14] or
(InAlGa)As [15], or the GaAs cap on top by AlAs [16], or both lower and upper
barriers by AlAs [17]. Here, we tried to incorporate ultra-thin AlAs laydrsctly
within.the INAs-QDs.
The samples investigated in this work were grown on an n-type GaAs (001) substrate
using a Varian Gen Il solid-source molecular-beam epitaxy reactor. They resemble
the central part oé laser structure and consist of an (Al)inGaAs-based active region
surrounded by GaAs barriers, waveguide-like AlGaAs/GaAs superlattices and
AlGaAs claddings. The growth temperature of the claddings and waveguide layers
was 620°C, while a lower temperature of 590 was used for the barriers. The active
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region was grown at 49%C. Two samples were grown and label8d DQG $

7KH DFWLYH UHJLRQ RI VDPSOH % FRQVLVWY RbL ,Q%(
LQGLYLGXDO UHSHDWV Rl BOWMHM BYDWD@RZHG @R ,Q QP
,Q%V 7KH WRWDO QRPLQDO $0 FRQWHQW GHSRVLEWHG
PRQRODIAMH®RI WKH JURXBWWWMN¥D$Y EDUULHUV ZHUH QRPI
QP WKLFN DQG JURZWK LQWHUUXSWLRQV R V IRU FK
LOWURGXFHG DIWHU WKH JURZWK RI WKHILUVW QP RI
ILUVW QP RI WKH WRS EDWWHLMKSHKBE DXVOWH FXINVGHRQVLVW
QP *D$V IROORZHG*EP\ $SWQPVXOURXQGLQJ WKH EDUULHUV I
QP *D$V DQG *OP $¥0 $6D $V FODGGLQJIOD\HUV VXUUF
VXSHUODWWLFHYVY $QRWKHU VWUXFWXUH ZKLFK OHDYHV
UHSHDWHG RQ WRS RI WKH ODVW $0*D$V FODGGLQJ OC
PRUSKRORJ\ E\ $)0 RU 6(0 7KH FODGGLQJV WKH VXSHU
EDUULHUV RI VDPSOH $ ZHUH VLPLODU LQ WKLFNQF
WHPSHUDWXUH WR WKRVH RI WKH $ VDPSOH H[FHSW II
RI D QP*DQ$YV TXDQWXP ZHOO4GHSRVYLWHG DIWHU WKH J
*D$V EDUULHU IROORZHG E\ D QP *D$V vHDHIWHU OD\HU
4'V ZLWK LQVHUWLRQ RI D YHUVWWKLQ $0O0 OD\HU ZHUH GH:¢
ZDV HYHQWXDOO\ JURZQ 7KH 4'V ZHUH JURZQ E\ GHSR\

HTXDO WKLFNQHVV QP WHBDH\S R VLW GD VOW KXWV ILRIYV
QP <@ $V DQG QP R1,,Q$V HDFK WKHGO $\HSHDW RI
DQG QP ,Q$V WKHQ DQRWKHU UHSHDWV VLPLODU WHF

WKH ODVW QP RI WKH,.ERWWRP *D$V EDUULHU WKH 4: V
ILUVW QP RI WKH WRS *®D$V EDUULHU ZHUH B8OO JURZQ
$Q RYHUYLHZ RI ERWK VWUXFWXUHV LV SUHVHQWHG LQ 7
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VDP! ERWK $
thick- materia
ness
[nm]
,Q*D$8O 4" 4'
*D$V - V'S D
1Q*D$V - 4
*D$V EDUULH
*D$V $0O VXSHUOD!
*D$V $0: VXSHUOD?
$O0*D$V FODGGL
*D$V $0O VXSHUOD!
*D$V $0O VXSHUOD!
*D$V EDUULH
,Q*D3$E¥O 4' 4’
*D$V - VSD
1Q*D$V - 4
*D$V EDUULH
*D$SV $0O VXSHUOD!
*D$SV $0O VXSHUOD!
$O0*D$V FODGGL
*D$V EXIIHU
*D$V VXEVWU

TDEOWFKHPDWELF RI ERWK VDPSOHV 4'

