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Epitaxial growth of vertical InP nanowires on Si(111) substrate by self-
catalyzed vapor-liquid-solid approach

Guogiang Zhang*'2, Haochen Zhou !, Hiroki Hibino®, and Hideki Gotoh*, Haruki Sanada!
INTT Basic Research Laboratories, NTT Nanophotonics Center, NTT Corporation,
3School of Engineering, Kwansei Gakuin Univ.

‘Research Institute for Semiconductor Engineering, Hiroshima Univ.

*E-mail: guogiang.zhang@ntt.com

Epitaxial growth of InP semiconductor on Si substrates and their integration as telecom-band
optical devices are highly desirable for the realization of opto-electronic integration circuit (OEIC).!
However, the epitaxial growth of InP on Si is challenging due to three-dimensional (3D) island
nucleation of InP on Si. Here we report epitaxial growth of vertical InP nanowires on Si(111)
substrates by the self-catalyzed vapor-liquid-solid (VLS) approach. This was achieved by inserting an
InAs interfacial disk grown by the selective area epitaxy (SAE)? approach between InP nanowires and
Si substrates.

We grew the samples by applying SAE and self-catalyzed VLS in an MOVPE chamber.3-® Figure
la schematically shows the growth process with a combination of SAE an VLS approaches. We first
grew InAs disks at 600 °C by SAE approach on open window areas formed in SiNy masking films
deposited on Si(111) substrates. Site-controlled indium particles were then selectively formed on InAs
disks at 500 °C via a self-assembly process by introducing TMIn source material.> InP nanowire
growth were initiated from these indium catalyst particles by self-catalyzed VLS approach at substrate
temperature of 350 °C.

InP on Si leads to the 3D island nucleation, while InAs
(@) si(111) substrate SAE growth of on Si leads to the 2D planar growth.”® This made it
with open windows InAs on Si(111) possible to grow vertical InP nanowires epitaxially on

Si(111) by inserting the InAs disk between InP and Si.
E> Experimental results show that InAs disks were grown on
most open windows of the Si(111) substrate with a

hexagonal shape (Figs. 1b and 1c). The optimized growth

@ temperature ensured good selectivity, i.e., basically no

growth occurred on the SiN, masking film. By selectively

<:| forming indium particles on these InAs disks, we then
carried out InP nanowire growth by the self-catalyzed

Self-catalyzed VLS Self-assembly indium VLS approach (Figs. 1d and 1d). Most InP nanowires were
growth of InP nanowires  particles on InAs disks . . . .

vertically aligned on InAs disks which have been
TN it(3e7 selectively grown on the Si substrate. There is an indium

particle at each nanowire tip (Fig. le). These results
indicate that the demonstrated growth procedure is an
effective way for epitaxial growth of vertical InP
nanowires on Si(111).

This work opens new opportunities for integration of
InP-based telecom-band optical devices on Si substrate
towards OEIC realization. This work was supported by
JSPS KAKENHI (21H01834, 23H01792).

Fie. 1 Schematic di ¢ h Refs: ' L. A. Y. and B. J., IEEE J. Sel. Top. Quantum Electron. 24,
ig. 1. (@) Schematic tagram ol grow 1(2018). 2 T. Fukui, S. Ando, Y. Tokura and T. Toriyama, Applied
process of InP nanowires on Si(111)  py 07 onrers 58 (18), 2018 (1991). 3 Zhang, et al, ACS Nano 9
substrates with a combination of SAE and (1) "10580-10589 (2015). * Zhang, et al., Science Adv. 5 caat8896
VLS approaches. (b and ¢) SEM images of  (3019) 5 zhang, etal., Jpn. J. Appl. Phys. 59 105003 (2020). 6 Zhang,
InAs hexagonal disks grown on Si (111) by et al., Opt. Continuum (2024) 3 (2), 176. 7 K. Tomioka, P. Mohan,
SAE. .(d and ¢) SEM 1mages of InP J. Noborisaka, S. Hara, J. Motohisa and T. Fukui, Journal of Crystal
nanowires grown on InAs/Si(111) by self-  Growrh 298, 644 (2007). K. Tomioka, J. Motohisa, S. Hara and T.
catalyzed VLS approach with varied Fukui, Nano Lett. 8, 3475 (2008).

