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(001) FhlE R, BEURATIH 5 i B o TR e . mirkit |
WE ., WE  ZI0 R R ER . B Ay TR 495 1
RHIENMEIRH B (poly methyl methacrylate,
PMMA) {E R ihl, Bewk 45444 4000 r/min, fiE
IR K220 90 nm, AIHLIREE 180 °C, HLkEHT[H]
4 1 min. SR PHCER A G2 A F A G HEA T

3¢, B ALl Raith 150 A5 1 1 1 dOE %)
(electron beam lithography, EBL) 1% #& 5¢ i, M
PEEOR M ZS A AR C 2 R T R B R, RS
Bk RN LR 20 KV, #8OEETLZ 10 pm,
B2 100 mJ/cm?, EBL 57k /M R 100 pm
x 100 pm. BH2EEIIRE RN PMMA YCZIK
(B se 1.2 B ISR R AR R « SUAEK
HUK IR S (HySO, = HyO, : HyO IRFRIL Ry
3:1:640, Horfyf i R o 2 43 B0k 98%, RMUER K I
HECN 30%) X AE S EA T 20 A PR R . XL
AR5 IK B AR B Za st ] ] LSRG K YA R A
0 BE 157 24 F o AN 5°FI] 50°LA K 4 oK 1 Al IR B
10—60 nm A9AEfL, Hr o) B X 1(d) $ T

B 1

z/nm

GaAs (001) #f Ji& 5 4 [110] J7 [i Y 299 K 3 A 5L ST 19T 33 A 1

N, RIAURE (4 98 4 2 55 40 IS AKSF- T 2 A, o i
K, I FE M REREBE, o /0N, DURERF-22.

FESIE s 2 PN R, AR S
FHN R, 1 B R P e IR TERE S
AR 58 =20 R FH SO 5 F ZI AL (reactive
ion etching, RIE) % %025 1A X il 2 T 55 Mg 2
Frife—2 KR, Gt ik W20 0s B I A RE o, L3R
TR it 8 R 201 v s A R K.

Ao I 1) B8 Rt R 2 A3 S s 2 i A s
JE WG P2 BT, 4 HCL:H,0 = 1:3 (FirPih
iR ) S 0N 37% ) IRk GaAs FRIETY 4R
SEALE, Z0BhF ] 1 min, Bl G 25 5Tk
Yk 1 min, JH TR KT WL LR E L
J2 5 RE S s VP It MBE BERE A o L A
YA, HEEZ S, BT iR A R X R 4
FATEA ™ A s e 81, PR e FH &0 A B4, 2L
PR R KAl IR T2 350 °C, BRX 0.5 h, [A]
I S SR AR IR E TF 2 1600 C, FTFES, &
AP AR B B2 7E 1.0 x 107—1.5 x 107 mbar

— Before deoxidation
— After deoxidation

0.4 0.6

z/pm

0 0.2

0.8

(a) BAAUG AR X B AFM &; (b), (¢) g = 16°H}

PR 45 14 DX S B SRS /9 AFM &1 (d) YR B 4CRT S AFM R 9 151
Fig. 1. Morphological change of patterned GaAs (001) substrate before and after deoxidation: (a) AFM image of flat GaAs after
deoxidation; AFM image of patterned GaAs before (b) and after deoxidation (c), the trenches are orientated along [110] direction

and the sidewall inclination angle «; is about 16°; (d) AFM line-scans of the trenches before (black line) and after deoxidation (red

line).
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(1 mbar = 100 Pa) il 762 R 1R EE
PRAF 30 min. 283k i 20 Ak BRSO RE it R 1 AT LA
I RRRBERR X EDEATIR FRELZ.

2.2 MBE £Kit#2

AR R T = P N A AT
e, B2 B4, 2 A TT-V B MBE A= K
7, BRI THE 500 °C, RIS As JETIT, IF
PR B 2546 1.0 x 107 mbar B, ffifEAL
F As FEAMAGTER K 10 min, XERE G BRI
P A LR 28 20 S [ BT A A AR 2R K
GaAs 22 1f 2, B b IR BE R &2 420 €, SBUTR
1 MEF 2 (mono-layer, ML) ) Ga Jii ¥~ 1920 4
FHEKWEE, RETTIF As I, B As/Ga 1Y
R HAET 10, L 0.5 A/s BY#EHAEK 30 nm 1
GaAs Wi, [t =X g A7t (reflection high
energy electron diffraction, RHEED) 1] Jii{v il %%
BN 2 x 4 KM EM; 5 =0 N FBUAMEAE
K InAs T2, Kl RIREE T2 500 C, PLO0.1 A /s
(R UTEL 2 ML Y InAs, BLEF RHEED &% i
2 x4 PSR T H AT AR RO ER.