TXDQWXP GRW 4: T X

6SHFLPHQ SUHSDUDWLRQ IRU HOHFWURQ PLFURVFRS\

(OHFWURQWUDQVSDUHQW WKLQ
WZRRPSROHQW HSR[\ JOXH

DQG HQHUJLHV RI

LQLWLDOO\

IRLOV ZHUH SUHSDUHG

FXWWLQJ ZLWK D GLDPRQG
GLUHEWLRQV JULQGLQJ E\ 6L& DEUDVLYH DQG SROL
GLDPRQG SDVWHFWIHROGVYRAVHWIH WKHQ DUJRQ LRQ PLOOHC
ILOQGD 49 XQGHU OLTXLG QLWURJHQ FRROLQJ RU D *DWEL

67(0 FKDUDFWHUL]DWLRQ
Thesscanning transmission electron microscopy (STEM) imaging was performed in
two.instruments: a JEOL 2010F (Schottky field emitter, 197kV, 10mrad semi-angle of

NH9 XQWLO SHUIRUDWLRQ
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beam convergence, 0.3nm probe, ~20pA current at nominal spot sizefM0bs%ad

collection angle in high-angle annular dark field (HAADF) mode, Si:Li PentaFET X-

ray detector with 0.12srad collection angle and ultrathin window) and a JEOL F200

(cold field emitter, 200kV, 20mrad semi-angle of convergence, 0.16nm probe;

~100pA current at nominal spot size 6, #165 mrad HAADF collection (angle,

1.7srad windowless double silicon drift detectors for X-rays). All images and maps

were acquired with the layers oriented vertical to minimize both scan and, drift

artifacts and are displayed in the following rotated bf 9 R WKDW WKH JURZWK C
SRLQWYVY XSZDUGYV

o0 nm oMM

JLIXUBMULJKW ILHOG %) OHIW DQG DQQXODU GDUN ILHO
$ 2YHUYLHZ RI WKH OD\HU VWDEN DW N: 9LVLEOH DL
FODGGLQJ OD\HUV GDUN LQ $') VHYHUDO QP DQG
VXSHUODWWLFHYV DQG WZR QP DQG QP *D$V EDUULHUV
,Q*D$V OD\HU FEULJKW LQ $')

7TKH LPDIJHV/LQ IJIXUH RI VDPSOH $ VKRZ OD\HUV DV (
GHVLJQ ZLWK, ,DSSDUHQWO\ SHUIHFW *D$V $0*D$V VXSHL
WKH QRPLQDO GHVLIJQ WKH $0*D$V FODGGLQJ OD\HUYV
, BODSVo KDV IRUPHG D FRQWLQXRXV a QP WKLQ VOLJKW
ZLWK \GWHHEWO YDULDWLRQV KRZHYHU DV WKH VSHFLPI
obuJH LW LV, QRW SRVVLEOH WR UHOLDEO\ GLVWLQJXLVI
RI GRWYV LQ SURMHFWLRQ ,Q VRPH FDVHV GLVORFDWLRQ
KDYH EHHQ IRXQG FI ILJXUH 7KH VXUIDFH RI WKH Z
GHWDLO KHUH DQG QR FOHDU HYLGHQFH RI DQ\ TXDQWXF
WKH LQWHQVLW\ GHSHQGY DOPRVW OLQHDUO\ RQ WKH \
TXDGUDWLFDOO\ RQ WKH BYRUMNHKHDAMMDRPHELDRP BDHAG WK
UHIHUUBGROQRVDODVW > @ +HQFH LQGLXP ULFK OD\HUV L«
LQ %) DQG WKH VTXDUH URRW RI WKHLU $') LQWHQVL
SURSRUWLRQDO WR WKH ORFDO FKHPLFDO FRPSRVLWLRQ
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LQQHU FROOHFWLRQ DQJOH LV VXIILFLHQWO\ OD &@

J)LIXUPRe) LPDJH RI VDPSOH $ w 7 TKH VDPSOH LV W
VKRZV VWUDLQ PRGXODWLRQV DUDFWHULVWLF RI VW
GLVORFDWLRQ OLQH HPDQD RP WKH VWUDLQHG ,Q