magnification.
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SiZEWLED InAs T/ DA NV—mh o DEARAFEEKIZ K S InAs EIEEE

Growth of InAs thin films by lateral overgrowth from InAs nanowires on Si substrates

BRUEEK ERET ' BERERFEK EFRKEET N\ XFAKEZY 22
OBH7Fr V¥ EF—', &2 FlT:, BT Eth'? O E—12
Dep. Eng. Sci.!, QFCD2 center?, UEC, °J. Acharya!, T. Kaizu?, N. Miyashita'?, K. Yamaguchi'*

E-mail: a2110017@gl.cc.uec.ac.jp

[1Z T ®Iz] Si R E~DI-VRAEEED~T 0o 4 3 v L EiL, LEMEHINE LT
WIFES I, TERTE D Bk 2 R RIEDPIE SN T 7o, Rl 130 =¥ F U (MBE)IC XL 5
Si(111) R E~DOFEBEE THEY—72 InAs 7/ U A Y —NW)DEEICOWTHE L TE7[1], &
e T, Si R LD EBEE InAs NW 284 & LT NW I 2> 5 D InAsSb ORE T A% & & (e X
. BE72 InAs/InAsSb J& THOIALE 21T ) FIEZHB L0 THET 2,

[MBE sE] Si(111)JEH FIC Ga i &2 Hafl S8, SRR 580°C OB L v Si F B bikc
v AR— b (EAK 20 nm) TERktL. In & Ass 70 1Rk % RIFEALEG L. 450°C CRZEEE(1.5X 10" e
2@ InAs NW %% L7-, Fig. 112 InAs NW @ SEM # % /<53, InAs NW =7 1|2 InAsSb ¥ = /b
J& % Rl L. NW Il 2> 5 OFE 7 [ kR 2 28 S 72, InAsSb/InAs 227 « ¥ = /Ui 112 InAs JE
ZRdE L. Si A InAs #7340 nm J2) & ik & L=, Rk & % Fig. 2 12R7,

[R5 3R - BBk O S 5 i R 22 Tl InAs NW (137 /LY §i#5& T b - 7273, InAsSb
¥ VECER CIEPI B SR IERE (2B L. NW M H & OREF R SMEHE vz, InAs NW O
PIEAE 27 nm T, Si AR E InAs NW & OF O EFEIHE LS . 50 NW HiEIC L > T InAs NW
DOREFEITRE FBEFIEN D T-OITHERIEDOE WO NW #5E TH 5, Bl NW O [ oo 14 B
13K 55nm T, D% InAsSb 3 L O InAs OREG AIFRIZ & o T Si Bk i & 2RI AT
Z LN TE D, InAsJB TRAICE DN R £ O FIEMEE &R ESEIAFM) 4 % Fig.
31277, InAs BOFREHA SIZK 29nm T, FIZImASNW DESDOARTYXRICLEEDEEZD
N5, Fig.4 (Z1% Fig.3 OiElO 7 4 bV % v A(PL)AXY hLZ7RT, PL B'—27 TR /L ¥
—1%0.38 eV(3.3 um) T, BIHEENSE InAs /L7 JE D /8 REESE K O InAs/InAsSb ~7 1 FLE 2>
B OFENITHY T 5, BRSO TRE CREERER THD 2 ENnnhotz,

(& 3K
[1] R. Nakagawa, R. Watanabe, N. Miyashita and K. Yamaguchi, J. Appl. Phys. 134 (2023) 154302.

R |
o
P g e 17 e
— i’-’, \"’_'Z(‘ : »
100 m 5““ 9- 1

1

PL intensity [arb.unit]

Fig. 1. SEM image of InAs NWs

on Si(111) substrate. (b) : ‘ ‘ :
0.2 0.3 0.4 0.5 0.6
InAs thin film InAsSh shell PL energy [eV]
":: Infs NW Fig. 4. PL spectrum of InAs thin film on
s InAsSb shells/InAs NWs/Si substrate.
Si(111) sub.