3 EBLERMN

S SR FIAE P AER GaAs BUERE, M
NG RN N N 11 A N (D) SR A R X €7
(atomic force microscope, AFM) X H: 3 i1 JE 4 it
TTFRAE, B3R WE 1 R, B 1(a) HEDERET-HE
Ab 5 pm x 5 pm XIELAIESE, 7T LI B E AR
AR RIGERAE + 1 nm DA, RMS 4 0.168 nm,
A Kt & RHEED ] LUE BTG MTHY 2 x 4 R
HE. B 1(b) FEL 1(c) R/ MEURE R K Va Rl 225
JBACHTE 1 AFM JESEL, XF HE P AT DL & BB
e kAW R A2 4. & 1(d) b BT 2544 i 4 i
JE ) AFM Z 43300 eI, R & BN K TR Y 98 5
FEAR KA, FURIREERE AR, B oy b B 4ACHT
249 16°78 B 18°. LR EAMRIIE N P A0 i S A, 7
ARSI XA B TR PR GaAs SR, [F]H 44
KAGRERIESEA RIS, 75T SCRY 5250 73 pr
ZLE T BE 1) AR A

i GaAs 8w ETE A Kk FE rh 2 xf BUE Y
TR A s 1821 Sy S g B HE ], GaAs 9%
hE S IR AME ) 7. SMERT S B BB S5 B

FNE 2 o, B 2(a) HonAMEA KT [110) )7
MK IARE ) AFM &, [ 2(b) ZAMEA K 30 nm
GaAs )25 1) AFM K, E 2(c) R K AT A9
KIGFER) AFM 4518, X P4 T UG H
YK FEAE 2 IR AME 30 nm GaAs JEIREEAS
R, BEREAR G X BEAR AR AT AT, RS AR R}
g AR KA ARE, (EAE A T 2 B —
MBEHE oy = 19°(ay IIE SLILIE 2(c)) B9 (114)
o fhm. ot IR K 30 nm GaAs B2
J&, IR o R, YGRS S 2
PE— A BE AR AR H o /DB (114) ShifT, BE—2
() 5256 R X PP I B AE o BRI EREBH 8 T Y
o BUNEE, XA AR AR /).

FESZIR TR R B InAs 7R KA R
(AN K VA R R A B2 T AN, anf&l 3 TR,

(c) Before GaAs buffer //
0 — After GaAs buffer /o
—20
g
£ —40t I
® I
s _
—60
—80
1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
z/pm

B 2 R [110]J7 M AF 1 o =~ 40°RT B 49 K 1 A 7E
GaAs ZEm 2 A KATFIESRL (), (b) MRRAME 30 nm
GaAs G th 2115 19 AFM &l (c) A=K 15 VWAl 1) AFM 28
i, R E LT N o = 40°, ZLE ML N o =
39°, ay = 19°

Fig. 2. Morphological change of the trenches (inclination
angle oy =~ 40° and orientated along [110] direction) after
GaAs buffer growth: (a), (b) AFM images of the trenches
before and after the deposition of 30 nm GaAs buffer at low
temperature; (c) the black and red lines represent the cross-
sectional AFM line-scans of (a) and (b). «; = 40° (black
line); a; = 39°, ay = 19° (red line).
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Bl 3(a) PHAHAE o = 16.7°, T aREEK
TEN KA G R, AEARIA R IR i T — 25 i
T BE; WAL 3(b) Fron, MRS o =
19°M, B R A0 e IR AE 29 K TR 1A 0 7
Kl 3(c) FIIARIIEERIA o =~ 47°, BT
SIHEATTEDR IR RSN, TE P 25 i1 i . B
InAs T R QORI Lol A, &%
FIGAIHE M EE R BTRA o IS

1L.um

B3 M [110]77 Wl i 40 K M A T InAs T 540 58 AU A7
B A

Fig. 3. Site-controlled growth of InAs QDs on patterned
GaAs with trenches along [110] direction.

R VE 53 AT A K 1 R A BE R o) KT InAs
AR E RS, H% S GaAs (001)
P U [110] FH {110 PIAN I3 ) () 45 1) Sk, St %t
Fo T InAs &1 5 78 [110] FI[110)#5-4J7 6] L A9 44
KRR B A KA B S HRHA o) ZERICR,
WA A4 ez, INEIFRRTLUE Y, 400K R ) e 1 fii
RHA ) RN A AT, & s RS i &
SR, EIrp RO L AR IE doR T
1 [110] F1{110) /7 AN [A) oo S50 T A0 K A v i
F B B AR. UE[110] 7 M) A AR K R 4 AN
BEMARMA o < 15°A, InAs & F etk F
VAFEETR, 24 oy = 27°H}, InAs & F S50 10
TVARE AN . T [110] 5 [n] B 94 K 1 18 BLAT R
fIRaE. M o < 10°0F, InAs BTS00 E K
TIHFEETR, 24 oy = 15°A), InAs & F S 2L5%
AR FYORIARE AN . W2 InAs & 55 7F