7TKH GLVORFDWLRQ VKR
LOQWR WKH EXIIHU UHJLR
OD\HU DQG VXSHUO
,Q*D$V WKDW KDV D
WKDW LI WKH GLVORFD

L

XUH UXQV WKURXJK W
UH LW WHUPLQDWHY RQ WK
V DUH DOO PDGH RI $0*D$V
ODWWLFH FRQVWDQW LV FR
Q UHOD[HV VWUDLQ LW LV OLN

L
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JLIXUH$') LPDJIJH ».DUDQBDSY UHFRUGH®WRI;VDPSP HLH O G
RI YLHZ QP.SL[HO §DMSOLQJ QP SUREH Q% PV G2
VZHHSV ZLWK GULIW FRUUHFWLRQ IRU PLOXWHV  NFS
GHWHFWRU 7KH PDSV VKRZ VKH GMW $BIQPDV Rl &

J DQG WKH.AVXP RI DOO JURXS ,,, HOHMHQWSWHFK BIXIPJIUR
ILJXUHA D RQ.OLQHDU VFDOH

7TKHYDVWPDSV LQIIGHSURWEWKH VSDWLDO GLVWULEXWLRQ
HVWLPDWHG IURP WLOWLQJ H[SHULPHQWY WR EH a QP \
LQGLXP ULFK 4: 4" OD\HU LQ WKH FHQWUH VXUURXQGHG
$O0*D$V *D$V VXSHUODWWLFHYVY LV YLVLEOH DV ZHOO L
HQULFKPHQW RI $O DSSUR[LPDWHO\ DW WKH VDPH KHLJI
UXQQLQJ WKURXJK WKH ,Q*D$V OD\HU LQ ILJXUH D 7KH
hLJXUH G DQG RI $0 *D ,Q LQ ILIJXUH J DUH YHU\ VLPLOL
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GLITIHUHQW UHODWLYH IOXRUHYFHQE®QHVYHR BWVH®I _WHKH UNDH
IDFWRUV > @ GHYLDWH IURP XQLW\ E\ RQO\ D/(IHZ UHC
7TDEOH VKRZV WKDW PDSV RI HOHPHQWYV QRW“LQ WKH V.
LQ WKH VSHFLPHQ VXSSRUW &X RU VSHFLPHQ KROGHU
IHDWXUHOHWV PBBXQRMYV SHU SL[HO RQ DYHUDJH »2 TURP \

. FRXQWV DQG 6L IURP WKH GHWHFWRU PDWHULDO
KLIKHU EXW DOVR FORVH WR WKH RYHUDOO GHWHFWLRQ
SHUYDVLYH EDFNJURXQG VLIJQDO RI a FRXQWYV LQ DOO
UHDFKLQUDNVIGHHWHFWRUV RU D GHWHFWRU DUWLIDFW LV
LW KDV EHHQ VKRZQ SUHYLRXVO\ WKDW IRU DFFXUDWH T
RIl HYHQ VXFK ORZ EDFNJURXQG VLIJQDOV XVLQJ IUDFWL]
SURILOHV RI $O0 DQG ,Q GLYLGHG EVWWKH VXP RI $0 *D ,
RFFXSDQF\ RI WKHODWRXISFH,, ZIMEKRXW DQG ZLWK DQ DY
VXEWUDFWHG IURP HDFK PDS

016
d W B
1 1.1 1.8 Tma #
0.12 SRR O

010

0.08
—s—A| content, raw data

——A| content, BG corr
—|n content, mw data
——|n content, BG cormr

0.06

0.04

0.02

fraction of group lll sub-lattice occupation

0.00 - W A P Pyl : P i AT Ll
10 20 30 40 50 60 7o

-0.02 -
distance [nm]