Fig. 2. Schematic diagram of ) ) - )
InAs thin film on InAsSh Fig. 3. (a) Optical microscope and (b) AFM images of

shells/InAs NWs/Si substrate. InAs thin film on InAsSb shells/InAs NWs/Si substrate.
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GaAs/GalnNAsSb A 7-<ILF Lz ILF/ DA ¥XIZE T3 Sb {RiT
Sb segregation in GaAs/GalnNAsSb core-multishell nanowires
EXRIERBE' LXEL? Yria—ErKE’

OM1) ik M, O)hME BEEF ', OBEER XHF', OD)EA BEEH '’ Mattias Jansson’,

Weimin M. Chen’, Irina A. Buyanova®, &JI| 52XHR 2
Hokkaido Univ.!, Hokkaido Univ. RCIQE?, Linképing Univ.’

Takuto Goto'?, Kaito Nakama'?, Hidetoshi Hashimoto'?, Keisuke Minehisa', Mattias Jansson®,
Weimin M. Chen®, Irina A. Buyanova®, Fumitaro Ishikawa®

E-mail: goto.takuto.v6@elms.hokudai.ac.jp

M-V EERS ) T A Y (NW)E, T DT ) A —nO-HE, @WETBEE, EBEAERFEIZ X
0. UL ENTZHFERB L OETT A AOFERGEM E SN TW5D, FEZE(EY GalnNAs 13,
In KOV ED N ZflAAte 2 & CREEFRRREFERE NV FX Y v 72 b D2 LB TH
%, GalnNAsSb 1% Sb @ GalnNAs ~DIRANZ KV | JRVVEB{E FH 2 #8ET 5 2 &L 3 S o R
NHERTHMEICH D, ZOFRENEIX, Sb DV —T7 7 7 Z v MR L, fdhinE %ok
L. N RE vy o 72 RS 5[], AFFETIE, PR E¥ %> — (MBE) ICXVkE Lz
GaAs/GaInNAsSb = 7-v /L F > = /L NW WD Sb DIRFTERIZONT, ZOREE Zic k- T
BT 2N FREIEIC OV TORERED DG L 72 R A G T 5,

MBE (2 X ¥, GaAs NW = 7% n-Si(111)FH_EIZ Ga B Cfi VLS liE T L. £0#%, v
= /L (GaAs/GaInNAs(Sb) & T-H- P (QW) & & Te) X, Ga ki O s b I R H M 2% CEh R 7 1)
IZAET %, 3 JEHID GalnNAs(Sb)/GaAs QW ZFF> 4 DDF 7 U A vilklZ | iR Sb B — A
SME ) (BEP) ZZNZ4HL0, 6.7x10°°, 8.7x10°, 1.1x107° Pa (22 b S CTERLL 7=,

EATETEMEE (SEM), X #EHT (XRD) HIFEIZL Y. GaAs NW OPIfER TR R S 4L
7. SbBEP 778 8.7x10°Pa T & W7z NW Ot iE 2 &AM G A E 1 BMEE (STEM) (2 X
DEIZEL, EE T HIEEICR o o VX8 X Btk (EDS) A4 v m 7 7 A v
DOFERAR 1 ITRT, In OFITARE LTz &7 HFREEIL L 68T o0&~ Lz, —F5, Sb
A FHF OSMALR T TIRVWREE 27~ L, Sb DRz~ L7z, 300 K IZBITLH 7+ brIixvtk
> A (PL) MIETiE, SbBEP MEMMT 52250 T, %
P EDY 1120nm 225 1250nm ~3 7 h L, PL Z&5# i In
FEIX GaInNAs 2> BHERF & 2 WIS R S 7=,
2], HHFEBT XX =D S, RITOFEET
LTI GaAs /N U T Sb MFEFE LT3y REEER
LOANT o RE R 5 2 & BB LBk, i sb

Intensity (arb. unit)

[1] J. S. Harris Jr., et al., Phys. Stat. Sol. 244, 2707 (2007) Figure 1. EDS line profile of

[2] Homan B. Yuen, etal., J. Appl. Phys. 99, 093504-3 GaAs/GalnNAsSb  core-multishell NWs

