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Abstract We report a synthesis of non-toxic InP nanocrystals using non-pyrolytic precursors instead of pyrolytic and
unstable tris(trimethylsilyl)phosphine, a popular precursor for synthesis of InP nanocrystals. In this study, InP nanocrys-
tals are successfully synthesized using hexaethyl phosphorous triamide (HPT) and the synthesized InP nanocrystals

showed a broad and weak photoluminescence (PL) spectrum.
surface modification process to enhance their stability and pho
is done at 230°C using 1-dodecanethiol, zinc acetate and fatty

As synthesized InP nanocrystals are subjected to further
toluminescence. Surface modification of InP nanocrystals
acid as sources of ZnS shell. After surface modification,

the synthesized InP/ZnS nanocrystals show intense PL spectra centered at the emission wavelength 612 nm through 633 nm.

The synthesized InP/ZnS core/shell structure is confirmed with
- Atomic Emission Spectrometer (ICP-AES). After surface m
size distribution are observed by Field Emission Transmission

X-ray diffraction (XRD) and Inductively Coupled Plasma
odification, InP/ZnS nanocrystals having narrow particle
Electron Microscope (FE-TEM). In contrast to uncapped

InP nanocrystals, InP/ZnS nanocrystals treated with a newly developed surface modified procedure show highly

enhanced PL spectra with quantum yield of 47%.
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Table 1. Physical properties of P precursors.

Name Tris(trimethylsilyl)phosphine

Tris(dimethylamino)phosphine

Hexaethyl phosphorous triamide

[P(TMS);] [P(DMA);] [HPT]
Boiling point 243°C 48~50°C @ 12 mmHg 80~90°C @ 12 mmHg
Autoignition temperature 20°C - -
Flash point - 22°C 58°C
Flammability Pyrophoric Flammable Combustible
Reference [16] [5] Present study

o] 2 AsiAE indium FE FE 8879 SufollA
=] 300°C 7HeFe] 29| A tris(trimethylsilyl)phosphine
(P(TMS)3)& FHsked ¥-g-ah= o] 7 Bol AR
3L AtH4,5]. AR Ql(P) AFAE 220]& P(TMS); =
arkelw, FH 072 FAIZE S Wk o} A o]
oL Wspdo] AX ARl Fol5 [3ith oA A
@g ZRa T4 A Yang ef al(2013)2] AFNNE H2
+ AP) AFAQ! tris(dimethylamino)phosphine (P(DMA);)
< A&l o] W9 ZnS shell 8435 Tt =& F
9] fluorescence qualityS 7}A]+= InP/ZnS Y= YRS
kA the6]. 1Al Kim ef al(2012)9] AT &
CulnS, Y =%IAF zinc acetate®} carboxylic acidES A&
ate] M= Fjo] F2 3109] R shell 5 FGA7
ar H]’%l%"qi AstA71E EHATS 7Nk, oF 70%
o] Mg A S-S 7HAE= CulnSy/ZnS WedAFS S8+

2 A7l e 7] T EEdol 2 P(TMS); thalell B
o Qbdetal =& S d% 7FA]= hexaethyl phosphorous
triamide (HPT)S Q1(P) ATAZE ARE3I] InP Zo] Wie
YAE FABIATHGE 1). o]Z2A F8E InP ==t
zinc acetate®} fatty acid® ¥ *J2] 3} InP/ZnS core/
shell 725 8k 22jste] ojzl ket &
W g A 9] F T4 A”EH 2 dag AHEHS
st 29 A7}t PL AFEH S FAEE (quantum
yieldy®} ¥EX]Z- (Full Width at Half Maximum; FWHM)ol|
HX|& G ARSI

Hpe

2. Yy

i

2.1, InP Ht=X| LH=2Xt g

InP Y= A= Yang er al.(2012)°1] 23] Hyd WH-S
Zarsle] 33 TH6]. 50 ml 3-neck S2F~=0l| indium
(II) chloride (InCl;, Aldrich, 90%) 0.9 mmol, zinc chloride
(ZnCl,, Junsei, 98%) 0.9 mmol=- oleylamine (OLA, Aldrich,
70%) 5 mlell Fo] 100°C7HA] 7FE3 . o] £ 100°Cell
A 30% et auk} BA0] AT A2l Fle] Akl

Frg AASE. RE &

50| &al=o] 7 2
o] F4HH A E97IoA 220°C7HA] EF s A
Z1 ¥ hexaethyl phosphorous triamide (HPT, Alfa, 97%)
0.25 mlE OLA &&=l A=A FUA7|aL LA ARE
= FAS InP o] WedAE FA7IH o] F F2e
2 Y7t AJA 3o] fdAte] e et
2.2. InP/ZnS Ht=X| L= X} g

kA 3HAZSE InP W=

A e glAke] A% A1zt mhe

UV-vis &7 2~HER 32 I8 2(a)0l YeEMIA 2
A3} 22000l 202 G2 A7) Inp »}L Ax}e —4
A EF 9371 578 nmollA] HlalA FSisHA] YRS

