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We design, synthesize, and characterize multi-shell quantum dot structure of an indium phosphide

core surrounded by zinc chalcogenide shells. A simple mathematical model describing the wave

function of electronhole pairs enabled us to design ZnSe and ZnS shells to confine the carriers

inside the core region effectively. The result indicates that the designed multi-shell quantum dots

show improved optical properties that are more robust against chemical and photo-environmental

changes. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4745844]

Colloidal semiconductor nanocrystals, or quantum dots

(QDs), with size-tunable bandgaps are applicable to a num-

ber of technologies such as biomedical fluorophores, light-

emitting diode emitters (LEDs), and photovoltaic devices.1–9

The optical properties of QDs are dependent on their individ-

ual surface chemistry and also chemical environment, which

presents challenges for certain applications.10 Efforts to

address this performance challenge include applying thick

shells or creating shells with compositional gradients from

the core to the outer shell.11 However, most efforts toward

nanoparticle shell engineering have focused on systems con-

taining a II–VI nanocrystalline core, which often contain

toxic elements such as cadmium or lead.12 In contrast, III–V

QDs are generally considered to be “greener” because metals

like gallium, indium, and aluminum have low to negligible

toxicity in an ambient environment.13 Despite the lower tox-

icity, QDs systems have not been widely studied because

they are more difficult to chemically synthesize. When III–V

QDs are chemically synthesized, they suffer from poor opti-

cal performance due to both a high number of nonradiative

surface recombination sites and high activation barriers for

carrier detrapping.14,15 Several research groups have recently

reported synthetic strategies for preparing III–V QDs that

show improved optical properties by adapting core-shell

approaches similar to those used for II–VI nanocrystal syn-

thesis.13,16 In particular, the indium phosphide (InP) core-

shell nanocrystals reported in the literature that have

employed ZnS or ZnCdSe2 outer shells do not exhibit optical

properties comparable to II–IV compounds.17

Here, we report enhanced optical properties of a multi-

shell QD structure with an InP core and its design and syn-

thetic strategy. As shell materials with lattice parameters

similar to the core nanocrystal passivate the core more uni-

formly with minor atomic-level lattice disorder at the inter-

face, we chose ZnSe as a shell material due to its close

lattice match (3.2%) to InP and the ZnSe shells were grown

on the InP core up to 3-nm thick with minimal impact to the

InP photoluminescence (PL) spectrum. The results revealed

in strong and narrow band-edge emission measurement indi-

cate that QD carriers are strongly confined by the Zn/Se and

ZnS outer shells of the radial wavefunctions for electronhole

pairs in their lowest energy levels, and the shell-thickness

dependence on the carrier confinement is clearly observed.

The quantum wave functions of electron and hole and

their energy eigenvalues are calculated using the effective

mass approximation.18 For a stepwise potential with spheri-

cal symmetry, the Schr€odinger equation for the radial part

RnlðrÞ of electron or hole, which is given by

d2

dr2
þ 2

r

d

dr
� lðlþ 1Þ

r2
þ k2

nl

� �
RnlðrÞ ¼ 0; (1)

can be numerically solved in each radial region, where

knl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�Enl=�h2

q
is the wave vector and m� is the effective

mass of either electron or hole. By imposing the boundary

conditions, Rnl;iðriÞ¼Rnl;iþ1ðriÞ and m�iþ1dRnl;iðrÞ=drjri
¼m�i

dRnl;iþ1ðrÞ=drjri
on Eq. (1) at each ith regional boundary ri,

the whole radial wave function is constructed as a system of

linear equations. When we restrict the calculations to only

ground states, or l¼0, the Coulomb interaction between

electron and hole can be treated as the helium-like atomic

interaction as

Ec ¼
�e2

4p�0

jReðreÞj2jRhðrhÞj2

maxðre; rhÞ�ðre;rhÞ
r2

e r2
hdredrh; (2)

where the interpolated relative dielectric constant �ðre; rhÞ is

used for a simplified calculation.19 Then, the PL photon

energy is given by

EPL ¼ Ee þ Eh þ Ec þ Eband; (3)

where Ee and Eh are the electron and hole energies, respec-

tively, Ec is the Coulomb interaction energy, and Eband is the

bulk material bandgap. Figure 1(a) shows the calculated

probability distributions of electron and hole of the QD

structure, of which the material parameters20–22 and the band

alignment are summarized in Table I and Fig. 1(b), respec-

tively. The estimated PL wavelength is 534 nm.

