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Abstract: A complex InAs/CdSe/zZnSe core/shelll/shell2 (CSS) structure is synthesized, where the
intermediate CdSe buffer layer decreases strain between the InAs core and the ZnSe outer shell. This
structure leads to significantly improved fluorescence quantum yield as compared to previously prepared
core/shell structures and enables growth of much thicker shells. The shell growth is done using a layer-
by-layer method in which the shell cation and anion precursors are added sequentially allowing for excellent
control, and a good size distribution is maintained throughout the entire growth process. The CSS structure
is characterized using transmission electron microscopy, as well as by X-ray diffraction and X-ray
photoelectron spectroscopy which provide evidence for shell growth. The quantum yield for CSS with small
InAs cores reaches over 70%—exceptional photoluminescence intensity for IlI—V semiconductor nanoc-
rystals. In larger InAs cores there is a systematic decrease in the quantum yield, with a yield of ~40% for
intermediate size cores down to a few percent in large cores. The CSS structures also exhibit very good
photostability, vastly improved over those of organically coated cores, and transformation into water
environment via ligand exchange is performed without significant decrease of the quantum yield. These
new InAs/CdSe/ZnSe CSS nanocrystals are therefore promising near-IR chromophores for biological

fluorescence tagging and optoelectronic devices.

Introduction

The need for nanocrystals with bright and stable fluorescence
for various applications covering biology* to electrooptics 8
is increasingly growing. This is particularly true for HV
semiconductor nanocrystals that can cover the technologically
important visible to near-infrared (NIR) spectral ran§es.

TInstitute of Chemistry.
* The Center for Nanoscience and Nanotechnology.
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Moreover, II-V semiconductor nanocrystals are not as devel-
oped as VI semiconductor nanocrystals, and their optical
capabilities have not yet reached their full potential.

The main strategy to increase photoluminescence (PL)
guantum yield (QY) and stability of nanocrystals is to grow a
passivating shell on the cores surfaéé?1720 This removes
surface defects acting as traps for the carriers and therefore re-
duces the probability for the undesired processes of emission
guenching via nonradiative decay. Moreover, the passivating
shell protects the core and reduces surface degradation. Two main
factors are considered while choosing the semiconductor material
for the passivating shell. The first is the lattice mismatch be-
tween the core and shell materials. A large lattice mismatch will
cause strain at the core/shell interface that can lead to creation
of defect sites acting as trap sites for the charge carriers. The
second factor is the band offsets between the core and shell re-
gions that should be sufficiently high so that carriers are confined
into the core region and kept separated from the surface where
defects can lead to the undesired nonradiative relaxation pro-
cesses. This latter effect is particularly critical in 4N
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semiconductors that typically are characterized by small effec-
tive masses for the charge carriers requiring a large potential
barrier for their confinement. In the present case of InAs cores,
the electron effective massy*, is only 0.024n. (me is the free
electron mass), and the breadth of the electron wave function
is therefore significant.

Earlier works on core/shell nanocrystals resulted in QY
(quantum vyield) values of up to 90% for-tVI/Il —VI core/
shell structure$-®and up to 20% for IH-V/Il —=VI core/shell
structures11221For the 11I-V structures there is still significant
room for improvement in the QY values, but even for the Il
VI structures showing high QY, the shell thickness correspond-
ing to these maximal quantum yields is small, typically only of
about 2 MLs (monolayers). This limitation is likely due to traps
created by structure imperfections formed in the growth process.
A thick shell is important for the stability of the nanocrystals,
especially for applications in which they are exposed to tough
processes, e.g., upon dissolving nanocrystals in water for
biological tagging applications.