(2006) grown at Sb BEP of 8.7x10° Pa
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FEFRTEI XL —IZLBER S F—7 GaAs 7/ U A PR & #ik
Growth and Characteristics of Nitrogen 6-doped GaAs Nanowires
Grown by Molecular Beam Epitaxy
KT, KRERBE? EREEES®
OBYLH Eit 'S, (DA E# > DEA EFE>° Al HAKERS
Hokkaido Univ."2, Hokkaido Univ. RCIQE?
OM. Sano® 3, K. Minehisa® 2, H. Hashimoto? 3, F. Ishikawa®

E-mail: sano.mahiro.h8@elms.hokudai.ac.jp

[ZU®IC] A EERT, VIRIRFORS—8 v FRERTREB S M-V AR5
T, ELUVAY FXy v 7O &R L, ERIMEEORET 7 A 2 A% AR T 5. [1]
ZOMEFCITET, AR MERNIZT U F DT D BRI OENIR RSN TE T,
— 7, BRI TR EZEANT D 8 F—E U 2L, Fx U 7HEE LB O RS 2 HlH £ mT
2T 5[2] GaAs IZBIFTHERD S R—E U 7L, N-NXTREHLY T AKX —|THE L7 RTE
WHBITER T 5, BRIEAD THRWBERII R A KT 2 2 LR END—F, EIRET
(TR o Te 3 ROBRIS D72 B[3]. Hex OLIRTOMIEIE, EHRS F—E' 7 & 7 GaAs
B D /N o RAEIE I 24T o TNz [4]. ARRFZECIE, R 72— kot T/ A — Uit %
FFo M-V R8RS ) U A Pk LT EFE S R U 7 %47\, TO 2 RIEEHIE O RT§E
PEICOW TR LR R 2 @i+ 5.

[32Bk - #ER] 7T AR TR EX X —EIC XY, GaAs 7/ VA Y a7 % nSi (111)
B BT L, As) E T CREZ L, BRI AL v EFRBEBMR LI, BE
ZHALTEHRS F—7 GaAs T/ VA Y&k L7z, GaAs v = /LD § R—T7 DEFRET,
GaAs(001)fi D HJFFE(ML)IZHW\ T 0.05 ML & 0.1 :

(A3 % 2 FORE 2 R S w7, 11%,% 14} m
B4+ bRy E 2 A(RT-PLEIEICEIT 5D

V— I/ EEEFE S F—TEOMKE L TFry hL
ZbDOTHDH. § R—=7EHMN0 ML, 0.05 ML, 0.1 ML
DFBHZ BT, ZNEHIEE 885 nm, 942 nm, 988

ICHBR 2 B — 7 BB S, 3R § F—7 &0
IZONTEDORNFERIZLV Yy Ko7 MLz, LLEXD, oo 005 010

Amount of irradiated nitrogen [ML@GaAs(001)]
Gahs =/ U A ¥ D/ PHEGHIEITE L LCEHRS F— Fig. 1. photoluminescence peak position

NN D = L B LT as a function of the 5-doped nitrogen

1. See, e.g., Dilute Nitride Semiconductors, edited by M. Henini (Elsevier, Amsterdam, 2005).

2. Delta-doping of semiconductors, edited by E. F. Schubert, Cambridge University Press, Cambridge, (1996).
3. P.R. C. Kentand Alex Zunger, Phys. Rev. B 64, 115208 (2001).

4. F. Ishikawa, S. Furuse, K. Sumiya, A. Kinoshita, M. Morifuji, J. Appl. Phys. 111, 053512 (2012).

Energy [eV]
=
w

=
(V)
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ERRE L =/FEZL InGaAsN BF F v FDORALFEDREKRTFE

Temperature dependence of luminescence properties of dilute nitride InGaAsN quantum
dots grown at low temperature
JEXBEESRESE OFEH ¥, Bl #i—, FL BE B A
Faculty of Information Science and Technology, Hokkaido Univ.
°Ayano Morita, Junichi Takayama, Akihiro Murayama and Satoshi Hiura