InP/ZnSe/ZnS multi-shell nanocrystal QDs has been

synthesized in stepwise fashion using a modified version of

the successive ion layer adsorption reaction (SILAR)

method. Control of the interfacial layer formation betweena)Electronic mail: sjeong@kimm.re.kr.
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III-V and II–VI materials has been found to be the key to

creating thick shells, improving optical properties and chem-

ical stability. Zinc oleate [Zn(CH17H33COOÞ2] has been syn-

thesized and used as the Zn source for the shell formation.

InP nanocrystals have been synthesized using a previously

reported method.16 Zn oleate has been injected into the InP

colloidal solution and incubated at 230 �C, which has passi-

vated the surface phosphorus atoms. It is noted that recent

studies on multi-layer QDs compared the effects of one-step

and two-step synthetic ZnS shell formation routes on the op-

tical properties of an InP core, in which the QDs prepared

with one-step shell formation routes is found to exhibit better

optical properties than those prepared with two-step techni-

ques.13 In this work, we have created the QD shell in a step-

wise process in an attempt to control formation of the ZnSe

interfacial layer.

All reagents, indium(III) acetate [In ðOAcÞ3, 99.99%],

myristic acid (95%), octadecene (ODE, 90%), and octyl-

amine (OcA, 97%), were purchased from Sigma-Aldrich (St.

Louis, MO) and used as received without further purification.

Trioctylphosphine (TOP) was purchased from Sigma-

Aldrich and was degassed prior to use. Selenium shot was

purchased from Alfa Aesar (Ward Hill, MA). Tris(trimethyl-

silyl)phosphine (99%) was purchased from JSI silicon

(Sungnam, Korea). Oleylamine passivated InP/ZnS dispersed

in toluene was purchased from NN-Labs (Fayetteville, AR).

All techniques were carried out using a standard Schlenk and

glovebox techniques under ambient nitrogen. All moisture/

air sensitive chemicals were stored under nitrogen

atmosphere.

Synthesis of multi-shell InP nanocrystals has been car-

ried out as following: indium acetate (0.0230 g, 0.079 mmol)

and myristic acid (0.0703 g, 0.26 mmol) were dissolved in

6 ml of ODE at 188 �C under a N2 atmosphere. This solution

was degassed for 2 h at 110 �C. A solution of 0.029 ml of

tris(trimethylsilyl)phosphine (0.079 mmol) in 0.3 ml of OcA

and 1 ml of ODE was rapidly injected into the indium solu-

tion at 200 �C. In order to create the ZnSe shell layer, the InP

colloid was cooled to 150 �C after 30 min. Zinc oleate solu-

tion (2.8 ml, 1.2 mmol) in ODE was injected into the InP so-

lution at a rate of 1 ml/min by a syringe pump at 230 �C.

After 20 min, the solution was then cooled to 150 �C, 0.14 ml

of a 2 M TOP Se solution and 1 ml of TOP were injected into

the reaction at a rate of 1 ml/min, the solution was heated to

230 �C for 20 min and cooled to 150 �C. For ZnS shell for-

mation on InP/ZnSe, 2.8 ml of the zinc oleate solution was

injected into the reaction at a rate of 1 ml/min and heated to

230 �C. After 20 min, the reaction was cooled to 150 �C, and

2.8 ml of a 0.1 M sulfur solution in ODE was injected at a

rate of 1 ml/min. The reaction was held for 20 min and

cooled to room temperature. This solution was washed and

centrifuged using a mixture of acetone, chloroform, butanol,

and methanol. The finished, decanted powder was dispersed

in hexane for further characterization.

The microstructure and crystallographic structures have

been investigated by field-emission transmission electron mi-

croscopy (FEI, Tecnai F30 Super-Twin). Figure 2 shows the

high-resolution transmission electron microscopy (TEM)

image of the synthesized InP/ZnSe/ZnS QD layers. The aver-

age of the QDs InP core diameters is measured to be

2:160:4 nm, and the total diameter of the QDs ZnSe shell

coating and InP core is 2:660:2 nm. The lattice of the ZnSe

shell exhibits more ordering than the InP core. Upon addition

of the final ZnS layer, the average QD diameter is increased

to 3:360:4 nm.

Absorption spectra have been obtained by a SD-1000

UV-VIS spectrometer (Scinco, Korea). Photoluminescence

experiments have been performed on a Fluorolog-3 spec-

trometer (HORIBA Jobin Yvon, Inc., NJ) at room tempera-

ture with a 1-nm slit width for both excitation and emission

monochromators. The absorption and emission spectra of the

core-shell QDs are shown in Fig. 3. The uncoated core

exhibits the first excitonic transition at 460 nm. When

excited with a 350-nm Xe lamp, weak and broad low-energy

radiative recombination is observed with no band-edge emis-

sion.24 After the ZnSe shell formation, the 1S absorption

peak shifts to 519 nm due to electron delocalization over the

InP/ZnSe structure, while the hole is localized mainly within

the core. The shell appears to prevent defect-related emis-

sion, resulting in a cleaner spectrum.