™, Photoluminescence (PL) Z:JJJEEJ A A - oF
& 0 BT o F shell 44 A o] A AHL
Bog AL 1AIS A3PIHUT;. zinc acetate
(ZnOAc, Aldrich, 98%) 1.5 mmol, palmitic acid (PA, Aldrich,
95%) 1.4 g, l-dodecanethiol (1-DDT, Aldrich, 98%) 12.5
mmolS 203 & 220°CollA] 47 H InP Y= Yxfol] &
o] & F 100°C7HA] 255 714 g & wyk A|7]HEA 30
<t 7‘]51"‘]"5]12 4] St} F3-3] degassing ¥ 8-

]i HHEE H 230°C7HA] 255 29 § 34]

OJJi] aJltrawolet/Vlsible spectrometer,
V-670 spectrophotometer Jasco)E o83l F S5 =43}
a1, BgA| 3 F4]7] (Photoluminescence spectroscopy,
PS-PLEV-X1420, PSD)Z =g 25 E"] 9 Photoluminescence
excitation (PLE)S 247 3lom Frejo] Wet 2ejd &
3% 3= (Fourier transform infrared spectroscopy, ID5
ATR, Sinco-Nicolet)yE 53l £He] =5 RIS
A WAL F3 #n|7d (Field Emission Transmission
Electron Microscope, JEM 2100F, Jeol)S ©]-83}%] InP<}
InP/ZnS W=gAte] 7] BEE B s1lom, XA 3
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AHA7] (X-Ray Diffractometer, D/Max-2500VL, Rigaku) U= 2 FUW (hot-injection) O Z InP =UAE A
2 AAFZE oI5, i = 23 So=e £33 24 st om, 8uj£ = oleylamine (OLA)S AF&-3FSth
7](Inductively Coupled Plasma-Atomic Emission Spectrometer, OLAT 98EZQ] InCLE Fo|al YA xHol| w123
iCAP 7400, Thermo Scientific)& InP2} InP/ZnS =4} o2 39 =L A7 98 Stk gEe] HY
9] atomic percentsS 23} 5 YjojFo] B Aol A ARG Q1(P) ARl HPTE
Bl A1A wkgAdo] =& PHE w3HF o g FAAIh
2.3. InP/ZnS Bt=H| LI RIXte| ARG E EE FHFHoZ o]} H indium iond} -YU¥E PHy7} WSS}
FAEES] S flste] BFEHSZ dehE 3 o InP WA S FESTH6].
21 ® Rhodamine 6G (R6G)S AFE3IA L, TF8H 9 a9 19] mCLet ZnCl, (Zn/In=1, 2, 4), OLA EFES

PAEE ool oy PAEES AT e A 220°07H4) 7485}e] HPTE hotinjection 3 5 A1Hel 0}
Sk R6GE] WAL 550 nmol, 0959 FAE P Lhedate] FYE 2oEd S Yehidch 17 165

&S 7RI xF8 M3 [nP/ZnS b]-_m_‘,’:]X]'% o er2 ¥ zinc t¥] indium?] & HIE &8 3l 6057 A1
EZdo] Ztzt BAANA S35 ~HEHT dsg A InP Y=¢#}¢] &35 ~FEHo|H Zn/In-‘ﬂ B7F 1Y
EYS SYste] Wy =Y AR g BEEN W w) FRE 2HEDS] 925} 4 FREA zince] Fol
Bolziel A gol B AU HE Fae] YAE  Bo4s D=} Y A s It 2
§4 AVSG o SUE AR BRdoz t Edel 2w L el vkl A0S W A7t 10

2 A4SRonE Zzte] gule] FAES BAS o] HE F& FWHMOE 23395, FRE SHETe)

—_

FATHS]. H2E dAIE H=29 12 AR yHlo 12 53 gog
HWHM (Half Width at Half Maximum)< Z33}3t} [9].
3. ¢n ¢ na AH 1(b)= InP =94k 3 Al HPT 90§ ARt
WE F ¥4 #F F5 929 HWHMS HeERIH
B Aol WAl el S0l F2 AEHT 9k 27l Wb e SR Ysiel §4 9t
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Fig. 1. (a) Absorbance spectra of InP nanocrystals synthesized with [Zn/In] molar ratio of 1, 2 and 4 (reaction time = 60 min). (b)
Absorbance spectra value and HWHM (Half width at half maximum) of InP nanocrystals during the reaction time. (c)
Temporal evolution of absorbance spectra value of InP nanocrystals synthesized with [Zn/In] molar ratio of 1, 2, and 4 and (d)
HWHM.
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Fig. 2. (a) Abs spectra, (b) PL spectra and (c) PLE spectra of InP and InP/ZnS nanocrystals with shell growth time. InP/ZnS
nanocrystals Abs, PL, PLE of (d) peak value (¢) HWHM of Abs, PLE spectra and FWHM of PL spectra with time dependence.