A solution to this problem was given in the work of Li et
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Figure 1. Diagram of the potential structure for the InAs/CdSe/ZnSe CSS
structure. The band offset (in eV) and lattice mismatch (in percent) between
InAs and the two H-VI semiconductors used as the shell material are
indicated. CB= conduction band; VB= valence band.

band and 0.99 eV for the valence b&henables sufficient

al.?? in which a layer-by-layer growth method was used, and confinement of electron and hole wave functions in the InAs
termed successive ion layer adsorption and reaction (SILAR). core, even for the extremely light electron of InAs. This new
A layer-by-layer growth was previously also used to create CdS/ core/shell/shell (CSS) structure yields exceptional fluorescence
HgS/CdS quantum-detguantum-well structure®¥=25 In this quantum yield and stability covering the entire NIR spectral
method the cation and anion shell precursors are addedrange from 800 nm to over 1.6 micrometers. The fluorescence
sequentially into the reaction vessel, i.e., only when the reaction QY is still very high even upon ligand exchange and transfor-
of one kind of atom is completed and its counterion is mation to a water environment. This clearly demonstrates the
introduced. With the use of this method 5 MLs of CdS shell strength of II-V semiconductor core/heteroshell nanocrystals.
were grown on CdSe cores without quenching the PL QY. This is due to the ultimate flexibility afforded by the heteroshell
Another solution to the problem of increased stress with shell approach to address both the requirement of lattice matching
thickness is to grow a heteroshell structure in which a buffer between the core and shell materials while at the same time

layer is used to decrease stress in the $hdlhis was recently
implemented by Talapin et &l.in growing a ZnSe buffer layer

between a CdSe core and a ZnS shell. Using ZnSe, with a lattice

achieving proper band offsets between the core and shell regions.

Experimental Details

spacing that is intermediate between that of CdSe and ZnS, they Chemicals for Shell Growth and Water Solubility. Cadmium

managed to lower shell strain and could grow 7 ML of shell
without a significant decrease in the PL QY. Another buffer
layer approach was successfully applied, also recently, by Xie
et al?8in which the buffer layer is an alloy of the semiconductor
type constituting the core and the outer shell.

In this work we have successfully synthesized a complex core/

oxide (CdO, 99.99%, powder), selenium (Se, 99.999%, powder),
dimethylzinc (Zn(CH)z, 2 M in toluene), sulfur (99.98%, powder),
1-octadecene (ODE, 90%), oleic acid (OA, 90%), octadecylamine
(ODA, 97%), and anhydrous chloroform (9%) were purchased from
Aldrich. Mercaptopropionic acid (MPA, 99%) was purchased from
Fluka. All the materials were used without further purification. ODE
was pumped under vacuum at 280 for 2 h before use.

shelll/shell2 structure of InAs/CdSe/ZnSe that has CdSe as a Synthesis of InAs/CdSe/ZnSe CSS (Core/Shelll/ShellDetails

buffer layer (Figure 1), by implementing the SILAR growth
method for IV semiconductor cores. The InAs core and ZnSe
outer shell materials have a large lattice mismatck @%. To

of InAs nanocrystal synthesis serving as cores is reported else¥here.
In a typical synthesis of the CSS,» 107 mol of InAs cores of a
desired size dissolved in 700 mg of toluene were put in a flask with 5

reduce the undesirable strain effects between the InAs core and °f ODE and 1.5 g of ODA. The amount of InAs cores was deduced

the ZnSe outer shell a CdSe buffer layer is grown between them

as the lattice mismatch between InAs and CdSe is actually nearly

0%. The InAs-ZnSe band offsets of 1.3 eV for the conduction
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from the weight. The preparation of the reaction flask is performed in
a glovebox where all the stock solutions are kept under strict inert air-
and water-free conditions. The reaction flask is then transferred to a
Schlenk line and pumped under vacuum until no bubbling appears (for
about 20 min). Next the flask is heated gradually to 1QGstill under
vacuum to remove residues of volatile solvents. The vacuum is switched
to Ar flow, and the temperature is raised to 280 At around 200C

the first aliquot is taken (shown as “layer 0” in the experimental results
below). The first stock insertion containing Cd precursors is introduced
at 260°C. Following, the Se is introduced. This could be continued
sequentially to complete the desired thickness of shelll. Afterward,
precursors of shell2 are added sequentially; Zn precursor is first inserted
followed by Se precursor and so on. The insertion continues in a
variable manner between cations and anions. The time interval between

(29) Wei, S. H.; Zunger, AAppl. Phys. Lett1998 72, 2011-2013.
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each insertion is about 15 min. The calculations of the amounts needed
for each insertion is described below. Between stock insertions aliquots
are taken to monitor the reaction.