JLIXUHOLQH SURILOHV RI WHKH\ PDWBVRRIRSOWEKE *D ,Q D
,Q $0 *D Q. .RU VDPSOH $ ZLWKRXW DQ\ EDFNJURXQG
DIWHUY FRXQWYV VXEWUDFWHG IURP HDFK PDS SULRU W
1HJOHEWDBWRUVUDRUIQXRUHVFHQFH DQG DEVRUSWLRQ
DSSUR[LPDWH YDOXHV RI WKH FRUUHVSRQGLQJ IUDFWLR
ODWWWKFH DW a QP UHVROXWLRQ 1RWH WKH ,Q*D$V 4' O
a LQ WKH FHQWUH DUH GLVSODFHG ODWHUDOO\ E
DSSUR[LPDWHO\ D XQLW FHOO

7KkH $0 FRQWHQW RI WKH QP SHULRG MXSHUODWWLF}
EHWZHH® $V DQG*®O$V GHSHQGLQJ RQ EDFNJURXQG UH



Page 9 of 19

O©CoO~NOOTA~WNPE

AUTHOR SUBMITTED MANUSCRIPT - SST-106418.R1

WKXV PXFK OKMHOHRP MOKDIQ @ FRQWHQW RI WKH EDUULHUC
a QP ZLGH OD\HUV DURXQG WKH TXDQWXP GRWYV OD\HU
$0*D$V ZLWK D ORZ $0 FRQWHQW RI “ -ZLAWWK D VOLJ
QHDU WKH ORZHU VLGH Rl WKH ,Q*D$V 7KLV EXPSIDPRXQ

HTXLYDOHQW PRQROD\HUV ZKHQ LQWHJUDWHE. DER Y H
TXDQWXP GRW OD\HU LWVHOI KDWoD PD[LPREDLMGORE HFR Q
WKDQ QRPLQDO

J)LIXUK6) OHIW DQG $.) ULIJKWS LPRYHVYWRIHZDRISWHKH OD)
VWDFN DW N: 7KH QP $0*D$V FODGGLQJ OD\HUV GD

QP $0*D$V *D$VAWXSHUODWWLFHY DUH DV LQ WKH RWKHF
DUH QP DQG QP-WKLQ WKH FHQWUDO ,Q*D$V EULJIKW
WZR OD\HUV D IODW ,Q*D$V TXDQWXP ZHOO 4: DQG D TX

7KH LPDJHV LQ ILJXUH DUH IURP VDPSOH $ DQG DJI
FODGGLQJ ODVHUVIDUH a QP WKLFN WKH ORZHU *D$V C
QP DQG WKH WRS’ QP WHISFPNTXREWRZHAHQQ QRPLQDO

LQ WKH FHOWWDO VWDFN LV a QP WKLFN DV VSHFLILHG E
WRZDUGV/ LWY WRS \LHOGLQJ DQ LQGLXP FRQFHQWUD
,BO*D$VAOD\HU [QRPLQBRPWK ,Q $O *D$V OD\HUV H[KLELW
FRQWUDVW.PRGXODWLRQV ZKLFK DUH FRUUHODWHG EHW
,Q $0/*D$V OD\HUV LQGLFDWLQJ D GHJUHH RI VWUDLQ FF
RI WKH/FHQWUDO VWDFN TXDQWXP GRWVY DUH QRZ FOHDU
|URP, BW-UIDQAMWRQRZ JURZWK RI ,Q*D$V > @ 1HDU WKH

GLIIXVH DQG VOLJKWO\ FRUUXJDWHG ,Q $0 *D$V OD\HU K
TXDOWXP GRWYV DUH FOHDUO\ OHVV ZHOO GHYHORSHG 7l
UD\ PDSSLQJ DV WKH RQH EHIRUH DQG UHVXOWV DUH V
LQFUHDVH RI WKH $0 VLJQDO XQGHU WKH ,Q*D$V LV IRXQ
OHYHO RI a DPRXQWV WR 0/ KDOI RI ZKLFK LV ORFD!
4' ZKLOH WKH RWKHU KDOI DSSHDUV WR EH PRUH VSUHDG
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JLIXUH$') LPDJH RI $DPIOM 05 7KH ,Q*D$V OD\HU LV F
VWUXFWXUHQPZOWBQWXP ZHOO DW WKH ERWWRP IROC
TXDQWXP GRWV WKDW KDYH D.GDUN OLQH UXQQLQJ DS
ZKLFK ILIJXUH FRQILUPV LV GXH WR $O0 LQFRUSRUDWLRC
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/0
0r