g FHog o]FdS Kooyt T3 T (20%)F-H
A (R0FYHAE 88 $57F 14 =2AA 3}
Zgejol]l o]t of= A% AlRte] Al whet k] A
A3} ostwald ripening®l] 2J8 JAke] Z7] BAE7}F Etd
ste] ERESt S 23S 7HAA He A= M &
% 9tk 719 1% 28 1@ Inb 520 $4 A ZnCl,
¢} InCL9] molar ratioS E#|3}e] HPT Y & A ¥
7 939 $1X]¢F HWHMe|th 19 1(b)oll A 9F 2o]
LA A 7to] AolA4E T AHEY 937} oz

FA= 2uEde] Yol AL F2 Uat 2]
Zo} HAEE AR 4eA don, YA A7Vt o=
AL (60T M= BlA ddstA stk L o] 7
B HEUIAS A0 & i, 27201 4 2

o] Yo]5== zinc chloride= OLAS} v 913} zinc ionS =
ZASHA WA InP WegdAt EHS S 3 275
Zo]Fo] 7Ys} k= At ATH10-12]. 18 3(a)e} 138
3(by= 220°ColA] HPT ¢ & 344 ¥ InP 3o =g
1}94 TEM ©|H|A| & H|w 2] Tegt A7) F3E5 YRl

o= gl

‘s’%"ﬂ” AAS Zn/In & VIS 2Ejete] e &
HEJS vl O Zn thH] In M= 12 148k 39
S A3t o] - 4 F InP =4 Akl zine
acetate®} fatty acidZ EH *2] 3t HAZ InP/ZnS Y
=AY ATt WE F¥E AHER, PL AU ER,
PLE 2~HE@L 718 2(a), 28 2b), 218 2c)ll, 2 2
el m= 9%, FWHM, HWHMS 18 2(d)s} 18
2(e)ell e 28 2(d)ellA InP 32oj9] 4 Ja=
573 nmoll et W A2] F 564 nmz A o)F

ol

g

53

15 2

Pt 22]aL shell 378 MM SEGFE 3k A4 o]

ol

Z3S BT} (564 nm — 584 nm). InP Fo] A= )
T S PL ZHERS BYov; 1 A7 F dgo] 4
F3] A FQ oW, acetate2] oA 23 InP Y =UA}
o] Alo]= 7449} InP/ZnS o9} shelle] 2=} A2 2b
o] Wi WA | 5 SHoz A3 xW A F 2
Zo] Moo HaY 0}9;\]:]'[7 13]. o] TE3F} shell A4A A
e SEFE 129 A4 o]Fo] #E HUnt 19 2(e)
o] o5l FH= AYEY T79 FWHMS WA HoZ
A zl—o] AGFE 24590 PL 2HEF 9] FWHMS

nmA o A A GAl A= 91 nmE SV} S
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after injection of HPT
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Fig. 3. Transmission Electron Microscope image of InP
nanocrystals (a), (b) without surface modification, and (c),
(d) InP/ZnS nanocrystals with the surface modification by
Zinc acetate and Palmitic acid.
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Fig. 4. X-ray diffraction profiles of InP nanocrystals, InP/
ZnS nanocrystals surface modified with zinc acetate and
fatty acid.

Table 2. Evolution of PL properties of InP/ZnS nanocrystals
by shell growth time.

Shell growth  Peak wavelength ~ FWHM QY
time (nm) (nm) (%)

0 min. 798 - -
3 min 615 86 14.8
60 min 631 88 39.7
120 min 632 89 37.1
180 min 633 91 47.0

A7 AA 55 %—7}%}%5}. FAH S =27] 327 A

WHM 3zt Z71¢}, PL &=
Oﬂhiﬂe 7M1= A2 YA

& YAZE YA AE do]
TSR] W7otk [14,15 ]. 2% 32] TEM °Ju|A| =S B
A W AYE A & 29 3(a)2k 1™ 3(b)ell HIst
o] zinc acetate®} fatty acid2 3£ A& 3l & 17 3(c)
o} 1% 3(d)e] YA 7] Bt ddEFeS A 5
UATH.

a9 49 XA 31d B4 AREHE S P Bis
iﬂ U= A= zine blende 274 F+Z5 7HS 81t

a7, InP edAtel] T8 x2S 3+ InP/ZnS Y=Y Aol A

< W7 28Ws Ueile 9350] 140 o)ss A
o] HHAHUL o= R ME TE AR AFE
7V ZnS (AR} A 5.345A)7F InP #o] V=Rt (A
A} 24 5.861A)00 shellS A1 ZHA Inp T2 7_:11
Al -8 o] 7l A7 WEolth7,16-19]. wWebA 3
of Uebd A3 o] mPe AR} Tt Fols 2‘11
FWHM k2 Z7Fetitt.