Cd Stock Solution.A solution of 0.04 M Cd in ODE was prepared
by heating CdO (154 mg) and oleic acid (2.71 g) in ODE (27 mL) at ==
250°C under Ar until a colorless solution is obtained (about 30 min). 3 A

Se Stock Solution A solution of 0.04 M Se in ODE was prepared ®, |
by heating Se (95 mg) in ODE (30 mL) at 20G under Ar until all D -
the Se powder has dissolved and a yellow clear solution is obtained g
(about 2 h).

Zn Stock Solution. A solution of 0.04 M Zn in ODE was prepared
by mixing Zn(CH)2, 2 M in toluene (0.20 mL) with ODE (9.8 mL) in T
a glovebox.

Calculations of Stock Solution Amounts.The amount of cation
or anion stock solutions added for each layer is equal to the number of
cat_ions or ani(_)ns present at th_e SL_Jrface of all the pgrticle_s in solution. 900 ) 10'00 ’ 11'00 ) 12'00 ) 13'00 ) 14'00 ) 1500
This number is calculated taking into account particle size, amount,
bond lengths, and the densities of the semiconductors being grown. Wavelength [nm]

For the purposes of this calculation, every full aniaation layer is
considered to be 0.35 nm in thickness, the (111) lattice spacing in zinc
blende InAs. For example, when growing a shell on:£.00~7 mol of

InAs QDs with an average diameter of 3.8 nm we usedx.80°

mol of Cd and Se for the first layer (first and second insertions, named
as 1/2 and 1 layers, respectively), 6.0~ mol of Zn and Se for the
second layer (third and fourth insertions, named as 3/2 and 2 layer,
respectively) and 4.% 107° mol of Zn and Se for the third layer (fifth s, . . . g - .
and sixth insertions, named as 5/2 and 3 layers, respectively). These  ®* gm0 avelongthom
amounts are the b?‘s's for the synthesis and were optimized for theFigure 2. Evolution of the PL spectra of 3.8 nm InAs cores as a function
highest QY as detailed below. of stock insertions. (a) From bottom up, PL spectra taken after each insertion

Hydrophilic Ligand Exchange. The CSSs were transferred into (0, 1, 2, ..., 14) of stock. (b) PL spectrum before and after the first insertion
water by using the phase transfer metRoiah the first stage, the ODA- of Cd atoms. (c) Initial PL spectrum, multiplied by 10, vs the final PL
coated nanocrystals were dissolved in 1 mL of anhydrous chloroform spectrum.

(OD = 1). Then, 1 mL of methanol solution containing 0.5 mL of

MPA (mercaptopropionic acid) was added under vigorous stirring to by washing with methanol to remove the excess organic residue. XRD
the chloroform solution. After 30 s of stirring, 1 mL of distilled water ~ (X-ray diffraction) measurements were performed on a Philips PW1830/
and 0.1 mL of KOH (1 M) was added to the methanol/chloroform 40 X-ray diffractometer operated at 40 kV and 30 mA with Cu K
solution. The CSSs were completely transferred into the water phasefadiation. Samples were deposited as a thin layer on a low-background
after 20 min. The hydrophilic phase containing the nanocrystals was Scattering quartz substrate. X-ray photoelectron spectroscopy (XPS)
separated. To remove excess MPA from the solution the particles werewas carried out with a Kratos Analytical Axis Ulta XPS instrument.
separated by centrifugation. The precipitate was dissolved in pH 10 Data were obtained with Al & radiation (1486.6 eV). Survey spectra
buffer water and yielded a clear solution. were collected with 160 eV pass energy detection. Survey time was