E-mail: yuzu0226lavendar@eis.hokudai.ac.jp

-V SR ET Ry MQDIR TR AHENRE L, BTOAE UEMEHI T 57208
T DA AR E PRI G T 2 AT NA ZAONFEERE & L THER STV H[],
Hx XN FETIZ, InGaAs QD IZIREDEHZZ ML TEFEMEZES T52 LT, E ORI
B2 i) LEIRCL B CORIETRENKIEIIERT 5 Z L 2P M L TE[2], & 512, InGaAsN
QD % 420°C DGR THE LIRWKBEYEN 2 TE T2 2 & T, QD HOE 1A VL & BINA I i
L IR COMMRICEEDK 2.5 (5HEI0 L7225, FEIREE 1L 480°C il H IR CThli&R L 72 InGaAsN QD
WZHEARTRESIKF LB, £ 2T AWFE CILRIERE L7- InGaAsN QD O3 R D IR K
FME 7+ VI 2y APLICE VRIE L, BE EFICRE S BRI T O 2 F#H~7-,

AWML TIX, REERT T A ZED TR XX —IEICKD GaAs Ny 7 7 JED EICH B
Al Ing4Gao6As09sNo.02QD Z ik L, T DOFMmIZIEE 40nm O X v v 7 EAE K L7-, QD OilE
mfi4m% 420°CE L C2fEHD QD ik 2 ERL L, 45K ~300K (Z351) 5 PL J{IE & Kl 4y
fi PL JIEIC LV, FICHRE & 3B OB ERITFIEZ T2, 4.5 KIZBIT D 20°CREo
%fﬁufmﬁtﬁfjchﬁﬂ®m# PTHoT(® 1), ZAu, KRR EICE VRS

EWKRIEYHERLDS QD FOEFZHE L0 LH Temperture (K)
2 Hib, Lol 120K 705 300K Tl i 5 ] 10 10 S
IRk D R DA FIEm R & b B IRE O T §1° 3 480°C-sample
o AR 7=y 20X ThEMNT & | AT ap——
B L7 OBVEMAL = %NV X —Eyy,Eqgps T D g L Temsenue o
TFHE AA 2R VIR, B & EAORKBREL £ - i
HEORENS, Eg (EMRBHE IR & F— & 1051 //
FHEHERL D= L F =L D B/EL, 20K 525 80 B fo

I AT T DFRIIEDBUNAEFIE QD DX s ]
MGHERr~DF % U 7 OBGNEICKET 5 L Ex b E /
5o LU, EgqOIREE ESICHE S IEX~DF 13/ : '

SV, KMa~Dx % U 7 OB O FEIT N & 0.010 rang

Vo T, Egpld 420°CRABHD 3 480°CRAEH L Y & Figure 1. Temperature dependence of the

INE L 7po T2, 480°CRUEFTIX=IRIT /T TOF R  integrated PL intensity at the ground state.
N ALz M e )~ The solid lines indicate the best-fitted results

JE DI T AN JEATHFZE[2] & [RIARIZ IE FL oD BB (2 L K]

5 DI LT 420°C3EN 1L E 100 L HERT 10 6 of thermal activation energies.

i HENT ~DEN L . 3 D W T BN S /=@ 7% Table 1. Thermal activation energies

JTHE QD ~ kLR ABE LT b E X B calculated using Arrhenius equation.

Eal EaZ AZ/Al
References: 480°C-sample | 17 meV | 120 meVv| 63
[1] K. Etou et al., Phys. Rev. Appl. 19, 024055 (2023).
[2] A. Morita et al., J. Appl. Phys 134, 224303 (2023). 420°C-sample | 7meV | 43meV | 15
[31 ZRERZ )Y fih, 2024 4255 71 [EG MBI AR S5 1(0)
Thraffi 2, 24p-22A-1 ) = T A exp(—Eay/kpT)+ Agexp(—Eaz/kaT)
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BA VOO LBEBS XYY TE2ETS 1.0 unFBRBFFY FL—F
1.5-pm-band Quantum Dot Lasers with Low-Indium-Composition Partial Capping
RXFT/EBF CHi BE, # €8 A0 HMih R RE
NanoQuine, Univ. Tokyo, OJinkwan Kwoen, Jihye Jung, Msahiro Kakuda, Yasuhiko Arakawa
E-mail: jkkwoen @iis.u-tokyo.ac.jp

