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ABSTRACT: III-V nanocrystals displaying high crystal-
linity and low size dispersity are difficult to access by direct
synthesis from molecular precursors. Here, we demon-
strate that cation exchange of cadmium pnictide nano-
crystals with group 13 ions yields monodisperse, crystalline
III-V nanocrystals, including GaAs, InAs, GaP, and InP.
This report highlights the versatility of cation exchange for
accessing nanocrystals with covalent lattices.

Colloidal synthesis of semiconductor nanocrystals has
rapidly developed in the past several decades, expanding
beyond the prototypical spherical CdSe' to encompass an
expanding library of binary and ternary compound semi-
conductors of various morphologies and complex hetero-
structures” > for use in biolabeling® and electronic devices.”
However, III-V semiconductors, common materials for
epitaxially grown quantum dots, have lagged behind in colloidal
synthetic development as the covalency of these materials
requires high temperatures for both nucleation and growth,
making it difficult to discriminate the two, yielding polydisperse
samples.®’

The synthesis of III-V nanocrystals has Iargelg' relied upon
the dehalos;rlation reaction of P(SiMe;);'°"'* or As-
(SiMe;);"*~"* with group 13 halides in coordinating solvents,
thou%h single source precursors'® and transmetalation reac-
tions'~ have been demonstrated as alternative methods. In
these cases, high temperatures (typically at reflux of the
solvent) or long annealing times (on the order of days) are
needed to achieve crystalline products. More recently, studies
have demonstrated that fatty acids in noncoordinating solvents
can be used to lower reaction temperatures and significantly
reduce growth and annealing times to achieve InP and InAs
nanocrystals with dispersities comparable to their II-VI
analogues.'®™*' To date, no equivalent synthesis has been
developed for the gallium pnictides; thus, state-of-the-art
syntheses produce polydisperse samples, many of which are
contaminated with molecular impurities.'>*>**

Ion exchange has emerged as an alternative to conventional
“hot-injection” synthesis for ionic nanocrystals, allowing rapid
replacement of the cation between various II-VI, I-VI, and
IV—VI semiconductors while preserving particle size and
morphology.”*™>° The use of an existing crystal lattice as a
template enables the development of syntheses of crystal
phases”” and novel heterostructures”>'~>* not accessible by
conventional synthesis. Though ion exchange has been
demonstrated using higher valent ions,> these reports have
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been limited to ionic systems. Here, we demonstrate the
extension of ion exchange to synthesize monodisperse, highly
crystalline III-V nanocrystals, including GaAs, InAs, GaP, and
InP.

Recent synthetic developments in II-V, Cd;P, and Cd;As,,
semiconductor nanocrystals***” have provided high quality
template materials for the ion exchange synthesis of III-V
nanocrystals. The thermodynamic driving force for this ion
exchange is a balance between the solvation energy of the ions
and the lattice binding energy before and after ex-
change.zé"mﬁ]’35 For the II-V to III-V exchanges of interest,
bulk lattice energies favor exchange. Thus, the solvation
energies of the jons must be similar to permit facile exchange.
Therefore, we selected tri-n-octylphosphine (TOP), a soft base,
to minimize the binding preference for hard group 13 ions,
Ga* or In*, relative to Cd**.

Our approach for the ion exchange synthesis of GaAs from
Cd;As, is outlined in Scheme 1. Monodisperse Cd;As,

Scheme 1. Ion Exchange Reaction from II-V to III-V
Nanocrystals

ATOP
CdAs, + 2GaCl, ——» 2GaAs + 3CdCl,

nanocrystals (Figure 1la), synthesized according to prior
literature,”” are dissolved in TOP and injected into a
GaCly:TOP complex (Ga/Cd 100:1) at 300 °C for 15 min.
The stronger energy of formation of GaAs compared to Cd;As,
(AG = —25 keal/mol, bulk)**** favors the 3:2 replacement of
Cd** with Ga**. Transmission electron microscopy (TEM) of
the GaAs nanocrystals after the ion exchange reaction (Figure
1b) displays a quasi-spherical morphology similar to the initial
Cd;As,. High-resolution TEM confirms the crystallinity of the
GaAs nanocrystals (Figure 1b inset) and X-ray diffraction
(XRD) shows the conversion from the lower symmetry
tetragonal phase of CdjAs, (P4,/nmc space group) to the
higher symmetry zinc blende phase of GaAs (F43m space
group). Likewise, similar reaction conditions can be used to
produce InAs nanocrystals from the ion exchange reaction of
Cd,As, nanocrystals with an InCl;:TOP complex (Figure 1c,d).