Optical Characterization. Absorption measurements were taken 120 s for each measurement. The measurements were performed on
with a Jasco V-570 spectrophotometer and the photoluminescence (pL)nanocrystaI films of monolayer thickness, linked by hexane dithiols to
measurement with an Ocean-optics NIR-512 spectrophotometer using2 Au-coated substraté=
633 nm HeNe laser excitation. QY measurements were done using aResults and Discussion
Labsphere integrating sphere based on the me_tho_d described inref 31. - gynthesis MethodologyOptimization of synthesis conditions
We used a 1064 nm CW Nd:YAG laser for excitation, and the sample \ya5 determined by the photoluminescence (PL) characteristics,

PL a.nd laser emission were both detected using an InGaAs dQtecmr'i.e., the emission intensity and width. Addition of stock solution
In this method, the excitation laser output from the integrating sphere

is measured along with the PL and corrected for the detection systemtO the growth solution was done when there was no further

response. The QY is calculated from a ratio of the number of photons increase in PL inter_]Sity' Typically, e_mlO _min interval was )
emitted extracted from the PL feature and the number of photons Used between the first and second insertion and up to 20 min

absorbed extracted from the laser feature with and without sample. A between the thirteenth and fourteenth insertion. For shell growth
third measurement in which the laser does not pass directly through on smaller €3 nm) and bigger dots>(4 nm) it was necessary
the sample, but the sample is placed inside the sphere, is used to dedudio optimize the stock amount used for each half-shell growth,
and correct for signal obtained from diffused laser light striking the using the calculated amount as a reference point. The factors
sample over its entire area. obtained are 1 (4 nm dots) to 0.8 (7 nm dots) for big dots and
Structural Characterization. Transmission electron microscopy 1 (4 nm dots) to 0.5 (2 nm dots) for small dots. The optimization
(TEM)t ?igl%% \l/(v\c/er|e_|_t?]ken u;sut_ng ?E';\)Ah"m;g&cna' 12 mlcroicspe is necessary due to errors in the determination of the initial core
operated at - - righ-resolution ( ) images were taken amount and the loose definition of a shell thickness as described
on a Tecnai F20 &operated at 200 kV. Samples for TEM were . the E . tal Secti
prepared by depositing a drop of sampteluene solution onto 400 in the xp_erlmen al section.
mesh copper grids covered with a thin amorphous carbon film, followed To mon'_tor the progr_ess Of the shell growth we measured
the PL during the reaction. Figure 2a shows the PL evolution

0.5 layer

Intensity [a. u.]
Intensity [a. u.]

(30) Chan, W. C. W.; Nie, SSciencel998 281, 2016-2018.
(31) De Mello, J. C.; Wittmann, H. F.; Friend, R. Hdv. Mater.1997, 9, 230— (32) Bowen Katari, J. E.; Colvin, V. L.; Alivisatos, A. B. Phys. Chenl994
232. 98, 4109-4117.
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Figure 3. Absorption (solid lines) and PL (dashed lines) spectra of the e} ,' < \D\ 1150 'g‘
same cores as in Figure 1 (a) before shell growth and (b) after growth of 204 / N 140
1.8 nm of CdSe/ZnSe shells. The spectral features are hardly changed | N, A7 oo e 140
indicating the sample homogeneity is maintained during shell growth. 104 , 130
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as a function of insertion number of shell stock solution grown o 1 2 iayer“# 5 6 7

on a 3.8 nm (diameter) InAs core sample. The spectra shown _ L ) o
Figure 4. (Top) Quantitative representation of the PL evolution with layer

Were,taken after each stock addition using the time intervals growth for CSS nanocrystals. Circles connected by a solid line: quantum
mentioned above. yield of 3.8 nm InAs dots as a function of insertion number. The first layer

The first shell type grown is CdSe, and the external shell is the CdSe buffer layer, and the following layers are ZnSe. Open triangles
- . connected by a dashed line: shift of the PL wavelength as a function of
was of Z_nse_" _Already UD_On addition of the _Cd _S_’tOCk'_ which insertion number. The growth of the first CdSe layer is followed by a red
was the first injected species, we observe a significant increaseshift of the PL which blue shifts back to its initial position after the growth

in the PL (Figure 2b). The increase in PL intensity persists as of the following ZnSe layers. (Bottom) Circles connected by a solid line:
QY same as top. Open squares connected by a dashed line: fwhm of the

the growth of the layers continues, leading to an overall en- ) ! : X :