40

41

j; N DQBDSV RI $ UHFRUGHG DW O]
[

IGHOV [ ELQGH[GIGWRDW QP SL[HO

H Q% PV GZHOO WLPH VZHH
GHWHFWRU DQG NFSV IURP GHWHFWR!
$\G . $@ *O ,,QJ DQG WKH VXP RI DOO
| J 7KH TXDQWXP GRWV DUH EHWWHU Y
\ WKUR\ YSHEWHDUDWR®YUHDV VKRZQ LQ |
OR PLF VFDOH
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JLIXUHDLQH SURILOHV RI DUODROLRW RII $OK AU ,;Q D
,Q $0 *D ,Q IRU VDPamQH $JDLQ D VWURQJ $0 LQFU
RI WKH 4' OD\HU JUR OH SHUKDSV D IDLQWHU VL.
4: OD\HU XQGHUQHDWK

SHVXOW DQG G LRQ
$ FHQWUDO S R R APV WY IR FRXQW UDWHV GXI
WLPHV DW LQ L@®XDO SL[HOV -HDI¥HQ HW WKWRLWYJ HAD BDQH

WK H vww& BIVWKHRZQ LQ ILIXUHYV VDPSOH $
$
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VDP $ iy $ -1 &

X-ray

elemen line min max mean rms min max mean rms’x
7 ?

C K 53 26.6 *5.7 96

@) K 13 27 %16

Ne K +1.9

Al K 20 47  £2.5 0

Si K 0 15 35 #1.9 0

Ar K +1.2

Ti K 0 9 1.3 1.2 8 n
Fe K 0 9 15 #1.2 9 n
Co K 0 9 16 1.3 9 n
Cu K 0 9 16 1.3 0.9 n
Ga K 14 70 38.7 6.6 2 618 =134 s
As K 17 76 112 60.5 +12.7 s

—
o
[EnN
o

In 32 38 43 s

TDEOHVWDWLVWLFV- RY ; URRW PHDQ VTXDUH VWD
7\SH Q QRLVH V WUXH " SRVVLEOH VLIJQDICRG XH WR
2 RU DUJRQ LQF SRUDWLRQ GXH WR LRQ PLOOLQJ $U

,Q RUGHU WR HV H WKH VSDWLDO UHVROXWLRQ Z|
PRUH DFRRARR PR R GLIIHUHQW DSSURDFKHV RQH I
EDVHG RQ DQ SHFWUDO FRXQW UDWHV DV IROO
QP $ DQ $ DZD\ IURP WKH VSHFLPHQ HGJ
ZHGJH JH \ PV WKH LRQ EHDP LPSLQJHG XQGHU
JLYH WKLF V VWLPDWHV RI QP DQG QP UHVSH
FDQ UDU FKLHYHG 2IWHQ VDPSOHV DUH PRUH U
GLIIHUEK Q WKH WZR DUHDV VKRXOG KRZHYHU UHP]
V JURP WKH VSHFWUD WDNHQ LQ VXFFHV
RW ZH FDOQ\ZRRMNQRXWDWKS DWQG V V
$ D® WKXV FRQF O XMDHWMRBGGWEKH WKLFNQHV W
VHF HD KDV RQO\ WKH WKLFNQHVV Rl WKH ILU
L P

U LRQ JLYHV DEVROXWH WKLFNQHVYVY YDOXHV RI
8 QJ WKH VWDQGDUG IRUPXODV IRU HOHFWURQ E

$

H &DUOR FDOFXODWLRQV RI WKH *D ./ OLQH UDWLF

WV EHDP EURDGHQLQJ RI QP IRU WKH- QP WKLF
Q IRU WKH QP WKLQ DUHBFRHBNHG HWKDY HZ IFW R VS t

59 6L /L GHWHFWRU ZLWK XOWUDWKLQ SRO\PHU ZLQGRZ DV
60 @ )RU WKH ZLQGRZOHVYV 6'"" GHWHFWRUV XVHG KHUH
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a QP WKLFN FDUERQ OD\HU ZRXOG QR DRQUAH k&
VDPH WLPH WKH *H . FRXQW UDWH ZLOO JR GR
GHWHFWRUV KDV RQO\ WKH W\SLFDO ZDIHU@W
SHQHWUDWH LW :H FDQ KHQFH XVH SUHYLR X4 SN
FDOLEUDWH WKH YDOXH IRU JHUR WKLFNQH \