GaAs (001) EUEALRE AN K B R rh AR R, HAR
SeRA%AL B IEAE— AU Y YA YA R - 22
ff, S E R AEGURIE IS, [z, MiBE
ARBERT, B LSS U A B2 1) AN K 3 R ) B
SRS, 78 Ge/Si T R AR R T, AT 2] T
KAWL IS, BeTHR W/R B i s 7R AL
WP BRI A A 1) 32 BLBR 3 ) 2 3 e ot
# 119, TnAs/GaAs fil Ge/Si T i 2 5 B HILAY
ST ANGE R g P2 D e, FRATT AT DA E M B
InAs/GaAs ¥ s IR SC I AL AL Al 1f 28I 7
PERE AR ST 2 YA Al B (R AR 5/ N (U
[110] /7 1], o < 15°% ¥ [110] 7 1), o < 10°),
InAs 5 s 7E 40 K VA R 0 00 S PR st I8 TH 25 5
LR REAE XS T 94 K I il A1 1 1 35 XS AR
I InAs &1 R SR ETEAUR AR IR IR A4 49
DK ) RE AR 8 i A R T M A B B (W [110) 7
W], ap = 27% ¥ [110] A1), oy = 15°), InAs &
TR A A TE VR R S A M T B A R AR K 2
hn, I A b S A SRR BRI Ah
T A e A5 Sk R BE MR 3 K MTREAIE, PRt
WA RE SN AR R SR PR RE B, O &1 SUB A
PRI, M2 H BRAE GHK T FE SN R B e T
FERYBLG. SR AR RE IS s, YR R A e B
AR TR R, NI S 2 0 ST AE M RE Ak
A

RUE InAs T 5 7E GaAs FIIEALB IR _EAS[H
T AR R R e AL S o) ICRER
LB M, E T GaAs Y [110] FI[110]#NJ5
] 2 1) v, 45 5 1 s A K AR [110] F1{110]

AN * o o e o *  * INE

25

fue -4—_@0* * e @- e

¢ Trenches along[110]
* Trenches along[110]
HE Ak M ok ok kk | R

K

InAs® T SAEARRE I 17 1

=
B

10 5 20 2 30
YORAEMEERI BRI on /(%)

& 4 InAs & F 5 7E GaAs DK B b0 s U A 5 94

KRG BE R A o B R

Fig. 4. Dependence of preferential nucleation site of InAs

QDs on trench inclination angle of the patterned GaAs.
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PN 1] Y R A [ A7 B s T X 2 P ey RS TR K
ANT), BT [110) 7 [ 04 YA A8 JIT i 22 (%) ) BT AR £
oy IR [110] 77 [l A /0s. WAL 4 v 490 [110] 7 ] 44
KR M BER R o = 15°WF, & A2t
AR AE VAR, T [110] J7 160 Al 299 K R A g
BEMRMA o WITFZ/NT 10°8), &7 84 SR
BRI AB . R, & 5 bR T PR £
B g 2920 18I IR J7 [l 40 K VARl 283 #H W) 45
PEAMEA K InAs fF 55, W [L10] 7 0] I 49K 14
T e R R AR K AR 9 oK I R G P ORE I WY
[110] J7 1] () & T s A AR AR Vg Rl Al 2% 3%
ATHEI AR R R 255 R, InAs/GaAs T 57
PR A L2 L 1) B0 K Y A e O e A K R
A A 3 225 2 In J5 T 78 GaAs 40 K 36 78 T
[110] 1 [1T0] J7 ] 0] % (10 32 7% A0 B BE 1 ASTH).
CHRFE RN FE GaAs(001) BUEATE I, AHECTF (111)
A T, In JRFAEA KGR PO T (111) B TE Sl
FAN, FEAMEA KRR In JRFASEMUT Ga i
Tt (001) WA (111) BEEMAL (111) A EiE
(001) MR 2324 SHEYIR InAs RESHEARIR

1 pm

1 pm

K 6

z/nm

TR A KL DU BE ) BTR A o SEBUA R TnAss HE T S48 19 R L A K

[6] P 299 K TR R o BRI 204 . I8 S PN T ] Y 4
KRR BE S A o BI240 18°, T RiER T
P SR RER I, T In 2 O i
T M B T30 [110] 7 o) B AR K Y R 000 B (4 T B 1T
FHOE T RS TR N BE, 2 [110]5 17
2> B In SRS NT R I BLR, [H I
A K TR RSN

1 pm

1 pm

5 InAs QDs It 56 i A B 75 AH R BUR 1 B R [R] 07 1)
BRI R B 45 1 S (a) A1 (D) 435K o)~ 18P
[110] 1 [110] J7 I AR VARG A K InAs T £35S 9 AFM &
Fig. 5. Orientational dependence of InAs QDs on trench-
patterned GaAs along [110] and [110]: (a) and (b) AFM
images of InAs QDs grown on trench-patterned GaAs along
[110] and [110] with a trench inclination angle a; =~ 18°.