. g . PL feature vs insertion number. An increase in fwhm is observed after the
hancement by a f"f‘Ctor Of_47_ (Figure 2c). This Increase Is a resultfirst insertions and is compensated as the ZnSe shell growth continues.
of the high potential barrier imposed by the shell which enables

efficient confinement of electron and hole wave functions in . .
the InAs core and thus diminishes their presence in the vicinity = The PL maximum red shifts from 1070 nm before shell

of dark traps located mostly at the nanocrystal surface area. growth to 1130 nm after the first CdSe layer, and as the ZnSe
Two interesting phenomena are observed in addition to the Shell growth progresses, the PL blue shifts back close to its
significant increase in PL intensity. The first is the red shift of ©riginal position (Figure 4, top). The full width at half-maximum
the PL after the growth of the first CdSe layer. This is due to (fwhm) of the PL during shell growth is also plotted, providing
the low potential barrier imposed by the CdSe shell on the InAs indication for the size distribution. The small change between
core, in particular for the conduction band (CB, see Figure 1), the initial and final fwhm provides further evidence for main-
allowing tunneling of the electron wave function to the sur- taining the good original distribution as already indicated by the

rounding shell, effectively meaning, the box is larger. After the absorption and will be directly seen in the TEM images below.
first insertion of Cd precursors there is a large red shift followed  To optimize reaction conditions and procedure we have exam-
by a significant increase of the PL intensity (Figure 2b). The ined several factors including reaction temperature and the num-
second phenomenon is the return of the PL wavelength to its orig-ber of stock insertions of each semiconductor grown. When con-
inal position after the growth of the ZnSe shell (Figure 2c). An- sidering temperature for shell growth one has to take into
other notable comparison for the shell growth process is shownaccount two main effects. The first is the crystalline quality of the
in Figure 3 presenting the initial and final absorption and PL of shell grown. Use of lower temperature will result in the growth
the cores and CSSs discussed above. The spectral features axsf a structurally imperfect shell with traps quenching the PL. On
hardly changed indicating the monodisperse sample size distribu-the other hand performing the reaction at high temperature can
tion is maintained throughout the complex shell growth process. result in nucleation of the shell precursors. The temperature used
Figure 4 shows the quantitative results of the PL evolution in our reaction (260C) gave significantly better results in terms
shown in Figure 2. The PL quantum yield increases from 1% of QY then those obtained for growth at lower temperatures of
before shell growth to 50% at the end of the growth process 240°C (not shown), and we had no indications of a nucleation
(Figure 4, circles). This final QY value is significantly larger process competing with shell growth, which is a benefit of the
than the values that we could achieve using a single-shell approach of sequential aniegation additions; i.e., in this
approach in earlier work (maximum 6f20%)11.12Additionally, approach each species is reacted and consumed before the

the value is achieved for a thick shell that provides significant counterpart is added, and therefore the probability for nucleation

protection for the cores. of nanocrystals of the shell material is significantly reduced.

260 J. AM. CHEM. SOC. = VOL. 128, NO. 1, 2006
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1070 S
3 Table 1. Summary of PL Maximum Wavelength, Shell Thickness,
and QY Obtained for Various Sizes of CSSs
core size nominal shell final size PL max initial QY final QY
1060 [nm] thickness [nm] [nm] [nm] %] %]
ZnSe Layer # 1.9 35 4.7 885 4.1 70
Figure 5. PL intensity and wavelength of InAs cores as a function of CdSe 22 33 ?g iggg <<11'1 25§

(a) and ZnSe (b) shell growth using SILAR. (a) Circles connected by a
solid line: PL intensity of 3.5 nm InAs dots as a function of CdSe shell
layers. Shell growth was done at 240. Open triangles connected by a

dashed line: shift of the PL maximum wavelength as a function of shell a layer-by-layer method is shown in Figure 5b. We used the

layers. The intensity reaches its maximal value at approximately 1 ML after g5 me cores used in the synthesis shown in Figure 2 and similar
which it decays substantially. (b) Circles connected by a solid line: quantum

yield of 3.8 nm InAs dots as a function of ZnSe shell layers. A CdSe buffer reaction conditions. As expected, the intensity increases, but
layer was not used. Open triangles connected by a dashed line: shift of PLthe final QY achieved is only 12%, close to values also achieved
wavelength as a function of shell layers. in the older approach of shell growth using injection of stock
containing both Zn and Se precurs®his demonstrates the
necessity of the CdSe buffer layer in obtaining high-yield NCs,
most likely because of its role in relaxing the surface tension.