Strong luminescence from narrow band-edge emission

suggests monodisperse QDs and efficient surface

FIG. 1. (a) Calculated probability distribu-

tion of electron (yellow line) and hole (pur-

ple line) of InP/ZnSe/ZnS QDs. (b)

Schematic diagram of InP/ZnSe/ZnS band

alignment (see Refs. 13 and 23). E¼ 0 corre-

sponds to vacuum level.

TABLE I. Material parameters of InP, ZnSe, and ZnS.

Bandgap (eV) m�e m�h �

InP 1.35 0.08 0.6 9.6

ZnSe 3.6 0.21 0.6 9.1

ZnS 2.7 0.34 0.58 8.9
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passivation. When a ZnS outer shell is formed over the InP/

ZnSe structure, the maximum wavelength of the excitonic

transition shifts to a lower energy transition of 525 nm. The

band-edge emission spectra are shifted to longer wavelengths

after the coating of the zinc chalcogenide shells, as expected.

ZnSe shell formation over the InP core causes red shifting of

the InP emission spectrum due to the small bandgap between

the InP core and ZnSe shell.

Quantum yield25 has been measured using a C-9920-02

quantum yield measurement system (Hamamatsu, Japan)

with a composed integral sphere, photomultiplier tubes,

monochromater, and Xe lamp. As synthesized, the quantum

yields of the excitation-emission process for the InP QD core

are found to be 2% (uncoated InP core), 46% (InP/ZnSe),

and 55% (InP/ZnSe/ZnS), respectively. The quantum effi-

ciency of the InP spectral transition is greatly enhanced by

shell encapsulation. The photostability of the QDs has been

determined by exposing the InP QDs to 365-nm light from a

UV lamp for several days followed by comparison with com-

mercially available InP/ZnS core-shell QDs under the same

conditions (see Fig. 4). It is noted that commercial QDs

showed rapid degradation of the quantum efficiency after

24-h exposure, and no emission was observed after 48 h. The

InP/ZnSe/ZnS multi-shell, however, continued emitting

yellow-green light after more than 72 h of exposure. Photo-

enhanced luminescence has been suggested in CdSe/ZnS

core/shell systems in solution26 and CdSe multishells in

polymer composites,6 for which trap recharging and/or

photo-chemical bond restructure at interface are considered

to play a possible role.

In summary, this work has demonstrated that InP/ZnSe/

ZnS multi-shell QDs are synthesized through a modified

SILAR method. When using III–V structures, the interfacial

layer design is crucial for the enhanced optical properties

and environmental robustness. Additional control of the

interfacial layers through compositional variation is expected

to further improve the optical characteristics of III–V core-

shells, thereby allowing them in various applications such as

LEDs.

FIG. 3. Absorption and emission spectra of InP/ZnSe/ZnS (top) and pre-

encapsulated InP core (bottom). The small emission signal of InP core is

enlarged by a factor of 20.

FIG. 4. (a) Spectral stability of InP/ZnSe/

ZnS muti-shell quantum dots after exposure

to 365-nm UV light and (b) its quantum

yield compared with commercial green and

orange InP/ZnS core-shell quantum dots.

FIG. 2. TEM images of (a) InP and (b)

InP/ZnSe/ZnS. Circles in the insets denote

the nanocrystals.

073107-3 Kim et al. Appl. Phys. Lett. 101, 073107 (2012)

Downloaded 12 Dec 2012 to 143.248.118.124. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



This work was supported by Global Frontier R&D Pro-

gram at the Center for Multiscale Energy Systems funded by

the NRF, QD-LED project funded by the MKE (No.

10035274), and Basic Research Fund from KIMM.

1M. Nirmal, B. O. Dabbousi, M. G. Bawendi, J. J. Macklin, J. K. Trautman,

T. D. Harris, and L. E. Brus, Nature 383, 802 (1996).
2X. Brokmann, E. Giacobino, M. Dahan, and J. P. Hermier, Appl. Phys.

Lett. 85, 712 (2004).
3B. Fisher, J. M. Caruge, D. Zehnder, and M. Bawendi, Phys. Rev. Lett. 94,

087403 (2005).
4F. Pinaud, D. King, H.-P. Moore, and S. Weiss, J. Am. Chem. Soc. 126,

6115 (2004).
5J. Lim, S. Jun, E. Jang, H. Baik, H. Kim, and J. Cho, Adv. Mater. 19, 1927

(2007).
6K. Kim, J. Woo, S. Jeong, and C. Han, Adv. Mater. 23, 911 (2011).
7S. A. McDonald, G. Konstantatos, S. Zhang, P. W. Cyr, E. J. D. Klem, L.