(a) 1= K 76 99K AL IR B0 0 RURE T 2540 T (b) 2k

TR K A BE b % 00 7, P R RS i T AL (o) KL SN TE il T RER; (d) 1B (a), (b) F1 (c) ERAL

1) AFM Ze 45, 50REA 43 51k 10°, 17°, 28°

Fig. 6. Site-controlled growth of InAs QDs molecules on pit-patterned GaAs (001) substrate: (a) Double InAs QDs molecules at the
pits bottom; (b) four InAs QDs molecules in the pits; (¢) QDs rings around the pits; (d) cross-sectional AFM line-scan of these pits.

The inclination angles are 10°, 17°, 28°, respectively.
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HRAE InAs it ALK TG AL S A% A
SRV RE R M BER o RORLEE, 45 T — R 5
A [0 BT A B AN K FLIR, 2 A ) 4 A 4 2%k
TEGRALIA th 523 1 R 55 (W& 6(a)), 1
20 K AL M B ST BT DY A A (W 6(D)),
FEQK LI AN SE B T 2 8 F 53 (A 6(c)).
B 6(d) /& = MR FLIF ) AFM e Hiih £k, &
2R TN R G K I R AN R O €8 R 0 1 Y 2

6(a) FAIGURFLIA, HBRA o = 10°, /N F
P LS A KA TR A I FHE, InAs 2T
SR T AORSLIACHRE AR RE R AIK, [FIAT 4K AL
{H RﬂLE"J BEL 6 VB FH 8 £ 5 K AL P TR 3L

TR RN 6(c) gl KL M B2
E‘Jmal’é—l, HIeffi o) = 28°KT InAs fEF K
FHORIARE S I AR B, R i AR AL
TR SN ) e B S5eAIR, T BRI SR A oK AL & Bl ) 1t
SR SRR AR 6(b) 4R LI EE 1 7

K, HE MR o = 17°, Je R/ T InAs
T SRR T YR IAAG PYRE RSN 11 A Bk
InAs T 5 [F] B B2E N RERTFLIR Ay, Bl F
RALIRRST B BR G, ZERENIE B T 05 s iy 2
P DRI S 6 7 38 e ) M R LI 00 B e et
B oy, " VASEEEANIE A 1) InAs &1 5 7E GaAs
AL B KL AN TR B A e o A

4 % #

A5 T GaAs FIE LA K | MBEA: K
InAs 2 F s AR KGR, At RTETE  RIR M A
DL BARIRAME GaAs 2% M Z X EDEZ5 M 2. &
IR 9 A0 B P sk o X e A 2 A 7
BB, X VRN EE () RPR AN s
PSR AETAAEECHS, SMIEE G RR KT — 2 SUE
Jei , T S P S A A AR LA K TR A 1 A
i — 2L PR AR LI B BEAS A, SEEL T InAs 5

TR T AEAOR AL A TR 4 5 1 E AR K

S 0k
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Abstract

InAs/GaAs quantum dot (QD) is one of the promising material systems for the quantum information
processing due to their atomic-like optical and electrical properties. There are many previous researches
reporting the InAs QDs which can be implemented as solid-state single-photon sources for quantum information
and quantum computing. However, the site-controlled growth of QDs is the prerequisite for addressability and
integration. There are very few researches focusing on the systematic study of preferential nucleation of InAs
QDs on a patterned GaAs (001) substrate. In this work, we study the preferential nucleation sites of InAs QDs
on a patterned GaAs (001) substrate with different trench sidewall inclinations. With small inclination angle of
the trench sidewalls, the InAs QDs nucleate preferentially inside the trenches, while with large inclination angle,
the edges of the trenches appear to be the preferential nucleation sites. By utilizing the established method, a
pair of InAs dots can be uniformly achieved in the patterned pits through tuning the inclination angle of the
pits. The site-controlled single InAs QD and InAs QD molecules on the patterned substrates could have

potential applications in quantum information processing and quantum computing.

Keywords: InAs quantum dots, patterned substrate, nucleation site, site-controlled growth
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* Project supported by the National Key Research and Development Program of China (Grant Nos. 2016YFA0301700,
2015CB932400) and the National Natural Science Foundation of China (Grant Nos. 11574356, 11434010).

1 Corresponding author. E-mail: jjzhang@iphy.ac.cn

117301-7


http://dx.doi.org/10.7498/aps.68.20190317
mailto:jjzhang@iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