Extrinsic effects, i.e., the environment surrounding the
particles, on the PL characteristics provide information of the
effectiveness of the shell barrier. In the case of organically
passivated core nanocrystals, the chemical separation process 10 further demonstrate the usefulness of the layer-by-layer
from the growth solution containing excess ligands can result 9roWth in comparison to the older shell growth technique in
in a significant loss of QY due to the removal of the passivating Which the cation and anion precursors are inserted simulta-
organic ligands. In the present case, not only is the emission"€ously to the growth solutiott;**we grew a CdSe/ZnSe shell
not weakened during separation, in fact, we have seen a smalPn INAs cores using the same precursor amounts for each
increase of 8% in PL intensity in an as-prepared CSSs sample'”sert'on and the same reaction condition except for the simul-

after separation via methanol precipitation and redissolution in {&n€ous insertion of shell precursors. With the use of this ap-
toluene. This clearly demonstrates the effectiveness of the Proach the PL intensity decays rapidly after the third insertion

double-shell barrier confining the exciton and keeping it away (€qual to six insertions using the layer-by-layer approach) and
from the surface area. The small increase in QY may be due todecays completely to its original intensity after the fourth in-

impurities probably coming from the ODE or ODA used in the sertion (equal to eight insertions using layer-by-layer). In addi-
reaction that are cleaned out by the separation process. tion, there is an increase of 80% to the fwhm of the PL feature.

To verify the essential role of the combination of the two N contrary to this, CSSs synthesized using the layer-by-layer
semiconductors in the core/shell1/shell2 structure to achieve t€chnique show increasing PL intensity up to the 14th insertion
superior emission properties, we have grown each of them and thg size distribution is nequy maintained as seen by
individually on InAs cores using the SILAR growth approach. absorption, fwhm of the PL, and direct TEM study (see below).
Figure 5 shows the results obtained by growing a shell By tuning the core nanocrystal size, spectral tuning for the
containing CdSe or ZnSe exclusively. emission can be achieved throughout the NIR spectral range

For the CdSe shell the intensity reaches its maximum Via the effect of quantum confinement in the cores. Figure 6

enhancement already at 1 ML (Figure 5a) after which it decays Shows the spectral coverage provided by four CSSs synthesized
substantially in agreement with our previous results where the Using cores emitting at 880, 1060, 1170, and 1420 nm.
CdSe shell precursors were added togéthiémand not in the Table 1 summarizes the results obtained for three sizes of
layer-by-layer method applied here. The PL wavelength red CSSs ranging from 1.9 to 6.3 nm. The nominal shell thickness
shifts as the shell grows as a result of the low potential barrier is the theoretical thickness the shell should have if the shell
of the CdSe semiconductor, leading to reduced quantum growth was complete assuming an increase of 0.35 nm for each
confinement. The result of growing an exclusive ZnSe shell via layer in the [111] growth direction. The actual shell thickness
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Figure 7. (a) TEM and HRTEM (insets) of 3.8 nm InAs cores and the corresponding size distribution on the bottom. (b) TEM and HRTEM of 5.6 nm
InAs/CdSe/ZnSe CSS QDs synthesized using the InAs cores in (a) and the corresponding size distribution on the bottom. Scale bars are 50 nm. HRTEM
square insets are 10 10 nn?. Average sizes and standard deviation are-3.8.5 nm for cores and 5. 0.8 nm for CSS.

received is closer to nominal for the small particles than the big effect is under further study with more detailed spectroscopic
ones. While the actual thickness is 80% from nominal for the 1.9 investigation.