As no additional source of arsenic was present in the
reaction, the formation of GaAs and InAs require either
dissolution of the initial Cd;As, nanocrystals and subsequent
nucleation and growth of GaAs and InAs or a cation exchange

Received: September 23, 2012
Published: November 28, 2012

dx.doi.org/10.1021/ja309416c | J. Am. Chem. Soc. 2012, 134, 19977—-19980


pubs.acs.org/JACS

Journal of the American Chemical Society

Communication

' .‘,' d Bo CdaAsz

11||||||. Lo
: GaAs

Iﬁtensity (a.u.)

| PP

m

20 30 40 50 60 70
Diffraction angle (20)

Figure 1. (a) TEM images of the initial Cd;As, nanocrystals and (b)
GaAs and (c) InAs nanocrystals obtained from ion exchange. (b, c)
Insets show HRTEM images. (d) XRD of the initial Cd,As,
nanocrystals (top) and GaAs (middle) and InAs (bottom) nanocryst-
als after ion exchange. Patterns from the Inorganic Crystal Structure
Database (ICSD) for Cd;As, (ICSD no. 23245), GaAs (ICSD no.
107946), and InAs (ICSD no. 24518) are provided for reference.

reaction in which the Cd*" ions are replaced by group 13 ions.
Given the precedence for difficulty in synthesizing crystalline
GaAs nanocrystals,'”> the 15-min reaction time and mono-
dispersity of the resulting particles argue against a new
nucleation process. Furthermore, detailed sizing analysis
shown in Figure 2a confirms conservation of the size dispersity
during the ion exchange reaction, and that mean diameters are
consistent with the predicted trend in volume change
associated with the transformation to a denser unit cell. The
transformation from the tetragonal unit cell of Cd;As, to the
cubic GaAs and InAs should yield a volume contraction of 30%
and 15%, respectively. The observed 19% volume decrease for
InAs is in line with expectation. For GaAs, an appreciably larger
volume decrease of 55% is observed which we attribute to
surface etching from phosphines and chlorides.** Notwith-
standing, the monodispersity of each sample is maintained, as
expected for an ion exchange reaction. The initial Cd;As,
nanocrystals have a well-controlled, narrow size dispersion of
9%. By using this as a template, we achieve GaAs and InAs
particles with dispersities of 12% and 11%, respectively, the
lowest dispersity reported for GaAs nanocrystals. Together, we
can conclude that the GaAs and InAs nanocrystals were formed
from the 3:2 replacement of Cd** with Ga®* and In*".
Absorption spectroscopy shows the expected blue shift of the
optical gap from the near-infrared bandgap of Cd;As, to InAs
and GaAs (Figure 2b); however, in line with literature
precedent for III—V nanoparticles with no shell, negligible
photoluminescence was observed.” The expected quantum
confinement blue shift of the bandgap when the exchange
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Figure 2. (a) Particle size histograms of the initial Cd;As, nanocrystals
(top) and GaAs (middle) and InAs (bottom) nanocrystals after ion
exchange showing preservation of size dispersity. (b) Absorption
spectra of initial 4.5 nm Cd;As, nanocrystals and those that have been
exchanged to InAs and GaAs. (c) Absorption spectra of initial 3 nm
Cd;As, nanocrystals and those that have been exchanged to InAs and
GaAs.

reaction is performed on smaller Cd;As, nanocrystals is added
substantiation of a cation exchange reaction as opposed to a
dissolution and subsequent nucleation process (Figure 2c). The
monodispersity of the nanocrystals synthesized by ion exchange
is evident by the excitonic absorption in the InAs nanocrystals.
However, the GaAs nanocrystals show a featureless absorption
spectrum, although the size dispersity is similar to the InAs.
This may be due to Cd atoms residual from the ion exchange
(see below) potentially broadening the spectrum; however, the
same is true of the InAs nanocrystals. The lack of excitonic
absorption is also in line with theoretical predictions of an
indirect bandgap for strongly confined spherical GaAs quantum
dots.*! The ability to synthesize monodisperse GaAs nano-
crystals through ion exchange provides a method for future
work to more systematically investigate the evolution of the
electronic structure and optical properties of GaAs as a function
of size.