O 55 InP WEEA] =qizke] 3 A A $9
=e] Wals #elsly] 913 FTIRY &% Aol ¢
A a9 5@ P 2o YA FT-IR ZFHE 2923 em™,

A] BEAF 389
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Table 3. X-ray diffraction data of the grown nanocrystals.

. ' FWHM
a-axis lattice (deg.)

Crystallite
size

constant (A)
(111 (2200  (311)  (nm)

InP 5.8855 1.811 1.674  2.250 4.8
InP/ZnS 5.7159 2.548 2408  2.731 3.5

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm‘1)

Fig. 5. FT-IR spectra of (a) InP, (b) InP/ZnS, (c) oleylamine
and (d) zinc acetate.

2853 cm™'ol|A] alkyl chain ¥& CH, stretching ¥ =7} &
AE A1, 1552 em oAl N-H bending =9} 1461 cm™
ol 4] CH, bending I|=, 1376 cm'olA] C-N stretching 3]
A7 A=A P 2o JAFe] FLIR ZAFe} 19
5(c) OLA®] 58 3= (alkyl stretching = : 2921 cm™,
2850 cm™!, N-H bending ¥]=:1620 cm™!, CH, bending I
=1:1462 cm™', C-N stretching 3] =:1375 ecm )< vl
£ 53l InP 310 L}L?gx}sq FHol| OLA7} BRtER &
Agrhs AHS gRlEih. 28 5(b)= InP 2o W=
At 1 2] F AojX InP/ZnS AAHE] FT-IR 57
Ax}olt}, 3309 cm '] A] O-H stretching =2} 2914 cm ™'}
2848 cm™'2] CH, stretching 3=, 1636 cm'2] N-H bending
I3, 1542 ecm 19} 1468 cm™'?] COO- stretching 3] 25
81213}t CH, stretching 3] =9} N-H bending 3] 2.9}
FoloZ 9z} o] OLAY} k== ZAI3HS Fels)
Ao, BlEo] COO-stretching ¥ =12} CH, stretching I
9] ZRIOZ fatty acid T 3EH| =R EATS
FRISFATH20,21].

# 4= 5 29 Sg=rt B8 24718 o]835ko
atomic percentS =793 272 InP o] Y =YA= In
73.28%, P 21.92%= In/Pe] HI7} oF 3t 12 A=A
™, InP/ZnS YWY AR= In 17.48%, P 25.13%, Zn 17.15%, S
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Table 4. ICP-AES analysis of the grown nanocrystals.
Element (At%) In P Zn S

InP 73.28 21.92 0.00 4.80
InP/ZnS (180 min)  17.48 25.13 17.15 40.24

40.24%= InP/ZnS core/shell®] BIZ} <F 1t 12 %™ ]
g HASS IRISHATE InP o] REEA] Ye)Ate] &
¥ 2~HEo] njeksie] lasES ST F gidloy
EH 28 39 mP/ZnSe) YA &L shell A A7kl

w} A 14.8%04 47%7HA Z7} 31S-S Eel &
TGE 2).
4.4 B

B AFtol M= eFgAdo] 4=8laL non-pyrolyticst <1 (P)
AFAQl HPTE A8-3} hot-injection] & Z InP HH=A|
WedAE dstdeh 344 g P WA YeqiAte]
29 43S =9, 'WF 5SS FEA717] #18H zine
acetate®} fatty acidS AFS-3Fd YA} 3EHoY| ZnS shell 43
FE AT e A Sk 28 24 el XA
34 4 AHERE InP Y=Y}l ZnS shello] B4
A< &2 st en PL 2 EHD PL SHEH 9
FWHM AL FAEES Tt W 540 P =
oS 391 & S Ak 19 AP Mol PL ~HEHLS
} ot 9 A2l Ao P H=dAte
_/_\_fﬁ]EFﬂ,g ul—.plo] uH o] O]::‘]_:ﬂ_ FWHqu' ka}§%
= s SFMo L zinc acetate®} fatty acidZ EWH
L Z~HERS] A|7]7} uf-9- Folx o™ FWHM
o] 7Fs3to] Xit} Shell /374 A7t
depxled 8RS AIZbS 2A
§ O] (615 nm — 633 nm) 3HA.0.1,
nm)ﬂr FALEE (14.8% — 47.0%)

T AU

LAl 2
o L FI/AATY P ATATRS AT

AR 201520169 % FUohdtn A AFHA| o] AT
H) oz $3H A7rAndut
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