nm core particles, it is only 31% for the 6.3 nm particles. This  Chemical and Structural Characterization. Figure 7 shows
can be eXpIained by the hlgh surface aCtiVity of small particles TEM and HRTEM images of InAs cores before (frame a) and
and as a consequence a higher chemical yield of shell growth. after (frame b) shell growth and histograms of size distributions.
Even more significant is that the initial QY of the cores we  The size distributions were determined by measuring more than
used is also size dependent and changes froBPb for the 300 particles of each sample. The core size is 3.8 nm, and it
smallest cores to lower than the detection limit for the biggest grows to 5.6 nm with the addition of the shell. The standard
cores. In correspondence to this, the final QY is higher for the geyjiations of the size distribution of both the cores and the CSSs
smaller CSSs. There is a systematic decrease in QY going fromgre 149, The unchanged size distribution is a measure of the

small CSSs (more then 70%) to large (less than 2%) that is gxcellent kinetic control of the shell growth process in this layer-
correlated with the starting QY of the cores used. There is a . |ayer approach.

substantial increase in the QY for large cores attained by the
SILAR growth method, but it is still not enough to equal the
intensities reached by the small CSSs in correlation with the
initial small value of the core QY. For example, the PL intensity
of a core emitting at 880 nm is enhanced by a factor of 20
while in a large core emitting at 1420 nm it is enhanced by a
factor of 70. The lower yield at the larger diameter nanocrystals
is believed to be due to an intrinsic effect of reduction in
electron-hole overlap due to the very different effective masses
of the electron and hole in InAs. This leads to a reduced
electror-hole overlap in larger cores and was noted also to
lead to reduced QY with increased length in InAs r&tf#¥.This

To determine the crystallinity of the CSS we measured their
XRD spectra. Figure 8 shows the evolution of the XRD spectra
of an InAs/CdSe/ZnSe CSS sample as a function of shell layers
and type. The XRD spectrum of the initial InAs cores (bottom
spectrum) matches that of the bulk zinc blende InAs. As an
intermediate CSS we grew an InAs/CdSe/ZnSe CSS sample with
approximately 0.5 nm of CdSe/ZnSe shell (middle spectrum).
The XRD spectrum of the intermediate is shifted to larger angles
in regard to the InAs core spectrum. In addition to the shift to
larger angles we observe peaks matching th®{ibcc lattice.

This lattice may be formed at the InAs core surface at high
temperature before the shell growth process begins. The upper

(33) Kan, S. H.; Mokari, T.; Rothenberg, E.; Banin, Nat. Mater.2003 2, spectrum is of the same CSS sample shown in Figure 7 (0.9
155-158. ;

(34) Kan, S. H.; Aharoni, A.; Mokari, T.; Banin, UFaraday Discuss2004 _nm of CdSe/ZnSe shell). The Cfdse amount_m samples b and ¢
125, 23-38. is the same. Spectrum c continues the shift to larger angles
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Figure 10. Photochemical stability of InAs cores (open circles connected

by the solid line) and CSS (triangles connected by the dashed line). The
cores and CSS used are the same shown in the other figures. The samples
were dissolved in toluene and irradiated with 30 mW of 473 nm light under
ambient atmosphere.
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Figure 8. (a) X-ray powder diffraction spectra of 3.8 nm InAs cores. (b)
InAs cores covered with approximately 0.5 nm of CdSe/ZnSe shell. (c)
InAs cores covered with 0.9 nm of CdSe/ZnSe shell. The lines represent
bulk XRD patterns of zinc blende InAs, CdSe, ZnSe, and BGO4nThe

XRD patterns shift from (a) to (c) toward bigger angles indicating the ZnSe
shell growth. |
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Figure 11. PL of as-prepared 1.9 nm CSSs in chloroform (solid line) and

after transferring them into water (dotted line). An MPA ligand exchange

was performed in order to permit the phase transfer from chloroform solution
to water. The QY decreased from 70% in chloroform to 37% in water.