InP Bt E&F Ny b L—PITREREBIZI W TENZZBVRE - R0 OGmM: - RS @R
PE7R E 6| 10 Thps #E b7 v — "= XM & L OSHAEIFF STV D, FFiZ, InP
R B e SR OB TIER S 0 2 AR = X FOEKEOZTIER <, Vo - BE#O V
JBICHE DM AILRIC LA KAz b -dER S5 [1], Fex i, InP Eo&EF Ry b
TERUZ BN T, RS P T A v v 72 BAT 2 2 LT, LA RS TRETh
5 EEWAELE[2], AT, ZOFEEFZHCTET Ry hU—VF2ER L, ZOREEE
L7ZDOTHET S,

ETOY TN TR=E X% — (MBE) %MW T InP (001) AR EIZAE Sz, Fig. 1
(@) TERRDA VT LMEAEAT S InAlGaAs D)%+ v FEKERO in-situ #=RHEE O
MR THD, x=035 IZBWT, &F Fy b —BORRATE TIEE AL SHBOEEN 2N &M
MR TE D, ZHUT, &F Ny P EREEMEZ W L —PEIC BN TH DA D72 <
WEREOHZ T/, EMEBBOZEDL L TWVDZ L LR TE %, (Fig. 1 (b). Fig.21XY v
URNCER SN2 8T Ry P L—V ORI EORR TH 5, FF O L EVWEERIE 1.97 A BRE
FEIX 49kA/em® THY | ZOFEEHRIT 1591 nm ThH -7z,

i a
T (a)
e x=0.35 — x=0.52 x=0.57
S 20.0F o
g o i 17.5F
> 3
® Carcg In,AlGaAS £
c ——in“flush — 15.0F £ 100}
S -1 L - = =
v 0 200 400 600 E 12.5F =
> 0
'E‘ (b) “é 10.0} 1450 15(;73"':::0"‘"1?(1 1650
~ L 75F
= 2] = Pulsed, RT
han QD stack 5.0} Pulsed,
v shenes 2000 pm x 20 pm
=} De‘ . 2.5}
"ra' oxidation :
S =-2F
5 ) ) ) ) 0.0 " 1
) 0 2500 5000 7500 1000012500 0 1 2 3
Duration [s] Current [A]

Figure 1 Schematics of the InAs QD structures Figure 2 PL peak wavelengths and linewidth of the
capped with the simple InP matched and InAs QDs with various indium compositions of
strain-reduced InAlGaAs layer. the strain-reduction layer.

[1]J. Kwoen et. al. Electron. Lett. 59 16 (2023). [2]#fth, 2024 45 FHELFK 18a-B2-6 (2024).

ZORRO—EBIL, ESITZERRRIE AT =1L — - EEEEATR AR (NEDO) OZF
RE¥ % (JPNP16007. JPNP13004) . JST Moonshot R&D JPMIMS2064 I3 K O% JSPS F}iff %
JP23K04598 DBIRLIC &0 BT S 47z,
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HITE/ LA VY—RBEBEICEITS
BHRAAEF Ry FBEEREIC K SEFIEERRHIE
Preparation of quantum structures using stacked submonolayer growth
by controlling the density of sublying quantum dots

EEIX CORRB}, Oh ORI VYVRFrY, @ &
Toyota Technological Institute, ©Haruto Okuizumi, Ronel Christian 1. Roca, Itaru Kamiya.

E-mail : sd24502@toyota-ti.ac.jp, roca.ronel@toyota-ti.ac.jp, kamiya@toyota-ti.ac.jp

[ - BAY] InAs(<1IML) & GaAs (3t ML) O HFEEIZ XL - T, InAs/GaAs % D1k %
EF 2% 7%/ LA Y — (SML) FEEIL[LIX. 7&K Stranski-Krastanov (SK)iE& D &, AR5
froOBRENE <, BFEEROFEMRZMERIENA TR TH L5, 5, Fx X THEICERELE
AT B2 EICEY, SML FEE PRI EHIE L], BTT 4 A7 72 EOFBLETHER DK
RFEHMEZE AL U CE 72 ABFZECIE, FHUEZ SKIEICK VR L& T Ky b (SKQD) & L,
SKQD % FEDFHHEIT & 5 SML A 15 0D Bl = il 4 fe it L7z,
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Fig. 1 Photoluminecence Spectrum of
InAs/GaAsSb SLs with different As
composition
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