Further highlighting the versatility of ion exchange for the
synthesis of III-V semiconductors, GaP and InP can also be
synthesized by ion exchange of Cd,;P, nanocrystals (Figure 3).
In each instance, similar size dispersities and morphologies are
obtained after the cation exchange process and the absorption
spectra blue shift from Cd;P, to InP to GaP as expected from
their bulk bandgaps (Figure S1). XRD, shown in Figure 3d,
confirms the conversion from the tetragonal Cd;P, to the cubic
crystal phase of GaP and InP, consistent with the results
achieved for the arsenide materials.

The diftusivity of ions can be orders of magnitude lower in
covalent semiconductors compared to ionic systems.** Prior
work has demonstrated that residual amounts of impurity ions
may remain after cation exchange reactions in ionic nanocryst-
als;* thus, it might be expected that residual Cd may be
present in the ion exchanged III—V nanocrystals given the
increased activation energy for diffusion. Indeed, inductively
coupled plasma atomic emission spectroscopy (ICP-AES)
confirms residual Cd concentration of a few atomic percent
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Figure 3. (a) TEM images of the initial Cd;P, nanocrystals and (b)
GaP and (c) InP nanocrystals obtained from ion exchange. (d) XRD
of the initial CdyP, (top) and GaP (middle) and InP (bottom)
nanocrystals after ion exchange. Patterns from the ICSD for Cd,P,
(ICSD no. 158864), GaP (ICSD no. 77088), and InP (ICSD no.
24517) are provided for reference.

remain in all samples post-exchange (Table S1). While the Ga**
ion exchange of Cd;As, successfully yielded crystalline zinc
blende GaAs in only S min at 200 °C, the amount of residual
Cd is dependent on the reaction temperature, time, and particle
size as expected for a thermally activated, diffusion limited
process (Figure S2, Table S2), warranting the ion exchange to
be performed at higher temperatures for longer times. For
initial exchanges, the residual Cd concentration reaches a steady
state at longer times; however, the residual Cd content can be
further reduced by sequential exchanges (Table S1). XRD and
optical spectroscopy show no signs of the cadmium pnictide
phases or signs of alloying, analogous to InAs nanocrystals
intentionally doped with high Cd concentrations (2:1 In/
cd).* Preliminary etching experiments45 imply the cadmium is
distributed throughout the nanocrystals as opposed to being
localized to the surface (Table S1). Similar to this prior study,™
the remnant Cd may be useful as a means to control the carrier
concentration in nanocrystal solids, in line with previous
examples of using cation exchange as a means of controlled
doping.***

Ion exchange reactions for III-V nanocrystals differ from
those in ionic II-VI nanocrystals in several key aspects. The
majority of the II-VI jon exchange reactions can be performed
reversibly at room temperature due to the high lability of metal
M'* and M*" ions and by modulating the ion energy in solution
to drive species in and out.**"2*3%3*% In contrast, the IlI-V
ion exchange reactions demonstrated here are highly
irreversible, largely driven by the difference in lattice energies
of the reactant and product phases, and require higher
temperatures to enhance diffusion of the exchanging ions, a

process which is inhibited at room temperature in these
materials.

In summary, we have demonstrated the extension of cation
exchange to form nanocrystals with covalent lattices, enabling
the synthesis of highly crystalline, monodisperse III-V
nanocrystals. In particular, the availability of monodisperse
semiconductor nanocrystals such as GaAs presents new
opportunities for comparison studies of epitaxially grown and
colloidally synthesized quantum dots.
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