Levina, and E. H. Sargent, Nat. Mater. 4, 138 (2005).
8A. J. Nozik and J. R. Miller, Chem. Rev. 110, 6443 (2010).
9S. J. Baik, J. Kim, K. S. Lim, S. Jung, Y.-C. Park, D. G. Han, S. Lim, S.

Yoo, and S. Jeong, J. Phys. Chem. C 115, 607 (2011).
10S. Jeong, M. Achermann, J. Nanda, S. Ivanov, V. I. Klimov, and J. A. Hol-

lingsworth, J. Am. Chem. Soc. 127, 10126 (2005).
11Y. Chen, J. Vela, H. Htoon, J. L. Casson, V. I. Klimov, and J. A. Hollings-

worth, J. Am. Chem. Soc. 130, 5026 (2008).

12B. O. Dabbousi, J. Rodriguez-Viejo, F. V. Mikulec, J. R. Heine, H. Mat-

toussi, R. Ober, K. F. Jensen, and M. G. Bawendi, J. Phys. Chem. B 101,

9463 (1997).
13P. Reiss, M. Protiere, and L. Li, Small 5, 154 (2009).
14O. I. Micic, C. J. Curtis, K. M. Jones, J. R. Sprague, and A. J. Nozik,

J. Phys. Chem. 98, 4966 (1994).
15S.-H. Kim, R. H. Wolters, and J. R. Health, J. Chem. Phys. 105, 7957

(1996).
16D. Battaglia and X. Peng, Nano Lett. 2, 1027 (2002).
17H. Borchert, S. Haubold, M. Haase, and H. Weller, Nano Lett. 2, 151

(2002).
18S. Nizamoglu and H. V. Demir, Opt. Express 16, 6 (2008).
19D. Schooss, A. Mews, A. Eychm€uller, and H. Weller, Phys. Rev. B 49,

17072 (1994).
20S. H. Wei and A. Zunger, Appl. Phys. Lett. 72, 2011 (1998).
21J. Singh, Physics of Semiconductors and their Heterostructures (Mcgraw-

Hill, Ohio, 1992).
22D. Dorfs, H. Henschel, J. Kolny, and A. Eychm€uller, J. Phys. Chem. B

108, 1578 (2004).
23O. I. Micic, B. B. Smith, and A. J. Nozik, J. Phys. Chem. B 104, 1249

(2000).
24C. D. M. Donega, S. G. Hickey, S. F. Wuister, D. Vanmaekelbergh, and A.

Meijerink, J. Phys. Chem. B 107, 489 (2003).
25G. Grabolle, M. Spieles, V. Lesnyak, N. Gaponik, A. Eychmller, and U.

Resch-Genger, Anal. Chem 81, 6285 (2009).
26N. E. Korsunska, M. Dybiec, L. Zhukov, S. Ostapenko, and T. Zhukov,

Semicond. Sci. Technol. 20, 876 (2005).

073107-4 Kim et al. Appl. Phys. Lett. 101, 073107 (2012)

Downloaded 12 Dec 2012 to 143.248.118.124. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1038/383802a0
http://dx.doi.org/10.1063/1.1775280
http://dx.doi.org/10.1063/1.1775280
http://dx.doi.org/10.1103/PhysRevLett.94.087403
http://dx.doi.org/10.1021/ja031691c
http://dx.doi.org/10.1002/adma.200602642
http://dx.doi.org/10.1002/adma.201002979
http://dx.doi.org/10.1038/nmat1299
http://dx.doi.org/10.1021/cr1003419
http://dx.doi.org/10.1021/jp1084668
http://dx.doi.org/10.1021/ja042591p
http://dx.doi.org/10.1021/ja711379k
http://dx.doi.org/10.1021/jp971091y
http://dx.doi.org/10.1002/smll.200800841
http://dx.doi.org/10.1021/j100070a004
http://dx.doi.org/10.1063/1.472703
http://dx.doi.org/10.1021/nl025687v
http://dx.doi.org/10.1021/nl0156585
http://dx.doi.org/10.1364/OE.16.003515
http://dx.doi.org/10.1103/PhysRevB.49.17072
http://dx.doi.org/10.1063/1.121249
http://dx.doi.org/10.1021/jp036643t
http://dx.doi.org/10.1021/jp0021502
http://dx.doi.org/10.1021/jp027160c
http://dx.doi.org/10.1021/ac900308v
http://dx.doi.org/10.1088/0268-1242/20/8/044