spectrum the signals of various atom levels of In and As are
clearly seen as well as those of Au, the substrate on which the
cores are deposited. However, after shell growth the In and As
atom’s signals, being now screened by the shell, decrease
significantly or even disappear. Instead Zn and Se peaks from
the outer shell are strongly dominant in the spectrum.
Core/Shell/Shell Stability upon Irradiation and Hydro-
22 philic Ligand Exchange. The significantly improved charac-
= teristics of the CSS particles are exemplified clearly not only
by the significant enhancement in QY but also in the improved
Binding Energy [eV] stability. Figure 10 shows the comparison of stability as reflected
Figure 9. XPS survey of 3.8 nm InAs cores (bottom) and 5.6 nm InAs/ by relative QY measurements of the original InAs cores and

CdSe/ZnSe CSSs QDs synthesized using the same cores (top). Th ; ; ;
assignment of the peaks is indicated. The peaks associated with In and AgCSSS made using them (same cores and CSSs as in previous

are missing or reduced in the spectrum of the CSS QDs while new peaks [19ures). For _ this e_xperiment the SO|Uti°_ns c_ontaining the
of Zn and Se appear, indicating growth of shell material. nanocrystals in ambient atmosphere were irradiated by a laser

at 473 nm and intensity of 30 mW while stirring the solutions
toward the position of the bulk peaks of ZnSe zinc blende to ensure homogeneous exposure to the laser. The emission from
indicating the growth of a ZnSe shell. the solutions was measured over a period of 6 h. Cores show a

Further indication of shell growth is given by X-ray photo- rapid decay and in fact completely degrade after aiduand

electron spectroscopy (XPS) measurements probing the surfacerecipitated out of the solution. Under the same conditions CSS
of the CSSs. Figure 9 shows XPS survey measurements of InAsnanocrystals show a significantly better performance. After an
cores (bottom spectrum) and InAs/CdSe/ZnSe CSSs (upperinitial decrease of the QY, the emission stabilizes at about 60%
spectrum). Being a surface sensitive technique, the XPS signalof the initial QY, still with an absolute QY of 31%. This is
depends strongly upon the distance of the material’'s constituentmaintained fo 5 h with only slight slow decay, and the patrticles
atoms from the surface of the nanocrystals. In the InAs cores remain very stable in solution.
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To examine the possibility of using these particles as taggantspreviously used single-shell core/shell particles. We also suc-
in biological systems we have transferred them to water.\lll ceeded in growth of a thick outer shell that provides improved
semiconductor nanocrystals are of interest for biological ap- stability and good QY results in water. The new InAs/CdSe/
plications because of significantly decreased autofluorescenceZnSe CSS structures provide bright tunable emission covering
in the NIR. Moreover, NIR emission is potentially useful for the NIR from below 800 nm to over 1600 nm. These nanoc-
in vivo imaging on account of its high permeability through rystals have a narrow distribution of sizes leading also to
biological tissued.The phase transfer meth8cenabled us to relatively narrow emission spectra. They also provide excep-
transfer as-prepared CSSs into water with very high yield. The tional stability and can be implemented in a variety of
mercapto part of the MPA connects well to NC’s surface, and applications in biological fluorescence tagging and electrooptical
the hydrophobic carboxylic end enables the dissolution in water. devices such as those required in telecommunications fiber
During the process a 47% decrease in CSS's quantum efficiencyoptics.
occurred still leaving the particles with nearly 40% QY (Figure
11). This shows the high potential of using the new CSS Acknowledgment. We thank Professor Nir Tesler and Alexey
nanocrysta]s in b|0|mag|ng app”cations in the NIR range. Razin from the Electrical Engineering FaCUlty in the Technion
Conclusions for help in the quantum yield measurements. We thank Avi
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nanocrystals were developed. Using a layer-by-layer growth - . o
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technique we can control the composition and structure of core/ . .
. . XPS measurements. This work was funded in part by the DIP
heteroshell nanocrystals with InAs cores and\l semicon-

ductor shells in an unprecedented way. The use of the CO|SeGermaPrIsraeI cooperation and the Israel Ministry of Science

buffer layer accompanied by the layer-by-layer growth approach Tashtiot program.
has allowed for a significant improvement in QY over the JA056326V
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