7KH *D ./ UDWLRV ZH DFWXDOO\ PHD HG LQ RXU
ZRXOG WKHQ VXJJHVW WKLFNQHVVHV RI R QP DQ
UHDVRQDEOH DJUHHPHQW ZLWK WKH DEHYH WLPDWHYV
DSSURDFK

‘H KDYH WKHQ XVHG ORQWH &DUOR WLRQV > @
LQYHVWUDDWHQHUDWLRQ DEVRUS Q OXRUHVFHQFH
DQJOH RI f

6LPXODWLEBRVIDREHVRUSWLRQ IRU $ * V YVDREROHV DW V
VKRZ WKDW QR DEVRUSWLRQ F H LRQ QHHGV WR E
UHODWLYH WR $V . WKH-RQO OQMNWION VRHFWUWHGO . O
LQWHQVLW\ LV H[SHFWIBD® &V RRG B660VHHE\G DQ DEVRUSW
IDFWRU RI “

OXWXDO IOXRUHVFHQFH WK
VHULHV RI VLP-XO®ODWHR RQ ,Q*D$V VDPSOHV RI
ZLWK D WKLQ $0$V OD\ WKH FHQWUH VDQGZLFKHCGC
HLWKHU ,Q%$V RU *D KM WRS KDOI ‘H FRQVLGHUH

‘H HYDOXDWHG WKH VFHQFH IURP WKH ,Q / RQWHF
DSSDUHQW LQFUBDYW BW\;ZKHQ WKH *D$V RYHUOD\H

,Q$V DQG IRXQG DW LQ" W K}HP WHKIOAHNYDHOMW IRNQ BREXWIRH[SH

OG LQFUHDWH WKH $0

WKH HIIHFW ZDV GO\ GHWHFWDEOH PD[LPDO UHC
SXUH ,Q$V RQ W VR ZH FRQFOXGH WKDW PXWXD:
VDPSOHV WKDW BWWKNLRQHDRGHIBRBWH,Q DQG $0O FF

DSSURI[LPD ILUVW XVHG E\ &OLII D-QU®\/RSHEMUD Q@

ORZHU

7KLV PHD(N TXDQWLILFDWLRQ FDQ -EHOBHUIRUP
Q

IURP WK OHY RIKMHQGIWHGXDWLGNVNQH FKRVHQ IRU

LQGH] OG EHNPXPWRSQ LIHEGE\L WKKHYH DUH FDOL

IUDFWLR LYLGHG E\ WKH FRWRIMAKIRD GLQJ DWRPLF Z|

G
T-L = HT
F Ayy G o Q

give ration of element j in thin film approximation where the sum extends
oveflall n gggments. We have in the plots of figures 4 and 8 completely nedtected
ec

fact ecglise the scale factigt; are all close to unity for the (Al,Ga,In)As system
on As Kiine (Ax) is used for reference: from extrapolating Monte Carlo
imula@ons for AlGaAs and InGaAs back to zero thickness, and taking into account
e modifications as before to replace a thick Si:Li with ultrathin polymer

vow by a windowless SDD detector, we gkfikax=0.32+£0.04, Kea A
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=0.98+0.01 [26] anin. as« =1.47+0.03 [28]. Using the nominleffactors of the JEOL
supplied software instead would gikg« as«<=0.359, Kea,asx =0.853, Kinu asx =1.284. %

The k-factors in equation (1) need to be divided by the atomic Weighs arf8
divided bykask/Aa ,i.e. the abovealues forkjask need to be multiplied by the reQgive
atomic weight\as/A. The results are tabulated in Table 3.

PRC 8&$6,12 (2
X-ray
elemen line A kjask - 74.92A @
Al K 26.98 0.883+0.106 6
Ga K 69.72 1.051+0.011
In L 0.961+0.018

7TDEONIDFWRUWMDRY RI JURXS ,,,% WV LQGH[ M UHODWLYl
$sv Su

This means the real Al and In content co been a little lower than shown in the
plots, but given the poor statistic hese of the above correction factors
would only marginally improve the roup Il elements to arsenic (which
should yield unity but is always abo hat value), we decided to neglect this

correction. 2

LIRMJXPHULFDO VLPXODWLRQ RI WKH HIIHFW RI UHVRO}
[HO LGHDO ' VWHS IXQFWLRQ ZKHQ FRQY-ROXWHG Z

gg TD\QTXDUH UPV YDOXH )RU WKH $0*D$V *D$V VXSHUOI
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HYDOXDWH

All linescans clearly reveal the shorter AlIGaAs/GaAs superlattice (of pe&'od
and the measured full widths at half maximum (FWHM) values of the
individual layers prove that the resolution must be 2nm or better in gOth S.

Concerning the influence of resolution on the contrast of maps and li ns three

effects should be considered:
i) the sampling increment given by the effective pixel width, helf@ 0.26r in the

first and 0.39nm (after binning) in the second case;
i) the impinging focused electron probe profile (here: 0.16
rms width of approximatelyly=0.07nm in Gaussian appro
iii)  the broadening of the electron in the sample due to
as evaluated before.

E , giving an

stic scattering,

While effect ii) will be negligible in our case (the ab
only 0.18-0.26 pixels would dampen the signal f
most, according to the plot in figure 9), electron bea attering in iii) will dominate
the effective resolution. This can be shown a eydluating models for electron
probe spreading, which for 15-26 nm thip G 5.32 g cnt, U=200kV)
suggesb=1.4nm for the 1.9%beam diam at s 90% of intensity [29] (i.e.,

¥=0.74nm) orb=0.5-1.2 nm for the full iameter at the exit surface [25]
(hence, #£0.2-0.5 nm for an equiv
the nominal probelyand would da arent superlattice modulation of the
Al content by 10-20% of the nominal va A"°M=0.33, i.e bring it down to 0.26.

We measure, however, onl amplitude' £ ***=0.08, which indicates that there
must be real interdiffusion o ithin the superlattices, corresponding to an rms
diffusion length for Al atoms

h corresponding to
erlattice by 6% at the

The peak indium con ng measured are also somewhat lower than the

nominal values (0.19 i 0fJ0.25 for the lower QW of sample A558, 0.12 [0.22]

for the QDs inst of .60] for sample A527 [558]), which again indicates

some indium inte jory, but only over ~0.5nm in length, in line with our

resolution esti

7KH FR DWLRQ SURIHOHFPHQWRR WEKHOQGBRXSE LQ ILJ:
HVVH WKH VDPH IHDWXUHYV DV EHIRUH IRU WKE
VLIQ DPWO\ KLIJIKHU ,Q FRQFHQWUDWLRQ DOEHLW VW

LQ SURILOH FRUUHODWHY ZLWK WKH ,Q*D$V 4' |
Vv WG E\ WKUHH SL[HOV RU QP 7KH UHODWLYH GLVS(
W VLIQDPRO VERZDUGYV WKH WRS RI WKH ZDIHU VWUX

$
U H VHIJUHIJDWLRQ RI ,Q FRPSDUHG WR $0O DWRPV
$OQPQ *D$V GLIIHUV TURP RXU SUHYLRXV ILQGLQJV IRU
 Q

v

*D@>
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A key problem has been that the maps never gave zero base line values for ele -

not in the sample. We therefore used the minimum experimental backgroundfourns
for any element not in the sample (Ti K) to subtract 1.3 and 0.7 countyor
different samples. This worked well for the In L line but less so for the Al K

thereby skewing and offsetting the background by some artificial ggha

&RQFOXVLRQ

;-UD\ PDSV KDYH EHHQ TXDQWLWD Y O\ HY,DOWXEDWHG IR
ODWWLFH DQG GLUHFWTKYLY®KD R ROD\HUV Rl $0O Gt
WKH PLGGOH RI WKH ,Q*D$V T QW GRWV KDV EHHQ IR

)
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